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Abstract
Previous study reported that boreal winter North Pacific Oscillation (NPO) has a pronounced impact on the interannual 
variation of eastern Australian rainfall in the following autumn. This study reveals that impact of the winter NPO on the 
eastern Australian rainfall shows a marked interdecadal weakening around the late-1990s. Before the late-1990s, winter 
NPO leads to warm sea surface temperature anomalies (SSTAs) in the subtropical North Pacific during succedent spring via 
modulating surface heat fluxes. Warm SSTAs enhance atmospheric heating and lead to westerly wind anomalies over the 
tropical western-central Pacific via wind-evaporation-SST feedback process. The westerly wind anomalies over the tropical 
western-central Pacific contribute to an El Niño-like pattern in the following autumn, which further leads to decrease in the 
eastern Australian rainfall via modulating the tropical Walker circulation. However, after the late-1990s, winter NPO-related 
atmospheric anomaly shifts northward compared to that before the late-1990s. As such, the NPO-generated spring SSTAs 
over the subtropical North Pacific, and the westerly wind anomalies over the tropical western-central Pacific are much weaker. 
Hence, winter NPO cannot induce a clear El Niño-like pattern in the following autumn, and thus cannot impact eastern 
Australian rainfall after the late-1990s. Northward displacement of the winter NPO-related atmospheric anomalies after the 
late-1990s is due to northward movement of the climatological mean circulation and storm track over North Pacific. Further 
analysis indicates that Atlantic Multidecadal Oscillation (AMO) has a strong influence on the meridional movement of the 
NPO via modulating North Pacific climatological mean circulation. We suggest that AMO acts as a crucial modulator for 
the relation between winter NPO and subsequent autumn Australian rainfall.

Keywords  North Pacific Oscillation · Rainfall · Australia · Sea surface temperature · Walker circulation · Interdecadal 
change · Atlantic Multidecadal Oscillation

1  Introduction

Australia is one of the most important agricultural pro-
ducers in the world. Agriculture and associated sectors in 
Australia earn about $155 billion per year for a 12% share 
of the gross domestic product (http://​www.​nff.​org.​au/​farm-​
facts.​html). In addition, it is known that Australia is one of 
the driest continents in the world, with a climate featured 
by large variations of rainfall both on the interannual and 
interdecadal timescales (Gallant et al. 2007). Therefore, one 
major issue facing agriculture in Australia is drought event, 
which could lead to large challenges to water availability 
for agriculture and result in severe loss of social economy. 
For instance, eastern part of Australia underwent a serious 
drought event in 2002–2003, which led to 25% decrease 
of gross farm product in Australia (Lu and Hedley 2004). 
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Serious drought events in Australia in the past were usually 
related to decrease in the rainfall in boreal autumn (Sep-
tember–October-November, corresponding to austral spring) 
(BOM 2006; Song et al. 2016). For instance, decrease in 
the rainfall in boreal summer and autumn of 2006 in Aus-
tralia leads to annual rainfall of 2006 being about 50% 
below normal over most parts of Australia. By contrast, the 
recorded wettest autumn in 2010 in eastern part of Australia 
had largely relieved the long-term drought conditions since 
1995. Hence, it is of great importance to improve our under-
standing of rainfall variation in Australia and the associated 
physical processes.

Previous studies indicated that autumn rainfall variation 
in Australia can be impacted by many factors, including 
sea surface temperature (SST) anomalies off the northern 
coast of Australia (Nicholls 1984a, 2010; Ummenhofer 
et al. 2008; Catto et al. 2012), SST anomalies related to 
the El Niño-Southern Oscillation (ENSO) (Nicholls 1984b; 
Ropelewski and Halpert 1987; Chiew et al. 1998; Cai and 
Cowan 2009; Taschetto and England 2009; Cai et al. 2010), 
SST anomalies related to the Indian Ocean dipole (IOD) 
(Saji et al. 1999; Ashok et al. 2003; Cai et al. 2009; Ummen-
hofer et al. 2011). For instance, studies indicated that SST 
anomalies related to the El Niño (La Niña) event tend to 
lead to decrease (increase) in the rainfall over most parts 
of eastern Australia in boreal autumn via modulating the 
tropical walker circulation (Allan 1988; Chiew et al. 1998; 
Wang and Hendon 2007; Cai and Cowan 2009). In addition 
to the tropical forcings, studies reported that atmospheric 
variability over extratropical regions can exert significant 
impacts on the Australian rainfall. For example, Hendon 
et al. (2007) reported that Southern Hemisphere annual 
mode (SAM) (also called Antarctic Oscillation) has a close 
relation with the rainfall over Australia. In particular, posi-
tive phase of the SAM in winter would lead to decrease 
in rainfall over southeast and southwest Australia. Hendon 
et al. (2007) showed that SAM explains about 15% of the 
weekly rainfall in the above regions, comparable to that 
explained by the ENSO. SAM is the dominant mode of the 
atmospheric variability on the interannual timescale over 
extratropical southern Hemisphere, which can not only exert 
substantial impacts on weather and climate variations over 
southern Hemisphere, but also over northern Hemisphere 
(e.g., Wu et al. 2009, 2015; Dou et al. 2017, 2020; Dou and 
Wu 2018). Zhu and Wang (2010) showed that change in the 
intensity of Aleutian Low in boreal winter has a notable 
impact on the Australian summer monsoon and precipitation 
over Australia via atmospheric teleconnection.

A recent study of Song et al. (2016) indicated that the 
North Pacific Oscillation (NPO; Walker and Bliss 1932; 
Linkin and Nigam 2008) in boreal winter has a signifi-
cant impact on the rainfall variation over eastern Australia 
in boreal autumn of next year. NPO is one of the most 

important atmospheric teleconnection patterns over North-
ern Hemisphere (Linkin and Nigam 2008). Song et al. (2016) 
suggested that winter NPO firstly leads to an ENSO-like SST 
anomaly pattern in the following autumn via the seasonal 
footprinting mechanism proposed by Vimont et al. (2001, 
2003a, b). Then, the autumn ENSO-like SST anomalies 
generated by preceding winter NPO further impact rainfall 
over Australia via modulating the tropical walker circulation 
(Song et al. 2016).

Previous studies indicated that connection of the winter 
NPO with the following ENSO has experienced significant 
interdecadal changes in the past (Yu et al. 2012; Yeh et al. 
2018; Chen et al. 2019a, b). As ENSO plays a key role in 
relaying the impact of the winter NPO on the following rain-
fall variation over Australia, it is reasonable to speculate that 
the NPO-Australian rainfall relation may have changed in the 
past. Investigating the stability of the connection between 
the winter NPO and following autumn Australian rainfall 
variation is of great importance to the prediction of the Aus-
tralian rainfall based on the preceding winter NPO. In this 
study, we present observational evidences to show that con-
nection of the winter NPO with the Australian rainfall in 
the following autumn experienced a significant interdecadal 
change around the late-1990s. We will also examine the fac-
tors responsible for this interdecadal change.

The structure of this paper is organized as follows. Sec-
tion 2 describes the data and methods used in this study. 
Section 3 examines interdecadal change in the relationship 
between winter NPO and Australian rainfall. Section 4 inves-
tigates the factors contributing to change in the impact of 
winter NPO on the rainfall over Australia. Section 5 dis-
cusses possible role of the AMO in modulating the win-
ter NPO-Australian rainfall relation. Section 6 provides a 
summary.

2 � Data and methods

Monthly and daily mean sea level pressure (SLP), horizontal 
winds, geopotential height, surface latent and sensible heat 
fluxes, and surface net shortwave and longwave radiations 
used in this study are extracted from the National Centers 
for Environmental Prediction (NCEP)-National Center for 
Atmospheric Research (NCAR) reanalysis dataset (Kalnay 
1996; ftp://​ftp.​cdc.​noaa.​gov/​Datas​ets/), which is available 
from January 1948 to the present. Atmospheric data of the 
NCEP-NCAR reanalysis have a horizontal resolution of 
2.5° × 2.5° and extend from 1000-hPa to 100-hPa with 17 
pressure levels. Surface heat fluxes are derived from the 
NCEP-NCAR reanalysis on T62 Gaussian grids. We also 
employ the atmospheric data from the European Centre for 
Medium-Range Weather Forecasts interim reanalysis (ERA-
Interim) (Dee et al. 2011), and Japanese 55-Year reanalysis 

ftp://ftp.cdc.noaa.gov/Datasets/
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(JRA55) (Ebita et al. 2011) to confirm the results obtained 
from the NCEP-NCAR reanalysis. The ERA-Interim rea-
nalysis data are available from January 1979 to August 2019, 
and the JRA55 reanalysis data cover the period from January 
1958 to the present. Results obtained from the above three 
reanalysis datasets are highly similar. Thus, we only present 
those obtained from the NCEP-NCAR reanalysis unless oth-
erwise stated.

This study also employs the monthly mean SST data 
from the National Oceanic and Atmospheric Administration 
Extended Reconstructed SST version 5 (NOAA-ERSSTV5) 
(Huang 2017; https://​www.​esrl.​noaa.​gov/​psd/​data/​gridd​ed/), 
which is available from January 1854 to the present with a 
horizontal resolution of 2° × 2°. Monthly mean rainfall data 
over land area are obtained from the University of Dela-
ware surface air temperature and precipitation dataset ver-
sion v5.01 (Matsuura and Willmott 2009; https://​www.​esrl.​
noaa.​gov/​psd/​data/​gridd​ed/​data.​UDel_​AirT_​Precip.​html). 
This dataset has a horizontal resolution of 0.5° × 0.5° and 
covers the period from January 1900 to December 2017. In 
addition, monthly mean rainfall data over oceanic region are 
derived from the Global Precipitation Climatology Project 
(GPCP) spanning from 1979 to the present with a horizontal 
resolution of 2.5° × 2.5° (Adler et al. 2003; http://​www.​esrl.​
noaa.​gov/​psd/​data/​gridd​ed/​data.​gpcp.​html). Furthermore, 
this study uses the monthly mean AMO index from the 
Physical Science Division of NOAA from 1948 to the pre-
sent (https://​www.​esrl.​noaa.​gov/​psd/​data/​times​eries/​AMO/).

Synoptic-scale eddies activity (also called storm track) is 
represented by the root-mean-square of the 2–8-day band-
pass filtered geopotential height anomalies as in previous 
studies (Chen et al. 2014, 2018a). In addition, following 
Song et al. (2016), the NPO index is defined as difference 
in the normalized SLP anomalies over mid-latitude North 
Pacific (45°–70° N, 125°–175° W) and subtropical North 
Pacific (10°–25° N, 175° E–145° W). The Niño-3.4 SST 
index is used to represent the ENSO variability, which is 
defined as region-mean SST anomalies over 5° S–5° N and 
120°–170° W. In this study, we concentrate on examining 
interannual relationship between wintertime NPO and rain-
fall variation over Australia in the following autumn. Thus, 
all the variables are subjected to a 2–9 Lanczos band-pass 
filter to extract their interannual components (Duchon 1979). 
Interannual component of rainfall anomalies in autumn 
accounts for above 70% of the total rainfall variability over 
most parts of Australia, with the largest value reaching above 
85% over coastal regions (Fig. 1a). To ensure that the sig-
nificant connection of the winter NPO with the following 
autumn Australian rainfall analyzed in this study is not due 
to the ENSO cycle, following Vimont et al. (2003a, b) and 
Zhao et al. (2019a, b, 2020), we have removed the winter 
ENSO signal from the winter NPO index as follows:

Here, NPO indicates winter NPO index and Niño-3.4 
denotes the simultaneous winter Niño-3.4 SST index. RC is 
the regression coefficient between the winter Niño3.4 index 
and the winter NPO index. NPO_res is the part of the winter 
NPO index that winter ENSO signal has been removed.

Significance levels of correlation coefficients and regres-
sion coefficients are estimated by the two-tailed Student’s 
t test. Since auto-correlation may exist for the band-pass 
filtered time series, we calculate the effective degree of free-
dom (EDOF) according to the method proposed by Brether-
ton et al. (1999), which is expressed as follows:

Here, r1 and r2 denote the lag-one auto-correlation coef-
ficients of the two time series employed to the correlation 
and regression analyses. N is the sample size of the original 
time series.

We use the Fisher’s r-z transformation technique to iden-
tify the significance level of the difference between two 
correlation coefficients (CC1 and CC2). Correlation coeffi-
cients CC1 and CC2 are firstly transformed by the following 
equations:

Then, standard parametric test is employed to estimate the 
null hypothesis of the equality of Z1 and Z2. The test statistic 
(U) is written as follows:

where, N1 (N2) denotes sample size of the time series used to 
calculate the CC1 (CC2). Statistic U is normally distributed. 
Thus, the statistical significance level is evaluated based on 
the two-tailed Student’s t test.

3 � Change in the relation between boreal 
winter NPO and Australian rainfall

Spatial pattern of the boreal winter (ND(− 1)JFM(0)) NPO 
is shown in Fig. 2a, which is represented by winter SLP 
anomalies regressed upon the simultaneous winter NPO 
index. Time notations of “− 1” and “0” denote the years 
before and during the rainfall variation over Australia, 

NPO_res = NPO − RC × Niño − 3.4.

EDOF = N ×
1 − r1r2

1 + r1r2

− 2
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respectively. Note that the season described in the fol-
lowing corresponds to that in the Northern Hemisphere 
unless otherwise stated. For example, autumn denotes 
the mean of September, October and November (SON 
for short), and spring represents the average of March, 
April, and May (MAM for short). During positive phase 
of the winter NPO, notable positive SLP anomalies appear 
over mid-latitude North Pacific and northwestern part of 
North America, and marked negative SLP anomalies are 
seen over subtropical North Pacific with a center of action 
around 30° N, 160° W. Figure 2b shows regression map of 
rainfall anomalies in SON(0) onto the normalized ND(− 1)
JFM(0) NPO index. Significant decrease in rainfall anoma-
lies are apparent over most parts of eastern Australia (i.e. 
east of 130° E). This result is consistent with Song et al. 
(2016), indicating that rainfall in SON(0) over eastern 
parts of the Australia tends to be below (above) normal 

when preceding winter NPO is in its positive (negative) 
phase. In addition, it should be mentioned that spatial 
pattern of the winter NPO-related rainfall anomalies in 
SON(0) over Australia bears a resemblance to the first 
EOF mode of rainfall anomalies in SON(0) over Australia 
(Fig. 1b). In particular, the pattern correlation coefficient 
between the winter NPO-related rainfall anomalies and the 
first EOF mode of SON(0) rainfall anomalies over Aus-
tralia reaches 0.7. This suggests that winter NPO is an 
important factor for the variation of the dominant pattern 
of rainfall anomalies over Australia in SON(0). According 
to the spatial distribution of rainfall anomalies in Fig. 2b, 
we define an Australian rainfall index (ARI for short) as 
region-mean rainfall over eastern part of the Australia (e.g. 
east of 130° E). Slight change of the region employed to 
define the ARI does not affect the main results of this 
study. Figure 2c exhibits the standardized time series of 

Fig. 1   a Variance fraction (unit: %) of original rainfall anomalies in 
SON(0) over Australia explained by its interannual component for the 
period of 1979–2016. Rainfall anomalies (unit: cm) in SON(0) over 
Australia obtained by regression upon the PC time series correspond-

ing to the EOF1 of Australian Rainfall anomalies in SON(0) for the 
period of b 1979–2016, c 1979–1997, and d 1998–2016, respectively. 
Stippling regions in– b–d indicate rainfall anomalies significant at the 
95% confidence level
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the ND(− 1)JFM(0) NPO index and the SON(0) ARI. 
The correlation coefficient between the two indices over 
1979–2016 reaches − 0.4, significant at the 95% confi-
dence level, further confirming that winter NPO index 
has a significant relationship with the rainfall anomalies 
over Australia during the following SON(0). In addition, 
it should be mentioned that the correlation coefficients 
between the autumn (SON(0)) Australian rainfall index 
and NPO index in MAM(0), JJA(0), and the simultaneous 
autumn (SON(0)) are − 0.27, − 0.27, and 0.04, respec-
tively. This suggests that the autumn Australian rainfall 
has a maximum correlation with the NPO index in pre-
ceding winter (r = − 0.4). Hence, this study focuses on 

investigating impact of NPO in preceding winter on the 
autumn Australian rainfall following Song et al. (2016).

The out-of-phase variation of the winter NPO index 
with the ARI in the following autumn is unstable. It has 
experienced a significant interdecadal weakening around 
the late-1990s, which can be clearly confirmed by the 
19-year moving correlation correlations between the win-
ter NPO index and the following autumn ARI (Fig. 3a). 
Using other lengths of moving correlation (e.g. 17-year 
and 21-year) can obtain very similar results (not shown). 
From Fig. 3a, winter NPO index has a significant nega-
tive correlation with the succedent autumn ARI before 
the late-1990s. However, their connection becomes weak 
and statistically insignificant after the late-1990s (Fig. 3a). 
Note that results derived from the three reanalysis datasets 
(i.e. NCEP-NCAR, ERA_Interim, and JRA55) are highly 
similar, all indicating that the relation between the winter 
NPO and autumn rainfall in the next year over eastern Aus-
tralia underwent an obvious interdecadal change around 
the late-1990s (Fig. 3a). In the following, the whole analy-
sis period of 1979–2016 is separated into two sub-periods 
(i.e. 1979–1997 and 1998–2016) both with 19-years for 
comparative analysis. The correlation coefficients between 
the winter NPO index and the subsequent autumn ARI 
are − 0.67 and − 0.25 during 1979–1997 and 1998–2016, 
respectively. The difference of the correlation coefficient 
between the two selected periods exceeds the 90% confi-
dence level according to the Fisher’s r–z transformation 
method, which is described in Sect. 2.

We further compare spatial distribution of rainfall anoma-
lies over Australia in association with the preceding winter 
NPO index between 1979–1997 and 1998–2016. SON(0) 
rainfall anomalies over Australia regressed upon the ND(− 1)
JFM(0) NPO index during 1979–1997 and 1998–2016 are 
shown in Fig. 4a, b, respectively. As expected, there exists 
substantial difference in the SON(0) rainfall anomalies over 
Australia between the two periods. Before the late-1990s, 
pronounced decrease in rainfall appears in most part of 
eastern Australia (Fig. 4a). In addition, a small patch of 
significant positive rainfall anomalies appear over western 
Australia around 25° S and 120° E (Fig. 4a). By contrast, 
SON(0) rainfall anomalies over most portions of Australia 
are fairly weak during 1998–2016 (Fig. 4b). One may ask 
whether interdecadal change in the winter NPO-Australian 
autumn rainfall relation is related to change in the dominant 
mode of the Australian autumn rainfall anomalies? We have 
examined the dominant EOF mode of the Australian autumn 
rainfall anomalies during 1979–1997 and 1998–2016 
(Fig. 1c, d). Results show that spatial pattern of the EOF1 
of Australian autumn rainfall anomalies are similar during 
1979–1997 (Fig. 1c) and 1998–2016 (Fig. 1d). Hence, the 
dominant mode of the Australian autumn rainfall anomalies 
does not undergo interdecadal change around the late-1990s.

Fig. 2   a Winter (ND(− 1)JFM(0)) SLP anomalies (unit: hPa) 
regressed upon the simultaneous winter NPO index over 1979–2016. 
b SON(0) Rainfall anomalies (unit: cm) regressed upon the ND(− 1)
JFM(0) NPO index over 1979–2016. Stippling regions in a and b 
indicate anomalies significant at the 95% confidence level. c Stand-
ardized time series of the ND(− 1)JFM(0) NPO index and SON(0) 
Australian Rainfall index. Australian Rainfall index is defines as rain-
fall anomalies over the Australian region east of 130° E
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In view of the above interdecadal change of the influence 
of the winter NPO on the following autumn rainfall variation 
over eastern Australia, it is expected that the predictability 
of the SON(0) ARI based on the preceding ND(− 1)JFM(0) 
NPO may also has changed around the late-1990s. Two 
empirical models are developed to predict the autumn ARI 
based on the preceding winter NPO index during 1979–1997 
and 1998–2016, respectively. The following two equations 
correspond to the periods before and after the late-1990s, 
respectively, and are written as below:

here, ARIem|before (ARIem|after) indicates ARI estimated by the 
empirical model during 1979–1997 (1998–2016). The hind-
cast skills of the empirical model are cross-validated via the 
leave-one-out scheme following previous studies (Chen et al. 
2018b, 2019a, b). The leave-one-out scheme discards one 
year from the analysis period and estimates the regression 
coefficient based on the remaining data and then hindcasts 
the value of the discarded year. From Fig. 3d, it is obvious 
that when the winter NPO index is employed to hindcast the 

ARIem|before(t) = a1 × NPO(t) + b1

and ARIem|after(t) = a2 × NPO(t) + b2

ARI in the following autumn during 1979–1997, the cross 
validated correlation coefficient is 0.59, significant at the 
99% confidence level. This suggests that winter NPO is an 
effective predictor for the prediction of the ARI in the fol-
lowing autumn. By contrast, during 1998–2016, when the 
winter NPO index is used to hindcast the succedent autumn 
ARI during 1998–2016, the cross validated correlation coef-
ficient is very weak, with a value of only − 0.09 (Fig. 3d). 
This indicates that after the late-1990s, using winter NPO 
to predict the autumn rainfall anomalies over Australia will 
lead to a false alarm.

In summary, above evidences suggest that impact of the 
winter NPO on the following autumn rainfall over eastern 
Australia has experienced a significant interdecadal change 
around the late-1990s. Before the late-1990s, impact of 
the winter NPO on the rainfall variation over eastern Aus-
tralia in the following autumn is strong and significant, 
consistent with Song et al. (2016). During this period, 
winter NPO is an effective predictor for the prediction 
of the SON(0) rainfall over Australia. However, after the 
late-1990s, relation of the winter NPO with the following 
autumn Australian rainfall is very weak.

Fig. 3   a Moving correlation coefficients between ND(− 1)JFM(0) 
NPO index and SON(0) Australian Rainfall index with a mov-
ing length of 19  years. b Moving correlation coefficients between 
ND(− 1)JFM(0) NPO index and SON(0) Niño3.4 index with a mov-
ing length of 19  years. NPO indices are constructed based on the 
ERA-interim (red line), NCEP-NCAR (blue line), and JRA55 (green 
line) reanalysis datasets, respectively. c Moving correlation coef-
ficients between SON(0) Australian Rainfall index and SON(0) 

Niño3.4 index with a moving length of 19 years. Horizontal lines in 
a–c indicate the correlation coefficient significant at the 95% confi-
dence level. d Observed time series of the SON(0) Australian Rain-
fall index (bar) over 1979–2016. The cross-validated hindcasts of 
the SON(0) Australian Rainfall index calculated by empirical model 
using the ND(− 1)JFM(0) NPO index during 1979–1997 (blue curve) 
and 1998–2016 (red curve)
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4 � Factors for the change of the relation 
between winter NPO and rainfall 
over Australia

In this section, we will examine the plausible factors con-
tributing to interdecadal change of the winter NPO-autumn 
ARI relation around the late-1990s. Evolutions of SST and 
850-hPa winds anomalies from ND(− 1)JFM(0) to the fol-
lowing SON(0) associated with the ND(− 1)JFM(0) NPO 
index during 1979–1997 and 1998–2016 are firstly examined 
and shown in Fig. 5. In addition, evolutions of precipitation 
anomalies related to the winter NPO index during the two 
periods are displayed in Fig. 6. For convenience of com-
parison, winds anomalies are also shown in Fig. 6. Dur-
ing 1979–1997, the physical processes for the impact of the 
winter NPO on the following autumn rainfall variation over 
eastern Australia are consistent with Song et al. (2016). Song 
et al. (2016) reported that positive winter NPO could lead 
to a significant El Niño-like warming in the tropical cen-
tral and eastern Pacific in the following autumn. Then, the 
El Niño-like SST warming induced by the positive winter 
NPO contributes to decrease in the rainfall over Australia via 

anomalous Walker circulation. In particular, positive phase 
of the winter NPO over 1979–1997, which is associated 
with a meridional atmospheric anomaly dipole over North 
Pacific, leads to formation of a tripolar SST anomaly pat-
tern in the following spring (Fig. 5a) via modulation of the 
surface heat fluxes (will be discussed below), bearing several 
resemblances to that related to the Pacific meridional mode 
(Chiang and Vimont 2004; Zheng et al. 2021a) and Victoria 
mode (Ding et al. 2015, 2018). The tripolar SST anomaly 
pattern is associated with significant warm SST anomalies 
in the subtropical central North Pacific and mid-latitude 
North Pacific (around 40°–50° N), and cold SST anomalies 
in the subtropical western North Pacific and south China Sea 
(Fig. 5a). The subtropical central North Pacific warm SST 
anomalies are accompanied by enhanced atmospheric heat-
ing (indicated by significant positive precipitation anoma-
lies) (Fig. 6b). The enhanced atmospheric heating, warm 
SST, and cyclonic anomalies over subtropical North Pacific 
maintain and extend southwestward to the tropical Pacific 
in the following summer via the positive wind-evaporation 
SST feedback process (Vimont et al. 2001, 2003a; Xie and 
Philander 1994; Song et al. 2016). Then, the strong westerly 
wind anomalies in the tropical western-central Pacific lead 
to an El Niño-like warming in the following autumn–winter 
via oceanic zonal advection process and through trigger-
ing eastward propagating Equatorial warm Kelvin waves, as 
has been demonstrated by many previous studies (Vimont 
et al. 2003a, b; Nakamura et al. 2006; Lengaigne et al. 2004; 
Chen et al. 2014, 2018a, 2020a; Zheng et al. 2021b). Previ-
ous study also indicated that positive winter NPO-related 
atmospheric circulation anomalies could contribute to for-
mation of an El Niño-like warming in the following winter 
via the trade wind charging mechanism (Anderson and Perez 
2015). In particular, the southwesterly wind anomalies over 
subtropical North Pacific related to the winter NPO (Fig. 5a) 
could provide anticyclonic wind stress curl anomalies near 
the tropical central Pacific (not shown). This would result in 
southward meridional Sverdrup transportation and lead to 
subsurface sea temperature warming over the tropical cen-
tral Pacific (Fig. 7a). The subsurface temperature warming 
propagates upward and eastward, which contributes to posi-
tive SST anomalies in the tropical central-eastern Pacific in 
the following winter (Fig. 7c, e, g). Therefore, the trade wind 
charging process also has a contribution to the El Niño-like 
warming in the following winter generated by the preceding 
winter NPO during 1979–1997.

The El Niño-like SST warming in autumn in the tropi-
cal central and eastern Pacific generated by the preceding 
winter positive NPO induces an anomalous Walker cir-
culation, with upward motion anomalies over the tropi-
cal central and eastern Pacific (indicated by convergent 
anomalies at the lower troposphere and divergent anoma-
lies at the upper troposphere, Fig. 8a, c), and downward 

Fig. 4   SON(0) rainfall anomalies (unit: cm) regressed upon the 
standardized ND(− 1)JFM(0) NPO index during a 1979–1997 and b 
1998–2016, respectively. Stippling regions indicate rainfall anomalies 
significant at the 95% confidence level
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motion anomalies over tropical western Pacific including 
most parts of Australia (indicated by divergent anoma-
lies at the lower troposphere and convergent anomalies 
at the upper troposphere, Fig. 8a, c). Finally, the anoma-
lous downward motion leads to significant decrease in the 
rainfall over eastern Australia (Fig. 4a). The physical pro-
cesses described above also apply to the negative phase of 
the winter NPO, but with opposite anomalies. It is noted 
that a positive IOD-like SST anomaly pattern also appears 
in the Indian Ocean, which is consistent with previous 
finding that a positive IOD event tends to appear follow-
ing the development of El Niño events (Wang and Wang 
2014). Studies have demonstrated that positive IOD event 
tends to lead to decrease in rainfall over most part of Aus-
tralia via modulating atmospheric circulation (Ummen-
hofer et al. 2011). Hence, the accompanying IOD-like 
SST anomaly pattern related to the winter NPO may also 
contribute to decrease in the Australian autumn rainfall 
during 1979–1997.

However, for the period over 1998–2016, atmospheric 
circulation and SST anomalies over the tropical Pacific and 
associated subsurface temperature anomalies over equatorial 
Pacific related to the winter NPO are much weaker compared 
to those during 1979–1997. Thus, positive winter NPO could 
not lead to a clear El Niño-like SST warming in the tropi-
cal central and eastern Pacific (Figs. 5f, 6f). Accordingly, 
anomalous tropical Walker circulation is also weak (Fig. 8b, 
c). This explains why impact of the winter NPO on the rain-
fall over Australia in the following autumn is weak after the 
late-1990s. Moreover, we have examined the interdecadal 
change in the relation of the winter NPO with the ENSO in 
the following autumn (Fig. 4b). Time series of the moving 
correlation coefficient between the winter NPO index and 
the following autumn Niño-3.4 SST index (Fig. 3b) is highly 
similar to that of the moving correlation coefficient between 
the winter NPO and the autumn ARI, but with opposite sig-
nal (Fig. 3a). In particular, winter NPO has a significant cor-
relation with the ENSO and rainfall variation over Australia 

Fig. 5   Anomalies of SST (unit: °C) and 850-hPa winds (unit: m s−1) 
in a, b MAM(0), c, d JJA(0), e, f SON(0) regressed upon the ND(− 1)
JFM(0) NPO index during (left column) 1979–1997 and (right col-

umn) 1998–2016. Stippling regions in the figure indicate anomalies 
significant at the 95% confidence level
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during the following autumn before the late-1990s. However, 
after the late-1990s, impacts of the winter NPO on the fol-
lowing ENSO and rainfall over Australia are weak. Figure 3c 
shows 19-yr moving correlation of the SON(0) ARI and the 
SON(0) Niño3.4 index. It shows that ENSO has a station-
ary impact on the Australian rainfall (Fig. 3c). Above evi-
dences suggest that interdecadal change in the connection 
of the winter NPO with the autumn rainfall over Australia is 
attributable to change in the impact of the winter NPO on the 
following tropical central and eastern Pacific SST.

Studies indicated that rainfall anomalies over Australia 
may also be partly related to change in the moisture transport 
(Ummenhofer et al. 2008; Sun et al. 2015). We have calcu-
lated the vertically integrated moisture flux and moisture 
divergence in SON(0) regressed upon the ND(− 1)JFM(0) 
NPO index during 1979–1997 and 1998–2016, respectively 
(Fig. 9). During 1979–1997, eastward moisture advection 
appears over southeast Australia (Fig. 9a) that is reminis-
cent of the southwesterly wind anomalies at the low-level 

troposphere (Fig. 5a). Strong moisture divergence anoma-
lies are seen over tropical western Pacific (Fig. 9a), cor-
responding to strong negative precipitation there (Fig. 6a). 
In addition, significant moisture divergence anomalies with 
weaker amplitude are observed between 20 and 30° S along 
145° E, contributing to decrease in rainfall there. Moisture 
convergence anomalies are seen over Australian east coast 
around 25°–30° S and south coast around 140° E (Fig. 9a), 
which cannot explain decrease in rainfall there. During 
1998–2016, westward moisture advection and moisture con-
vergence anomalies are seen over Australian eastern coast, 
which are favorable for increase in rainfall there. In general, 
above analysis indicates that moisture transport may not 
be the main factors responsible for differences in rainfall 
anomalies over Australia related to the winter NPO during 
the two periods.

Above analyses have indicated that change in the relation 
of winter NPO with the Australian rainfall is mainly due 
to the unstable impact of the winter NPO on the following 

Fig. 6   Anomalies of precipitation (unit: mm day−1) and 850-
hPa winds (unit: m s−1) in a, b MAM(0), c, d JJA(0), e, f SON(0) 
regressed upon the ND(− 1)JFM(0) NPO index during (left column) 

1979–1997 and (right column) 1998–2016. Stippling regions in the 
figure indicate anomalies significant at the 95% confidence level
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ENSO. A question needs to be further addressed is: what 
are the plausible factors responsible for changes in the 
impact of the winter NPO on the following ENSO? Fig. 5a, 
b indicate that North Pacific is dominated by a tripolar SST 
anomaly pattern in spring during the two periods, but with 
a slight northward shift for the period after the late-1990s. 
In addition, amplitude of the SST warming in the tropical 

and central North Pacific is larger before than after the late-
1990s (Fig. 5a, b). In particular, values of SST anomalies 
more than 0.2 °C cover much larger area over the subtropical 
North Pacific during 1979–1997 compared to those during 
1998–2016. The larger SST warming over the subtropical 
North Pacific contributes to stronger positive precipitation 
anomalies and results in stronger westerly wind anomalies 

Fig. 7   Subsurface temperature anomalies (unit: °C) in the tropi-
cal Pacific (5°  S–5°  N-average) in a, b MAM(0), c, d JJA(0), e, 
f SON(0), and g, h D(0)JF(1) related to the winter NPO index dur-

ing (left) 1979–1997 and (right) 1998–2016, respectively. Stippling 
regions indicate anomalies significant at the 95% confidence level
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over the tropical western-central Pacific via the wind-evap-
oration-SST feedback process, which finally contributes 
to a more significant El Niño-like warming in the tropical 
central-eastern Pacific before the late-1990s.

Previous studies have demonstrated that winter NPO-
related atmospheric circulation anomalies lead to a tripo-
lar SST anomaly pattern in the following spring mainly via 
modulating the surface heat fluxes (dominanted by surface 
latent heat fluxes) (Vimont et al. 2001, 2003a, b; Alexander 
et al. 2010; Chen et al. 2013). Hence, we firstly examine 
differences in the spatial structure of the winter NPO to 
explain the differences in the distribution of the spring SST 
anomalies in the North Pacific. Figure 10a, b show winter 
SLP anomalies regressed upon the simultaneous winter NPO 
index during 1979–1997 and 1998–2016, respectively. The 
winter NPO is featured by a meridional dipolar pattern over 
North Pacific both for the two periods, with positive SLP and 
anticyclonic anomalies over mid-latitude and negative SLP 
and cyclonic anomalies over subtropical North Pacific dur-
ing its positive phase (Fig. 10a, b). The southeasterly wind 
anomalies over subtropical North Pacific oppose the clima-
tological northeasterly winds and contribute to SST warming 
there (Fig. 5a, b) via reduction of the surface net heat fluxes. 
In addition, the anomalous easterly winds over mid-latitude 
North Pacific would lead to decrease in the climatological 

westerly wind speeds and also result in warm SST anomalies 
there. By contrast, the northeasterly wind anomalies over the 
subtropical North Pacific contribute to cold SST anomalies 
via bringing colder air from higher latitudes, which enhance 
the surface evaporation. Above processes explain formation 
of the spring tripolar SST anomaly pattern over the North 
Pacific in association with the preceding winter NPO, which 
have been demonstrated by previous studies using observa-
tions and numerical experiments (Vimont et al. 2001, 2003a, 
b). However, a comparison of Fig. 10a, b indicates that the 
wintertime NPO-related meridional dipolar atmospheric 
anomaly over North Pacific is located more northeastward 
for the period after than before the late-1990s. In particu-
lar, center of the negative SLP anomalies over subtropical 
North Pacific is located around 30° N during 1998–2016. 
By contrast, during 1979–1997, center of the maximum SLP 
anomalies appears around 25° N. Figure 10c, d compare the 
winter surface turbulent heat flux anomalies regressed upon 
the simultaneous winter NPO index during 1979–1997 and 
1998–2016. Here, surface turbulent heat flux is the sum of 
surface latent and sensible heat fluxes. In addition, in this 
study, values of the surface heat flux are positive (negative) 
when their directions are downward (upward), which con-
tribute to warm (cold) SST anomalies. During 1979–1997, 
significant and positive surface turbulent heat flux anomalies 

Fig. 8   Anomalies of velocity potential (shadings; unit: 105 m2  s−1) 
and divergent winds (vectors; unit: m s−1) at a, b 850-hPa and c, d 
200-hPa in SON(0) regressed upon the standardized NDJFM(0) NPO 

index during (left column) 1979–1997 and (right column) 1998–
2016. Stippling regions indicate velocity potential anomalies signifi-
cant at the 95% confidence level
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are seen in the tropical and subtropical North Pacific in 
winter (Fig. 10c), which contribute to formation of warm 
SST anomalies there in the following spring (Fig. 5a). By 
contrast, positive surface turbulent heat flux anomalies over 
subtropical North Pacific are much weaker and shift more 
northward during 1998–2016 (Fig. 10d) compared to those 
during 1979–1997 (Fig. 10c), consistent with the northward 
shifted spatial structure of the winter NPO-related atmos-
pheric circulation anomalies (Fig. 10a, b), which explain the 
weaker warm SST anomalies over the tropical and subtropi-
cal North Pacific after the late-1990s (Fig. 5a, b). Above evi-
dences suggest that difference in the spatial structure of the 
winter NPO leads to difference in the spring SST anomalies 
over the North Pacific, which alter the air–sea interaction 

over the tropical and subtropical North Pacific and modulate 
the winter NPO-ENSO relation.

We further examine the factors leading to change in 
the spatial structure of the winter NPO. It is well accepted 
that winter NPO is an important atmospheric intrinsic 
mode (Wallace and Gutzler 1981; Rogers 1981; Lau 1988; 
Linkin and Nigam 2008). Variation of the NPO represents 
meridional movement of the jet stream over extratropi-
cal North Pacific. In addition, the interaction between the 
mean flow and synoptic-scale eddy (also called storm track 
activity) plays a crucial role in the formation and main-
tenance of the winter NPO (Lau 1988; Linkin and Nigam 
2008). Specifically, during positive phase of the winter 
NPO, easterly wind anomalies over the mid-latitude North 
Pacific (Fig. 11a, b) are accompanied by decrease in the 
storm track activity (Fig. 11c, d) (Lau 1988). As has been 
demonstrated by previous studies (Lau 1988; Cai et al. 
2007; Chen et al. 2014, 2020a, b), decrease in the storm 
track activity over mid-latitude would immediately con-
tribute to anticyclonic vorticity forcings to its north and 
cyclonic vorticity forcings to its south, which in turn main-
tain the meridional dipolar atmospheric anomaly related to 
the winter NPO. Hence, change in the meridional locations 
of the climatological jet stream and storm track activity 
over North Pacific would have an impact on the spatial 
structure of the winter NPO.

Figure 12a, b show differences in the climatological 
200-hPa zonal wind and storm track between 1979–1997 
and 1998–2016. For convenience of comparison, the cli-
matology of zonal wind and storm track are also shown in 
Fig. 12, which are indicated by the contours. It shows that 
the maximum climatological zonal winds appear to the south 
of Japan around 35° N with a value larger than 55 m s−1. 
By comparison, climatological zonal winds south (north) 
of 35° N over North Pacific during 1979–1997 are signifi-
cant larger (weaker) than those during the 1998–2016. This 
indicates that jet stream over North Pacific shifts southward 
before the late-1990s compared to the period after the late-
1990s. Changes in the North Pacific storm track activity 
(Fig. 12b) are consistent with the jet stream (Fig. 12a). In 
particular, maximum center of the climatological storm track 
is observed over mid-latitude North Pacific (Fig. 12b). Dur-
ing 1979–1997, storm track activities over North Pacific 
to the south of the climatological center are significantly 
stronger than those during 1998–2016, indicating a south-
ward shift of the climatological storm track. Hence, dif-
ference in the meridional location of the climatological 
jet stream and storm track explains change in the spatial 
structure of the winter NPO between the two periods before 
and after the late-1990s. Specifically, a northward move-
ment of the meridional structure of the winter NPO after the 
late-1990s is attributed to the associated northward shifted 
climatological jet stream and storm track activity.

Fig. 9   Vertically integrated (1000 hPa–400 hPa) moisture flux (vec-
tors, unit: kg m−1 s−1) and moisture divergence (10–5 kg m−2 s−1) in 
SON(0) regressed upon the ND(− 1)JFM(0) NPO index during a 
1979–1997 and b 1998–2016, respectively. Stippling regions indicate 
moisture divergence anomalies significant at the 95% confidence level
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5 � Possible role of the AMO 
in the modulation of the winter 
NPO‑autumn ARI relation

It is known that AMO has a shift from its negative to posi-
tive phase around the late-1990s (Kerr 2000; Enfield et al. 
2001; Park and Li 2019). In addition, studies have reported 
that AMO has a significant modulation effect on the cli-
matological jet stream and storm track activity over North 
Pacific (Zhang and Delworth 2007; Peings and Magnus-
dottir 2014; Sun et al. 2017; Chen et al. 2019a, b, 2020b). 
In particular, North Pacific jet stream and storm track 
activity are stronger and located more southward during 
negative than positive AMO phases. Above evidences 
motivate us to examine an interesting issue: whether the 
winter NPO-following autumn ARI relation is modu-
lated by the AMO? To address this issue, we compare 
the AMO index (Fig. 13b) with the moving correlation 
coefficient between the winter NPO index and following 
autumn ARI over period of 1948–2016 (Fig. 13a). Here, 
the winter NPO index is calculated based on the SLP data 
from the NCEP-NCAR reanalysis. From Fig. 13b, AMO 
is in its positive phase before the early-1990s and after the 

late-1990s. Negative phase of the AMO is seen from the 
early-1990s to the late-1990s. Moving correlation results 
indicate that winter NPO has a significant negative cor-
relation with the following ARI from the early-1990s to 
the late-1990s, corresponding to the negative phase of the 
AMO. By contrast, the relationship between the winter 
NPO and the succedent autumn ARI is weak and statis-
tically insignificant before the early-1990s and after the 
late-1990s, which corresponding well to the positive phase 
of the AMO. The correlation coefficient between the win-
ter NPO index and following autumn ARI during negative 
phase of the AMO (a total of 30 years) reaches − 0.63, sig-
nificant at the 99% confidence level. However, the correla-
tion is − 0.29 during the positive phase of AMO (a total 
of 38 years), cannot pass the 90% confidence level. Here, 
positive (negative) phase of the AMO is defined when the 
normalized AMO index is larger (less) than zero. Above 
evidences suggest that the AMO indeed has a notable mod-
ulation effect on the relationship between the winter NPO 
and the following autumn rainfall variation over Australia. 
That is to say, AMO acts as an important modulator for 
the relation of the winter NPO with rainfall variation over 
Australia in the following autumn.

Fig. 10   Anomalies of a, b SLP (shadings; unit: hPa) and 850-hPa 
winds (vectors, unit: m  s−1), and c, d surface turbulent heat fluxes 
(unit: W m−2) in ND(− 1)JFM(0) regressed upon the ND(− 1)JFM(0) 
NPO index during a, b 1979–1997 and c, d 1998–2016. Surface tur-

bulent heat flux is the sum of surface latent and sensible heat fluxes. 
Stippling regions in a, b and c, d indicate SLP and turbulent heat flux 
anomalies significant at the 95% confidence level
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Figure 14 shows SON(0) SST and rainfall anomalies 
regressed upon the preceding ND(− 1)JFM(0) NPO index 
during positive and negative phases of the AMO. It is clear 
that during negative AMO phase, positive winter NPO 
can induce a significant El Niño-like SST warming in the 
tropical central and eastern Pacific in the following autumn 
(Fig. 14b), and lead to significant decrease in rainfall over 
most parts of Australia (Fig. 14d). By contrast, influence of 
the winter NPO on the following autumn ENSO and rain-
fall variation over Australia are weak during the positive 
phase of the AMO. This suggests that AMO modulates the 
winter NPO-subsequent autumn Australian rainfall relation 
via modulating the relation between the winter NPO and 
ENSO. Furthermore, we have examined evolutions of SST, 
atmospheric circulation and precipitation anomalies over 
Pacific from ND(− 1)JFM(0) to SON(0) during positive and 
negative phases of the AMO (not shown). These results (not 
shown) are similar to those shown in Figs. 5 and 6. Namely, 
the meridional dipolar atmospheric anomaly pattern over 
North Pacific in winter related to the NPO is located more 
southward during the negative than positive AMO phases. 
As a result, SST warming and accompanied positive pre-
cipitation anomalies in the tropical and subtropical central 

North Pacific are stronger during the negative AMO phase. 
As such, winter NPO can exert a stronger impact on the fol-
lowing ENSO during negative AMO phase.

Figure 15 shows differences in the 200-hPa zonal winds 
and storm track activity (indicated by shadings) between 
negative and positive phases of the AMO. It is obvious 
that zonal winds and storm track activity are significantly 
stronger during negative than positive phases of the AMO 
over the regions to the southeast of the climatological cent-
ers of the zonal winds and storm track (Fig. 15). This sug-
gests that North Pacific storm track and jet stream shift more 
southward during negative AMO phase, consistent with 
previous findings (Zhang and Delworth 2007; Peings and 
Magnusdottir 2014; Sun et al. 2017). These results indicate 
that AMO could modulate the spatial structure of the winter 
NPO via modulating the mean state of atmospheric circula-
tion and storm track activity over North Pacific. Differences 
in the spatial structure of the winter NPO further lead to 
distinct impact of the NPO on the following ENSO and rain-
fall over Australia via positive air–sea interaction processes.

In addition, previous studies have reported that SST anoma-
lies in the mid-high latitudes Southern Ocean at multi-decadal 
timescale have a significant out-of-phase relation with the 

Fig. 11   Anomalies of 850-hPa a, b zonal winds (unit: m s−1) and c, d 
storm track (unit: m) in ND(− 1)JFM(0) regressed upon the ND(− 1)
JFM(0) NPO index during (left column) 1979–1997 and (right col-

umn) 1998–2016. Stippling regions indicate anomalies significant at 
the 95% confidence level
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AMO (Sun et al. 2013, 2015). In particular, positive (negative) 
AMO phase is generally corresponding to a significant SST 
cooling (warming) in the mid-high latitudes Southern Ocean, 
which increases (decreases) the meridional temperature gradi-
ent and subtropical westerlies (Sun et al. 2013, 2015). These 
extratropical mean state changes of SST and mean flow may 
provide a favorable condition for the activity of extratropical 
disturbance and thus may exert impact on the Australian rain-
fall via modulating the subtropical moist transport (Sun et al. 
2013, 2015). Hence, this may also provide a possible pathway 
for the impact of the AMO on the winter NPO-Australian rain-
fall relation.

6 � Summary

Previous study indicated that wintertime NPO has a strong 
impact on the rainfall variation over eastern Australia in the 
following autumn. The present study reveals that the impact 
of the winter NPO on the following autumn rainfall over 
eastern Australia shows a significant interdecadal weaken-
ing around the late-1990s based on multiple observations 
and reanalysis datasets. After the late-1990s, the relation 
between winter NPO and subsequent autumn rainfall over 
eastern Australia is weak and insignificant. We find that win-
tertime NPO can (not) be considered as an effective predic-
tor for the prediction of the autumn Australian rainfall before 
(after) the late-1990s. This study further examines the fac-
tors leading to the interdecadal weakening of the connection, 
which is summarized in Fig. 16.

This study finds that the wintertime meridional atmos-
pheric anomaly pattern, with anticyclonic anomaly over 
mid-latitudes and cyclonic anomaly over subtropical North 
Pacific during positive phase of the winter NPO, is located 
more southward before the late-1990s compared to that 
after the late-1990s (Fig. 16a, b). Before the late-1990s, 
the winter NPO-related atmospheric circulation anomalies 

Fig. 12   Climatological distributions of a 200-hPa zonal winds (con-
tours; unit: m s−1) and b storm track (contours; unit: m) over the 
period of 1979–2016. Differences in the climatology of a 200-hPa 
zonal winds (shadings; unit: m s−1) and b storm track (shadings, unit: 
m) between periods of 1979–1997 and 1998–2016 (former minus 
later). Stippling regions indicate the differences that are significantly 
different from zero at the 95% confidence level

Fig. 13   a Moving correlation coefficients between ND(− 1)JFM(0) 
NPO index and SON(0) Australian Rainfall index with a moving 
length of 19 years during 1948–2017. Horizontal line in a indicates 
the correlation coefficient significant at the 95% confidence level. b 
Smoothed AMO index during 1950–2017
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lead to formation of a significant tripolar SST anomaly pat-
tern in the following spring via modulating the surface net 
heat fluxes (Fig. 16a). The associated SST warming in the 
subtropical North Pacific leads to enhanced atmospheric 
heating, which could induce an anomalous cyclone over the 
subtropical western North Pacific via a Rossby wave type 
atmospheric response (Fig. 16a). The SST warming, the 
increase in atmospheric heating, and the cyclonic anomaly 
over subtropical North Pacific maintain and extend south-
westward to the tropical central Pacific in the following 
summer via wind-evaporation-SST feedback mechanism. 
Then, the westerly wind anomalies over the tropical western-
central Pacific contribute to formation of El Niño-like SST 
anomaly pattern in the following autumn–winter. Finally, 
the autumn El Niño-like SST warming would induce an 
anomalous Walker circulation in the tropics with anomalous 
upward motion in the tropical eastern Pacific and anomalous 
downward motion in the tropical western Pacific and most 
parts of eastern Australia, which lead to decrease in the rain-
fall there (Fig. 16a).

However, after the late-1990s, the NPO-related atmos-
pheric circulation anomalies over the North Pacific shift 
northward (Fig.  16b). In addition, the associated SST 

warming and positive precipitation anomalies over the sub-
tropical North Pacific are weaker compared to those before 
the late-1990s (Fig. 16b). As such, wintertime NPO cannot 
induce clear westerly wind anomalies over the tropical west-
ern-central Pacific, and thus cannot result in significant SST 
warming in the tropical central-eastern Pacific in the follow-
ing autumn–winter. Correspondingly, winter NPO cannot 
exert clear impact on the following autumn rainfall varia-
tion over eastern Australia. Further analysis indicates that 
change in the meridional location of the wintertime NPO-
related atmospheric circulation is attributable to change in 
the meridional locations of the climatological jet stream and 
storm track activity over North Pacific. In particular, cent-
ers of the extratropical North Pacific jet stream and storm 
track activity are located more southward before than after 
the late-1990s.

We note that interdecadal change in the relationship 
between the winter NPO and following autumn Austral-
ian rainfall around the late-1990s is also related to the 
phase shift of the AMO. Using a longer time series, it is 
confirmed that AMO indeed has a significant modulation 
on the winter NPO-subsequent autumn Australian rainfall 
relation. Climatology of the North Pacific jet stream and 

Fig. 14   Anomalies of a, b SST (unit: °C) and c, d Rainfall (unit: mm day−1) in SON(0) regressed upon the ND(− 1)JFM(0) NPO index during 
(left column) positive and (right column) negative phases of AMO. Stippling regions indicate anomalies significant at the 95% confidence level
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storm track and NPO-related meridional dipolar atmos-
pheric anomaly pattern are located more southward during 
negative than positive AMO phases (Fig. 16a, b). As such, 
SST warming and positive precipitation anomalies over 
the subtropical North Pacific and westerly wind anomalies 
over the tropical western-central Pacific in the following 
spring, and SST warming in the tropical central-eastern 
Pacific in the following autumn are much stronger during 
negative than positive AMO phases (Fig. 16a, b). Hence, 
winter NPO has a strong (weak) impact on the Australian 
rainfall during the negative (strong) AMO phase.

Acknowledgements  We thank three anonymous reviewers for their 
constructive suggestions and comments, which help to improve the 
paper. This work was supported jointly by the National Natural Sci-
ence Foundation of China (Grants 41721004 and 41961144025), and 
the Chinese Academy of Sciences Key Research Program of Frontier 
Sciences (QYZDY-SSW-DQC024).

Author contributions  LYS and SFC designed the research, performed 
the analysis, and wrote the manuscript. All authors revised the paper, 
discussed the results and commented on the manuscript.

Data availability  NCEP-NCAR data is obtained from ftp://​ftp.​cdc.​
noaa.​gov/​Datas​ets/. ERA-Interim data is obtained from https://​www.​
ecmwf.​int/​en/​forec​asts/​datas​ets/​reana​lysis-​datas​ets/​era-​inter​im. JRA55 
data are derived from https://​rda.​ucar.​edu/​datas​ets/​ds628.1/. ERSSTV5 
data is derived from https://​www.​esrl.​noaa.​gov/​psd/​data/​gridd​ed/. 
UDEL precipitation data is derived from https://​www.​esrl.​noaa.​gov/​
psd/​data/​gridd​ed/​data.​UDel_​AirT_​Precip.​html. GPCP data is obtained 
from http://​www.​esrl.​noaa.​gov/​psd/​data/​gridd​ed/​data.​gpcp.​html. AMO 
index is derived from https://​www.​esrl.​noaa.​gov/​psd/​data/​times​eries/​
AMO/.

Code availability (software application or custom code)  Figures in this 
study are constructed with the NCAR Command Language (http://​
www.​ncl.​ucar.​edu/). All codes used in this study are available from the 
corresponding author (S.C.).

Fig. 15   Climatological distributions of a 200-hPa zonal winds (con-
tours; unit: m s−1) and b storm track (contours; unit: m). Differences 
in the climatology of a 200-hPa zonal winds (shadings; unit: m s−1) 
and b storm track (shadings, unit: m) between negative and positive 
phases of AMO. Stippling regions indicate the differences between 
negative and positive phases of AMO that are significantly different 
from zero at the 95% confidence level

Fig. 16   Schematic diagram showing the physical processes responsi-
ble change in the impact of the winter NPO on the following Autumn 
rainfall variation over Australia. Blue (red) shadings indicate cold and 
warm SST anomalies. Blue vectors indicate wind anomalies related 
to the winter NPO. Green vectors indicate the anomalous tropical 
walker circulation anomalies induced by the warm SST anomalies in 
the tropical central and eastern Pacific

ftp://ftp.cdc.noaa.gov/Datasets/
ftp://ftp.cdc.noaa.gov/Datasets/
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
https://rda.ucar.edu/datasets/ds628.1/
https://www.esrl.noaa.gov/psd/data/gridded/
https://www.esrl.noaa.gov/psd/data/gridded/data.UDel_AirT_Precip.html
https://www.esrl.noaa.gov/psd/data/gridded/data.UDel_AirT_Precip.html
http://www.esrl.noaa.gov/psd/data/gridded/data.gpcp.html
https://www.esrl.noaa.gov/psd/data/timeseries/AMO/
https://www.esrl.noaa.gov/psd/data/timeseries/AMO/
http://www.ncl.ucar.edu/
http://www.ncl.ucar.edu/
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