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Different Impacts of Madden—Julian Oscillation on Winter Rainfall over Southern China
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ABSTRACT

Winter rainfall over southern China is usually enhanced when Madden—Julian oscillation (MJO) is active over the
Indian Ocean, but it can be weakened under certain conditions. Here, the diversity of MJO impacts on winter rainfall
and its mechanisms are explored by using scenarios of enhanced and suppressed rainfall anomalies over southern
China when MJO is active over the Indian Ocean. The combined effects of low-frequency background moisture and
intraseasonal winds are the major contributors to the different rainfall anomalies. Anomalous circulation in mid—high
latitudes, especially on intraseasonal timescales, is almost opposite in the two scenarios, which can modulate the re-
sponse of extratropical atmosphere to MJO heating and then induces the different circulations over southern China. In
the enhanced scenario, mid—high latitudes of Eurasia and southern China are dominated by positive and negative sea
level pressure anomalies, respectively. The southerly over southern China and the South China Sea induced by MJO
heating promotes the anomalous moisture convergence and ascending motion over southern China, resulting in the
enhanced rainfall. In the suppressed scenario, however, the circulation in mid-high latitudes does not favor rainfall
over southern China and leads to the northerly response to MJO heating over southern China, which enhances mois-
ture divergence and weakens rainfall over southern China.
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1. Introduction

Madden—Julian oscillation (MJO; Madden and Julian,
1971, 1972) is a planetary-scale variability in the tropical
atmosphere that propagates eastward from the Indian
Ocean to the central Pacific. The eastward speed and
period of MJO are approximately 5 m s and 30-90
days, respectively. As the dominant component of in-
traseasonal variability in the tropical atmosphere, the im-
pacts of MJO on weather and climate systems can ex-
tend from the tropics to the extratropics (Zhang, 2013; Li
C.Y.etal,2014; LiT. et al., 2020). Rainfall in many re-
gions around the world shows substantial variation on in-
traseasonal timescale corresponding to the location of
MJO convection during its eastward propagation (Zhang

et al., 2009; Liu and Yang, 2010; Jia et al., 2011). The
onset and withdrawal of the South China Sea (SCS) sum-
mer monsoon are closely related to active and sup-
pressed MJO convection over the equatorial Indian
Ocean and SCS (Wang et al., 2018; Hu et al., 2020a, b).
MIJO activities over the western Pacific can also modu-
late the evolution of El Nifio events (Hendon et al., 2007,
Chen et al., 2016).

The winter rainfall belt in eastern China is over the
Yangtze River basin during MJO convection over the In-
dian Ocean, and migrates towards South China when
MJO convection enters the central Pacific (Liu and Yang,
2010). Active MJO convection over the Indian Ocean
would favor a wet period over East Asia (Jeong et al.,
2008; Kim et al., 2020) and southern China (Yuan and
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Yang, 2010; Jia et al., 2011), while active MJO convec-
tion over the western Pacific would result in a dry period
there. The amplitude of rainfall over southern China is
twice as large as the winter mean when MJO is over the
Indian Ocean (Jia et al., 2011). The impacts of MJO on
rainfall are confined to the south of the Yangtze River in
winter, while they can extend into larger southern re-
gions and the Tibetan Plateau in summer (Ren and Shen,
2016). Summer rainfall over southeastern China in-
creases by 15% when MJO is active over the Maritime
Continent and decreases by 13% when MJO is active
over the western Pacific (Zhang et al., 2009). Wang et al.
(2017) found that the boreal summer intraseasonal oscil-
lation (BSISO) also contributed to the interdecadal in-
creases of rainfall over southern China around 1992/
1993. In spring and pre-flood season (April-June), rain-
fall over South China and Yangtze River basin also
shows systematic changes associated with the eastward
propagation of MJO (Zhang et al., 2011; Bai et al,
2013). A recent study has indicated that MJO can modu-
late the intraseasonal variations of the diurnal cycle of
coastal rainfall over South China (Chen et al., 2019).

MJO can modulate the occurrence probability of ex-
treme rainfall in China (Hsu et al., 2016; Ren et al.,
2018). The occurrence probability of 90th extreme sum-
mer rainfall increases over the Yangtze River basin with
a magnitude of more than 40%, but decreases over South
China when BSISO is over the eastern Indian Ocean
(Ren et al., 2018). The occurrence probability of ex-
treme winter rainfall events over southern China in-
creases by 30%—-50% relative to the winter mean when
MIJO is over the Indian Ocean, while it drops by
20%—40% when MJO enters the Pacific (Ren and Ren,
2017). MJO’s influence on extreme rainfall is related to
its amplitude: a stronger MJO tends to exert greater influ-
ences (Xavier et al., 2014).

MJO can also impact the persistent rainfall events in
China. Persistent activity of MJO over the Indian Ocean
was crucial to the continuous blizzard in January 2008
and November 2009 via regulating the continuous and
vigorous moisture transport (Wu et al., 2009; Jia and Li-
ang, 2013). In 1996, wet phase locking of the in-
traseasonal oscillation (ISO) and quasi-biweekly oscilla-
tion resulted in a prolonged wet episode from late June to
mid-July (Li et al., 2015). The activity of three MJO
episodes in summer 2016 was responsible for the in-
traseasonal variation of rainfall over the Yangtze River
basin and North China (Shao et al., 2018).

The main ways in which MJO modulates rainfall in
China are by regulating vertical motion and moisture
transport (Zhang et al., 2009; Liu and Yang, 2010; Jia et
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al., 2011; Ren and Shen, 2016), summarized as the re-
mote and local dynamical mechanisms by Zhang et al.
(2009). Anomalous vertical motion over the Maritime
Continent and western Pacific related to MJO can induce
an anomalous local Hadley circulation over East Asia
and lead to anomalous vertical motion and moisture
transport in China (Zhang et al., 2009; He et al., 2011; Jia
et al., 2011). MJO can also be considered as a diabatic
heating source in the tropical atmosphere, which will in-
duce a Gill-pattern anomalous circulation and influence
the rainfall in China through the associated Rossby and
Kelvin wave components (Zhang et al., 2009; Liu and
Yang, 2010; He et al., 2011).

The influence of MJO over the Indian Ocean on
winter rainfall in China is more prominent than its other
phases (Jia et al., 2011; Chen et al., 2020a). Figure 1
shows the intraseasonal rainfall over southern China as a
function of the amplitude of MJO over the Indian Ocean.
It clearly shows that the positive rainfall anomaly has a
greater chance of occurring when MJO convection is
over the Indian Ocean, especially for the stronger MJO
activity. However, quite a lot of days with strong negat-
ive rainfall anomaly are also noticed when enhanced
MJO activity is over the Indian Ocean. This result may
suggest that the impacts of MJO on the winter rainfall
over southern China could be modulated by other cli-
mate systems. On interannual timescale, the impacts of
MIJO are modulated by some low-frequency climate sys-
tems (Chen et al., 2020b). Kim et al. (2020) found that
rainfall anomalies induced by MJO over southern China
and Japan are approximately 40% stronger in the east-
erly phase of quasi-biennial oscillation (QBO) than in its
westerly phase. Significantly enhanced rainfall is ob-
served over southern China when MJO convection is
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Fig. 1. Scatterplot of the intraseasonal rainfall anomaly (mm day ')
and standardized Madden—Julian oscillation (MJO) outgoing long-
wave radiation (OLR) index for the 68 MJO cases. Blue and red indic-
ate the selected enhanced and suppressed scenarios, respectively. Stars
are the mean for both scenarios.
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over the Indian Ocean in El Nifio winter, but in La Nifia
winter, it only occurs in Zhejiang Province and adjacent
areas (Chen et al., 2020a). However, if we consider the
individual MJO events over the Indian Ocean rather than
the seasonal mean, rainfall anomaly over southern China
when MJO is over the Indian Ocean is not closely re-
lated to the phases of QBO or El Nifio-Southern Oscilla-
tion (ENSO). Why could the impacts of moderate MJO
on winter rainfall over southern China be different, and
what regulates the impacts of individual MJO events? In
this paper, we will explore the variations of the impacts
of MJO on winter rainfall over southern China when
MIJO convection is over the Indian Ocean, and examine
the reasons for these variations. The remainder of this pa-
per is organized as follows. Section 2 briefly describes
the data and methods. The variations of impacts of MJO
on winter rainfall over southern China are presented in
Section 3, and their causes are investigated in Section 4
through the analysis of anomalous large-scale atmospheric
circulation, moisture transport, and influences of circula-
tion in mid-high latitudes. Finally, the conclusions and
discussion are provided in Section 5.

2. Data and methods

Daily rainfall data from more than 2000 stations in the
Chinese mainland were collected and compiled by the
National Meteorological Information Center of the China
Meteorological Administration. Daily sea level pressure
(SLP), three-dimensional winds, and specific humidity at
different pressure levels with a horizontal resolution of
1.5° x 1.5° were taken from the ECMWF Reanalysis
(ERA)-Interim global atmospheric reanalysis datasets
produced by the ECMWF (Dee et al., 2011). Daily out-
going longwave radiation (OLR) data with a 2.5° x 2.5°
horizontal resolution came from NOAA (Liebmann and
Smith, 1996). All the datasets cover the period from 1
January 1979 to 31 December 2017. For all datasets,
their climatology and long-time linear trend were firstly
removed, and the MJO and ISO signals were obtained by
using a 30-90-day Lanczos bandpass filter (Duchon,
1979; Chen et al., 2016). Only the MJO events in boreal
winter (November—March) when its amplitude is larger
than one standard deviation (Kim et al., 2014; Feng et al.,
2015) are diagnosed in this study.

The index of MJO activity over the Indian Ocean is
defined in terms of the intraseasonal OLR averaged over
10°S—10°N, 65°-95°E. An active MJO event over the In-
dian Ocean is identified if the index is lower than one
standard deviation for at least five consecutive days; day
0 is the day with maximum amplitude. In this way, 68
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MIJO cases were identified. The intraseasonal rainfall an-
omalies over southern China (21°-31°N, 110°-122°E) on
day 0 for each MJO case are shown in Fig. 1. The results
suggest that anomalous rainfall over southern China is
positive for those strong MJO cases with maximum in-
dex exceeding 2.5 standard deviations, while the occur-
rence probability of negative rainfall anomalies over
southern China is more than a third for the MJO cases
whose maximum index is lower than that. To investigate
the reasons for the different impacts of MJO with moder-
ate amplitude over the Indian Ocean on winter rainfall
over southern China, these MJO cases are classified into
two scenarios. In one scenario, winter rainfall over south-
ern China is enhanced when MJO is active over the Indian
Ocean (refer to as the enhanced scenario), while in the
other scenario, the rainfall is suppressed (refer to as the
suppressed scenario; selected scenarios are listed in
Table 1 and marked by blue and red in Fig. 1).

3. Characteristics of rainfall anomalies over
southern China

Figure 2a shows the composite index of MJO activity
for both scenarios. This indicates that significant MJO
activity over the Indian Ocean is persistent from days
—10 to 10 for both scenarios and there is no significant
difference between them. Composite daily rainfall anom-
aly and its intraseasonal component averaged over south-
ern China for the two scenarios are shown in Figs. 2b, c,
respectively. Daily rainfall exhibits strong variability
during both scenarios and is also characterized by notice-
able features of intraseasonal oscillation. Anomalous in-
traseasonal rainfall can persist for about 20 days from
days —10 to 10, which coincides with the variations of
MJO activity over the Indian Ocean (Fig. 2a). The intens-
ity of positive rainfall anomalies in the enhanced scen-
ario is significantly stronger than that for the negative
rainfall anomalies in the suppressed scenario.

Figure 3 displays the composite anomalous in-

Table 1. Day 0 for both rainfall anomaly scenarios

No. Enhanced (yyyy-mm-dd) Suppressed
1 1986-03-17 1980-01-09
2 1990-02-26 1984-11-24
3 1991-12-25 1985-11-06
4 1996-03-25 1994-11-19
5 2006-01-12 2001-11-13
6 2008-02-01 2002-11-12
7 2009-11-07 2010-11-25
8 2012-03-04 2010-12-31
9 2012-12-28 2014-12-23
10 2013-02-12 2015-02-06
11 2016-11-23 2017-03-01
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Fig. 2. Composite daily anomalies of (a) MJO OLR (W m2) aver-
aged over the Indian Ocean (10°S—10°N, 65°-95°E), (b) total rainfall,
and (c) intraseasonal rainfall averaged over southern China (mm day )
for the enhanced (red line) and suppressed (blue line) scenarios. Dots
and gray shading indicate that the results for composites and their dif-
ference are significant at the 90% confidence level, respectively.

traseasonal rainfall on day 0 for the two scenarios. Signi-
ficant rainfall anomalies for both are located mainly over
southern China (Jiangxi, Fujian, and Zhejiang provinces).
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The maximum amplitude of rainfall anomalies exceeds 2
mm day ' for both scenarios, which is almost the same as
the rainfall climatology when MJO convection is over
the Indian Ocean (Jia et al., 2011; Chen et al., 2020a).
The intensity of positive rainfall anomalies in the en-
hanced scenario is slightly greater than that for the negat-
ive rainfall anomalies in the suppressed scenario. The
difference in intraseasonal rainfall between these two
scenarios also reveals that active MJO over the Indian
Ocean could result in significantly different rainfall over
southern China (Fig. 3c).

The above results indicate that rainfall anomalies over
southern China differ significantly between the two scen-
arios. However, there are not significant differences in
the intensity of MJO activity over the Indian Ocean
(Figs. 1, 2a). What causes the different rainfall anom-
alies over southern China when MJO is active over the
Indian Ocean? In the following sections, we will explore
this question from the perspective of large-scale atmo-
spheric circulation, moisture transport, and influences of
circulation in mid-high latitudes.

4. Causes of different rainfall anomalies

4.1 Features of large-scale atmospheric circulation

Figure 4 shows composite anomalous circulation at
850 hPa and SLP on day O for both scenarios. Anomal-
ous circulation for both scenarios is quite similar in the
tropics. Anomalous easterlies prevail from the central Pa-
cific to the eastern Indian Ocean and anomalous wester-
lies are located over the western equatorial Indian Ocean.
However, anomalous circulation in the extratropics dif-
fers significantly between scenarios. There is strong an-
omalous southwesterlies over the SCS in the enhanced
scenario, which results in the convergence over southern

40N 40N 40N
30N 30N 30N
20N 20N 20N
100E 100E 100E
—4 -2 0 2 4

Fig. 3. Composite anomalous intraseasonal rainfall (mm day™!) for the (a) enhanced and (b) suppressed scenarios, and (c) their differences over
China on day 0. The results significant at the 90% confidence level are stippled.
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Fig. 4. Composite anomalous intraseasonal sea level pressure (SLP)
(color; hPa) and winds at 850 hPa (vector; m s ') on day 0 for the (a)
enhanced and (b) suppressed scenarios. Results significant at the 90%
confidence level are stippled for SLP and marked in black for vectors.

China and favors rainfall (Fig. 4a). However, in the sup-
pressed scenario, southern China is dominated by an an-
omalous northerly and positive SLP (Fig. 4b). Mean-
while, anomalous positive SLP and anticyclonic circula-
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tion dominate most parts of mid-high latitude Eurasian
regions in the enhanced scenario (Fig. 4a), and these
same regions are controlled by anomalous negative SLP
and cyclonic circulation in the suppressed scenario (Fig.
4b).

Composite anomalous meridional—vertical circulation
averaged over 110°-120°E shows that vertical circula-
tion also differs noticeably between the two scenarios
(Fig. 5). In the enhanced scenario, a distinct local anom-
alous Hadley circulation over East Asia is identified with
a strong anomalous ascending motion over eastern China
and an anomalous descending motion in the tropics near
10°N. The vertical motion can extend from the lower tro-
posphere to the upper troposphere. The southerly from
the tropics and the northerly from the middle latitudes
below 850 hPa merge over southern China, which con-
tributes to the convergence and ascending motion there
(Fig. 5a). In the suppressed scenario, the descending mo-
tion in the tropics is not noticeable and the equatorial re-
gion is dominated by an ascending motion. Over south-
ern China, an anomalous descending motion and north-
erly prevail in the whole troposphere. Unlike the en-
hanced scenario, there is no local anomalous Hadley cir-
culation over East Asia in the suppressed scenario.

The quasi-geostrophic vertical motion is controlled by
the vertical derivation of horizontal advection of geo-
strophic vorticity, the horizontal Laplacian of thermal ad-
vection, and diabatic heating (Jeong et al., 2008). The
warm (cold) thermal advection and diabatic heating
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Fig. 5. Composite anomalous intraseasonal meridional-vertical circulation (vector; horizontal: m s!, vertical: Pa s~

I; vertical velocity multi-

plied by 500) and vertical velocity (color; 1072 Pa s™!) averaged over 110°~120°E on day 0 for the (a) enhanced and (b) suppressed scenarios.
Results significant at the 90% confidence level are stippled for vertical velocity and marked in black for vectors.
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(cooling) will induce the anomalous ascending (descend-
ing) motion. The anomalous vertical motion, thermal ad-
vection, and diabatic heating at 500 hPa averaged over
southern China for the two scenarios are shown in
Table 2. The warm (cold) thermal advection of low-fre-
quency background air temperature by the anomalous
southerly (northerly) and the diabatic heating (cooling)
over southern China induced by MJO forcing will lead to
the ascending (descending) motion there in the enhanced
(suppressed) scenario.

4.2 Moisture transport

Composite anomalous moisture flux and its diver-
gence integrated from 1000 to 500 hPa for the two differ-
ent scenarios are shown in Fig. 6. Southwest flow can
transport moisture from the tropical Indian Ocean, SCS,
and western Pacific into the Chinese mainland, and lead
to moisture convergence over southern China in the en-
hanced scenario (Fig. 6a). However, in the suppressed
scenario, an anomalous northeasterly over southern
China leads to significant moisture divergence there

Table 2. Anomalous intraseasonal vertical motion, thermal advec-
tion, and diabatic heating at 500 hPa averaged over southern China for
the two scenarios

Scenario Omega Thermal advection  Diabatic heating
(102 Pas™) (10°K s (10K s

Enhanced -4.0 -1.36 9.71

Suppressed 1.5 0.84 -2.83

40N -
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30N 3

(b)

60E 90E

Fig. 6. Composite vertical integrated (from 1000 to 500 hPa) anomal-
ous intraseasonal moisture flux (vector; 10~ kg m™' s™') and its diver-
gence (color; 107® kg m™ s7!) on day 0 for the (a) enhanced and (b)
suppressed scenarios. Results significant at the 90% confidence level
are stippled for divergence and marked in black for moisture flux.
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(Fig. 6b).
Moisture flux divergence is composed of zonal mois-

ture convergence and advection, and meridional mois-

ture convergence and advection, which can be written as

(Chen et al., 2020a, b):

ﬁ_q v Oq

Mgiy = A5, Tias +q6_y Va—y,

(D
where ¢, u, and v represent the specific humidity, zonal
velocity, and meridional velocity, respectively; My, is
the moisture flux divergence. The four terms on the
right-hand side of Eq. (1) are (from left to right) zonal
moisture convergence, zonal moisture advection, meridi-
onal moisture convergence, and meridional moisture ad-
vection, respectively. Diagnoses of moisture flux diver-
gence indicate that anomalous moisture flux divergence
is mainly attributed to the meridional moisture conver-
gence in the enhanced scenario (Fig. 7). However, zonal
moisture convergence, and meridional moisture conver-
gence and advection make similar contribution to the
moisture flux divergence in the suppressed scenario.
Zonal moisture advection hinders the moisture flux con-
vergence (divergence) in the enhanced (suppressed)
scenario.

The specific humidity and zonal and meridional velo-
city can be further decomposed into three components
according to their timescales, the high-frequency (with a
period < 30 days) component, intraseasonal (MJO/ISO;
30-90 days) component, and low-frequency background
state (LFBS; with a period > 90 days) component follow-
ing Chen et al. (2016, 2020a, b):

g=q"+q +q u=u"+u' +a, v=v"+vV+9, (2
where the asterisk, prime, and overbar denote the high-
frequency, MJO/ISO, and LFBS components, respect-

ively. Thus, the four terms on the right-hand side of Eq.
(1) can be further written as:

B Enhanced
I Suppressed

o

u 0 v
Mg, - ust 95 v,

ox ax
Fig. 7. Composite vertical integral (from 1000 to 500 hPa; 107 kg
m2 s1) of individual terms in Eq. (1) averaged over 21°-31°N,
110°-120°E on day O for the enhanced (red) and suppressed (blue)
scenarios.
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scenario, which mainly stems from the LFBS moisture
convergence caused by intraseasonal meridional wind
(Fig. 8c). Meridional moisture divergence is very weak
in the suppressed scenario (Fig. 7), which is dominated
by the high-frequency meridional wind and moisture
(Fig. 8c). Meridional moisture advection also contributes
to the moisture convergence (divergence) in the en-
hanced (suppressed) scenario (Fig. 7), which is mainly
induced by the LFBS moisture advection caused by in-
traseasonal meridional wind (Fig. 8d). Therefore, the
combination of moisture and circulation on different
timescales, especially on the LFBS and intraseasonal
timescales, leads to the differing moisture flux diver-
gence over southern China.

4.3 Influences of mid—high latitude circulation

Anomalous intraseasonal circulation plays an import-
ant role in the anomalous moisture flux divergence in
both scenarios. What induces their differing features of
intraseasonal wind? MJO can be considered as a diabatic
heating source in the tropical atmosphere, which will in-
fluence the rainfall over China via forcing anomalous cir-
culation and vertical motion (Liu and Yang, 2010; He et

Fig. 8. Composite vertical integral (from 1000 to 500 hPa; 10°% kg

m2 s™") of individual terms in the scale decomposition equations for

(a) zonal moisture convergence, (b) zonal moisture advection, (c) me-
ridional moisture convergence, and (d) meridional moisture advection
averaged over 21°-31°N, 110°-120°E on day 0 for the enhanced (red)
and suppressed (blue) scenarios.

al., 2011). Figure 9 shows the composite intraseasonal
streamfunction and rotational winds at 850 hPa on day 0
for both scenarios. The responses of atmospheric circula-
tion to MJO heating in the enhanced scenario are consist-
ent with the theoretical result of Gill (1980). Westerly is
located to the west of MJO heating and two cyclonic cir-
culation gyres straddle it, which can be considered as the
Rossby wave gyres. Equatorial Kelvin wave can also be
found to the east of MJO heating. The easterly is located
to the east of MJO heating and two anticyclonic circula-
tion gyres straddle it. Southern China lies between the
cyclonic and anticyclonic circulations, and the south-
westerly can convey robust moisture towards China and
lead to moisture convergence there, which favors rainfall
over southern China (Liu and Yang, 2010; He et al.,
2011). However, the Rossby wave response is not prom-
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Fig. 9. Composite anomalous intraseasonal streamfunction (color; 10°
m? s7!) and rotational winds at 850 hPa (vector; m s™') on day 0 for the
(a) enhanced and (b) suppressed scenarios. Results significant at the
90% confidence level are stippled for streamfunction and marked in
black for rotational winds.

inent in the suppressed scenario (Fig. 9b). The cyclonic
circulation to the north of the equator is very weak and
cannot influence rainfall over China. Southern China is
controlled by the anticyclonic circulation and positive
streamfunction anomalies, which results in the anomal-
ous northerly flow and moisture divergence over the re-
gion.

Different responses of atmospheric circulation over
southern China to MJO heating may be attributed to the
different circulation over mid-high latitude Eurasia, be-
cause the influences of MJO on the extratropics are regu-
lated by the extratropical background flow (Bao and
Hartmann, 2014; Lin and Brunet, 2018; Zheng and
Chang, 2020). Composites of intraseasonal circulation
and SLP on day —10 are shown in Fig. 10. Some anomal-
ous circulation features similar to those on day 0 can be
observed on day —10 when MJO convection is just occur-
ring over the Indian Ocean, such as the negative SLP an-
omalies over southern China and positive SLP anom-
alies over the Ural region in the enhanced scenario, and
the positive SLP anomalies over southern China and neg-
ative SLP anomalies over the Novaya Zemlya region in
the suppressed scenario. Figure 11a displays the evolu-
tion of intraseasonal SLP averaged over southern China,
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Fig. 10. As in Fig. 4, but for day —10.

which is leading the variation of rainfall anomalies over
southern China and MJO activity over the Indian Ocean
about five days. Intraseasonal SLP over southern China
is not significant after day 2. Rainfall and moisture con-
vergence anomalies over southern China are almost in-
phase with MJO activity over the Indian Ocean (Figs. 2,
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Fig. 11. As in Fig. 2c, but for the intraseasonal (a) SLP (hPa) and (b)
moisture flux divergence (10°® kg m™ s!) averaged over southern
China.
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11b). Therefore, we speculate that the variation of rain-
fall over southern China is mainly controlled by the cir-
culation related to MJO. Different background states
over the mid-high latitudes could lead to the different
distributions of MJO-related circulation even though the
intensity of MJO convection is the same. Different circu-
lation induced by MJO will therefore lead to the differ-
ent rainfall over southern China when MJO is active over
the Indian Ocean.

5. Conclusions and discussion

MIJO has significant influences on winter rainfall over
southern China and is a major source of predictability for
the intraseasonal rainfall over the region. In general, rain-
fall over southern China is enhanced when MJO is act-
ive over the Indian Ocean. However, the impacts of MJO
with moderate amplitude on winter rainfall over south-
ern China could be different due to other factors. Based
on diagnoses of rainfall, circulation, moisture transport,
and the effects of mid-high latitude circulation, this pa-
per explored the different impacts of MJO over the Indian
Ocean on winter rainfall over southern China.

While the strongest MJO convection over the Indian
Ocean can induce positive rainfall anomalies over south-
ern China, more than one-third moderate MJO convec-
tion over the Indian Ocean is corresponding to the negat-
ive rainfall anomalies over southern China. Two differ-
ent scenarios of rainfall anomalies over southern China
when moderate MJO is active over the Indian Ocean
were identified. Rainfall over southern China is signific-
antly enhanced (weakened) in enhanced (suppressed)
scenario. The center of anomalous rainfall is mainly loc-
ated in Jiangxi, Fujian, and Zhejiang provinces for both
scenarios. The maximum amplitude of rainfall anom-
alies exceeds 2 mm day ' for both scenarios, which is al-
most the same as the rainfall climatology when MJO is
active over the Indian Ocean. Rainfall anomalies are
closely linked to the anomalous circulation and moisture
transport. In the enhanced scenario, mid-high latitude
Eurasia is dominated by anomalous anticyclonic circula-
tion and positive SLP, and the southern China is con-
trolled by negative SLP anomalies. In the suppressed
scenario, positive SLP anomalies are located over south-
ern China and mid-high latitude Eurasia is dominated by
anomalous cyclonic circulation and negative SLP. An-
omalous circulation can modulate the circulation and
convergence over southern China. More importantly,
they lead to the different responses of atmospheric circu-
lation to the MJO heating. Anomalous southwesterly
over the SCS forced by MJO heating can transport ro-
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bust moisture from the tropics into the Chinese mainland
and promote the anomalous ascending motion there in
the enhanced scenario. In the suppressed scenario,
however, MJO forces an anomalous northeasterly over
southern China and the SCS, which induces the moisture
divergence over southern China and weakens rainfall
there. The combined effects of moisture and circulation
on different timescales, especially on the LFBS and in-
traseasonal timescales, lead to the different moisture flux
divergence between these two scenarios. Moisture con-
vergence in the enhanced scenario is dominated by meri-
dional moisture convergence, especially the LFBS mois-
ture convergence caused by intraseasonal meridional
wind. Zonal moisture divergence, and meridional mois-
ture divergence and advection make a similar contribu-
tion to the moisture divergence in the suppressed scen-
ario, and they are mainly attributed to the LFBS mois-
ture divergence caused by intraseasonal zonal wind,
high-frequency moisture divergence caused by high-fre-
quency meridional wind, and the LFBS moisture advec-
tion caused by intraseasonal meridional wind, respect-
ively.

Do the different impacts of MJO on rainfall over
southern China stem from the differences in MJO itself?
If we consider MJO as a heating forcing of atmosphere, it
will induce similar circulation anomalies under the same
background flow for the MJO events with the same amp-
litude. Only the MJO itself cannot show distinct di-
versity of impacts on winter rainfall over southern China.
For strong MJO events, its induced circulation anom-
alies are too strong to be modulated by the background
flow, and they will enhance the rainfall over southern
China. However, for moderate MJO events with compar-
able amplitude, their induced circulation could be modu-
lated by the background flow and lead to the different
rainfall anomalies over southern China. As can be seen in
Fig. 9, the Rossby and Kelvin gyres of the MJO differ
noticeably between the two scenarios, which may be due
to the different circulation patterns over the mid—high lat-
itudes. The anomalous circulation over East Asia, which
directly modulates the rainfall over southern China, is
due to the combined effects of the circulation over
mid-high latitudes and the modulated MJO circulation.
In addition, the anomalous circulation over East Asia
may contribute to the differences in the suppressed con-
vection over the western Pacific between the two scenarios
and also regulate MJO propagation (Chen et al., 2017).
More numerical experiments to confirm this conclusion
will be carried out in further studies.

The LFBS can modulate the impacts of MJO on
weather and climate systems (Chen et al., 2020a; Kim et
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al., 2020). The background circulation is similar between
the two scenarios (not shown), but the intraseasonal cir-
culation differs significantly (Figs. 4, 10). Therefore, the
intraseasonal circulation can also regulate the response of
atmosphere to MJO heating, and this should be con-
sidered when forecasting MJO activity and its influences.
What controls the intraseasonal circulation variability
over mid-high latitude regions of Eurasia merits further
study.
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