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ABSTRACT: This paper studies the influences of the Madden–Julian oscillation (MJO) on East Asian (EA) winter

rainfall using the singular value decomposition (SVD) approach. This method uses two-dimensional instead of latitu-

dinally averaged variables in the commonly used real-time multivariate MJO (RMM) index. A comparison of the two

approaches is made using the same OLR and zonal wind data over 37 boreal winter seasons of December–March. The

SVD composite reveals a more conspicuous and coherent variation throughout the MJO cycle, while the RMM com-

posite is more ambiguous. In particular, the SVD analysis identifies the convection anomalies over the Maritime

Continent and the subtropical western Pacific (MCWP) as a major cause of enhanced rainfall in EA at RMMphases 8 and

1. This is at least one-eighth of a cycle earlier than the phases of convection development over the Indian Ocean (IO) that

were emphasized by previous studies. A linearized global baroclinic model is used to demonstrate the mechanism of

MJO forcing on EA rainfall during various phases, with a focus on the MCWP cooling. The result shows that the

anomalous MCWP cooling and the resultant low-level anticyclonic flow interact with the East Asian jet, leading to an

overall weakened EA winter monsoon circulation. The associated anomalous overturning circulation, with ascending

motion and low-level horizontal moisture convergence in EA, contributes to the enhanced rainfall. This model result

supports the interpretation of the SVD analysis, in that theMCWP cooling induced anomalous meridional circulation is a

more direct cause of enhanced EA rainfall than the IO heating (or the IO–MCWP heating dipole) induced Rossby wave

teleconnection.
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1. Introduction

The Madden–Julian oscillation (MJO) accounts for a

large portion of the tropical precipitation and global circu-

lation variability in the troposphere. Matthews et al. (2004)

estimated that the MJO contributes up to 70% of variance

of the 200-hPa circulation in the tropics and 35%–40% in

the Northern Hemispheric extratropics (less than 20% in

the Southern Hemispheric extratropics). Its dominance in the

tropics made it useful for synoptic to intraseasonal fore-

casts in many tropical regions. Its influences on extra-

tropical weather have also attracted strong interest and

have been studied extensively for both theoretical under-

standing and applications, particularly on extended-range

weather forecasts.

The MJO is associated with strong variation of tropical deep

convection, and therefore its influence on extratropical weather

can be formulated as a problem to study forcing by tropical

heat source on the extratropical atmosphere. Earlier studies

used barotropic and baroclinic models to show extratropical

responses to tropical heating as a Rossby wave train prop-

agating out of the tropics in the upper troposphere (e.g.,

Hoskins and Karoly 1981; Jin and Hoskins 1995). Ferranti

et al. (1990) studied tropical–extratropical interaction as-

sociated with the 30–60-day oscillation and its impact on

medium- and extended-range prediction. The anomalous

upper-tropospheric divergence associated with tropical heat-

ing acts as a Rossby wave source for poleward dispersing ex-

tratropical wave activity (Sardeshmukh and Hoskins 1988).

Hoskins and Ambrizzi (1993) suggested the possible existence

of waveguides in the Asian, North Atlantic, and Southern

Hemispheric jets. The generation of barotropic Rossby waves

by tropical heating in the presence of vertical shear of mean

flow, which allows the waves to propagate to extratropics, has

been discussed by Lim andChang (1986),Wang andXie (1996)

and Xie and Wang (1996).

More recent studies used primitive equation models to

perform numerical experiments subject to the MJO-like forc-

ing, which typically is represented by a monopole, dipole, orCorresponding author: Chung-Hsiung Sui, sui@as.ntu.edu.tw
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tripole heating structure (e.g., Matthews et al. 2004; Seo and

Son 2012; Seo and Lee 2017). The MJO heating has the

largest amplitude in the eastern Indian Ocean–western

Pacific region during boreal winter. Significant extratropical

responses have been found in the downstream Pacific jet re-

gion (Pacific, North America, and Atlantic) to the MJO

heating (e.g., Mori and Watanabe 2008; Lin et al. 2009; Tseng

et al. 2018).

The proximity to the Pacific jet regions makes East Asia

(EA) a particularly interesting region to analyze the MJO in-

fluences on its wintertime weather. Jeong et al. (2005, 2008)

studied the simultaneous relationship between the MJO and

wintertime surface air temperature (SAT) and precipitation in

East Asia. Using the real-time multivariate MJO (RMM) in-

dex (Wheeler and Hendon 2004) that divides the MJO into

eight phases and the corresponding location of maximum

convection, they suggested that the MJO–EA precipitation

relation is accompanied by the strong vertical motion anoma-

lies near the entrance region of the East Asian upper tropo-

spheric jet. The vertical motion anomalies are accounted for

mostly by the quasigeostrophic forcing of the MJO during

RMMphases 2–3 that can be diagnosed in a generalized omega

equation following Kim et al. (2006).

He et al. (2011) observed a relation between a single tropical

convection center (their EOF1 mode of OLR) over the

Maritime Continent (908–1508E), and large areas of cold

anomalies with reduced precipitation in the EA region north of

208N. This relation is evident from the peak EOF1 phase and

the following two pentads. They also used a linearized global

primitive equation model to simulate the East Asian SAT and

precipitation as a response to the tropical MJO diabatic heat-

ing. This response is related to the local Hadley cell and the

circulation anomaly of the NorthernHemisphere branch of the

equatorially trapped Rossby wave.

Studies by Jia et al. (2011), Hung et al. (2014), and Liu and

Hsu (2019) confirmed the findings of a correspondence be-

tween MJO convection over the Indian Ocean and East Asian

rainfall. In these studies, rainfall was observed to increase in

southeast China and Taiwan corresponds to the MJO RMM

phases 2–4, and to decrease in RMM phases 6–8 when the

Maritime Continent is under suppressed condition. The in-

creased rainfall was generally attributed to theMJO-generated

extratropical Rossby wave train that can induce northward

moisture transport originated from the Bay of Bengal and the

South China Sea. [See a recent review of theMJO influence on

East Asia by Li et al. (2020)].

The relationship between the MJO active phases over the

eastern Indian Ocean and Maritime Continent and wintertime

EA rainfall found by the above investigators suggests the po-

tential of using MJO to guide rainfall forecast at synoptic or

longer lead times. For example, Li et al. (2016) developed a

model for extended-range forecasting of spring rainfall in

southern China by using the MJO index. To assess the degree

of the usefulness of this potential, we stratify the December–

March (DJFM) days during MJO RMM phases 2–3 into three

groups of equal number of days (cases) according to the order of

EA rainfall anomalies, and performed composites of 850-hPa

wind and rainfall fields for each of the three groups. The

anomalies are computed from long-term mean DJFM with the

seasonal cycle removed (described in section 2). Figure 1 shows

the composites of the top one-third and the bottom one-third

groups, respectively. The top one-third group with an organized

large positive EA rainfall anomaly pattern indeed corresponds

to strong MJO rainfall anomalies in phases 2–3. However, the

MJO signal is also quite conspicuous in the bottom one-third

group in which the average EA rainfall anomalies are negative

and also well organized. This result indicates that the MJO–EA

rainfall relationship is far from ideal, and significant uncertainty

exists in using the MJO RMM phases for rainfall forecasting.

Most of the observational studies used either 1) the RMM

index that is constructed from the outgoing longwave radiation

(OLR) and zonal winds at 850 and 200 hPa averaged over the

equatorial belt between 158S and 158N or 2) the tropical OLR

field directly to represent the MJO. The RMM is one-

dimensional, and the tropical OLR is also close to being a

one-dimensional index because it is principally an east–west

elongated field with little signal outside of the tropical belt.

FIG. 1. Composites of anomalous GPCP rainfall (mmday21) and

850-hPawind (m s21) for the (a) top 1/3 and (b) bottom 1/3 of days in

RMM phases 2 and 3 arranged by the frequency distribution of av-

eraged GPCP rainfall anomalies in East Asian rainfall region (black

rectangle). Rainfall anomalies with statistical significance [95%

confidence interval (CI)] are shaded.Wind anomalies with statistical

significance are shown in dark wind vectors; the rest are shown in

gray. The climatological rainfall amount for East Asian rainfall re-

gion is 2.6mmday21.
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Thus, it also does not contain much information on the me-

ridional structure of the basic fields. In a study of East Asian

winter monsoon cold surges, Chang et al. (2005) used a singular

value decomposition (SVD) of OLR and the low-level me-

ridional wind field to analyze the interaction between theMJO

and cold surges. It turned out that themeridional structure of the

wind field in the subtropics was crucial in elucidating the nega-

tive impact of the MJO on the cold surges in the South China

Sea. This information that is revealed in the two-dimensional

SVD analysis was lost when the one-dimensional RMM scheme

is used to represent the MJO.

Since the MJO influences EA wintertime rainfall through a

process ofmeridional interaction, wewill use the SVDmethod to

resolve the MJO phase structure. The purpose of this paper is to

find out if a two-dimensional analysis, such as the SVD that

better defines the MJO structure, will reveal important mecha-

nisms of the MJO influences on wintertime East Asian rainfall

that were obscured in previous studies using the RMM scheme.

We will also use a linear baroclinic model to examine and verify

the mechanism revealed by the observational study. Section 2

describes the data and method. Section 3 discusses the observa-

tional analysis. Section 4 discusses the modeling study. Section 5

summarizes the overall results with concluding remarks.

2. Data and method

The rainfall data used for this study are the Global

Precipitation Climatology Project (GPCP) merged analysis of

pentad precipitation (Xie et al. 2003) on a global 2.58 latitude3
2.58 longitude grid for the period 1979–2016. The pentad pre-

cipitation data are converted to daily data by first applying the

pentad rainfall to each of the five days, and then using a 5-day

running mean through the entire time series of each season.

The EA rainfall is defined as the area mean of the rainfall over

1108–1508E, 208–358N (the black rectangle in Fig. 1).

Theoutgoing longwave radiation (OLR),which is closely related

to rainfall in the tropics, is used to represent tropical convective

activity. We use the new climate data record for daily OLR (Lee

and NOAA CDR Program 2011; Schreck et al. 2018) from the

High-Resolution Infrared Radiation Sounder (HIRS) sensors. The

data are regridded to a global 2.58 3 2.58 resolution from its original

18 3 18 resolution. The daily wind variables used in this study are

derived from National Centers for Environmental Prediction–

Department of Energy (NCEP–DOE) atmospheric reanalysis

(Kanamitsu et al. 2002). They are also on 2.58 3 2.58 grids.
The real-time multivariate MJO analysis developed by

Wheeler and Hendon (2004, hereafter WH04) has been widely

used in describing the MJO from real time observations. The

analysis adopts an eight-phase structure to identify the evolu-

tion of the eastward-propagating MJO. The focus is usually on

the active convection regime of each phase, which has been

proven useful for forecasting tropical weather. The analysis is

conducted by applying combined EOF analysis to 158S–158N
latitudinally averaged OLR and zonal wind at 850 and 200 hPa

(denoted as U850 and U200, respectively). The data are then

high-pass filtered by subtracting out the previous 120-day

running averaged anomalies from the seasonal cycle and in-

terannual variability. The time series of the coefficients of daily

fields of OLR, U850, and U200 projected onto the leading pair

of the combined EOF modes (i.e., PC1 and PC2) are termed

the RMM index. This approach enables the computation of the

set of PCs as a real-time index to describe the MJO evolution.

While the primary purpose of this index is to describe tropical

convection, the approach differs from previous studies that

used only OLR as the index, in that the RMM index is influ-

enced more by the U850 and U200 components than OLR

(Straub 2013; Kiladis et al. 2014).

Because of the significant amplitude of the seasonal cycle in

the tropical monsoon regions, the MJO exhibits considerable

differences in spatial and temporal structure between boreal

winter and summer (e.g., Kikuchi et al. 2012). Therefore, the

RMM defined by all-season data may not be best suited for

the studies of monsoon regional weather in a specific season. In

this study of the East Asian winter rainfall, we will modify

the RMM index by using boreal winter data (DJFM) only. The

inclusion ofMarch is desirable as the EAwinter rainfall system

reaches peak in February and March. Hereafter, we refer the

wintertime RMM as RMM_DJFM index.

The singular value decomposition in this study uses the

same three variables (OLR, U850, and U200) and filtering

as in computing the RMM index, except the variables are two-

dimensional fields. The OLR data cover the same global

tropical belt (158S–158N) as in the RMM index. For the wind

fields U850 and U200, the domain is expanded northward to

cover the area of 158S–308N so that a substantial part of the

East Asian winter rainfall region is included. The SVD analysis

yields two leading groups of singular vectors consisting of

spatial patterns of OLR, U850, and U200. The two leading

singular vectors of U850 and U200 and the corresponding ex-

pansion coefficients are used to describe the spatial–temporal

variation of the MJO. Hereafter, we refer the wind component

of the wintertime MJO as SVD_DJFM index or simply SVD.

For a comparison, we summarize the three types of indices

for the MJO and their variables in Table 1. Eight phases are

used to describe one cycle for all three indices. The data used

covers 37 years, 1979–2016.

3. Observational analysis

a. The MJO indices and their spatial structures

Many previous investigations used the EOF approach to

show that the tropical convection associated with the MJO

TABLE 1. Summary of three MJO indices and corresponding data

and methods.

MJO index

RMM

(WH04) RMM_DJFM SVD

Leading mode Combined EOF

(OLR, U850, U200)

SVD

(OLR, U850, U200)

Season All season DJFM DJFM

Domain Global tropics

158S–158N averaged

Global tropics

U850, U200: 158S–308N
OLR: 158S–158N
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evolution can be described effectively by two basic leading

modes (e.g., Wheeler and Hendon 2004; Matthews 2008;

Kikuchi et al. 2012; Kiladis et al. 2014; Hung and Sui 2018).

Figure 2 shows the regression of daily OLR fields upon the two

leading modes from three sets of indices: RMM (WH04)

(Figs. 2a,b), RMM_DJFM (Figs. 2c,d), and SVD (Figs. 2e,f).

For the all-season RMM (WH04) regression, the first lead-

ing mode (Fig. 2a) is dominated by a center of activity over the

Maritime Continent (MC) around 908–1508E. The second

leading mode (Fig. 2b) is characterized by a dipole with one

center of activity over the Indian Ocean (IO) within 608–1208E
and another center of opposite phase over the central Pacific

(CP) within 1508E–1708W. Hereafter, these two patterns are

referred to as the MC mode and IO–CP mode, respectively.

Around the region of the East Asian rainfall (green elliptic),

the OLR anomaly in Fig. 2b is negative, indicating wet rainfall

anomaly.

In the winter-only RMM_DJFM regression, the first mode

(Fig. 2c) is similar to the IO–CP mode of the all-season RMM

(WH04) regression (Fig. 2b), but with an eastward shift of

around 208 longitude. Hereafter, we name this pattern the

IOMC–CP mode. The second mode of RMM_DJFM (Fig. 2d)

also has a somewhat dipole pattern, with the major center of

activity over the Maritime Continent and subtropical western

Pacific (MCWP) dominating over the weaker center of oppo-

site sign over Indian Ocean. Hereafter, we name this asym-

metric dipole pattern the IO–MCWP mode. It resembles

somewhat the pattern of the second mode of the all-season

RMM regression shown in Fig. 2b; it is also associated with wet

East Asian rainfall anomaly (Fig. 2d).

The regressed OLR fields against the SVD index are shown

in Figs. 2e and 2f. The first mode (Fig. 2e) is similar to the

IOMC–CP dipole mode of the RMM_DJFM. The second

mode (Fig. 2f) resembles the asymmetric IO–MCWP dipole

mode from RMM_DJFM (Fig. 2d), but over the subtropical

western North Pacific, the center of activity obtained from the

SVD index has higher variances and more detailed structure,

such that a secondary center appears east of the Philippines. This

center is located south of the East Asian rainfall region where

the negative OLR in Fig. 2f again indicates wet anomalies.

The first impression one can get from the above result is that

EA rainfall anomalies are associated with the second leading

mode (the IO–CP mode of RMM (WH04) and IO–MCWP

mode of RMM_DJFM and SVD). When the all-season RMM

(WH04) index is used, the most conspicuous feature is the

IO-dominated mode (Fig. 2b). This is consistent with many

previous studies that found that East Asian winter rainfall is

related to the MJO when the MJO active convection is located

FIG. 2. Regressed OLR (Wm22) fields against the reference time series of the two leading modes obtained by

three approaches: (a),(b)RMM(WH04) for all seasons, (c),(d)RMM_DJFM, and (e),(f) SVD for winter seasons of

December–March. RMM refers to the combined EOF analysis of daily OLR, U850, and U200 data averaged over

the global tropical belt of 158S–158N. SVD refers to the SVD analysis of daily fields of OLR (158S–158N) and U850

and U200 (158S–308N). The second mode in (b), (d), and (f) is multiplied by 21. Only values with statistical

significance (95% CI) are shaded. The green elliptic indicates the area of East Asian rainfall discussed in text.
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FIG. 3. Composite fields of anomalous GPCP rainfall (mmday21) and 850-hPa wind (m s21) for the half cycle of the MJO phases:

(a),(c),(e),(g) phases 1, 2, 3, and 4 fromRMM_DJFMand (b),(d),(f),(h) phases 1, 2, 3, and 4 fromSVD.The half cycle of phase 1, 2, 3, and 4

corresponds to that of the all-season RMM phase P8, P1, P2, and P3 (in parentheses). Values only with statistical significance (95% CI)

are shown.
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in the Indian Ocean. However, when the RMM analysis is car-

ried out using only boreal winter data, Fig. 2d suggests that a

more important association appears to be the suppressed con-

vection over the Maritime Continent and western Pacific. This

location is much closer to the EA winter rainfall region than

any MJO convection in the Indian Ocean. Apparently, the use

of all-season data in RMM (WH04) blurred this aspect of

the MJO–EA winter rainfall relationship. When the two-

dimensional SVD index is used, the pattern suggesting this re-

lationship becomes even more conspicuous with the secondary

center east of the Philippines located adjacent to the East Asian

winter rainfall region. ThisMJO–EAwinter rainfall relationship

shown in the winter data analysis indicates the importance of

convective activities over MC and subtropical western North

FIG. 4. Probability distribution of rainfall anomalies (mmday21) within the EA region (1108–
1508E; 208–358N) in the eight phases of (a)RMM_DJFM, and (b) SVD indices shown by box plots.

Each box is drawn from the first quartile (bottom) to the third quartile (top), and a horizontal line is

drawn through the box at themedianwith themean valuemarked by solid dot; rainfall anomalies of

90%and 10% ranking aremarked by the short horizontal line (–) linked to the box by dashed lines.

Here the P and S numbers are the phases defined by all-season RMM and SVD, respectively. The

number of days in each phase is shown in the parentheses above the horizontal axis.
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Pacific, which is different from the relationship associated with

the IO dominated mode.

b. The MJO phase composites and East Asian rainfall
probability distribution

The composite fields of anomalous rainfall (GPCP) and

850-hPa wind with respect to the RMM_DJFM index are

shown in the left columns of Fig. 3 (Figs. 3a,c,e,g), and those

with respect to the SVD index are shown in the right column

of Figs. 3b,d,f,h. For both indices only one-half cycle (phases

1, 2, 3, and 4) is shown.

The use of only the boreal winter data in the RMM_DJFM

and SVD indices causes a shift of near one-eighth of a cycle

from the all-season RMM (WH04), such that the four phases in

Fig. 3 may be comparable to phases P8, P1, P2, and P3 of

the RMM (WH04), respectively. Because of the widely used

convention and familiarity of the original RMM (WH04)

phases, theremay be a confusion when wemention a particular

phase of the RMM_DJMF and the SVD indices. Therefore, we

will adopt a name system that is consistent with the commonly

used definition of RMM phases. In the following discussions

whenever a phase is identified by a P number, it is equivalent to

the phase number of RMM (WH04). So P1, P2, P3, P4, P5, P6,

P7, and P8 are used to refer to RMM_DJMF phases 2, 3, 4, 5, 6,

7, 8, and 1, respectively.

The two sets of wind and rainfall (GPCP) fields in Fig. 3

show a common overall evolution. Suppressed convection

propagates eastward from East Indian Ocean and Maritime

Continent in phase 1 (RMM P8) to the central Pacific near the

date line in phase 4 (RMM P3). To its west the initiation of

active convection occurs over western Indian Ocean, en-

hances, and propagates eastward to the eastern Indian Ocean

and western Maritime Continent in phase 4 (RMM P3).

Accompanying the evolution of the convection activity,

positive rainfall anomalies over the EA region (1108–1508E,
208–358N, indicated by the rectangular box in Fig. 3) appear in

phases 2, 3, and 4 (RMM P1–P3) for both indices. However,

the EA rainfall anomalies are considerably stronger in the

SVD composite (Figs. 3d,f,h) than in the RMM_DJFM

composite (Figs. 3c,e,g). In the SVD composite the southerly

component wind anomalies south of the slowly eastward

moving EA rainfall belt, particularly in phases 2 and 3 (RMM

P1–P2), are stronger than in the RMM_DJFM composite.

This indicates a relationship such that the MJO enhances the

EA rainfall through low-level wind convergence in phases 2,

3, and 4 (RMM P1–P3) and is consistent with the appearance

of suppressed convection south of the EA rainfall wet

anomalies shown in Fig. 2. This relationship is revealed

clearly in the SVD index composite but is more ambiguous

when the RMM_DJFM index is used.

The advantage of SVD in isolating the effect of the MJO on

East Asian winter rainfall can also be seen in the events

probability distribution of EA rainfall anomalies over the eight

phases. Figures 4a and 4b show the box plots for the eight

phases based on the RMM_DJFM and SVD indices, respec-

tively. Here the phase based onRMM(WH04) (P1, P2, . . . , P8)

and the phase based on RMM_DJFM and SVD (S1, S2, . . . ,

S8) are both shown in the figure. In the distribution based on

RMM_DJFM index (Fig. 4a), the mean rainfall anomalies (the

blue/red dot points), which are close to the medium values, are

positive in phases 2, 3, 4, and 5 (RMM P1–P4) with values

of 0.4, 0.3, 0.5, and 0.3mmday21 respectively, whereas they

are negative in phases 6, 7, 8, and 1 (RMM P5-P8), with values

FIG. 5. Rainfall anomalies in the EA region (1108–1508E, 208–
358N) displayed in the (PC1, PC2) phase space based on (a) RMM_

DJFM and (b) SVD indices. The eight phases labeled in (a) are

based on all-season RMM (P1, P2, . . . , P8) and in (b) based on

SVD (S1, S2, . . . , S8). Themagnitude of rainfall anomalies is shown

by the size of the dots and the sign by color (red for below normal

23,22,21,20.5; black for normal from20.5 to 0.5; blue for above

normal 0.5, 1, 2, 3 mmday21). The phase domain for SVD-based

PC2 , 21s in (b) is shaded in green.
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of 20.3, 20.5, 20.5, and 20.1mmday21, respectively. This

result is consistent with the findings in previous studies using

the RMM (WH04) index (e.g., Hung et al. 2014; Jeong et al.

2008; Jia et al. 2011), in which the EA wet period is more re-

lated to the first half cycle of the MJO (centered at RMM P2–

P3) and the EA dry period is more related to the second half

cycle of the MJO (centered at RMM P6–P7).

In the distribution based on the SVD index (Fig. 4b) the

separation between the positive and negative anomalies is

sharper (i.e., the probability of both wet and dry events is

concentrated in only three phases). The rainfall anomalies in

the wet phases (S2–S4, or RMM P1–P3) have mean values of

0.8, 0.7, and 0.5mmday21, respectively, which are more

concentrated than those of the RMM_DJFM results spreading

over four phases and without a consistent trend from

one phase to the next. The mean rainfall anomalies in the dry

phases (S6–S8, or RMM P5–P7) have values of 20.6, 20.6,

and 20.4mmday21, respectively, which are also more con-

centrated than those of the RMM_DJFM results. This better

identification of the MJO influences is also reflected in the

rainfall probability distribution itself. Figure 4 shows the

rainfall probability in EA during the eightMJO phases. During

the four wet phases of the RMM_DJFM (Fig. 4a), the proba-

bility for positive rainfall anomalies is higher than 60%–70%

(and less than 30%–40% for negative rainfall anomalies),

whereas during the three SVD wet phases the probability of

positive rainfall anomalies is higher than 75% (and less than

25%, the lower boundary of the boxes, for negative rainfall

anomalies). The same type of contrast can also be seen in the

rainfall probability distribution of the dry phase’s cases.

The previous figures are regression or composite diagrams.

Figures 5a and 5b present the scatterplots of all individual

rainfall cases in a phase space for the RMM_DJFM and SVD

analyses, respectively. Here the horizontal coordinate is PC1,

and the vertical coordinate is PC2. The two coordinates can be

described by the IOMC–CP dipole and IO–MCWP dipole

modes, respectively. The clustering of negative (red) and

positive (blue) EA rainfall anomalies in the upper and lower

half of the phase diagram can be seen in both figures, but the

separation between the two anomaly regimes is obviously

clearer in the SVD diagram (Fig. 5b) than in the RMM_DJFM

diagram (Fig. 5a). This distribution indicates again that the

second mode of RMM_DJFM and SVD, or the IO–MCWP

mode, is the important mode that represent the EA rainfall

anomalies, and that EA wet period begins in the middle of

SVD phase 1 (RMM P8) when the number of dry cases di-

minishes. This is indicated in the green-shaded domain of

Fig. 5b in which most cases are wet anomaly cases.

c. IndianOcean forcing versusMaritime Continent–western
Pacific forcing

To further examine the time evolution of theMJO–EAwinter

rainfall relationship, we show the phase–longitude distribution

of three latitudinally averaged variables: tropical rainfall and

wind at 850 hPa (158S–158N) and extratropical rainfall (208–
358N) in Fig. 6. The evolution is described in four stages during

FIG. 7. Composite fields of anomalous GPCP rainfall (mmday21)

and 850-hPa wind (m s21) for the days when PC2 of the SVDanalysis

, 21s and (a) PC1 , 0, (b) PC1 . 0, within the green shaded do-

main in the phase plane in Fig. 5b. The number of days in composite

(a) is 309 and (b) is 433.Rainfall anomalieswith statistical significance

(95%CI) are shaded.Wind anomalies with statistical significance are

shown in dark wind vector, and the rest are shown in gray.

FIG. 6. Phase–longitude diagram of composite 850-hPa wind and

rainfall anomalies latitudinally averaged in the tropical belt 158S–
158N (contours) and subtropical belt 208–358N (shaded). Positive

and negative contours are colored in blue and black, respectively;

the contour interval is 0.8mmday21.
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FIG. 8. Composite fields of anomalous GPCP rainfall (mmday21)

and 850-hPa wind (m s21) for the days when PC2 of the SVD analysis

, 21s and (a) PC1 , 21s, (b)21s , PC1, 0, (c) 0, PC1, 1s,

and (d) PC1. 1s, within the green shaded domain in the phase plane

in Fig. 5b. The number of days in (a), (b), (c), and (d) is 124, 185, 272,

and 161, respectively. Rainfall anomalies with statistical significance

(95%CI) are shaded. Wind anomalies with statistical significance are

shown in dark wind vectors; the rest are shown in gray.
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the eastward propagation of MJO. In stage 1 (SVD phases 1–2,

or RMM P8–P1), suppressed tropical rainfall (dotted contours)

overMCWP leads the EA positive rainfall anomaly (blue color)

by about one phase; the latter becomes most enhanced in SVD

phase 2–3 (RMM P1–P2). The easterly anomalies over IO as-

sociated with the suppressed convection over MC in stage 1

transport moisture for the initiation and development of the

MJO over the IO (Zhao et al. 2013; Kim et al.2014; Tseng et al.

2015; Hung and Sui 2018) in the following stage 2 (SVDphase 3–

4, or RMMP2–P3). The positive tropical rainfall anomalies over

IO (blue contours) and negative values over MCWP (dotted

contours), the IO–MCWP dipole, coincides with enhanced

rainfall in EA. In stage 3 (SVD phase 5–6, or RMM P4–P5),

enhanced tropical rainfall in MCWP leads suppressed rainfall in

EA by about one phase, which persists through stage 4 (SVD

phase 7–8, RMM P6–P7). The tropical rainfall dipole in stage

4 is opposite to that of stage 2.

The spatial distribution of the tropical–extratropical rainfall

and circulation in stages 2 (RMM phase P2–P3) has been dis-

cussed in previous studies. The EA rainfall anomaly is gener-

ally explained in these previous studies as the Rossby wave

flow forced by the MJO heating over IO in stage 2, interacting

with mean flow in the EA jet entrance region (e.g., Kim et al.

2006; Jeong et al. 2008; He et al. 2011). On the other hand, our

SVD analysis in Figs. 4b, 5b, and 6 shows that enhanced EA

rainfall starts earlier from the middle of SVD phase 1 (RMM

P8). Themost frequent rainfall events in EA occur during SVD

phases 2 and 3 (RMM P1–P2), when convection develops over

IO while MCWP remains suppressed (Figs. 2 and 3).

This earlier relationship can be examined by composites of

precipitation and 850-hPa wind for the days corresponding to

PC2 , 21s in SVD phase 1–4 (green shaded domain in

Fig. 5b) in two groups: PC1, 0 and PC1. 0. The days in group

1 (309) consists of a small subset of SVD phases 1 (41 days)

and a full set of phase 2 (268 days), and the days in group

2 (433) consist of a full set of SVD phases 3 (368 days) and a

small subset of phases 4 (65 days). The composite fields of

anomalous rainfall and 850-hPa wind for the two groups are

shown in Fig. 7. The figure shows two contrasting dipoles of

tropical rainfall of negative anomalies over MCWP and

positive anomalies over east IOwith the formermuch stronger

in group 1 (Fig. 7a) and the latter stronger in group 2 (Fig. 7b).

Associated with the tropical heating, the composite fields for

group 1 (Fig. 7a) show a close link of the suppressed rainfall

over tropical MC and western Pacific (208S–158N, 1108–1808E),
anticyclonic flow at 850 hPa and enhanced rainfall in EA (208–
358N, 1108–1508E, denoted in Fig. 7 by the black rectangular

box). Figure 7a suggests that suppressed convection over

MCWP weakens the meridional overturning circulation in

East Asian winter monsoon between the MCWP divergent

flow and the EA jet (e.g., Chang and Lau 1982; Chang et al.

2005). The anomalous southwesterly component of theMCWP

divergent flow supplies moisture to EA rainfall system as

shown in the moisture budget analysis shown in the next

subsection.

The composite fields for group 2 (Fig. 7b) show that the

zonally asymmetric rainfall dipole (strong positive anomaly

over east IO and weak negative anomaly over MCWP) is

FIG. 9. The horizontal fields of vertically integrated moisture budget: (a),(b) horizontal advection for SVD12 and SVD34 and (c),(d)

vertical advection for SVD12 and SVD34 (units are g kg21 day21). The positive values are shaded and also contoured.
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associated with cyclonic circulation over IO and anticyclonic

circulation over MCWP. The anomalous southwesterly com-

ponent of the MCWP divergent flow here is part of the forced

Rossby wave gyre in response to the MJO dipole heating.

Although the anomalous southwesterly wind in group 1

(Fig. 7a) and group 2 (Fig. 7b) are all associated with MCWP

divergent flow, our result suggests two mechanisms for the

MJO–EA rainfall relation. The dominant forcing for the EA

rainfall in group 1 is the suppressed convection in MCWP and

that in group 2 is convective heating in IO. Note that the ex-

tratropical anticyclonic circulation east of the EA box in both

groups is part of the quasigeostrophic responses along with the

EA ascending motion resulted primarily from the MCWP

cooling as supported by the modeling experiments in section 4.

We further classify days corresponding to PC2 , 21s

in SVD phase 1–4 (green shaded domain in Fig. 5b) into

four groups for the four intervals of PC1: less than 21s,

from 21s to 0, from 0 to 1s, and greater than 1s. The com-

posite fields of rainfall and 850-hPa wind are shown in Fig. 8.

The figure shows a systematic evolution of MJO convection

with the suppressed MCWP rainfall gradually diminishes and

IO rainfall gradually increases through the four temporal

groups. The overall evolution of tropical convection anomalies

signals the development of the IO–MCWP dipole and the

distinct low-level anticyclonic flow south of the EA rainfall

band. Note that the anticyclonic flow and the suppressed

convection over MCWP develops (in S1/S2) ahead of the IO

rainfall (in S3/S4), suggesting the suppressed MCWP convec-

tion as the cause of weakened winter monsoon, EA ascending

motion, and the associated meridional moisture advection in

the lower troposphere that all contribute to the EA rainfall

before the IO–MCWP heating-induced Rossby wave telecon-

nection becomes dominant.

d. Moisture budgets

The role of moisture supplies to the MJO has been empha-

sized by previous studies (e.g., Hsu and Li 2012; Tseng et al.

2015, and references therein). To show the contribution to the

EA rainfall by moisture transport in the SVD phase 1–2 versus

phase 3–4, we calculate the vertically integrated moisture

budget in the lower troposphere based on the following scale

separation of the moisture budget equation:

›
t
q52v � =q2v›

p
q2L21Q

2
. (1)

The budget equation can be written in terms of basic

and anomalous components (i.e., q5q1 q0, v5 v1 v0,
v5v1v0), and the difference of Eq. (1) and the time

mean of (1) gives

›
t
q0 52v0 � =q2 v � =q0 2 v0 � =q0 1 v0 � =q0 2v0›

p
q

2v›
p
q0 2v0›

p
q0 1v0›

p
q0 2L21(Q

2
2Q

2
) . (2)

Then the phase composite of (2) can be written as

›
t
~q0 52~v0 � =q2 v � = ~q0 2 gv0 � =q0 1 v0 � =q0 2 ~v0›

p
q

2v›
p
~q0 2 gv0›

p
q0 1v0›

p
q0 2L21(fQ

2
2Q

2
) . (3)

FIG. 10. As in Fig. 9, but for the dominant component: 2h~v0›pqi and 2h ~v0›pqi (g kg21 day21). The positive values are shaded and also

contoured.
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We calculate the vertically integrated anomalous budgets (3)

Hadv52h~v0 � =qi2 hv � =~q0i2 h gv0 � =q0i1 hv0 � =q0i , (4)

Vadv52h ~v0›
p
qi2 hv›

p
~q0i2 h gv0›

p
q0i1 hv0›

p
q0i , (5)

R52L21(hfQ
2
i2Q

2
) , (6)

where the angle brackets denote vertical integration through

four layers centered at 1000, 925, 850, and 700 hPa.

The composite budgets for the days corresponding to

PC2 , 21s in SVD phase 1–4 (green shaded domain in

Fig. 5b) in the two groups PC1 , 0 and PC1 . 0 are shown in

Fig. 9. In the group of SVD phase 1–2 (or simply SVD12), both

horizontal and vertical moisture advection (Hadv in Fig. 9a and

Vadv in Fig. 9c) showmoistening in the EA region (marked by

the rectangle) where enhanced rainfall consumes the moisture

source. The advective moistening (Fig. 9a) supports the pro-

cess by anomalous southwesterly component of the MCWP

divergent flow to transport the moist air from tropical warm

pool to EA region (Fig. 7a). The moisture budget for the group

of SVD phase 3–4 (or simply SVD34) in Figs. 9b and 9d

show similar features to that for SVD12, indicating the same

advective processes are working. We further examine each

component of the Hadv and Vadv in the scale separated bud-

gets in (4) and (5). The results show that 2h~v0 � =qi and

2h ~v0›pqi are the dominant budget terms as shown in Fig. 10 for

both SVD12 and SVD34. The overall distribution and magni-

tude of the budgets in Fig. 10 resemble those in Fig. 9, indicating

that Hadv and Vadv are contributed primarily by advection

of mean moisture field by intraseasonal flow 2h~v0 � =qi and

2h ~v0›pqi, respectively, for both SVD12 and SVD34.

A more quantitative comparison of the budgets in the EA

region (1108–1508E, 208–358N) is shown in Fig. 11. The budgets

in Figs. 10 and 11 show a near balance between the anomalous

advective moistening (of both the horizontal and vertical com-

ponents) and condensation drying in both groups, and that total

advectivemoistening in SVD12 (0.38 g kg21day21) is larger than

that in SVD34 (0.29 g kg21day21). The budget further shows

that the horizontal advection in SVD 12 (0.18 g kg21day21) is

larger than that in SVD 34 (0.09 g kg21day21), indicating a more

significant role of the horizontal moisture advection in SVD12

than that in SVD34.

4. Forced experiments by a linear baroclinic model

Previous studies have shown that the MJO-induced

teleconnection is dominated by linear dynamics (Mori

FIG. 11. The areal mean of vertically integrated moisture budget within the EA

region (1108–1508E, 208–358N) for SVD phase 1–2 and SVD phase 3–4. The budget

terms shown include the tendency, Hadv, Vadv, andR52L21(hfQ2i2Q2) (units are

g kg21 day21).
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and Watanabe 2008; Tseng et al. 2019). In this section, we

use the linear baroclinic model (LBM) by Watanabe and

Kimoto (2000) to examine the mechanisms of tropical–

extratropical teleconnections discussed in section 3c. The

model is constructed on primitive equations linearized about

prescribed basic states. The vertical and horizontal resolutions

of the model are 20 sigma levels and T42, respectively.

Rayleigh friction and Newtonian cooling are employed in the

model with an e-folding time of 20 days in most model layers

except the top two layers and the bottom three layers where

the e-folding time is 0.5 days. A fourth-order biharmonic

damping (=4) with an e-folding time of 2 h is applied to damp

the shortest wavenumber.

We perform experiments to simulate the phase-dependent

teleconnection responses similar to the approach in Tseng et al.

(2019). The model basic states are derived from the European

Centre for Medium-Range Weather Forecasts (ECMWF)

third-generation reanalysis product (ERA-Interim; Dee et al.

2011) by temporally averaging fields of variable during the

extended boreal winter (November to March) from 1979 to

2015. The daily mean apparent heat source Q1 defined by

Yanai et al. (1973)

Q
1
5 ›

t
s1 v � =s1v›

p
s (7)

defined by dry static energy (s 5 cpT 1 gz) is used to repre-

senting the MJO forcing. The term Q1 represents a collective

effect of radiative cooling and subgrid-scale processes

including condensation heating, evaporation, and eddy heat

flux convergence. The anomalous Q1 is derived by removing

the first three harmonics of the seasonal cycle.

We conduct three experiments to test the teleconnection

response to the variations of the MJO forcing. The first two

experiments use the composite Q0
1 5

fQ1 2Q1 correspond-

ing to SVD phase 1–2 and SVD phase 3–4, respectively. To

further examine the forced response to negative heating in

MCWP, we perform another experiment by imposing the

same composite Q0
1 as in SVD12 except within the area

1108–1608E with negative heating only (hereafter referred

to as MCWP). To ensure only tropical forcing is consid-

ered, only Q0
1 within 208S–208N is imposed in all three

experiments.

FIG. 12. (a)–(c) The horizontal distribution of vertically integrated Q0
1 and (d)–(f) the vertical–zonal distribution of latitudinally av-

eragedQ0
1 within 158S–158N for SVD12, MCWP, and SVD34, respectively. Units are K day21. Thin solid and dashed lines enclosing the

heating and cooling fields in (a)–(c) are 0.2 and 20.2 K day21 contours.

TABLE 2. Summary of the derivation of the MJO heating (Q0
1) and

the spatial distribution of Q0
1 imposed in the three experiments.

Expt ID

Composite Q0
1 in time

(imposed area)

Spatial distribution

of Q0
1

SVD12 MJO SVD phase 1–2, PC2 , 21s

(208S–208N)

Figs. 12a,d

SVD34 MJO SVD phase 3–4, PC2 , 21s

(208S–208N)

Figs. 12c,f

MCWP MJO SVD phase 1–2, PC2 , 21s

(208S–208N, 1108–1608E,
negative heating only)

Figs 12b,e
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The spatial distribution of Q0
1 imposed in the three exper-

iments is shown in Fig. 12 by the horizontal fields of vertically

integrated Q0
1 (Figs. 12a,b,c) and the vertical–zonal distribu-

tion of latitudinally averaged Q0
1 within the tropical belt

(158S–158N) (Figs. 12d,e,f). The vertically integrated Q0
1 for

SVD12 (Fig. 12a) and SVD34 (Fig. 12c) resembles the com-

posite GPCP rainfall anomalies in Figs. 7a and 7b as expected

because of the same days for theMJO composite. The vertical

distribution of Q0
1 for SVD12 and SVD34 (Figs. 12d,f) is

characterized by deep anomalous heating profiles with peak

values centered around the 300–400-hPa layer where maxi-

mum cooling and heating reach 21.5 and 1K day21, respec-

tively. The derivation of the heating (Q0
1) and the spatial

distribution of Q0
1 for the three experiments are summarized

in Table 2.

The LBM responses to the imposed tropical heating in the

three experiments show a general pattern of a fast growth rate

in the first pentad, a slower growth in the second pentad, and a

quasi-steady state in the third pentad. For brevity, we choose to

only show model responses at day 15 when the simulated fields

are representative of the responses in the third pentad. The

simulated horizontal winds and height fields at 900 and 230 hPa

and vertical p velocity at 550 hPa for the three experiments

SVD12, MCWP, and SVD34 are shown in Figs. 13, 14, and 15,

respectively. The overall responses in the three experiments

consist of the forced tropical wave signals within 208S and 208N

FIG. 13. Model simulated fields in SVD12 (a) horizontal wind (vectors), height (contour;

interval 10m), and velocity potential (shading) at 230 hPa, (b) vertical velocity at 550 hPa

(shading) along with Q0
1 5 0.2 and 20.2 K day21 contours (as in Fig. 8a), and (c) horizontal

wind (vectors), height (contour; interval 2m) at 900 hPa.
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and extratropical responses in the East Asian jet region (EAJ).

Here EAJ includes East Asia and western North Pacific. The

wave signals are the pairs of positive (negative) height anomalies

or anticyclonic (cyclonic) circulation associated with the MJO

cooling (heating) in the lower troposphere and the pairs of re-

versed circulation in the upper troposphere as labeled by letters

H and L for high and low centers in Figs. 13a,c, 14a,c, and 15a,c.

The extratropical responses in EAJ in the three experi-

ments all show a similar meridional overturning circulation

between MCWP and EAJ consisting of anomalous anticy-

clonic flow (positive height) over SCS–WP and the associated

southwesterly winds from Indo-China through Taiwan to

Japan in the lower troposphere (Figs. 13c, 14c, 15c) and re-

versed flow in the upper troposphere (Figs. 13a, 14a, 15a). Also

notable in the extratropical responses in EAJ are the anoma-

lous high in the northern Pacific centered at 458N, 1808 and the

anomalous low in mainland China through the troposphere. This

anomalous MCWP–EAJ teleconnection implies a weakened East

Asian winter monsoon circulation system consisting of the

Mongolian high, Aleutian low, East Asian jet, and northeasterly

wind. The EastAsianmonsoon andMCWP convection are known

to be closely coupled with each other (Chang and Lau 1982; Chang

et al. 2005). In this study, we show such a coupled variability as-

sociated with the MJO convection in MCWP. The weakened

winter monsoon develops along with ascending motion in

midtroposphere extending from southeast China to Japan

(Figs. 13b, 14b, 15b). The ascending motion is resulted pri-

marily from a strong advection of vorticity of the mean zonal

jet (2›2u/›2y) by the meridional thermal wind (›y0/›p) as

required in quasigeostrophic theory (Kim et al. 2006).

The LBM results support our interpretation of the obser-

vational analysis of the influence of the MJO induced cooling

FIG. 14. As in Fig. 13, but for MCWP.
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in MCWP on EA rainfall discussed in section 3c; that is, the

MCWP cooling weakens the meridional overturning in East

Asian winter monsoon, and the resultant ascending motion

along with the meridional moisture advection in EA all con-

tribute to enhanced rainfall. The model results further sug-

gest that the MCWP cooling induced weakened meridional

overturning circulation is a more direct cause of enhanced

rainfall in EA than the IO heating (or the IO–MCWP heating

dipole) induced Rossby wave teleconnection.

5. Summary and concluding remarks

Studies of the MJO influences on extratropical regions need to

analyze meridional interactions. The commonly used real-time

multivariate MJO (RMM) analysis of WH04 is based on a one-

dimensional index, because variables to define the index are

averaged latitudinally over the global tropical belt of 158S–158N. In
this study we performed an SVD analysis to define a two-

dimensional index to see if this may better describe the MJO

phase structure in isolating the MJO influences on East Asian

wintertime rainfall. In the SVD analysis we used the same OLR

and U850 and U200 data during 37 boreal winter seasons of

December–March as in theRMManalysis, except the wind data in

the SVD domain are expanded to 308N. The tropical convection

parameter represented by the OLR in the two analyses are

identical.

The two leading modes of the SVD analysis and the corre-

sponding PCs are used to define eight phases of the MJO. The

results show that
d SVD identifies the suppressed convection over the subtrop-

ical western North Pacific (Fig. 2f) as a critical signal that is

out of phase with the East Asian rainfall; and

FIG. 15. As in Fig. 13, but for SVD34.
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d the SVDcomposite of the evolution of EA rainfall anomalies

shows a more conspicuous and coherent variation through

the eight MJO phases, while the RMM composite is more

ambiguous.

The SVD reveals that the EA winter rainfall starts in

RMM P8, when convection over the Maritime Continent–

western Pacific region is suppressed. This starting time is

earlier than RMM phases P2–P3, which is characterized by

active convection in the IO as identified by previous studies

of MJO–EA winter rainfall relationship. Thus, it is possible

that two mechanisms are operating: a response to the

MCWP dominated heating and another response to the IO

dominated heating. The occurrence of the MCWP cooling

development leads that of the IO heating by at least one-

eighth of a cycle.

To verify the observational results and examine the mech-

anism involved, we carry out numerical experiments using a

global baroclinic model linearized about the winter mean

states to simulate forced responses to imposed MJO heating.

The model results show that enhanced EA rainfall starts in the

phase of suppressed convection over the Maritime Continent–

western Pacific region, earlier than the phase of Indian Ocean

convection. This suppressed convection and related low-level

divergence interact with the East Asian jet, which leads to an

overall weakened East Asian monsoon system. The associated

anomalous overturning circulation and low-level horizontal

moisture convergence are the mechanism for the enhanced

rainfall in EA. Thus, the MCWP cooling induced anomalous

meridional circulation is a more direct cause of enhanced EA

rainfall than the IO heating (or the IO–MCWP heating dipole)

induced Rossby wave teleconnection.
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