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Abstract We here propose a new statistical method to interpret nonstationary running correlations by
decomposing them into a stationary part and a first-order Taylor expansion approximation for the
nonstationary part. Then, this method is applied to investigate the nonstationary behavior of the
El Niño–Southern Oscillation (ENSO)-East Asian winter monsoon (EAWM) relationship, which exhibits
prominent multidecadal variations. It is demonstrated that the first-order approximation of the
nonstationary part can be expressed to a large extent by the impact of the nonlinear interaction between
the Atlantic Multidecadal Oscillation (AMO) and ENSO (AMO*Niño3.4) on the EAWM. Therefore, the
nonstationarity in the ENSO-EAWM relationship comes predominantly from the impact of an AMO
modulation on the ENSO-EAWM teleconnection via this key nonlinear interaction. This general method can
be applied to investigate nonstationary relationships that are often observed between various different
climate phenomena.

1. Introduction

The investigation of nonstationary relationships between climate phenomena is a subject of great interest in
climate research. In particular, the question whether El Niño–Southern Oscillation (ENSO)-associated telecon-
nections, such as the relationship between ENSO and Asian monsoon (e.g., Kumar et al., 1999; Lu et al., 2008;
Yoon & Yeh, 2010), are robust and stable over time is an area of active research since ENSO provides themajor
potential source of predictability on seasonal-to-interannual timescales in the climate system.

As an example, a warm ENSO phase (i.e., El Niño) winter usually coincides with a weaker-than-normal East
Asian winter monsoon (EAWM) (Figure 1a) owing to the concurrent strong low-level anticyclonic circulation
anomalies in the western North Pacific (e.g., Li, 1990; Stuecker et al., 2015; Wang et al., 2000; Zhang et al.,
1996). Recent observational analyses, however, suggest that this ENSO-EAWM relationship seems to vary over
time and exhibits pronounced multidecadal fluctuations (e.g., He & Wang, 2013; Zhou et al., 2007). The wax-
ing and waning of the statistical ENSO-EAWM relationship is usually explored based on running correlation
analysis and is argued to be associated with changes in slow background forcings, ranging from the modula-
tion effect by solar activity (Zhou et al., 2013), the Pacific Decadal Oscillation (PDO) (Wang et al., 2008), the
Atlantic Multidecadal Oscillation (AMO) (Geng et al., 2017), and both the PDO and AMO (He & Wang, 2013;
Kim et al., 2016). At present, the causes of the decadal variation, or apparent nonstationarity, of the ENSO-
EAWM relationship remain a subject of active debate.

In this paper, we introduce a new statistical method, which utilizes a first-order Taylor expansion approxima-
tion, to objectively unravel the source of nonstationarity in running correlations. We then apply this approach
to the observed nonstationary ENSO-EAWM relationship and demonstrate that the nonstationarity can be
dominantly attributed to the impact of the nonlinear interaction between the AMO and ENSO on the EAWM.

2. Data

We utilize global monthly sea surface temperature (SST) data from the National Oceanic and Atmospheric
Administration (NOAA) Extended Reconstructed SST analysis, version 3 (Smith et al., 2008) and atmospheric

GENG ET AL. 327

PUBLICATIONS
Geophysical Research Letters

RESEARCH LETTER
10.1002/2017GL076564

Key Points:
• Running correlations can be separated
into a stationary part and a first-order
Taylor expansion approximation of
the nonstationary part

• An application of the method
suggests that the waxing and
waning of the ENSO-EAWM
relationship is largely determined
by the AMO variability

• The nonlinear interaction between
AMO and ENSO can primarily
explain the nonstationary running
ENSO-EAWM correlation

Correspondence to:
W. Zhang,
zhangwj@nuist.edu.cn

Citation:
Geng, X., Zhang, W., Jin, F.-F., &
Stuecker, M. F. (2018). A new method
for interpreting nonstationary running
correlations and its application to the
ENSO-EAWM relationship. Geophysical
Research Letters, 45, 327–334. https://
doi.org/10.1002/2017GL076564

Received 1 AUG 2017
Accepted 18 DEC 2017
Accepted article online 26 DEC 2017
Published online 8 JAN 2018

©2017. American Geophysical Union.
All Rights Reserved.

http://orcid.org/0000-0003-0970-8382
http://orcid.org/0000-0002-6375-8826
http://orcid.org/0000-0001-5101-2296
http://orcid.org/0000-0001-8355-0662
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://dx.doi.org/10.1002/2017GL076564
http://dx.doi.org/10.1002/2017GL076564
mailto:zhangwj@nuist.edu.cn
https://doi.org/10.1002/2017GL076564
https://doi.org/10.1002/2017GL076564


circulation data from the Environmental Prediction/National Center for the Atmospheric Research (Kalnay
et al., 1996) for the period from January 1951 to December 2014. The data sets are analyzed for the boreal
winter season (December–February: DJF), and the winter of 1951 refers to the 1951/1952 winter. All
anomalies are calculated with respect to the 1951–2014 climatology, and the linear trend was removed to
avoid possible influences associated with the long-term trend. Several climatic indices are used to facilitate
our analyses. The intensity of the EAWM (EAWMI) is measured by the negative area-averaged (20°–40°N,
100°–140°E) 850 hPa meridional wind anomalies during boreal winter (Yang et al., 2002), which well
captures the interannual ENSO-EAWM relationship (Wang & Chen, 2010). The AMO index is calculated as
the area-averaged (0°–60°N, 0°–80°W) boreal winter SST anomalies (Trenberth & Shea, 2006). The PDO
index, obtained from the University of Washington (http://jisao.washington.edu/data_sets/pdo/), is defined
as the leading principal component of monthly SST variability in the North Pacific Ocean, poleward of 20°N
(Mantua et al., 1997). The Niño3.4 index describes the area-averaged SST anomalies in the Niño3.4 region

Figure 1. (a) DJF mean 850 hPa wind anomalies (vector in m/s) regressed onto the simultaneous normalized Niño3.4 index.
Shadings represent significance of the meridional wind anomalies above the 90, 95, and 99% confidence levels, respec-
tively. (b) Scatterplot of the EAWMI as a function of the Niño3.4 index for ENSO winters during the AMO positive (red
triangle) and negative (blue circle) periods. Displayed are the linear correlations (R) between the Niño3.4 index and EAWMI
during different AMO phases. (c) Time evolution of the EAWMI (magenta curve), Niño3.4 index (green curve), AMO index
(bar), the original (red and blue lines), and the first-order Taylor expansion approximation (orange line) 17 year running
correlations between the Niño3.4 index and EAWMI during 1951–2013. The horizontal green dashed line indicates the 90%
significance level for the correlation (note that the red/blue color in the running correlation curve indicates statistically
significant correlation above/below the 90% confidence level respectively).
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(5°S–5°N, 120°–170°W). The ENSO winters (17 El Niño and 21 La Niña winters; Table 1) are identified based on
a threshold of 0.5 standard deviations of the DJF normalized Niño3.4 index. All the above indices are
normalized, and all statistical significance tests were performed based on the two-tailed Student’s t test.

3. Method for Interpreting Nonstationary Running Correlations

Running correlation analysis, that is, correlation coefficients calculated over a sliding window, is frequently
used in scientific research to diagnose variations in relationships between two indices. We calculate the run-
ning correlations based on a timewindow varying climatology, which is the common definition (note that the
conclusions remain unchanged if we use a fixed climatology). First, we express a given running correlation
coefficient er between any two time series (denoted as X and Y) by

er ¼ XY þ ΔfXYffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2 þ gΔX2

� �
Y2 þ gΔY2

� �r ; (1)

where a tilde refers to the running correlation, running covariance, or variances of the two time series, while
an overbar denotes those same variables over the entire record duration. We use a delta (Δ) to represent the
difference between the covariance (or variances) over each sliding window and that during the entire period,
which can be formulated as fXY ¼ XYþ ΔfXY; eX2 ¼ X2 þ Δ eX2 and eY2 ¼ Y2 þ Δ eY2 .
Based on a first-order Taylor expansion, the running correlation er can be approximated by

er ≈ r þ r
ΔfXY
XY|{z}
2a

� r
ΔfX2

2X2|{z}
2b

� r
Δ eY2

2Y2|{z}
2c

; (2)

where the first right-hand side term r is a constant and denotes the correlation between X and Y over the
entire record duration while the other three terms, which are labeled as “term 2a,” “term 2b,” and “term
2c,” are nonstationary and associated with the departure of the running covariance (term 2a) and the var-
iances (terms 2b and 2c) from those over the entire record duration. Therefore, the running correlations
are separated into two parts comprising a constant one and a nonstationary one. The latter part, which repre-
sents the variations of covariance and variances of the two time series, is responsible for the nonstationarity
in the statistical relationship. In a next step, we can use a multiple linear regression framework to investigate
possible controlling factors. Specifically, the individual importance of the nonlinear terms can be identified. In
the following section, we will illustrate how this method can be used to determine the nonstationary source
on the example of the observed ENSO-EAWM relationship.

4. Application to the Nonstationary ENSO-EAWM Relationship

As shown in Figures 1a and 1c, ENSO and EAWM display an evident out-of-phase relationship during the
1951–2013 period (R = �0.40, exceeding the 99% confidence level). However, this relationship exhibits
obvious nonstationary characteristics. A running correlation analysis suggests that ENSO and EAWMI are
significantly correlated before the late 1960s and after the mid-1990s but not during the interim period,
showing an approximate inverse temporal evolution with the AMO phase (Figure 1c). In addition, while most
El Niño winters are accompanied by a weakened EAWM, no simple ENSO-EAWM relationship is observed dur-
ing La Niña events (Figure 1b). It is found that the La Niña boreal winter season usually coincides with a
strengthened EAWM during a positive AMO phase and with a weakened EAWM during a negative AMO
phase. This AMO phase dependence of the La Niña-EAWM connection (Figure 1b) is consistent with the

Table 1
El Niño and La Niña Events for the 1951–2013 Period

El Niño events La Niña events

1957, 1963, 1965, 1968, 1969, 1972, 1977, 1982, 1986, 1987, 1991, 1994,
1997, 2002, 2004, 2006, 2009

1954, 1955, 1962, 1964, 1967, 1970, 1971, 1973, 1974, 1975, 1984, 1988,
1995, 1998, 1999, 2000, 2005, 2007, 2008, 2010, 2011
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AMO phase dependence in the correlation between Niño3.4 index and the EAWMI (Figure 1c). These results
are consistent with our recent study proposing a nonlinear decadal modulation of the ENSO-EAWM relation-
ship by the AMO (Geng et al., 2017). These observational results suggest that the AMO seems to play an
important role in the nonstationarity of the ENSO-EAWM relationship.

Next, the method for decomposing and interpreting nonstationary running correlations that was introduced
in the third section is applied here to test the hypothesis that the AMO modulates the ENSO-EAWM relation-
ship and quantify this impact. According to equation (2), the running correlation coefficient er between
two normalized time series, denoted by N for the normalized Niño3.4 index and by M for the normalized
EAWMI, can be expressed as

er ≈ r þ ΔfMN|ffl{zffl}
3a

� r
ΔfM2

2|ffl{zffl}
3b

� r
ΔfN2

2|ffl{zffl}
3c

; (3)

where the first right-hand side term r is the correlation betweenM and N over the entire record duration and
the other three terms, which are labeled as “term 3a,” “term 3b,” and “term 3c,” are associated with the
departure of the running ENSO-EAWM covariance (term 3a), the EAWM variance (term 3b), and the ENSO
variance (term 3c), from those over the entire record duration. The sum of these four terms is calculated
and shown as the orange line in Figure 1c. The time evolution of the approximation is virtually the same
as the original running correlation coefficient between M and N (R = 0.99), indicating that a first-order
approximation is very reasonable and that we can neglect higher-order nonlinear terms. We then show in
Figure 2a the three rightmost terms individually to explore their respective roles in the nonstationary run-
ning ENSO-EAWM correlations. While term 3a displays pronounced multidecadal variability with similar fea-
tures to the original running correlation coefficients (R = 0.94), terms 3b and 3c exhibit hardly any variability
and thus their contributions to the multidecadal variation of the ENSO-EAWM relationship are negligible.
Therefore, the multidecadal variability in the running ENSO-EAWM correlation coefficient is dominantly
attributed to term 3a.

According to a wide range of studies, the EAWM variability is significantly influenced by both ENSO and the
AMO (e.g., Li & Bates, 2007; Sun et al., 2011; Wang et al., 2000; Zhang et al., 1996). For example, a combined
effect of the ENSO and AMO on the interannual variability of EAWM has been demonstrated (Hao & He, 2017).
This study argues that only when ENSO and AMO are in phase (i.e., El Niño/positive AMO phase and
La Niña/negative AMO phase) can the negative ENSO-EAWM relationship be significantly intensified.
However, this linear modulation of the ENSO-EAWM relationship by the AMO cannot explain the nonstation-
ary character (that is the multidecadal variations) of this relationship. Instead, nonlinear processes need to be
taken into account. To capture the impact on the EAWM from ENSO, AMO, and their nonlinear interaction,
respectively, we next express the EAWMI in the following regression relationship

M ¼ �0:44N þ 0:25A� 0:3 A�Nð Þ þ R1; (4)

where A indicates the AMO index, A*N the first-order term of the nonlinear interaction between AMO and
ENSO, and R1 the residual term. The multiple linear regression coefficients in equation (4) are all significant
at the 95% confidence level. The contributions of the higher-order nonlinear terms to the correlation are neg-
ligible. Therefore, A*N is utilized to represent the nonlinear interaction between AMO and ENSO hereafter.
With this representation, we can approximately decompose the running correlation between ENSO and
the EAWM (i.e., term 3a in equation (3)) as follows:

er ≈ r �0:44ΔfN2|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
5a

þ 0:25ΔfAN|fflfflfflfflffl{zfflfflfflfflffl}
5b

� 0:3Δ gA � Nð ÞN|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
5c

: (5)

The three rightmost terms are then individually calculated and shown in Figure 2b. It is found that while the
variation in ENSO variance (i.e., term 5a) and AMO-ENSO covariance (i.e., term 5b) is small and negligible, term
5c exhibits a quite similar temporal evolution as both term 3a and the original running correlation between
ENSO and EAWM. The correlation coefficient between term 5c and the original ENSO-EAWM running correla-
tion attains a value of 0.82 (significant at the 99% confidence level). Therefore, we conclude that the nonlinear
interaction between AMO and ENSO plays a dominant role in generating the multidecadal variability of the
ENSO-EAWM relationship. However, it should also be noted here that although term 5c qualitatively captures
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the nonstationary ENSO-EAWM running correlation, some residuals do exist, especially during the late
1960s and 1970s. A possible explanation is that other external forcings are also influencing EAWM
variability, such as Indian Ocean SST (Watanabe & Jin, 2002), Eurasian snow depth (Li & Wang, 2014),
and Arctic sea ice concentrations (Li & Wu, 2012; Zuo et al., 2016), which are not considered in our
regression framework (equation (4)).

Considering that many previous studies emphasized the PDOmodulation effect on the ENSO-EAWM relation-
ship (e.g., He & Wang, 2013; Kim et al., 2016; Wang et al., 2008), we next expand the regression expression for
the EAWMI by including the impact of the PDO on the EAWM, in a similar manner as we did for the AMO, to
test whether the PDO may exhibit a similar modulation on the ENSO-EAWM relationship. We represent the
EAWMI by the following regression relationship

M ¼ �0:5N þ 0:32A� 0:28 A � Nð Þ þ 0:34P þ R2; (6)

where the PDO index is labeled P and the new residual term R2. It should be noted that the nonlinear inter-
action between PDO and ENSO denoted as P*N is not kept in equation (6) because the corresponding regres-
sion coefficient is negligible and insignificant at the 95% confidence level. In this case, the correlation
between ENSO and EAWM (i.e., term 3a in equation (3)) can be approximately expressed as follows:

er ≈ r�0:5ΔfN2|fflfflfflfflffl{zfflfflfflfflffl}
7a

þ 0:32ΔfAN|fflfflfflfflffl{zfflfflfflfflffl}
7b

�0:28Δ gA � Nð ÞN|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
7c

þ 0:34ΔfPN|fflfflfflfflffl{zfflfflfflfflffl}
7d

: (7)

Figure 2. Time evolutions of (a) the three rightmost terms in equation (3), (b) the three rightmost terms in equation (5)
decomposed from term 3a based on the three-factor regression equation (4), and (c) the four rightmost terms in
equation (7) decomposed from term 3a based on the four-factor regression equation (6).
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Apart from the aforementioned three terms, the additional term 7d is associated with the variation in PDO-
ENSO covariance. These four terms are then calculated and displayed in Figure 2c. It is clear that the PDO-
related term 7d is not able to explain the multidecadal modulation on the ENSO-EAWM relationship, which
further supports the importance of the AMO modulation. The modulation of the ENSO-EAWM relationship
by the PDO that was demonstrated in previous studies (e.g., Kim et al., 2016; Wang et al., 2008) seems
to be associated with a covariability between PDO and the AMO during a certain observational period
(d’Orgeville & Peltier, 2007; Zhang & Delworth, 2007).

To further illustrate how the AMO-related terms play an important role in improving the ENSO-EAWM
relationship, we next compare the original EAWM index with a single-factor (Niño3.4) and three-factor
(Niño3.4, AMO, and AMO*Niño3.4) reconstructed EAWM indices (Figure 3). During the period from 1951 to
2013, the three-factor regressed reconstruction for the EAWM shows a better agreement with the original
EAWMI than the Niño3.4-based reconstructed EAWMI and the correlation with the original EAWMI increases
from 0.40 to 0.55 (Figure 3a). Although the three-factor reconstructed EAWMI displays little improvement
during El Niño winters (Figure 3b), it successfully reproduces the nonstationary relationship between
EAWM and La Niña events for the different AMO phases (Figure 3c). This further suggests that the AMOmod-
ulation is a key reason for the nonstationary ENSO-EAWM relationship.

To shed further light on the interpretation of the nonlinear AMO-ENSO interaction, we show in Figure 4a the
time evolution of the original Niño3.4 index and the amplitude modulated Niño3.4 index by the AMO (i.e.,
AMO*Niño3.4). During positive AMO phases, the AMO*Niño3.4 index displays similar temporal evolution

Figure 3. Time evolutions of the original EAWMI (black bar), the single-factor regressed EAWMI (gray line), and the three-
factor regressed EAWMI (green line) during (a) 1951–2013, (b) all El Niño, and (c) all La Niña winters. Displayed in Figure 3a
are the linear correlations (R) between the original EAWMI and the regressed EAWMIs.
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and amplitude as the original Niño3.4 index. In contrast, the AMO*Niño3.4 index is of opposite sign to the
Niño3.4 index during the negative AMO phase (Figure 4a). On interannual timescales, this nonlinear
interaction term affects the atmospheric circulation over East Asia (Figure 4b) with a positive AMO*Niño3.4
index corresponding to southerly wind anomalies over East Asia and thus a weakened EAWM. The area of sta-
tistically significant circulation anomalies associated with the AMO*Niño3.4 term is located in the northern
part of China, a different region than the area where the ENSO-related circulation anomalies (shown in
Figure 1a) are most pronounced. These results suggest that ENSO exerts a different influence on the East
Asian atmospheric circulation and climate variability via its nonlinear interaction with the AMO, which in turn
results in the observed nonstationary ENSO-EAWM relationship on multidecadal timescales.

5. Conclusions and Discussion

We introduced a new method for decomposing and interpreting the nonstationary behavior of running cor-
relations. Based on a first-order Taylor expansion approximation, we can separate the stationary and nonsta-
tionary parts of running correlations. To demonstrate the physical relevance of this statistical method, we
apply it to explore the nonstationarity of the ENSO-EAWM relationship. By reconstructing the EAWMI using
information provided by ENSO, the AMO, and the AMO-ENSO nonlinear interaction, we demonstrate that this
nonstationarity primarily results from the nonlinear AMO-ENSO interaction. Importantly, this nonlinear inter-
action is largely responsible for the AMO modulation of the La Niña-EAWM relationship. In addition, we find
that the nonlinear AMO-ENSO interaction has prominent impacts on atmospheric circulation anomalies over
East Asia and thus significantly affects the EAWM strength. Our results indicate that a consideration of this
nonlinear AMO-ENSO interaction might be very beneficial to better understand, monitor, and improve seaso-
nal predictions of ENSO climate impacts in East Asia.

While we have highlighted the effectiveness of this method for investigating the nonstationary ENSO-EAWM
relationship, it is generally applicable to other nonstationary relationships commonly observed between dif-
ferent climate phenomena.
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