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ABSTRACT: The Madden–Julian oscillation (MJO) is closely related to the intraseasonal variability of surface temper-

ature in East Asia. It has been shown that significant cold surface temperature anomalies are observed in East Asia during

MJO phase 3. However, the cooling tendency develops prior to phase 3, suggesting that the cold surface anomalies in East

Asia are a delayed and accumulated response to theMJO forcings prior to phase 3. Here, using a thermodynamic equation,

it is shown that both meridional advection and adiabatic cooling terms associated with the MJO flow are the dominant

contributors to the cooling tendency. Themeridional cold advection initially manifests in East Asia in the form of northerly

wind anomalies in the eastern part of anticyclonic circulation anomalies that are centered over eastern Europe and develop

before the establishment of the cold anomalies. It is suggested that the enhanced convection in the western North Pacific

Ocean is responsible for the anomalous anticyclonic flow over eastern Europe with about a 10-day lag via a meridionally

propagating Rossby wave train. Further, cooling by the vertical wind component in East Asia is a result of adiabatic cooling

interpreted as a reversed local overturning circulation, with downward motion in the tropics and upward motion in the

subtropics. This anomalous meridional overturning circulation process initiated from suppressed convection spanning the

tropical Indian Ocean to East Asia also takes about 10 days. Therefore, both the Rossby wave propagation and a local

overturning circulation induced by the tropical convections play an important role in driving the lagged response of cold

surface anomalies in East Asia. Interestingly, these tropical convection forcings are similar to the typical dipole pattern in

convection duringMJO phase 7, with suppressed IndianOcean convection and enhanced western North Pacific convection.

This implies that the dipole convective forcing during MJO phase 7 possibly leads to the cold anomalies in East Asia

following phase 3.
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1. Introduction
The Madden–Julian oscillation (MJO) is the dominant

mode of intraseasonal variability in the tropics, represented as

an eastward-propagating circulation from the Indian to the

Pacific Oceans along the equatorial region with a time scale of

30–60 days (Madden and Julian 1971, 1972). Great progress in

understanding the mechanisms for MJO propagation has been

made including the skeleton theory (Majda and Stechmann

2009), the gravity wave theory (Yang and Ingersoll 2013), the

trio-interaction theory (Wang et al. 2016), and coupled

Rossby–Kelvin wave dynamics (Wang and Rui 1990) with

moisture mode theory (Sobel and Maloney 2013; Wang et al.

2017; Wang and Li 2020). Previous studies have suggested that

the tropical diabatic heating associated with the MJO influ-

ences the weather and climate not only in the tropics but also

the extratropics via equatorially trapped Kelvin and Rossby

waves and an extratropical Rossby wave train, respectively

(Matthews et al. 2004; Seo and Son 2012; Wang et al. 2013;

Adames and Wallace 2014; Stan et al. 2017). In particular,

extratropical responses to theMJO forcing have been shown to

modulate precipitation in the United States (Mo and Higgins

1998; Jones 2000; Bond and Vecchi 2003), South America

(Paegle et al. 2000), southwest Asia (Barlow et al. 2005), and

East Asia (Jeong et al. 2008; He et al. 2011) and global oc-

currences of extreme precipitation events (Jones et al. 2004),

temperature in the northern high latitudes (Vecchi and Bond

2004) andmidlatitude continental regions (Seo et al. 2016), and

cold surge occurrences in East Asia (Jeong et al. 2005).

In themidlatitudes, where anomalous circulation induced by

the MJO evolution results, it is well known that the intra-

seasonal variability in East Asian climate is especially affected

by dominant MJO signals. Indeed, when MJO-related en-

hanced convection is located in the tropical Indian Ocean or

western Pacific, a chain of cyclonic and anticyclonic distur-

bances typically develops downstream over regions of the

upper-level convective outflow as a result of the Rossby wave

response (Rui and Wang 1990), and situated mainly in the exit

region of the East Asian jet (Knutson and Weickmann 1987;

Hsu 1996).

According to Jeong et al. (2005), the spatial pattern and

magnitude of surface air temperature anomalies in East Asia

significantly change with respect to the MJO phases. Extreme

cold anomalies predominantly occur when the MJO convec-

tion is located in the tropical Indian Ocean (i.e., MJO phase 3),

suggesting strong phase dependency of the MJO cycle. The

MJO-related anomalously cold temperatures in East Asia are

partly explained by the strong cold advection in the lower-Corresponding author: Jong-Seong Kug, jskug1@gmail.com

15 OCTOBER 2020 K IM ET AL . 8903

DOI: 10.1175/JCLI-D-20-0302.1

� 2020 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

D
ow

nloaded from
 http://journals.am

etsoc.org/jcli/article-pdf/33/20/8903/5000570/jclid200302.pdf by guest on 22 Septem
ber 2020

mailto:jskug1@gmail.com
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses


tropospheric trough near Siberia result of both the advective

and radiativeprocesses. The cold surface anomalies occurunderdry

air due to the positive relationship between the midtropospheric

specific humidity and downward longwave radiation (Adams et al.

2000). However, it was suggested that most cold anomalies are

triggered more by midlatitude variations themselves, and that the

MJO-induced circulation anomalies may only be regarded as sup-

plementary synoptic conditions (Jeong et al. 2005).

More recently, Seo et al. (2016) detailed the dynamical

processes of how MJO affects the East Asian climate. From a

thermodynamic budget analysis, the vertical advection of the

basic-state temperature field by MJO-induced vertical velocity

largely accounts for the temperature tendency in East Asia.

The warming tendency in East Asia following MJO phase 3 is

associated with the significant adiabatic subsidence forced by

the MJO-related tropical convection. A local meridional

overturning circulation induced by the tropical upward motion

forced by convective heating generates the subtropical down-

ward motion leading to adiabatic subsidence after MJO phase

3 at 10–15 days lag.

It is well known that the direct, quasi-steady extratropical

response to the tropical heating can be established in about

2 weeks, as detailed in Jin and Hoskins (1995). Seo et al. (2016)

also showed that such a lagged relationship occurs between the

MJO and Northern Hemisphere teleconnections, especially in

East Asia, North America, and eastern Europe. According to

Lin et al. (2009), about 10–15 days afterMJO phase 3 a positive

phase of the North Atlantic Oscillation (NAO) tends to de-

velop, which has long been recognized as a dominant circula-

tion pattern that can influence the weather over the regions

fromNorth America to Europe (Hurrell 1995). The circulation

responses to MJO forcing develop over time as the Rossby

waves propagate meridionally, such that the circulation

anomalies induced by the MJO in the midlatitude exhibit a

lagged response (Matthews et al. 2004; Cassou 2008; Yoo et al.

2012). Therefore, lagged impacts of the MJO signal are likely

to exist for the East Asian climate.

In this study, we extend these studies by focusing more

closely on the winter climate in East Asia by considering any

lagged and/or accumulated response to the tropical MJO

forcing. The surface cold anomalies in East Asia during MJO

phase 3 have in fact demonstrated (Jeong et al. 2005; Seo et al.

2016); however, the detailed dynamical mechanisms and their

lagged responses to the tropicalMJO convection have not been

understood. Therefore, possible dynamical processes inducing

the East Asian surface temperature variations in response to

the MJO forcing are proposed using an intraseasonal pertur-

bation thermodynamic equation. The question that can be also

addressed here is whether leading tropical convective forcing

responsible for the East Asian surface cooling during phase 3

resembles the typical convection pattern of MJO. If so, which

MJO phase? We explicitly show the lead–lag relationship be-

tween MJO-related tropical convective activity and tempera-

ture variation in East Asia on the intraseasonal time scale.

2. Data and methods
The data used in this study included the National Centers for

Environmental Prediction–National Center for Atmospheric

Research (Kalnay et al. 1996) daily mean air temperature,

geopotential height, horizontal wind, and pressure velocity.

Advanced Very High Resolution Radiometer daily mean

outgoing longwave radiation (OLR) data from the National

Oceanic and Atmospheric Administration (Liebmann and

Smith 1996) were also utilized. Both datasets are on a 2.58
latitude–longitude grid. To extract intraseasonal variability,

the anomaly field for each variable was derived by removing

the time mean and first three harmonics of annual cycle and

passed through a bandpass filter (20–90 day) on the resulting

anomalies using a Lanczos filter. Only the winter season

[December–February (DJF)] was considered for the period

from 1979 to 2017.

Following Matthews (2000), the MJO cycle was defined by

an empirical orthogonal function (EOF) analysis of filtered

OLR in the tropics (308S–308N). The two leading EOF modes

were used to define the MJO, and the combination of the two

associated principal component (PC) series to represent the

typical eastward-propagating MJO signal. Using the two

leading EOF modes and PCs, the MJO cycle was constructed

with eight different phases, that is, enhanced convection in the

tropical Indian Ocean during phases 2 and 3, in the Maritime

Continent during phases 4 and 5, in the western Pacific during

phases 6 and 7, and in the Western Hemisphere and Africa

during phases 8 and 1 (Wheeler and Hendon 2004). The dis-

tance of a point from the origin (PC12 1 PC22)1/2 can be con-

sidered as the MJO amplitude, and an active MJO event

defined as a period of time when the MJO amplitude is greater

than 1.5 for each phase.

To derive the intraseasonal temperature diagnostics, the

perturbed thermodynamic equation used here is as follows

(Seo et al. 2016):
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where the overbar denotes the DJF mean, the prime indicates

the total anomaly, and the curly braces represent the intra-

seasonal component; T is the temperature,VH is the horizontal

wind, and v is the vertical velocity in the pressure coordinates;

R is the gas constant for dry air,Cp is the specific heat of dry air

at constant pressure, p is the pressure, and QDia is the diabatic

heating estimated from the apparent heat source (Yanai et al.

1973). Res is a residual term containing diffusion effects and

numerical error.

In Eq. (1), the left-hand term is the intraseasonal tempera-

ture anomaly tendency. The first three terms on the right-hand

side are the horizontal temperature advections of the intra-

seasonal temperature anomaly by the mean horizontal wind

and of the mean temperature by intraseasonal horizontal wind

anomaly, and the nonlinear advection between two anomalies,

respectively. The subsequent three terms are the adiabatic
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heating, which corresponds to the interactions between the

intraseasonal temperature anomaly and the mean vertical ve-

locity and between themean temperature and the intraseasonal

vertical velocity anomaly, and the nonlinear advection between

two anomalies, respectively. The seventh term represents the

intraseasonal component of the diabatic heating and the residual

term is considered negligible.

To reveal the tropics–extratropics teleconnection as evi-

dence of Rossby wave propagation, the Rossby wave activity

fluxWwas calculated. The wave activity flux formula used here

is a phase-independent wave activity flux developed by Takaya

and Nakamura (2001). A two-dimensional wave activity flux is

expressed as follows:

W5
1

2jUj

2
4 u(c02x 2c0c0xx)1 y(c0xc

0
y 2c0c0xy)

u(c0xc
0
y 2c0c0xy)1 y(c02y 2c0c0yy)

3
5, (2)

where the c denotes the streamfunction, U is the zonal and

meridional components of basic flows, and the subscript indi-

cates the partial derivative.

3. Results

a. MJO teleconnection in East Asia

The surface air temperature fields in East Asia vary con-

siderably depending on the canonical eight phases of the MJO,

exhibiting strong phase dependency (Fig. 1). The most distinct

feature is the overall opposite temperature patterns for phases

1–4 and phases 5–8, elucidating the somewhat antisymmetric

responses of the two half cycles. In particular, during phase 3,

defined as the enhanced convection in the central Indian

Ocean and the suppressed convection in the tropical western

Pacific, significant cold anomalies dominate East Asia (Fig. 1c),

and the opposite pattern appears during phase 7 (Fig. 1g). In

addition, most extreme cold surges in East Asia tend to occur

during phase 3 (Jeong et al. 2005), suggesting that the MJO-

induced circulation anomalies may reinforce cold surges in this

region. Therefore, in this study the dynamical processes

through which theMJO affects the cold anomalies in East Asia

are further examined.

Figure 2 shows the lead–lag composites of surface temper-

ature anomalies and its tendency from lag day 28 to day 110

during phase 3 at 2-day intervals. On day 28, cold anomalies

appear in eastern Europe (Fig. 2a), implying that they may

initiate during phases 1 and 2 when the MJO convection

anomalies are located over Africa and the central Indian

Ocean. Subsequently, the cold anomalies strengthen and ex-

tend across East Asia until day 0 (Figs. 2b–e). The magnitude

of the cold anomalies in the East Asian region (608–1208E, 258–
558N) is clearly maximized at day 0 during phase 3 (Fig. 2e).

After day 0, the cold anomalies weaken compared to that of day

0, and warm anomalies start to develop in eastern Europe

(Figs. 2f–j). This gradual weakening of cold anomalies in East

Asia following phase 3 is consistent with that of Seo et al. (2016)

suggesting the existence of a warm temperature tendency.

The temporal evolution of anomalous lower-level (i.e.,

850 hPa) temperature tendency in East Asia centered on phase

3 is also shown in Fig. 2. A cooling tendency dominates East

Asia on day 28 (Fig. 2a); however, it tends to weaken and

move eastward afterward, leading to maximum cold anomalies

in the East Asian region at day 0 (Fig. 2e). Concurrently with

the decaying cooling tendency, the warming tendency de-

velops, spreading from eastern Europe gradually to cover most

of East Asia after phase 3 (Figs. 2f–j). As a result, the cold

anomalies become weaker and alternatively the warm anom-

alies begin to appear at the surface between days 15 and 20

after the initial MJO phase 3 (not shown), as suggested in Seo

et al. (2016).

Considering that the time interval for two consecutive MJO

phases is about 5–7 days, the cold anomalies in East Asia seem

to develop prior toMJO phase 3. This indicates that the surface

temperature anomalies in East Asia during phase 3 are not a

direct response to anomalous tropical convection associated

with MJO phase 3, but a lagged response to preceding con-

vective forcings associated with prior MJO phases. To quantify

contributions of the individual terms in Eq. (1) to the cold

surface anomalies in the East Asian region (608–1208E, 258–
558N) before and after phase 3, the area-averaged lead–lag

composites of the major advection terms are shown in Fig. 3a.

Note that each individual advection term is decomposed after

masking out the majority of the Tibetan Plateau (708–1058E,
258–458N) in the East Asian region.

Figure 3a shows that the steady cooling tendency before

phase 3 responsible for the cold anomalies in East Asia is

contributed to predominantly by two terms, namely, the me-

ridional advection of time-mean temperature by the MJO

meridional flow [i.e., 2fyg(›T/›y)] and the vertical advection

of time-mean temperature by the MJO vertical flow (i.e.,

[(R/Cp)(T/P)2 (›T/›p)]fvg). The meridional advection is the

strongest component for the cooling tendency before phase 3

(Fig. 3a); however, it counteracts the warming tendency that

develops after day 0. This result suggests that the cooling in

East Asia is mostly due to the meridional cold advection from

the MJO-induced northerly wind anomalies. The vertical ad-

vection term, represented by anomalous upward motion, also

shows a cooling tendency before day 0 of phase 3 and therefore

also contributes to the cold anomalies in East Asia. The ver-

tical advection term is a factor in the cooling tendency up to

day26, before reversing sign and contributing to the warming.

The time evolution of the vertical adiabatic term and its con-

tribution to the warming tendency in East Asia after phase 3

are somewhat consistent with Seo et al. (2016). For example,

they suggested that the East Asian warming is associated with

the significant adiabatic subsidence in East Asia forced by the

MJO-related tropical convection. This direct circulation can be

interpreted as a local overturning circulation that consists of

tropical upward motion forced by the active convection and

downward motion leading to the adiabatic warming in the

subtropics. However, Seo et al. (2016) focused only on the

vertical advection in terms of the total temperature tendency in

East Asia; therefore, the detailed dynamics of the meridional

advection caused by MJO forcing will be discussed in

section 3b.

The evolution of cold anomalies in East Asia centered on

phase 3 as shown in Fig. 2 indicates a distinct southeastward-
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propagating feature, with primarily zonal (meridional) prop-

agation in the first (second) half of the period. For example, the

maximum cold center moves from the northern to the eastern

part of East Asia. Yang and Li (2016) showed that the intra-

seasonal temperature perturbation in boreal winter propagates

southeastward in the mid–high latitudes of Eurasia and gains

energy from the mean flow through both kinetic and potential

energy conversion. The cause of this southeastward aligned

pathway of surface temperatures in EastAsiamay be related to

the topographic effect of the Tibetan Plateau (Yang and Li

2017; Zhao et al. 2017). The Tibetan Plateau is the largest and

highest plateau in the world with an average elevation ex-

ceeding 4500m (Qiu 2008); therefore, there should be a local

intraseasonal variation around the Tibetan Plateau. Here, the

temperature budgets for subregions of East Asia are calculated,

with the northern (608–908E, 458–558N) and the eastern part

(1058–1208E, 258–458N) following the southeastward pathway

and removing the Tibetan Plateau effect.

In northern East Asia, the maximum cold anomalies appear

at day 23 (Fig. 3b), preceding the overall East Asian cold

anomalies. The meridional and vertical advections are still the

dominant contributors to the total cooling tendency. In addi-

tion, the zonal advection of MJO-related temperature by the

time-mean zonal flow [2u(›fTg/›x)] plays a partial role in

promoting the cooling tendency before day 26 and then re-

verses to contribute to the warm advection.

The maximum cold anomalies in eastern East Asia exist at

day 3, implying the clear southeastward migration of intra-

seasonal temperature anomalies from the northern to eastern

regions of East Asia (Fig. 3c), consistent with Fig. 2. The

FIG. 1. Composites of air temperature (shading; K) anomalies at 2m for the eight phases of

the MJO during the winter season (DJF) from 1979 to 2017. Cross hatches denote statistically

significant regions at the 95% confidence level as based on Student’s t test.
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FIG. 2. Composites of the evolutions in air temperature (shading; K) anomalies at 2m and temperature

tendency (contours; K day21) at 850 hPa in East Asia from day28 to day 10, with an interval of 2 days, for

the initialMJOphase 3. The temperature tendency term is decomposed aftermasking out the topographic effect

of the Tibetan Plateau [shown by the bottom-left green-outlined rectangle in (j): 708–1058E, 258–458N]. TheEast

Asian [in (e); 608–1208E, 258–558N], northern East Asian [in (j) at top; 608–908E, 458–558N], and eastern East

Asian [in (j) at bottom right; 1058–1208E, 258–458N] regions are also indicated by green-outlined rectangles.
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meridional advection contributes to the cooling tendency from

day24; however, it is mostly out of phase with the temperature

tendency for the remainder of the time. This strong meridional

cold advection tends to be offset by the vertical term and di-

abatic heating term ({QDia}; not shown), with a warming ten-

dency after day 1 of phase 3. Adiabatic cooling occurs prior to

day26, before the vertical term leads to the warming tendency

by adiabatic warming. Interestingly, the major contribution to

the cooling tendency in eastern East Asia is that of zonal ad-

vection. The eastward cold advection of the temperature per-

turbation by the mean westerlies [i.e., 2u(›fTg/›x)] accounts
for the cooling tendency, implying that the mean westerly

winds play an important role for inducing the temperature

tendency of eastern EastAsia. That is, after generating the cold

anomalies in the northwestern part of East Asia, the cold

anomalies are advected toward eastern East Asia via the strong

mean westerlies.

As shown in Fig. 3, both the meridional and vertical tem-

perature advection by the intraseasonal flow contribute sig-

nificantly to the cooling tendency in East Asia leading up to

phase 3. A key question remains as to how the MJO-related

convection induces the anomalous northerly wind and upward

motion over East Asia. This is analyzed in the following

sections.

b. Meridional advection by MJO
Figure 4 shows the evolution of lower-level circulation

centered on phase 3. Interestingly, the strong anticyclonic cir-

culation anomalies exist near eastern Europe centered over

52.58N, 578E at day 26 (Fig. 4a). This anomalous anticyclonic

flow persists but slowly weakens and is diminished by day 0

(Figs. 4b–e). Note that the lower-level anticyclonic signal

somewhat resembles the upper-tropospheric height anomalies

(not shown), suggesting a barotropic structure. On the eastern

side of the anticyclonic circulation anomaly, significant north-

erly wind anomalies lead to the meridional cold advection to-

ward East Asia.

Conversely, the atmospheric circulation patterns at 850 hPa

from day 2 to day 8 show the development of cyclonic circu-

lation anomalies near eastern Europe (Figs. 4e–h). This

anomalous cyclonic flow progressively intensifies, and it ac-

companies the southerly wind anomalies in the eastern part of

the circulation. The southerly wind anomalies lead to the warm

advection in northern East Asia, a role opposite to that with

the anticyclonic circulation before day 0. Therefore, the warm

advection due to the southerly wind anomalies is partly re-

sponsible for the warming tendency in northern East Asia after

day 6 of MJO phase 3 (Fig. 3b). Furthermore, in the eastern

region of East Asia, the northerly wind anomalies persist

during phase 3, contributing consistently to cold advec-

tion (Fig. 3c).

The distinct anticyclonic circulation anomalies centered

over eastern Europe are noted in previous studies to display

their strongest magnitude during phase 2 (Seo and Son 2012;

Seo and Lee 2017), despite not being the main focus of their

studies. Note that the anticyclone anomalies over eastern

Europe that lead to the cold advection from northerly wind

anomalies in East Asia develop before phase 3. That is, the

cold anomalies in East Asia during phase 3 may be a result of a

delayed and accumulated response to the MJO phases prior to

phase 3. Therefore, there is a need to elucidate the detailed

dynamical process involved in such lagged atmospheric

circulation responses, such as anomalous anticyclonic flow

in eastern Europe, to the tropical MJO forcing.

To identify the key mechanisms responsible for the devel-

opment of anticyclonic circulation anomalies on the intra-

seasonal time scale, an area-averaged anticyclone index in

eastern Europe (408–608E, 508–608N) is calculated using the

intraseasonally filtered geopotential height anomalies at

300 hPa during DJF. To examine the relationship with the

tropical convection, the leading OLR pattern is also calculated

when the anticyclone index exceeds a one standard deviation

threshold (Fig. 5a). It is found that the strong tropical OLR

FIG. 3. Time evolution in area-averaged air temperature (gray

bars; K) anomalies at 2m, temperature tendency (black lines;

K day21), meridional advection of time-mean temperature by the

MJO meridional flow (red lines; K day21), vertical advection of

time-mean temperature by the MJO vertical flow (blue lines;

K day21), and zonal advection of MJO temperature by time-mean

zonal flow (green lines; K day21) at 850 hPa for the initial MJO

phase 3 in (a) East Asia (Fig. 2e; 608–1208E, 258–558N), (b) northern

East Asia (Fig. 2j; 608–908E, 458–558N), and (c) eastern East Asia

(Fig. 2j; 1058–1208E, 258–458N). The temperature tendency and ad-

vection terms are decomposed after masking out the topographic

effect of the Tibetan Plateau (708–1058E, 258–458N).
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signals are most evident in 10-day lead composites, when they

are observed in the tropical Indian Ocean and the western

North Pacific (WNP), as shown in Fig. 5a. That is, 10 days after

these dipole-like OLR patterns occurs, the anomalous anticy-

clonic flow appears over eastern Europe. According to Seo

et al. (2016), for the waves coming from the Indian Ocean, only

zonal wavenumbers 2 and 3 reach the extratropics; however,

they dissipate near North America as a result of Rossby wave

ray tracing. Yet, for cases emanating from the western Pacific,

more waves including zonal wavenumber 4 propagate to

downstream regions and passing through Europe, a process

that also takes about 10–15 days. Thus, the Rossby wave that is

initiated by the convective activities in the western Pacific

presumably affects the anticyclonic circulation anomalies located

in eastern Europe. This result is also confirmed in Fig. 5b where

the enhanced convection anomalies in the WNP (1208–1408E,
108–258N) have a maximum magnitude 10 days prior to the de-

velopment of the anticyclonic flow in the eastern Europe region.

Therefore, the cold anomalies in East Asia, formed partly as the

result of the meridional cold advection may be the lagged re-

sponse (of at least 10 days) forced by the MJO convection in

the WNP.

The anomalous OLR patterns presented above are consis-

tent with the typical MJO-related tropical convection during

phases 6 or 7, although the enhanced convection anomalies are

somewhat confined more to the WNP. The pattern correlation

FIG. 4. Composites of the evolutions in geopotential height (shading; m) and wind (vectors;

m s21) anomalies at 850 hPa inEastAsia fromday26 to day 8, with an interval of 2 days, for the

initial MJO phase 3. Vectors represent statistically significant regions at the 95% confidence

level as based on Student’s t test. The anomalous circulation over the eastern Europe (408–
608E, 508–608N) region is indicated by the green-outlined rectangle in (h).
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coefficients in the tropical Indian–western Pacific region (408–
1808E, 308S–308N) of the OLR anomalies in Fig. 5a and the

eight typical MJO phases are compared (not shown). The

highest correlation coefficient across all MJO phases is found

for phase 7 with a value of 0.59. In addition, the enhanced

convection anomalies in the WNP have maximum magnitude

during phase 7 (Fig. 5c), highlighting the possible link between

the enhanced WNP convective heating and the anticyclonic

circulation anomalies over eastern Europe.

It is apparent that themeridional cold advection toward East

Asia around phase 3 results from the 10-day lagged and accu-

mulated response to the tropical convective forcing prior to

phase 3 (Fig. 5). The enhanced convection anomalies in the

WNP are particularly strong during phase 7 and presumably

play a role in initiating the anomalous cold events in East Asia

during phase 3. This tropics–extratropics teleconnection is

present in the spatial and temporal evolution of the upper-

tropospheric height anomalies and found to be a result of

Rossby wave energy propagation.

Overall, the convective forcing in the WNP as shown in

Fig. 5 may be the possible source leading to the upper-level

atmospheric circulation anomalies over eastern Europe. To

highlight themeridionally propagating Rossby wave train from

its initial source region in theWNP, the sequential evolution of

upper-tropospheric wave activity flux and streamfunction

anomalies are shown in Fig. 6 for the cases when the area-

averaged OLR anomalies located in the WNP are less than a

negative one standard deviation threshold. Here, a negative

OLR is indicative of enhanced convection in this region. On

day 0, strong enhanced convection anomalies are located in

the western Pacific and coupled with suppressed convection

anomalies in the tropical Indian Ocean, representative of the

OLR pattern during phase 7 (Fig. 6a). The waves generally

originate from the WNP region and then propagate north-

eastward across the northern Pacific toward North America.

The distinct anticyclonic anomalies are formed in eastern

Europe from day 6 onward (Figs. 6c,d) and maintained until

day 15 (not shown), supporting the anticyclone development as

shown in Fig. 4. The wave activity from the enhanced WNP

convection anomalies traverses the eastern Europe region and

propagates farther downstream after about day 10. As dis-

cussed in Seo et al. (2016), according to a ray-tracing analysis

the zonal wavenumber 4 emitted from the western Pacific

can reach eastern Europe via the eastern Atlantic–Europe

FIG. 5. (a) The leading OLR (shading; Wm22) anomalies in the tropics 10 days before the area-averaged anti-

cyclonic circulation anomalies at 300 hPa in eastern Europe (Fig. 4h; 408–608E, 508–608N) are greater than 1

standard deviation. (b) The leading evolution of area-averaged OLR anomalies in the WNP [green-framed rect-

angle in (a): 1208–1408E, 108–258N] prior to the development of anticyclonic circulation anomalies in eastern

Europe. (c) Composites of area-averaged OLR anomalies in the WNP for the eight phases of the MJO. Cross

hatches in (a), closed circles in (b), and bars in (c) denote statistically significant areas at the 95% confidence level as

based on Student’s t test.

8910 JOURNAL OF CL IMATE VOLUME 33

D
ow

nloaded from
 http://journals.am

etsoc.org/jcli/article-pdf/33/20/8903/5000570/jclid200302.pdf by guest on 22 Septem
ber 2020



waveguide (Hoskins and Ambrizzi 1993). The wave activity

propagation eventually reaches the East Asian region, before

bending back toward the equator and affecting equatorial

circulation initially induced by equatorially trapped Rossby

and Kelvin waves (Seo et al. 2016).

This wave activity propagation path supports the hypothesis

that the development of anticyclonic circulation anomalies in

eastern Europe results from the Rossby wave dispersion of

MJO-related diabatic heating anomalies in theWNPwith a lag

of about 10–15 days. Consequently, the anticyclonic anomalies

over eastern Europe once developed induce the meridional

cold advection toward East Asia, implying that through the

Rossby wave propagation, the cold anomalies in East Asia are

partly forced by the enhanced convection anomalies in

the WNP.

c. Vertical advection by MJO

The temperature change accompanying the intraseasonal

vertical advection is another important contributor to the

cooling tendency in East Asia, as shown in Fig. 3. To under-

stand the origin of the vertical advection in East Asia, an area-

averaged (608–1208E, 258–558N) vertical motion at 850 hPa is

defined as a vertical motion index. Figure 7a shows the leading

convection pattern in the Indian–western Pacific Ocean asso-

ciated with the East Asian upward motion when the index

exceeds a one standard deviation threshold. There are strong

suppressed convection anomalies in the tropical Indian Ocean

and relatively weak convection anomalies are confined in the

off-equatorial western Pacific 10 days prior to the establish-

ment of adiabatic cooling in East Asia. This leading OLR

pattern of the ascending motion in East Asia is similar to that

of the anticyclone anomalies development over eastern

Europe (Fig. 5a), indicating that the MJO-related meridional

and vertical advection in East Asia are largely forced by

tropical convection perturbations during phase 7. The pattern

correlation coefficients of the tropical OLR field (408–1808E,
308S–308N) in Fig. 7a and the eight typical MJO phases support

this link, whereby the highest correlation of 0.56 is during

phase 7.

The area-averaged suppressed convection in the tropical

Indian Ocean (608–1008E, 58S–58N) appears a maximum of

10 days ahead of the vertical motion in East Asia (Fig. 7b). In

addition, the suppressed convection anomalies in the Indian

Ocean are strongest during phase 7 (Fig. 7c). Therefore, the

suppressed convection anomalies in the tropical Indian Ocean

likely contribute to the upwardmotion and adiabatic cooling in

East Asia about 10 days later. During phase 3 it has also been

suggested that strong Indian Ocean convective heating is re-

sponsible for opposite impacts on the East Asian region,

leading to the warming tendency after phase 3 (Seo et al. 2016)

mainly due to adiabatic warm advection (Fig. 3). As a result,

the overall warm anomalies are located in East Asia during

phase 7 (Fig. 1g).

To display the dynamical process of suppressed Indian

Ocean convection and lagged vertical cold advection in East

Asia, the time evolution of MJO-related vertical motion is

shown in Fig. 8. All variables are averaged from 608 to 1208E
after masking out the topographic effect of the Tibetan Plateau

below 850 hPa. When the zonally averaged OLR anomalies

in the tropical Indian Ocean are greater than a 1-standard-

deviation threshold, representing anomalously suppressed

convection, by day 5 significant upward motion exists along

458N (Figs. 8a,b). This regional-scale meridional overturning

circulation is defined as a local overturning circulation, which is

simply reversed in direction here. The local overturning

FIG. 6. Composites of OLR (contours; Wm22), lagged com-

posites of streamfunction (shading; 106m2 s21), and horizontal

evolutions of wave activity flux (vectors; m2 s22) at 300 hPa when

the area-averaged WNP (1208–1408E, 108–258N) indices are less

than 21 standard deviation at days (a) 0, (b) 3, (c) 6, and (d) 10.

(e) The sequential evolution of upper-tropospheric wave activity

flux and streamfunction anomalies from day 0 to day 10 are placed

next to each other, joined by common longitude lines. Values ex-

ceeding 0.05 from day 0 to day 3 and 0.02 from day 6 to day 10 only

are represented by wind vectors.
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circulation from the tropical Indian Ocean appears to be a key

driver of upward motion in the midlatitudes and leads the

adiabatic cooling by about 15–20 days (Figs. 8d,e). Therefore,

the East Asian cooling is associated with the adiabatic upward

motion in East Asia, of which is forced by the MJO-related

suppressed convection in the tropical Indian Ocean. This

supports the result of Seo et al. (2016) whereby the adiabatic

subsidence in East Asia occurred following MJO phase 3.

4. Summary and discussion
In this study, the dynamical processes of how tropical MJO

forcing leads to cold surface temperature anomalies in East

Asia are investigated. It is evident that there is a time-lagged

response on the East Asian temperature tendency about

10 days after tropical MJO forcing. The resultant cooling ten-

dency in East Asia is found to initially appear prior to MJO

phase 3, and then the cold anomalies are sustained across the

East Asian region during phase 3; it also takes about 10 days to

reach maximum cold anomalies. Thus, the MJO-related trop-

ical forcing modulates the East Asian cold anomalies with a lag

of approximately 20 days, almost half the period of the general

MJO life cycle. Using the thermodynamic budget analysis,

both meridional and vertical cold advections are found to be

the dominant factors contributing to the cooling tendency in

East Asia. The meridional cold advection exists in the form of

northerly wind anomalies as the eastern part of anticyclonic

flow is centered over eastern Europe. A precursory wave train

for such a meridional cold advection in East Asia is excited by

the WNP forcing consistent with forced Rossby wave theories.

In addition, anomalous vertical motion in East Asia relies on

direct tropical forcing originating from the tropical Indian

Ocean and is interpreted as a local overturning circulation. The

reversed local overturning circulation is intensified, leading to

descending motion by the MJO convergent tropical inflow and

enhanced momentum divergence around the extratropics to-

gether with adiabatic cold advection. Therefore, both the

Rossby wave propagation and a local overturning circulation

induced by the tropical MJO forcings play a direct role in

influencing the temperature tendency in East Asia with a lag

of about 10 days that leads surface temperature variation.

The schematic diagram summarizes the two possible tele-

connection pathways that explain the MJO journey by way

of the Rossby wave train and local overturning circula-

tion (Fig. 9).

The two distinguished dynamical processes, the meridional

and vertical cold advections, appear to be forced by enhanced

FIG. 7. (a) The leadingOLR (shading;Wm22) anomalies in the tropics 10 days before the area-averaged pressure

velocity at 850 hPa in East Asia (Fig. 2e; 608–1208E, 258–558N) are greater than 1 standard deviation. (b) The

leading evolution of area-averaged OLR anomalies in the tropical Indian Ocean [green-framed rectangle in (a);

608–1008E, 58S–58N] prior to the development of vertical motion in East Asia. (c) Composites of area-averaged

OLR anomalies in the tropical Indian Ocean for the eight phases of the MJO. Cross hatches in (a), closed circles in

(b), and bars in (c) denote statistically significant area at the 95% confidence level as based on Student’s t test.
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diabatic heating in the WNP and suppressed convection in the

tropical Indian Ocean, respectively. However, the tropical

convective forcings that act as the source of the East Asian

cooling closely resembles to a large extent the typical con-

vection pattern during MJO phase 7. Therefore, it is possible

that the east–west dipole convection in the tropical Indian

Ocean and tropical western Pacific concurrently affects the

East Asian surface temperature in terms of a teleconnection

response. He et al. (2011) suggested that the linearized primi-

tive equation model responses to such dipole heating sources

closely match the general features of the observed circulation

anomalies compared to those of simply single convection. This

is also consistent with Lin et al. (2010b), who indicated that a

dipole tropical convection initial state provides better skill than

that when the initial MJO mostly has a monopole convection

structure for NAO forecasts. Using linear numerical model

experiments Lin et al. (2010a) also demonstrated that dipole-

like tropical heating is more effective in extratropical atmo-

spheric circulation perturbations associated with the North

American precipitation than a single heating source near the

western Pacific.

Overall, the dipole MJO diabatic heating source in the

tropical Indian Ocean and western Pacific seems to strongly

influence the large-scale extratropical circulation anomalies.

To make a simple comparison of the individual responses from

monopole and dipole thermal forcing described as phase 7,

composites for the three types of convective events are ana-

lyzed: Indian Ocean forcing only, west Pacific (WP) forcing

only, and dipole forcing (Fig. 10). For the Indian Ocean and

WP forcings only, the resulting cold anomalies as a lagged re-

sponse are insufficient in developing broadly in East Asia.

However, the dipole forcing with strong tropical Indian Ocean

and WP convection shows strong cold anomalies in East Asia

with a lag of about 20–25 days. TheMJO-related dipole forcing

plays an important role in determining the East Asian tem-

perature variation during the boreal winter; therefore, such

tropical precursors can help us to better understand and predict

the wintertime weather in East Asia.

The present study focuses only on the causality of cold

anomalies in East Asia associated with the MJO-driven trop-

ical forcing during MJO phase 3. Interestingly, East Asia also

experiences warmer than normal weather during phase 7 via

similar MJO-induced teleconnections. Therefore, the warm

and cold anomalies continuously fluctuate in East Asia, as

shown in Fig. 1, because the MJO exhibits a repetitive cycle.

However, here it is found that there is a distinct difference

between warming and cooling tendencies in East Asia in terms

of magnitude and main contributing terms (not shown). For

FIG. 8. Latitude–height cross section of lagged composites of air

temperature (shading; K) and vertical flow (black arrows) at 5-day

intervals when the area-averaged OLR anomalies in the tropical

Indian Ocean are greater than 1 standard deviation, indicative

of an anomalous suppressed convection. The magnitude of the

 
reference wind vector 0.1 denotes 25m s21 day21 for the meridio-

nal wind and 0.2 Pa s21 day21 for the pressure velocity. All vari-

ables are zonally averaged from 608 to 1208E after masking out the

topographic effect of the Tibetan Plateau below 850 hPa. Shading

and vectors represent statistically significant area at the 95% con-

fidence level as based on Student’s t test.
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example, the warming tendency associated with warm tem-

perature anomalies during phase 7 is about 2 times as large as

that during phase 3, and the vertical warm advection pre-

dominantly contributes to the warming tendency. As a result of

the strong warming tendency, the warm temperature anoma-

lies may persist longer in East Asia after phase 7 relative to the

cold-period events. Overall, the results show that the MJO

could be utilized as a potential prediction source for the warm

or cold anomalies in East Asia. Therefore, further examination

of the features and predictabilities of the MJO-forced asym-

metric impacts on the East Asian warm and cold anomalies in

boreal winter is needed.

FIG. 9. Schematic diagram showing the local overturning circulation and Rossby wave propagation mechanisms of cold surface tem-

perature anomalies in East Asia associated with delayed and accumulated response. The local overturning circulation is denoted as the

reversed meridional overturning circulation with subsidence in the tropical Indian Ocean and an ascending branch induced by the adi-

abatic cold advection in EastAsia. TheRossbywave propagation is identified as the upper-level geopotential height anomalies (cyclone or

anticyclone) forced by enhanced convection in theWNP associated with the MJO. The meridional cold advection in East Asia is induced

by northerly wind anomalies as part of the lower-tropospheric anticyclonic flow in the eastern Europe region.

FIG. 10. Composites of OLR (Wm22) anomalies at day 0 in the tropics and lagged air temperature (K) anomalies at 2m in East Asia

from day 10 to day 25, with an interval of 5 days, for an initial (a) Indian Ocean (608–1108E, 158S–158N) only, (b) WP (1208–1808E, 158S–
158N) only, and (c) dipole forcing. For the Indian Ocean only, both Indian Ocean index exceeds its 0.5 standard deviation and the WP

index lies between60.25 standard deviation. For theWP only, both theWP index exceeds its 0.5 standard deviation and the IndianOcean

index lies between 60.25 standard deviation. The dipole forcing is defined when the difference of area-averaged OLR anomalies in the

Indian Ocean and WP is greater than 1 standard deviation. Cross hatches denote statistically significant regions at the 95% confidence

level as based on Student’s t test. The definition of ‘‘dayx’’ is the number of days after the individual forcing developed.
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