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ABSTRACT
The present study reveals that the Madden–Julian oscillation (MJO)-related temperature anomalies over
East Asia have notable differences among positive, neutral, and negative Arctic Oscillation (AO) phases. In
MJO phases 2–3, cold anomalies over eastern China occur mainly during positive AO. In MJO phase 7, warm
anomalies over eastern China are observed mostly during neutral AO, and in MJO phase 8 warm anomalies
appear in positive and neutral AO. Regional mean temperature anomalies over northeastern East Asia tend
to be negative during negative AO but positive during positive AO in six of eight MJO phases. In MJO phases
2–3, the AO-related mid- to high-latitude wave train over Eurasia and the MJO convection-triggered poleward wave train work together in contributing to negative height anomalies over eastern China and leading to
cold anomalies there. The mid- to high-latitude wave train is stronger when the AO is negative than positive,
which is associated with stronger zonal winds. In MJO phases 7–8, the positive AO-related mid- to highlatitude wave train over Eurasia and the MJO-induced poleward wave train cooperate in inducing positive
height anomalies and leading to warm anomalies over eastern China. The mid- to high-latitude wave train is
the main contributor to negative height anomalies over eastern China when the AO is negative during MJO
phases 7–8. Meanwhile, the intensity of the South Asian wave source associated with the MJO convection is
subjected to the modulation of southeastward dispersion of wave energy from western Europe during
negative AO.

1. Introduction
During boreal winter, large temperature drops during
severe cold surges accompanied by snow or freezing rain
can cause extensive damage (Kunkel et al. 1999; Wen
et al. 2009; Zhou et al. 2009; Park et al. 2011). The occurrence of cold anomalies over East Asia has been
linked to changes in the mid- to high-latitude circulation
systems, including the intensification of the Siberian
high (Ding and Krishnamurti 1987; Ding 1990; Zhang
et al. 1997; Jeong and Ho 2005; Bueh et al. 2011; Shoji
et al. 2014; Song and Wu 2017), the deepening of the
East Asian trough (Zhang et al. 1997; Jeong and Ho
2005; Bueh et al. 2011; Song et al. 2016; Song and Wu
2017), and Rossby wave trains propagating along the
polar front jet and the subtropical jet (Watanabe 2004;
Corresponding author: Renguang Wu, renguang@mail.iap.ac.cn

Takaya and Nakamura 2005a,b; Song et al. 2016; Song
and Wu 2017).
The Arctic Oscillation (AO) (Thompson and Wallace
1998, 2000) is an important factor in the occurrence of
cold events over East Asia (Gong et al. 2001; Wu and
Wang 2002; Jeong and Ho 2005; Park et al. 2011; Park
et al. 2014; Park and Ahn 2016; He et al. 2017; He et al.
2018; Song and Wu 2018). Previous studies have indicated that cold anomalies over East Asia can occur
during both positive and negative AO phases (Jeong and
Ho 2005; Park et al. 2010; Park et al. 2011; Park et al.
2014; Song and Wu 2018). Based on the monthly mean
AO index, Jeong and Ho (2005) and Park et al. (2011)
showed that the cold events over East Asia are more
frequent during the negative AO phase than during the
positive AO phase and the cold anomalies during the
negative AO phase are much stronger and broader than
those during the positive AO phase. Park et al. (2011,
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2014) categorized the cold events related to the AO
into two types: the wave train type and the blocking
type. They showed that the wave train type cold events
happen during both positive and negative phases of the
AO, yet the blocking type cold events lean toward the
negative AO phase. By employing the daily AO index,
Song and Wu (2018) revealed that cold events over East
Asia occur during both positive and negative phases
of the AO, but the locations and extents of the cold
anomalies are prominently different. The differences
are associated with the location and intensity of the
Rossby wave train, the Siberian high, and the East Asian
trough. During negative AO, the enhanced Siberian
high has a large spatial coverage over the mid- to high
latitudes and the midtropospheric wave train along the
polar front jet taking an eastward path. During positive
AO, the high pressure anomalies over East Asia are
located over the midlatitudes with a relatively small
spatial coverage and the midtropospheric wave train
along the polar front jet traveling by a southward path
over Asia, inducing the development of a trough over
subtropical East Asia.
Tropical intraseasonal variability such as the Madden–
Julian oscillation (MJO) (Madden and Julian 1971, 1972)
can also influence the emergence of cold anomalies over
East Asia. The MJO is manifested as eastward propagation of convection and atmospheric circulation systems over the tropics with a time period of 30–90 days
(Zhang 2005). The convection related to the MJO can
excite tropospheric Rossby wave train through upperlevel divergence that acts as a Rossby wave source
(Sardeshmukh and Hoskins 1988; Seo and Lee 2017) and
equatorial Kelvin wave response (Jin and Hoskins 1995;
Matthews et al. 2004). The poleward dispersion of the
Rossby wave train triggered by the MJO can modulate
the atmospheric circulation over mid- to high latitudes
(Ferranti et al. 1990; Matthews et al. 2004; Kim et al.
2006; Seo and Son 2012) and influence the mid- and highlatitude winter climate (Yoo et al. 2012; Baxter et al.
2014; Seo et al. 2016). Jeong et al. (2005) analyzed the
influence of the MJO on surface temperature variations over East Asia. According to their study, more cold
surges occur when the MJO-related convection center is
situated over the Indian Ocean. He et al. (2011) showed
that MJO-related convection can modify the local
Hadley circulation and the Rossby wave train and exert
influence upon the wintertime climate over East Asia.
Seo et al. (2016) indicated that local Hadley circulation–
induced adiabatic subsidence is a main driver for temperature change over East Asia when the convection is
situated over the Indian Ocean (i.e., MJO phase 3).
Abdillah et al. (2018) showed that the westward or
eastward location of the cold anomalies over East Asia is
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associated with the Rossby wave train excited by the
MJO convection located over the Maritime Continent or
the western Pacific.
As the winter circulation and climate over East Asia
are impacted by both the AO and the MJO, this raises
the possibility that the AO- or MJO-induced temperature anomalies over East Asia may depend upon their
phase relationship. Previous studies have indicated that
the MJO convection over the Indian Ocean tends to be
connected to the positive AO phase and the negative
AO is more closely associated with the negative MJO
phases, that is, when the MJO convection is located over
the western Pacific (Zhou and Miller 2005; L’Heureux
and Higgins 2008). However, exceptions have been
found (see L’Heureux and Higgins 2008, their Fig. 2).
Therefore, it is meaningful to investigate how winter
temperature anomalies over East Asia vary with the different combinations of MJO and AO phases. The questions to be addressed include the following: In which
MJO phases do the MJO-related temperature anomalies
over East Asia display large differences among the three
AO phases? What are the individual and combined
roles of AO- and MJO-induced atmospheric circulation
anomalies? It should be noted that the relationship
between the AO and the MJO is very complicated,
including dynamical processes from the troposphere
(e.g., Zhou and Miller 2005) to the stratosphere (e.g.,
Garfinkel et al. 2012; Garfinkel and Schwartz 2017) on
different time scales. This study focuses on the combined
effects of the MJO and AO over eastern China on intraseasonal time scales and will not investigate the interaction between the AO and the MJO. Song and Wu
(2018) indicated that cold anomalies over eastern China
can be associated with both positive and negative AO on
an intraseasonal time scale. Different from Song and Wu
(2018), the present study considers the combined effect
of the AO and the MJO upon the temperature anomalies over eastern China on intraseasonal time scales.
The remaining parts of this study are organized as
follows. The dataset and the methodology are described
in section 2. Section 3 presents basic features of the MJO
influence upon the East Asian wintertime temperature
anomalies. Section 4 depicts the combined effect of the
MJO and the AO on temperature anomalies over East
Asia. Section 5 investigates the atmospheric circulation anomalies of the combined effect of the MJO and
the AO. A summary and some discussion are given in
section 6.

2. Data and methodology
The daily data in the present study are obtained
from the National Centers for Environmental Prediction
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(NCEP)–Department of Energy (DOE) Reanalysis 2
provided by the NOAA/OAR/ESRL Physical Science
Division (PSD) (Kanamitsu et al. 2002). This study
focuses on 37 winters (December, January, and February) from 1979 to 2016. The daily variables include
geopotential height, sea level pressure, outgoing longwave radiation (OLR), meridional and zonal winds, air
temperature, surface air temperature, and wind. The
anomalies are obtained by removing the climatological
daily mean for the period 1980–2010. The pressure level
data have a horizontal resolution of 2.58 3 2.58 at 17
layers from 1000 to 10 hPa. Surface data are on the T62
Gaussian grid.
The phases of the MJO are depicted by the daily Realtime Multivariate MJO (RMM) index (Wheeler and
Hendon 2004). The daily RMM index is obtained from
the Bureau of Meteorology of Australia (http://www.
bom.gov.au/climate/mjo/graphics/rmm.74toRealtime.txt).
The daily AO index is obtained from the NOAA Climate
Prediction Center (CPC) website (http://www.cpc.ncep.
noaa.gov/products/precip/CWlink/daily_ao_index/ao.
shtml).
Composite analysis is conducted based on the eight
MJO phases categorized by the RMM index, as well
as the AO phases. The composite anomalies for each
MJO phase are the average of anomalies over the
5-day period after that MJO phase (Li et al. 2018). The
Student’s t test is employed to estimate the significance of the composite anomalies. The propagation of
the tropospheric Rossby wave train is depicted by the
Rossby wave activity fluxes (Plumb 1985; Takaya and
Nakamura 2001).

3. The surface temperature anomalies over East
Asia in different MJO phases
The winter surface temperature anomalies over East
Asia during the eight phases of the MJO have been
analyzed by Jeong et al. (2005) and Seo et al. (2016). By
using daily mean surface air temperature data at 192
Chinese stations and 5 Korean stations in the winters
from 1974/75 to 2000/01, Jeong et al. (2005) obtained
composite surface temperature anomalies with respect
to the eight phases of the MJO. As shown in their Fig. 1,
cold anomalies over East Asia appear in phases 3 and 4,
whereas warm anomalies are observed in phases 6 and 7.
Similar features were obtained by Seo et al. (2016) based
on Global Historical Climatology Network station data
for the period 1979–2010.
Cold anomalies appear over western Siberia and the
region north of 308N over East Asia in MJO phase 1
(Fig. 1a). The region of cold anomalies extends southward and covers most of East Asia in phase 2 with the
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center of the cold anomalies located south of Lake
Baikal (Fig. 1b). In phase 3, the main body of cold
anomalies is situated over eastern China and northeastern East Asia (Fig. 1c). This feature is similar to that
obtained by Jeong et al. (2005) (see their Fig. 1, phase 3)
and by Seo et al. (2016) (see their Fig. 1c). In phase 4, the
cold anomalies over East Asia are weakened (Fig. 1d).
In phase 5, there is a weak recovery of cold anomalies
over northeastern East Asia (Fig. 1e), consistent with
Jeong et al. (2005). After phase 5, warm anomalies develop over East Asia (Figs. 1f–h). But the intensity of
warm anomalies appears to be weaker than in Jeong
et al. (2005) and Seo et al. (2016).
The temporal changes in surface air temperature
anomalies with MJO phases are related to the evolution of MJO-related tropical convection and associated
atmospheric circulation. In phase 1, a large suppressed
convection region is located over the equatorial western
Pacific, accompanied by an anomalous upper-level cyclone over southeastern Asia (Fig. 2a). Meanwhile, an
anomalous convective center appears over the equatorial western Indian Ocean in phase 1. It intensifies and
moves eastward thereafter (Figs. 2a–c). As a response
to this anomalous heating, an anomalous anticyclone
develops at the upper level off the equator to the
northwest of the heating. Rossby wave activity fluxes
originating from the anomalous anticyclone propagate northeastward to East Asia. This leads to the
development of cyclonic anomalies over East Asia,
which contributes to the deepening of the East Asian
trough and the formation of cold anomalies over East
Asia (Figs. 1b,c). With the eastward movement of the
anomalous convective center, the anomalous heating
expands in its meridional extent, getting closer to the
subtropical waveguide (Matthews et al. 2004) in phase 3
(Fig. 2c). As a result, the poleward propagation of Rossby
wave train becomes more evident. The cyclonic anomalies
over East Asia shift southeastward, which contributes
to the southeastward movement of the cold anomalies
(Fig. 1c).
When the convective anomalies reach the Maritime
Continent in phase 4 (Fig. 2d), the Rossby wave energy
dispersion is weakened since the anomalous convection
is away from the subtropical jet (Matthews et al. 2004).
This leads to the weakening of the cyclonic anomalies
over East Asia (Fig. 2d) and the diminishing of surface cold anomalies (Fig. 1d). After phase 4, the offequatorial response to the MJO convective heating
is reversed (Figs. 2e–h) (Seo and Son 2012). The
poleward dispersion of Rossby wave energy and corresponding height anomalies are weaker over East Asia
(Figs. 2e–h). Accordingly, the midlatitude surface temperature anomalies (Figs. 1e–h) appear to be smaller in
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FIG. 1. Composite surface air temperature anomalies (shading; 8C) in phases 1–8 of the MJO. Black dots denote
temperature anomalies significant at the 95% confidence level. Black boxes in (b) and (c) denote the regions where
area-mean temperature anomalies are calculated in Fig. 3.
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FIG. 2. Composite OLR anomalies (contour; interval: 4 W m22, blue and red contours indicate the negative and
positive anomalies, respectively), streamfunction anomalies (shading; 3 106 m2 s22), and wave activity flux (m2 s22)
(vector, scale at the bottom right) at 300 hPa in phases 1–8 of the MJO. Black contours denote streamfunction
anomalies significant at the 95% confidence level.

magnitude compared to those in phases 2–3. In phase 5,
evident temperature anomalies are observed off the
coast of eastern China (Fig. 1e), which corresponds
to the enhancement of the cyclonic anomalies over

northeastern Asia (Fig. 2e). The cold anomalies gradually move eastward to Japan and the northwestern
Pacific afterward, accompanied by northeastward move
of the cyclonic anomalies (Figs. 1f,g and 2f,g).
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4. The combined effects of the MJO and the AO on
surface temperature anomalies over East Asia
To investigate how the MJO-related temperature
anomalies over East Asia vary with the phases of AO,
we construct composite for the eight MJO phases separately for positive, neutral, and negative AO index in
this section. For this purpose, each MJO phase is divided
into three subgroups depending on the AO phases:
positive AO phase (the AO index exceeds 1s), negative
AO phase (the AO index is smaller than 2s) and neutral AO phase (when absolute value of the AO index is
smaller than s). Here, s denotes the standard deviation
of daily AO index.
The numbers of days in each subgroup are presented
in Fig. 3a. The number of days in each of the eight MJO
phases exceeds 250. The large sample size makes the
composites (Fig. 1) based on the MJO phases reliable.
The neutral AO phase has the largest number of days in
5 of 8 MJO phases. There are more positive AO days
than negative AO days in phases 2 to 5, which is consistent with Zhou and Miller (2005) and L’Heureux and
Higgins (2008), who showed that the MJO convection
over the Indian Ocean prefers to be connected to the
positive AO phase. There are more negative AO days
than positive AO days in phases 6–8.
To illustrate the combined impacts of the MJO and
AO upon temperature anomalies over East Asia, we
present in Figs. 3b and 3c regional mean temperature
anomalies over eastern China (208–408N, 1008–1208E)
and northeastern East Asia (408–558N, 1108–1308E) in
each MJO phase for different AO phases. The domains
of the two regions are marked by black boxes in Figs. 1b
and 1c. The two regions are selected because surface
temperature anomalies in these regions are often concerns of previous studies due to their significant impacts
in boreal winter (Wen et al. 2009; Park et al. 2011; Song
and Wu 2017, 2018).
The partition of MJO-related surface temperature anomalies over East Asia among the three AO phases varies
obviously with the MJO phase. The MJO-related temperature anomalies over eastern China are negative in phases
2–3 and switch to positive in phases 7 and 8 (Fig. 3b). The
regional mean negative temperature anomalies in phase 2
occur in positive AO, and those in negative AO are not
significant. The negative temperature anomalies in phase
3 are mainly associated with positive AO, which is in
agreement with previous studies (Park et al. 2011; Song
and Wu 2018). In phase 5, negative temperature anomalies
are largely linked to negative AO. The positive temperature anomalies in phases 6 and 7 are mainly related to
neutral AO. In phase 8, positive temperature anomalies are
more likely to occur in the positive AO phase.
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The regional mean surface temperature anomalies
over northeastern East Asia in six of the eight MJO
phases tend to be large in positive and negative AO
phases. They are small in neutral AO phase except for
MJO phases 5, 7, and 8 (Fig. 3c). The regional mean
temperature anomalies are positive when the AO is
positive and negative when the AO is negative in six of
the eight MJO phases. This feature indicates a dependence of surface temperature anomalies over northeastern East Asia on the signs of the AO.
The above analysis indicates that the MJO-related
surface temperature anomalies differ largely among the
three AO phases. In some MJO phases, the MJOrelated temperature anomalies are mainly associated
with positive AO, whereas in other MJO phases the
MJO-related temperature anomalies are mostly linked
to negative AO. The dependency of the MJO influence
on the AO phase also differs in the two regions. The
MJO-related temperature anomalies over eastern China
are evident in phases 2–3 and phases 7–8 when the MJO
convective center resides over the Eastern Hemisphere
and Western Hemisphere, respectively (L’Heureux and
Higgins 2008). Thus, we will focus on the MJO phases
2–3 and 7–8 to investigate how the different combinations of the AO and MJO phases induce atmospheric
circulation and temperature anomalies over eastern
China. Before that, we compare the difference of MJOrelated temperature anomalies in these MJO phases
among positive, neutral, and negative AO phases.
For MJO phases 2 and 3, when the AO is positive, the
temperature anomalies are characterized by a zonally
extended dipole pattern (Figs. 4a and 4d). The region
south of 408N is covered by negative anomalies, whereas
positive anomalies cover most of the regions north of
408N. The temperature anomaly patterns in both MJO
phases 2 and 3 for positive AO are similar to those
constructed for positive AO when the MJO phase is not
considered (Park et al. 2011; Song and Wu 2018). The
cold anomalies in negative AO also correspond to those
for negative AO obtained in a previous study (Park et al.
2011), extending eastward from western Europe to
Siberia and then southeastward to northeastern East
Asia (Figs. 4c and 4f). The temperature anomalies over
eastern China are relatively weak. When the AO is
neutral, temperature anomalies are weak over East Asia
except for the positive temperature anomalies over
northern Lake Baikal in MJO phase 3 (Figs. 4b and 4e).
The above results indicate a weak influence of the MJO
upon temperature anomalies over eastern China in its
phases 2 and 3 without the support of the AO.
Distinct surface temperature anomalies in MJO phases 7 and 8 are obtained corresponding to different AO
phases as well. Zonally extended positive and negative
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FIG. 3. (a) The number of days for the eight MJO phases (dark blue bars) and those when AO is positive (light
blue bars), neutral (light green bars), and negative (yellow bars) during all the winters for the period 1979–2016.
Also shown are the regional mean surface temperature anomalies over the regions of (b) 208–408N, 1008–1208E and
(c) 408–558N, 1108–1308E for the eight MJO phases (dark blue bars) and those when AO is positive (light blue bars),
neutral (light green bars), and negative (yellow bars) during all the winters for the period 1979–2016. Black asterisks
denote regional mean surface temperature anomalies significant at the 95% confidence level.
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FIG. 4. Composite surface air temperature anomalies (shading, 8C) during MJO phases 2 and 3 of the (a),(d) positive
AO, (b),(e) neutral AO, and (c),(f) negative AO.

temperature anomalies are observed over the high latitudes in the positive and negative AO phases, respectively
(Figs. 5a,c,d,f). The positive temperature anomalies in
MJO phase 8 extend southward in positive AO (Fig. 5d).
The region south of 408N is covered by positive temperature anomalies in MJO phase 7 during neutral AO
(Fig. 5b). In MJO phase 8 with neutral AO, positive
anomalies are observed over the regions from Siberia to
northeastern Asia (Fig. 5e). The temperature anomalies
over eastern China in MJO phases 7–8 are weak when the
MJO is accompanied by negative AO (Figs. 5c,f).
The surface temperature and wind anomalies in positive, neutral, and negative AO phases are further
compared in the Hovmöller diagrams along 1008–1208E

(Fig. 6). During positive AO, the cold anomalies south
of 508N during MJO phases 2 to 3 are accompanied by
northerly wind anomalies, and warm anomalies in phase
8 extending southward to the midlatitude are accompanied by southerly wind (Fig. 6a). During neutral AO,
positive temperature anomalies in MJO phases 6 to 8 are
observed between 258 and 508N (Fig. 6b). During negative AO, the southward extension of cold anomalies is
evident in MJO phases 1, 2, and 5 (Fig. 6c). The temperature anomalies are opposite in the high latitudes
during positive and negative AO phases (Figs. 6a,c).
From the above comparison, the high-latitude Asian
temperature anomalies are mainly controlled by the
AO, whereas the midlatitude East Asian temperature
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FIG. 5. Composite surface air temperature anomalies (shading, 8C) during MJO phases 7 and 8 of the (a),(d) positive
AO, (b),(e) neutral AO, and (c),(f) negative AO.

anomalies may be contributed by both the MJO and
the AO.

5. The combined effects of the MJO and the AO on
atmospheric circulation anomalies
Analysis in the previous section presents clear evidence
for the combined effects of the MJO and the AO on surface
temperature anomalies over East Asia. The temperature
anomalies are associated with atmospheric circulation
changes. In this section, we compare atmospheric circulation patterns in different combinations of the MJO and the
AO phases. Before that, we compare the atmospheric circulation anomalies in positive and negative AO phases.

During positive AO, an anomalous anticyclone–
cyclone–anticyclone pattern is located over the midto high-latitude Eurasian continent (Fig. 7a). Wave
activity fluxes emit from the anticyclonic wave source
over western Europe and split into two parts. One
goes eastward over the mid- to high latitudes and turns
northeastward over the Russian Far East. The other
goes southeastward to the Arabian Peninsula and the
Arabian Sea. The accompanying incoming Rossby
wave energy induces an anticyclone anomaly over the
northern Arabian Sea. The anomalous streamfunction
pattern in the negative AO phase (Fig. 7b) is similar to
that in the positive AO phase except for the reversed
sign. The wave activity fluxes over the middle to high
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FIG. 6. Hovmöller diagram of surface air temperature anomalies (shading; 8C) and wind anomalies (vector; m s21, scale at the rightbottom corner) along 1008–1208E with respect to the eight MJO phases during (a) positive AO, (b) neutral AO, and (c) negative AO.
Black vectors denote wind anomalies significant at the 95% confidence level.

latitudes are larger in negative AO phase than in
positive AO phase.
The above streamfunction anomaly pattern and wave
activity fluxes suggest two ways for the AO to modulate
the East Asian atmospheric circulation. One is through
the Rossby wave train over the mid- to high-latitude
Eurasian continent. The other is through the southeastward dispersion of Rossby wave energy that induces
an anomalous anticyclone or cyclone over the Arabian
Sea. As shown in Fig. 2, the Arabian Sea is a region
subject to the influence of MJO-related tropical convective heating, from which the MJO-triggered tropical

wave train emits and propagates to East Asia. As such,
the AO may affect the atmospheric circulation over
East Asia through regulating the source of the MJOtriggered tropical wave train. Here, we compare the atmospheric circulation anomalies in MJO phases 2–3 and
phases 7–8 in combination with different AO phases.
The differences of circulation patterns in MJO phases
2 and 3 when the AO is positive and negative include
the effects of MJO. In MJO phase 2, the mid- to highlatitude wave train is stronger in negative AO than in
positive AO (Figs. 8a,c). The anomalous upper-level
anticyclone over South Asia is much stronger in positive
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FIG. 7. Composite streamfunction anomalies (shading; 3106 m2 s22) and wave activity flux (vector; m2 s22; scale
at bottom right) at 300 hPa during (a) positive and (b) negative AO. Black contours denote streamfunction
anomalies significant at the 95% confidence level.

AO than in negative AO. This difference may be explained by the constructive interference between the
MJO and the AO (Zhou and Miller 2005). As noted
above, anomalous heating over the tropical Indian
Ocean triggers an anomalous anticyclone over South
Asia as a Rossby wave response (Fig. 2). A branch of
southeastward dispersion of wave energy emerges from
western Europe, which has opposite streamfunction
anomalies during positive and negative AO phases
(Fig. 7).
When the AO is positive, the height anomalies over
South Asia are in phase with those due to the MJO and
thus enhance the anomalous anticyclone. As indicated
by the Rossby wave activity fluxes, the northeastward
propagating Rossby wave train originating from the
anticyclonic anomalies over the Arabian Sea induces
anomalous cyclone over subtropical East Asia (Fig. 8a),
which is conducive to the formation of cold anomalies
over eastern China (Fig. 4a) (Song and Wu 2017). When
the AO is negative, the height anomalies over South
Asia are opposite to those due to the MJO, leading to a
weaker anomalous anticyclone over southeastern Asia
(Fig. 8c). Accordingly, the northeastward wave activity
fluxes shift eastward over East Asia. As such, the mid- to
high-latitude wave train has a dominant role in inducing
negative height anomalies over East Asia so that the
anomalous cyclone over East Asia is located at higher
latitude (Fig. 8c), leading to northward located cold
anomalies (Fig. 4c). A generally similar difference is
observed in MJO phase 3 (Figs. 8d,f). Compared to
MJO phase 2, the wave train over mid- to high-latitude
Eurasia is evident in MJO phase 3 when the AO is
positive, but the anomalous cyclone over East Asia is
weaker, which may be due to the development of
anomalous anticyclone over the Lake Baikal (Fig. 8d).
The streamfunction anomaly pattern during neutral AO

is similar to that when the AO is not taken into account
(Figs. 2b and 2c).
The effects of the MJO on the differences of circulation patterns between positive and negative AO are
observed in MJO phases 7 and 8. Rossby wave trains
appear over mid- to high-latitude Eurasia in both positive and negative AO phases with opposite signs of
streamfunction anomalies (Figs. 9a,c,d,f). In the positive
AO phase, the wave train corresponds to positive height
anomalies over the midlatitude East Asia (Figs. 9a,d). In
the negative AO, negative height anomalies occupy
mid- to high-latitude East Asia (Figs. 9c,f). Meanwhile,
the AO-related anomalies are in phase with the MJOrelated anomalies over South Asia, enhancing the
anomalous cyclone there (Figs. 9c,f). In the neutral AO
phase, the mid- to high-latitude wave train–related
height anomalies are weak (Figs. 9b,e). The anomalous
cyclone over South Asia is stronger in negative AO than
in positive AO, which is attributed to the role of AOrelated southeastward dispersion of wave energy from
western Europe. In positive AO phase, the AO-related
anomalies are opposite to the MJO-related anomalies,
weakening the anomalous cyclone over South Asia
(Figs. 9a,d). Over East Asia and the western North Pacific, obvious northward wave activity fluxes are observed in positive AO (Figs. 9a,d), which contributes to
anomalous anticyclone over the midlatitudes, leading to
positive temperature anomalies over East Asia (Fig. 5d).
The wave activity fluxes go eastward over the subtropics
in negative AO and thus negative height anomalies
dominate high-latitude Asia (Figs. 9c,f). As such, negative temperature anomalies are confined to northeastern
East Asia (Figs. 5c,f). The weakening of the poleward
dispersion of the wave energy in negative AO phase
is associated with the weakened meridional pressure
gradient between high-latitude and subtropical Asia
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FIG. 8. Composite streamfunction anomalies (shading; 3106 m2 s22) and wave activity flux (vector; m2 s22; scale
at bottom right) at 300 hPa for MJO phases 2 and 3 during (a),(d) positive, (b),(e) neutral, and (c),(f) negative AO.
Black contours denote streamfunction anomalies significant at the 95% confidence level.

(Takaya and Nakamura 2001). The northeastward wave
activity fluxes are observed along the East Asian coast in
neutral AO, particularly in MJO phase 7, which contributes to anomalous anticyclone over the Korean
peninsula (Fig. 9b). This anomalous anticyclone leads to
the development of positive temperature anomalies
over eastern China (Fig. 5b).
From the above analysis, the location and intensity of
cold anomalies over East Asia in MJO phases 2 and 3 are
determined by a combined effect of the mid- to highlatitude wave train and the MJO-forced poleward wave
train. The difference in the MJO-induced poleward wave
train between positive and negative AO in MJO phases 2
and 3 is related to the location of the wave source forced
by the MJO convection. The anticyclonic wave source is
enhanced by the southeastward wave energy dispersion
during positive AO (Figs. 7a and 8a,d), whereas it is

weakened and pushed eastward by the cyclonic anomalies
over the Arabian Sea in negative AO (Figs. 7b and 8c,f).
This leads to an eastward shift in the location of the
poleward wave train during negative AO. The location
and sign of temperature anomalies over East Asia in MJO
phases 7 and 8 are also related to whether the mid- to highlatitude wave train and the MJO forced poleward wave
train work in cooperation or not. In positive AO phase, the
MJO convection induced cyclonic wave source shifts
eastward and the two wave trains both contribute to
the positive height anomalies over East Asia (Figs. 7a and
9a,d). In negative AO phase, the MJO-related cyclonic
wave source is located westward with a larger intensity due
to the effect of AO. The MJO-related wave train mainly
goes eastward along the subtropics, and the height anomalies over East Asia are mainly attributed to the AO-related
mid- to high-latitude wave train (Figs. 7b and 9c,f).
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FIG. 9. As in Fig. 8, but during MJO phases 7 and 8.

The difference in the mid- to high-latitude wave train
between positive and negative AO may be related to the
strength of the polar front jet. The Rossby wave train
can propagate along both the polar front jet and the
subtropical jet (Hoskins and Ambrizzi 1993; Lee and
Kim 2003). The intensity of the jet may affect the wave
energy propagation. A stronger jet may act as a more
efficient waveguide and the downstream propagating
Rossby wave train may have a larger amplitude (Matthews
et al. 2004). Here, we compare the zonal winds in MJO
phase 2 between positive and negative AO. The features
in MJO phase 3 are similar. Strong subtropical jet is observed in both positive and negative AO (Figs. 10a,b).
The polar front jet is located northward in positive AO
than in negative AO. The difference of zonal winds between positive AO and negative AO displays two bands
of negative values: one over South Asia and the other
extending eastward from the Mediterranean Sea along
408–508N (Fig. 10c). The two bands merge over East Asia.

The above features indicate a weakening of the polar
front jet around 408N (Lorenz and Hartmann 2003). The
weakened polar front jet corresponds to the weakening of
the Rossby wave train in positive AO (Fig. 8a).

6. Summary and discussion
Previous studies have shown the impacts of the MJO
on winter surface temperature variations over East
Asia, with colder and warmer temperatures over eastern
China and northeastern East Asia in MJO phases 2–3
and 7–8, respectively (Jeong et al. 2005; Seo et al. 2016).
Present studies compared surface air temperature
anomalies in the eight MJO phases among positive,
neutral, and negative AO phases during 1979–2016. The
results indicated that the boreal winter temperature
anomalies over East Asia are linked to the combined
effects of the MJO and the AO. The cold anomalies
over eastern China in MJO phases 2 and 3 are mainly
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FIG. 10. Composite zonal wind at 300 hPa (shading; m s21) in
MJO phase 2 during (a) positive and (b) negative AO. (c) The
difference of zonal winds between positive and negative AO.
Contours are climatological winter zonal winds. Contour interval
is 10 m s21. Black dots denote zonal wind difference significant at
the 95% confidence level.

associated with positive AO. The warm anomalies over
eastern China in MJO phase 7 are mainly associated
with neutral AO, and in MJO phase 8 warm anomalies
appear in positive and neutral AO. Regional mean
temperature anomalies over northeastern East Asia are
negative when AO is negative but positive during positive AO in six of the eight MJO phases.
The AO can exert influences on temperature anomalies over East Asia in two ways. One is the Rossby wave
train over the mid- to high-latitude Eurasian continent.

VOLUME 32

FIG. 11. Schematic diagrams showing the main features of surface temperature anomalies in MJO phase 2 during (a) positive and
(b) negative AO. The red and blue contours over the tropical region denote positive and negative OLR anomalies, respectively.
The red and blue shadings over the Eurasian continent represent
warm and cold surface temperature anomalies, respectively. The
thin blue arrows over East Asia indicate anomalous surface wind
direction. The red and blue contours over the Eurasian continent
denote positive and negative streamfunction anomalies, respectively, at 300 hPa. The bold black and gray arrows indicate strong
and weak Rossby wave train fluxes at 300 hPa, respectively. The
gray shading along 408N in (a) denotes the divergence of the eddy
momentum flux in positive AO.

The other is the southeastward dispersion of Rossby
wave energy that modulates the intensity and location of
an MJO-triggered anomalous anticyclone or cyclone
over the Arabian Sea. In MJO phases 2 and 3, the midto high-latitude wave train is stronger in negative AO
than in positive AO (Fig. 11). The MJO-related wave
source over the Arabian Sea is enhanced by the southeastward dispersion of wave energy in positive AO,
leading to the northeastward propagation of the wave
train from South to East Asia and the formation of an
anomalous cyclone over the midlatitude Asia (Fig. 11a).
Consequently, the cold anomalies invade eastern China.
The negative AO weakens the wave source over South
Asia on its western part and pushes it eastward, leading
to the eastward shift of the poleward wave train
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(Fig. 11b). As such, the anomalous cyclone over Asia is
mainly related to the mid- to high-latitude wave train
and is located at higher latitudes. Accordingly, cold
anomalies mainly affect northeastern East Asia. In MJO
phases 7–8, the South Asian wave source is enhanced in
negative AO, but is weakened and shifts eastward in
positive AO. The mid- to high-latitude wave train appears in both positive and negative AO. In negative AO,
the coexistence of negative height anomalies over the
subtropics and mid- to high-latitude Asia leads to a
weakened meridional gradient of height anomalies. As
such, the subtropical wave train cannot affect midlatitude Asia. In positive AO, the poleward wave train
propagates from Southeast Asia to northeastern Asia.
The difference in the mid- to high-latitude wave train
between positive and negative AO in MJO phases 2–3 is
associated with the change in the intensity and location
of the polar front jet. The mid- to high-latitude westerly
winds are larger in negative AO than in positive AO,
leading to a larger amplitude of wave train when AO is
negative.
This study focused on the combined effect of the
MJO and the AO on the temperature anomalies over
East Asia. Previous studies have suggested an interaction between the AO and the MJO (Miller et al.
2003; Zhou and Miller 2005; L’Heureux and Higgins
2008; Lin et al. 2009). Zhou and Miller (2005) indicated
that the MJO can interact with the AO through tropospheric meridional Rossby wave propagation over
the North Pacific. L’Heureux and Higgins (2008) suggested the similarity of surface temperature anomalies
related to the MJO and the AO, and the surface pattern
of the AO can be changed in certain phases of the MJO.
The MJO may also be linked to the AO through the
propagation of stratospheric planetary waves, which
may be manifested as the connection between the MJO
and the variation of the polar vortex and the occurrence of the stratospheric sudden warmings (Garfinkel
et al. 2012; Garfinkel and Schwartz 2017). This indicates a complex cause and effect relationship between MJO- and AO-related circulation changes in the
troposphere and stratosphere on different time scales.
This interaction may include both linear and nonlinear
changes, which, however, is beyond the scope of the
present study.
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