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ABSTRACT
Abrupt climate change may cause heat, drought, and flood disasters. In this study, we find that many climate
factors [e.g., the East Asian summer monsoon (EASM), the Arctic Oscillation (AO) and the Pacific decadal
oscillation (PDO)] show a decadal-scale abrupt change in the 1970s. To analyze this phenomenon
thoroughly, a new method of pedigree clustering combined with phase-space analysis (PCPSA) is used to
establish two-dimensional phase-space coordinate systems of EASM–AO, EASM–PDO, and AO–PDO and
the three-dimensional phase-space coordinate system of EASM–AO–PDO. By using the PCPSA method, it is
found that all of the phase-space coordinate systems have a significant abrupt change in the mid-1970s, with a
transition period, and the fit to the abrupt change of the phase-space coordinate system is better than 80%,
which indicates excellent fit. By analyzing the correlation of EASM, AO, and PDO with sea level pressure
(SLP) and sea surface temperature (SST), it is found that SLP has an obvious weakening trend in the high
latitudes and an increasing trend in the tropics while SST has an increasing trend in most of the Southern
Hemisphere waters and a minor weakening trend in the North Pacific Ocean waters between 308 and 408N.
Therefore, the abrupt climate change of the 1970s may well be a global abrupt change of the climatic system.

1. Introduction
Extreme weather events have become more frequent
since the twentieth century (Yi et al. 2015). Abrupt climate change often leads to heat, drought, and flood disasters (Huang et al. 2017a,b). In recent years, against the
background of global warming, the surface air temperature has shown a warming hiatus (Huang et al. 2017c).
Climate change, especially abrupt climate change, has
been the subject of much research since the 1990s. Thus,
there is a significant need for the analysis of abrupt
climate change.
The definition of climate change given by Fu and Wang
in a series of studies on abrupt climate change in the 1990s
refers to the climate jumping from one stable state to
another (Fu and Wang 1992). Wang (2001) pointed out
that a much larger abrupt climate change happened
Corresponding author: Wenjie Dong, dongwj3@mail.sysu.edu.cn

around the 1970s, with temperature, air pressure, wind
field, and rainfall climate factors all showing the same
change (Wang 2001). Many researchers have demonstrated that the 1970s climate change over East Asia is an
interdecadal change associated with the coupled ocean–
atmosphere system (Zhou et al. 2009). Kachi and Nitta
(1997) investigated sea surface temperature (SST) variability on a global scale and found interdecadal variability, particularly in the North Pacific; their study also
shows an abrupt change of the atmosphere–ocean system
in the Pacific Ocean in the mid-1970s, corresponding to
that in global surface temperature. The concept of the
Pacific decadal oscillation (PDO) has been proposed,
with abrupt interdecadal change identified in the years
1890, 1925, 1947, and 1976 (Biondi et al. 2001). The SST
of the Pacific Ocean is characterized by the PDO mode at
various times, and it is one of the important components
of interdecadal change in the SST field (Xiao and Li
2007). Recent studies have shown that the East Asian
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winter monsoon (EAWM) had a weakening trend at the
end of the 1970s (Hsu 2016; Tao and Chen 1987). The
East Asian summer monsoon (EASM) and EAWM
have a direct effect on the climate of China and the whole
East Asian region (Zhu et al. 2016). Cheung et al. (2016)
pointed out that the Arctic Oscillation (AO) underwent a phase transformation in 1978 (Cheung et al.
2016). The AO is an important atmospheric circulation
teleconnection pattern in the high latitudes of the
Northern Hemisphere, influenced by mass changes in the
mid- to high-latitude atmosphere and forming a seesaw
pattern, which in turn controls and affects many extreme
weather events in the Northern Hemisphere (Thompson
and Wallace 1998). Later studies have shown a relationship between the PDO, EASM, and AO. There is a
consistent abrupt change in the EASM and PDO in the
1970s, which may have affected the change in summer
rainfall in East China after the 1970s (Chen et al. 2015b;
Zhu et al. 2015). In addition, the forcing to PDO to the
decadal change of East Asian summer monsoon since the
1970s have demonstrated by both long-term data diagnosis and numerical modeling (Li et al. 2010; Qian and
Zhou 2014). A correlation between the AO and PDO has
been reported previously (Sun and Wang 2006). Therefore, it is important to study abrupt climate change with
EASM, AO, and PDO representing the climate. Because of air–sea interaction, air temperatures in North
America, near the equator, the Arctic and the HuangHuai-Hai region in China were also affected by obvious
abrupt change in 1976 (Ma and Fu 2007; Yin et al. 2015).
Jin et al. (2016) reported an abrupt interdecadal change in
the mei-yu rainfall, global precipitation, and local precipitation in 1976, which shows correlation with the PDO
(Jin et al. 2016; Wang et al. 2016; Wu 2016). Data analyses
have revealed a long-term change of global land monsoon
precipitation. Numerical model experiments have demonstrated that this kind of change is driven by PDOlike tropical ocean warming (Zhou et al. 2008a,b). In
addition, a consistent abrupt change of El Niño–Southern
Oscillation (ENSO) and the PDO in the 1970s has been
found (Cai et al. 2017). Under the influence of recent
human activity, radiative forcing has also exhibited consistent abrupt change with the PDO (Zhu et al. 2016).
Wang and He (2012) noted that there is some correlation
between the interdecadal change of the EAWM and
ENSO in the 1970s (Wang and He 2012). Besides, the
coupling of ENSO with Asian–Australian summer monsoon has been enhanced since 1970s (Wang et al. 2008).
Other atmospheric features display the same abrupt interdecadal change, for example, the Aleutian low (AL),
the western Pacific subtropical high (WPSH), and the
North Atlantic Oscillation (NAO) (Chen et al. 2015a;
Weisheimer et al. 2017; Zuo et al. 2016). The above
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TABLE 1. The major abrupt climate changes.
Acronym of the
abrupt climate change
PDO
AO
EASM
EAWM
ENSO
NAO
AL
WPSH

Full name of the
abrupt climate change
The Pacific decadal oscillation
The Arctic Oscillation
The East Asian summer monsoon
The East Asian winter monsoon
El Niño–Southern Oscillation
The North Atlantic Oscillation
The Aleutian low
The western Pacific subtropical high

studies all suggest that an abrupt change in the climate
system occurred in the 1970s, and in this context Yan et al.
have studied abrupt climate system change using a nonlinear mathematical approach (Yan et al. 2015, 2016).
All in all, there are many abrupt climate changes as
mentioned above, and the major abrupt climate changes
are presented in Table 1. However, because of a lack of
systematic research, the differences in timing of the abrupt
changes, and the fact that most studies of abrupt climate
change were based on one-dimensional time series of
different variables, abrupt change of the complex climate system has not been explained satisfactorily. In this
study we explore the abrupt climate change of the 1970s,
taking account of previous research but using a new
method of pedigree clustering that combines phasespace analysis. The remainder of this paper is organized as follows. The datasets, methods, and indices are
described in section 2. Section 3 shows the results, including determining and testing the time of abrupt
change of EASM, AO, and PDO; describing and analyzing the abrupt change of the phase space composed of
EASM, AO, and PDO; and analyzing the correlation of
EASM, AO, and PDO with sea level pressure (SLP) and
SST. Section 4 discusses the results and presents the
conclusions.

2. Datasets and methods
This study uses monthly mean SST and SLP datasets
from the National Oceanic and Atmospheric Administration Extended Reconstructed SST, version 3b
(ERSSTv3b), data (Smith et al. 2008) and the National
Centers for Environmental Prediction–National Center
for Atmospheric Research (NCEP–NCAR) reanalysis
SLP (Kalnay et al. 1996). The ERSSTv3b dataset has
28 3 28 horizontal resolution and the SLP has a 2.58 3
2.58 horizontal resolution. To compare with subsequent
model simulation results, we selected the time period
1948–2005. To ensure the consistency of the data resolution, the NOAA Extended Reconstructed SST is interpolated to a standard 2.58 3 2.58 grid in this analysis.
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The EASM index (EASMI) is defined as follows. We
calculate the seasonal average SLP at seven latitudes
from 208 to 508N at 1108 and 1608E, and similarly for the
SLP difference and sum below. Then we calculate the
standardized difference of SLP between 1108 and 1608E
over 208–508N (seven latitudes). Then we the sum the
standardized sea level pressure of 208–508N (seven latitudes). Last, we standardize the result again (Shi and
Zhu 1996). The AO index is defined as the principal
component corresponding to the leading empirical orthogonal function mode of SLP anomalies over the
Northern Hemisphere from 208 to 908N (Thompson and
Wallace 1998). The PDO index is derived as the leading
principal component of the monthly SST anomalies in
the North Pacific Ocean north of 208N (Mantua et al.
1997). In this study, we validate and determine the
abrupt change of the EASM, AO, and PDO in the 1970s
using the moving t-test technique (MTT). The MTT
is used to detect abrupt change through examining
whether the difference between the mean values of two
subsamples is significant. We can obtain the t0 statistic
sequence by using MTT to determine the sequence of
a certain moment. In Fig. 1, the abrupt change years
are the year corresponding to the maximum or minimum when jt0j , ta; these are also referred to as abrupt
changepoints or transition years (Jiang et al. 2002; Xiao
and Li 2007).
In mathematics and physics, phase space is composed
of state variables or components of the state vector in a
dynamic system and can represent all possible states of
the system. Each possible state of the system is represented by a corresponding point in phase space, and
we take p, q amount of the state as the coordinates of
the system. Moreover, we take the function T(p, q)
to characterize travel through phase space with time.
We use EASMI, AO, and PDO as coordinates, and
T(EASMI, AOI), T(EASM, PDOI), T(AOI, PDOI),
and T(EASMI, AOI, PDOI) as the functions of phase
space, which move with time. Following previous studies, we take 1976 as the boundary year, with 1948–75 as
the period before abrupt change and 1976–2005 as the
period after abrupt change.
We use the optimal focus distance classification from
the spectrum clustering method. Classification results
are presented in Table 2, and we define the following five
classification parameters:
1) center before abrupt change (CBAC) is the center of
gravity of the classification results before the abrupt
change,
2) center after abrupt change (CAAC) is the center of
gravity of the classification results after the abrupt
change,
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FIG. 1. Schematic diagram of the moving t statistic interdecadal
abrupt change. Curve l is the sequence of the statistic t0. The
threshold a sets the confidence level for abrupt change.

3) area of the abrupt change (AAC) is the area formed
by the circle or sphere with radius equal to the
distance from the CBAC or CAAC to the origin, and
4) spill point (SP) is the point outside the AAC.
5) the fit of the phase space to the abrupt change, or «,
is « 5 (n1/N1) 3 50% 1 (n2/N2) 3 50%, where n1 is
the number of years classified as before the abrupt
change, N 1 is the number of years in the period
1948–75 before abrupt change, n2 is the number of
years classified as after abrupt change, and N2 is the
number of years in the period 1976–2005 after the
abrupt change.
The last classification parameter, «, characterizes the
ability of phase space to represent the abrupt change,
that is to say, the fit to the climate factors combined into
the phase space with the abrupt change in the phase
space. In this study, « is divided into four classes:
1) when « , 70%, the fit to the abrupt change of the
phase space is poor—that is to say, the abrupt change
does not occur in the phase space,
2) when 70% # « , 80%, the fit to the abrupt change of
the phase space is good—that is to say, the abrupt
change can happen in the phase space,
3) when 80% # « , 90%, the fit to the abrupt change of
the phase space is excellent—that is to say, the abrupt
change is very likely to happen in the phase space,
and
4) when 90% # « , 100%, the fit to the abrupt change of
the phase space is perfect—that is to say, the abrupt
change almost always happens in the phase space.
We calculate the « of every phase space shown in
Table 3. Spectral clustering is a clustering method that is
based on graph theory, in which the weighted undirected
graph is divided into $2 suboptimal figures, such that
elements inside the subfigures are as close as possible
but the distance between the subfigures is as great as
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1982
1992
2004
1980
1990
2002
1979
1989
2001
1978
1988
1997

1979
1989
1998

1981
1991
2003

1978
1988
1997
1977
1987
1996

1980
1990
2002

1979
1988
1997

1974
1984
1993
2003
1970
1984
1993
2005
1978
1988
1997
1973
1983
1992
2002
1969
1983
1992
2004
1977
1987
1996

1976
1985
1994
2004
1974
1985
1994

Sk 5

i2Gk

where xk is the center of gravity of class Gk, and the
smaller Sk is, the more similar is each sample of Gk.
There are G classes in the G level of the spectrum, which
is defined as
G

1972
1982
1991
2001
1968
1982
1991
2003
1976
1986
1995

1977
1987
1996
1976
1986
1995

PG 5

1971
1981
1990
2000
1966
1980
1990
2002
1967
1984
1994

Time after abrupt change

k51

n

å (xi 2 x)T (xi 2 x)

i51
n

5

1955
1963
1972

1956
1964
1973

1955
1963
1998

å Sk .

In addition, we take T as the sum of squared residuals of
all samples:

1967
1980
1989
1999
1965
1979
1989
2001
1948
1983
1993
2005
1967
1984
1994
1955
1963
1998
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possible so as to achieve common clustering (Chen and
Cai 2011). A class sample of the spectrum level is
specified as G, and the sum of squares within the class
Gk is

T5

å jxi 2 xj2

i51

1954
1962
1971
2000

1955
1963
1972

1954
1962
1971
2001
1953
1961
1970
1999
1952
1960
1969
1999
1951
1959
1968
1985
1951
1959
1968
1985
1950
1958
1966
1975

1953
1961
1970
2000
1952
1960
1969
1998

1954
1962
1981
1953
1961
1975
1952
1960
1973
1951
1959
1972

EASM–AO–PDO

AO–PDO

1948
1956
1964
1999
1949
1957
1965
1974
1948
1956
1964
1973
EASM–PDO

1949
1957
1966
2000
1950
1958
1966
1975
1949
1957
1965
1974

1950
1958
1971

1953
1961
1970
1951
1959
1968
1948
1956
1964
EASM–AO

1949
1957
1965

1950
1958
1966

1952
1960
1969

1954
1962
1975

and define the statistic R2 as

Time before abrupt change

TABLE 2. Time of the classification results of the phase-space points by applying the spectral clustering method.

1977
1986
1995
2005
1976
1986
1995

1978
1987
1996
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R2 5 1 2 (PG /T) .
R2 can be used to evaluate the efficacy of the clustering
of each merger; it is obvious that 0 # R # 1. We recognize the following three conditions:
1) when each sample of n samples becomes each class,
R2 5 1,
2) When n samples merge into a class, R2 5 0, and
3) the value of R2 always decreases with a reduction in
the number of categories, and we take the class
before the class that rapidly declines.

3. Results
We calculated the EASM index, AO index, and PDO
index, and the corresponding time series are shown in
Figs. 2a, 2c, and 2e, respectively. Figure 2a shows an
obvious abrupt change of EASMI during the 1970s,
from positive before 1965 to almost always negative
after 1975, with a transition period in 1965–75 when
the EASMI takes negative or positive values. Thus, the
EASM has a relatively long transition period for the
abrupt change in the 1970s. Figure 2c shows an obvious abrupt change of the AO during the 1970s, from
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TABLE 3. Goodness of fit to abrupt change of the phase space « for
the four phase spaces considered.

Type of phase space
EASM–AO
EASM–PDO
AO–PDO
EASM–AO–PDO

Fit to abrupt change of
the phase space «
89.4%
82.6%
89.8%
91.5%

negative before 1972 to almost always positive after
1975. The AO shows a very short transition period for
the abrupt change in the 1970s. Figure 2e shows an obvious abrupt change of the PDO during the 1970s, from
negative before 1975 to almost always positive after
1975. Note that the PDO is positive in 1957–61 and
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negative in 1997–2002. Thus, PDO shows a short
transition period, but has a greater interdecadal disturbance in the 1970s. In this paper, we assess the
timing of the abrupt change and its significance by
applying the MTT method. As can be seen from the
figures, most of the abrupt changepoints of EASM and
AO, as tested by MTT, do not occur in the 1970s. However, the actual time of the abrupt change is significant
at the 95% level, and therefore using the time series we
identify clear abrupt changes of EASM, AO, and PDO
in the 1970s.
To better study abrupt climate change, in this paper
we use a phase-space approach combined with hierarchical clustering analysis to establish the two- and
three-dimensional phase spaces shown in Figs. 3 and 4.
From Figs. 3a–c and 4 we can see that there is an

FIG. 2. The 1948–2005 time series of (a) EASMI, (c) AO, and (e) PDO, along with the results of applying the MTT to the (b) EASMI,
(d) AO, and (f) PDO time series. The horizontal dashed lines denote the 95% confidence level according to MTT.
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FIG. 3. Two-dimensional phase-space diagrams for the phase spaces composed of (a) EASM and AO, (b) EASM and PDO, and
(c) AO and PDO. The red and blue dots represent the center before and after, respectively, the abrupt change. The open circles
indicate areas of abrupt change. Red lines and symbols represent the points for 1948–75; blue lines and symbols represent the points for
1976–2005.

obvious abrupt change in every phase space, from the
1948–75 period to the 1976–2005 period. In addition,
the points within every phase space are all concentrated near the CBAC and CAAC, and « is more than
80.0%; that is, an excellent fit of the abrupt change. In
addition, in Figs. 3a, 3c, and 4, the number of spill
points is very small, meaning little disturbance in that
period. Moreover, the transition period is short. In
Fig. 3b, however, the number of spill points is slightly
greater than in the previous cases, which means some

minor disturbance in that period. Moreover, the transition period is a little longer and « is the least.
In this paper, we judge and analyze the obvious abrupt
change of the climate system in the 1970s, taking EASM,
AO, and PDO as examples. To explore the reasons for
the abrupt climate change, we analyze the correlations
of EASM, AO, and PDO with SLP (Figs. 5a,c,e) and
SST (Figs. 5b,d,f). There is a significant negative correlation of EASM with SLP (Fig. 5a) in mid–low latitudes.
However, the correlation is significantly positive in the
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FIG. 4. Three-dimensional phase-space diagram composed of EASM, AO, and PDO. The
red lines and symbols represent the points in the 1948–75 period, and the blue lines and symbols
represent the points in the 1976–2005 period. Blue and yellow spheres represent the areas
before and after, respectively, the abrupt change. The yellow line represents a diagonal of
the cube.

polar latitudes. There is a strongly negative significant
correlation between EASM and SST (Fig. 5b) in tropical
waters, most of the Southern Hemisphere. Figure 5c
shows a significant negative correlation of AO with SLP
in polar latitudes, while their correlation is very significantly positive in mid–low latitudes. There is a positive
significant correlation of AO with SST (Fig. 5d) in most
region. Figure 5e shows a significant negative correlation between PDO and SLP in most parts of the eastern
Pacific Ocean and most areas south of 608N. Conversely,
their correlation is clearly positive in most tropical regions and near Australia. Figure 5f shows a positive significant correlation of PDO and SST between 308 and
508N in the Pacific Ocean, and their correlation is obviously positive in tropical waters, most waters of the
Southern Hemisphere and rare sea areas of the Northern
Hemisphere. The abrupt climate change of the 1970s is
likely to be a climate system mutation on a global scale,
influenced by air–sea interaction and a complex interplay
of the circulations of the atmosphere and ocean.

4. Conclusions and discussion
We calculated the EASM index, AO index, and PDO
index using NOAA extended reconstructed SST and
NCEP–NCAR reanalysis data. We used the MTT to
detect the years of abrupt decadal change and obtained
results consistent with a number of studies; that is,
EASM, AO, and PDO show significant abrupt changes
in the 1970s.
We established two-dimensional phase spaces and a
three-dimensional phase space based on the three indices (EASM–AO, EASM–PDO, AO–PDO, and EASM–
AO–PDO), and combined the phase-space approach
with spectral clustering. The results, together with the
analysis of «, led to the following conclusions.

There is an obvious abrupt change in every phase
space, from the 1948–75 period to the 1976–2005 period.
In addition, the points within every phase space are all
concentrated near the CBAC and CAAC, and « is more
than 80.0%, that is, an excellent fit of the abrupt change.
In addition, in the phase space of the EASM–AO, AO–
PDO, and EASM–AO–PDO, the number of spill points
is very small, meaning little disturbance in that period.
Moreover, the transition period is short. In the phase
space of the EASM–PDO, however, the number of spill
points is slightly greater than in the previous cases, which
means some minor disturbance in that period. Moreover,
the transition period is a little longer and « is the least.
In this study, we confirmed the abrupt climate change
in the 1970s, consistent with previous studies, and validated the timing of the abrupt change in the climate
system by applying a new phase-space method using
spectral clustering. To test for an abrupt change in the
global climate system in the 1970s, we analyzed the
correlations of EASM, AO, and PDO to SLP and SST.
The SLP of the high-latitude Southern Hemisphere
shows an obvious weakening trend before and after
abrupt climate change, and the SLP of the high-latitude
Northern Hemisphere shows an obvious weakening
trend; however, the SLP of the high-latitude Northern
Hemisphere and tropics shows an obvious increasing
trend, especially in Africa, as over most of Asia and
western Europe. SST in the Southern Hemisphere waters generally has a stronger increasing trend, with the
SST in the Arctic Ocean increasing less, while the SST
over 308–408N in the North Pacific Ocean has an obvious
weakening trend. The abrupt climate change of the
1970s is likely to have been a global-scale climate system
phenomenon, with an interplay between air–sea interaction and the complex effects of the atmospheric
and ocean circulation.
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FIG. 5. The correlation between SLP and (a) EASM, (c) AO, and (e) PDO, and the correlation between SST and (b) EASM, (d) AO, and
(f) PDO. Color shading indicates significance at the 95% level or better.

In this paper, we focus on statistical methods to
study abrupt climate change and did not analyze the
mechanisms from climate dynamics. We used reanalysis data and have not considered model simulation results from CMIP5. Our study has not addressed
predictions of future abrupt climate change. These
will form the main content of the next stage of our
research.
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