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ABSTRACT

The middle and lower reaches of the Yangtze River in eastern China during summer 2020 suffered the strongest mei-
yu  since  1961.  In  this  work,  we  comprehensively  analyzed  the  mechanism  of  the  extreme  mei-yu  season  in  2020,  with
focuses on the combined effects of the Madden-Julian Oscillation (MJO) and the cooperative influence of the Pacific and
Indian Oceans in 2020 and from a historical perspective. The prediction and predictability of the extreme mei-yu are further
investigated by assessing the performances of the climate model operational predictions and simulations.
　   It  is  noted  that  persistent  MJO  phases  1−2  during  June−July  2020  played  a  crucial  role  for  the  extreme  mei-yu  by
strengthening  the  western  Pacific  subtropical  high.  Both  the  development  of  La  Niña  conditions  and  sea  surface
temperature (SST) warming in the tropical Indian Ocean exerted important influences on the long-lived MJO phases 1−2 by
slowing down the eastward propagation of the MJO and activating convection related to the MJO over the tropical Indian
Ocean. The spatial distribution of the 2020 mei-yu can be qualitatively captured in model real-time forecasts with a one-month
lead.  This  can  be  attributed  to  the  contributions  of  both  the  tropical  Indian  Ocean  warming  and  La  Niña  development.
Nevertheless,  the  mei-yu  rainfall  amounts  are  seriously  underestimated.  Model  simulations  forced  with  observed  SST
suggest  that  internal  processes  of  the  atmosphere  play  a  more  important  role  than  boundary  forcing  (e.g.,  SST)  in  the
variability of mei-yu anomaly, implying a challenge in quantitatively predicting an extreme mei-yu season, like the one in 2020.
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Article Highlights:

•  Roles of MJO and the cooperative influence of the Pacific and Indian Oceans on 2020 extreme mei-yu are examined.
•  Persistent MJO phases 1−2 during June−July 2020 play a crucial role for the extreme mei-yu. Both the development of

La Niña and SST warming in the tropical Indian Ocean exerted important influences on the long-lived MJO phases 1−2.
•  The 2020 mei-yu can be qualitatively captured in model real-time forecasts  with short  leads,  which may be associated

with contributions of both the tropical Indian Ocean warming and La Niña development.
 

 
 

 

1.    Introduction

Mei-yu  is  a  specified  rainy  season  controlled  by  the

East Asian summer monsoon (Ding, 1994). It usually refers
to  the  continuous  rainfall  period  during  June−July  in  the
Yangtze River-Huaihe River Basin in China, South and Cent-
ral  Japan,  and  South  Korea.  It  is  also  called  Baiu  in  Japan
and Changma in South Korea (Ninomiya and Muraki, 1986;
Tao  and  Chen,  1987; Oh  et  al.,  1997; Ding  et  al.,  2007).
There are large interannual variabilities of both the duration
and the total rainfall amount of the mei-yu which often res-
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ults in droughts or floods in the Yangtze River Basin, seri-
ously  affecting  socio-economic  development  (Ding  et  al.,
2020).  In  the  early  summer  of  2020,  a  mei-yu  with
extremely  long  duration  and  super  strength  hit  the  middle
and lower reaches of the Yangtze River of China (MLRYR)
as well as Japan. According to Ding et al. (2021), the mei-
yu period and mei-yu amount in 2020 were the highest in his-
tory since 1961, ranking as the top extreme weather and cli-
mate  event  of  China.  The  frequent  devastating  floods
triggered by the extreme mei-yu greatly impacted social pro-
duction and daily life in East Asia, including China (Liu et
al.,  2021; Wang  et  al.,  2021)  and  Japan  (Takaya  et  al.,
2020).  Understanding  and  accurately  predicting  extreme
mei-yu in East Asia are urgently needed to facilitate timely
adaptation  for  reducing  damages  and  losses  (Liang  et  al.,
2019).

Among the impact factors, the El Niño/Southern Oscilla-
tion (ENSO) is one of the main signals affecting summer rain-
fall in East Asia (Wu et al., 2003; Ding, 2007; Wang et al.,
2009; Yamaura  and  Tomita,  2014).  ENSO-related  rainfall
modes explain near 40% variance of summer rainfall in East
Asia,  and  are  associated  with  both  ENSO decaying  phases
and developing phases (Wang et al., 2009). Also, there were
significant  differences  in  the  distribution  of  summer  rain-
fall anomalies in China under different flavors (East Pacific
or  Central  Pacific  types)  of  El  Niño  (Wu  et  al.,  2017).
ENSO  affects  summer  rainfall  anomalies  in  East  Asia
through  the  modulation  of  the  Western  Pacific  Subtropical
High (WPSH) (Wang et al., 2013, Zhang et al., 2017; Ding
et al., 2021). Moreover, the "Indian Ocean capacitor effect"
(Xie et al., 2009) represents the lag effect of ENSO on sum-
mer rainfall in East Asia via the Indian Ocean. The persist-
ent  warming  of  sea  surface  temperature  (SST)  in  the  trop-
ical  Indian  Ocean  after  El  Niño  triggers  a  Kelvin  wave  in
the troposphere and causes Ekman divergence over the trop-
ical  western  Pacific,  which  leads  to  the  variations  of  the
WPSH  and  the  atmospheric  circulations  in  eastern  Asia,
which  goes  on  to  affect  the  mei-yu  rain  belt  (Nitta,  1986;
Nitta and Hu, 1996). Meanwhile, a portion of the SST anom-
aly (SSTA) in the tropical Indian Ocean, which is independ-
ent of ENSO, may impact variations of mei-yu through the
modulation  of  the  WPSH  by  changing  the  contrast  of  the
east-west  SSTA  gradient  over  the  tropical  Indian-Pacific
Ocean  (Qian  and  Guan,  2019).  Nevertheless,  it  remains
unclear  as  to  whether  the  combined influences  of  the  trop-
ical  Indian  and  Pacific  Oceans  may  result  in  an  extreme
mei-yu. Moreover, in addition to the impacts in the tropics,
the  extreme  mei-yu  is  also  affected  by  the  cold  air  intru-
sions induced by blocking highs in the middle to high latit-
udes over Eurasia (Ding et al., 2021).

At intra-seasonal time scales, the Madden-Julian Oscilla-
tion (MJO) is the dominant variability in the tropics which
also  affects  the  eastern  Asian  summer  climate  variability.
The interannual  variability  of  MJO is  associated with vari-
ations  of  the  convection over  the  tropical  Indian and west-
ern  Pacific  Oceans  (Hendon  et  al.,  1999; Slingo  et  al.,

1999). The interannual variation of the convection may rely
on  the  SSTAs  in  both  the  tropical  Indian  and  Pacific
Oceans.  As  a  multi-timescale  phenomenon,  the  mei-yu  is
observed  with  significant  intra-seasonal  oscillations  (ISO)
that  are  connected  with  the  MJO  (Liang  and  Ding,  2012;
Ding  et  al.,  2020).  Recently,  the  roles  of  both  the  MJO
(Zhang et al., 2021b) and Indian Ocean conditions (Zhou et
al.,  2021)  have  been  respectively  indicated  in  the  extreme
mei-yu  over  the  Yangtze  River  in  2020.  Historically,  both
the  MJO  and  tropical  oceans  can  influence  climate  anom-
alies (NAS, 2016; Liang and Lin, 2018), however, the issue
is whether there are any connections between the MJO and
tropical oceans regarding their impacts on the extreme mei-
yu in 2020 from a historical perspective. Moreover, what is
the  prediction  skill  in  a  real-time  operational  model,  and
what  is  the  predictability  of  an  extreme  mei-yu?  It  is  of
great  interest  to  investigate  how  the  combined  effects  of
MJO  and  the  cooperative  influences  of  the  Pacific  and
Indian  Oceans  act  on  the  mei-yu  anomaly,  especially  the
extreme mei-yu in 2020. The prediction skill and predictabil-
ity of mei-yu may be attributed to the influences of the MJO
and the tropical Indian and Pacific Oceans.

In the present study, we examine the roles of MJO and
cooperative influences of the Pacific and Indian Oceans on
the  2020 extreme mei-yu Season in  MLRYR and illustrate
the predictability of the extreme mei-yu. The study focuses
on  the  following  three  topics:  (a)  the  2020  mei-yu  rainfall
anomalies  and  associated  circulation,  (b)  the  roles  of  the
MJO and the Pacific and Indian Oceans in the 2020 mei-yu,
and (c) the prediction skill and predictability of mei-yu. The
remainder of the paper is organized as follows. Various obser-
vational and reanalysis products, the forecast (hindcast) data
from CFSv2 (version 2 of Climate Forecast System) of the
National Centers for Environmental Prediction (NCEP) and
Atmospheric Model Intercomparison Project (AMIP) simula-
tions, as well as the methods employed, are described in sec-
tion  2.  The  anomalies  of  the  2020  mei-yu  and  the  associ-
ated background circulation are presented in section 3, and
the  impacts  of  MJO and  the  Pacific  and  Indian  Oceans  on
the extreme mei-yu are  discussed in section 4.  The predic-
tion  skill  assessment  and  the  predictability  evaluations  are
shown in section 5. Summary and discussion are given in sec-
tion 6. 

2.    Data, methods, and model setup

Daily atmospheric data with a 2.5° × 2.5° horizontal res-
olution  from  1979  to  2020  are  downloaded  from  NCEP-
National Center for Atmospheric Research (NCAR) Reana-
lysis (NCEP/NCAR) (Kalnay et al., 1996). Daily mean outgo-
ing longwave radiation (OLR) on a 2.5° × 2.5° horizontal res-
olution from the National Oceanic and Atmospheric Adminis-
tration  (NOAA)  (Liebmann  and  Smith,  1996)  is  used  as  a
proxy for atmospheric convection. The monthly Climate Pre-
diction  Center  (CPC)  Merged  Analysis  of  Precipitation
(CMAP)  data  on  a  2.5°  ×  2.5°  horizontal  resolution  in
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1979–2020 (Xie and Arkin, 1997) and daily CPC Global Uni-
fied Precipitation data  (Chen et  al.,  2008)  on a  0.5°  × 0.5°
horizontal resolution in 2020 (https://psl.noaa.gov/) are adop-
ted to investigate the seasonal anomaly and sub-seasonal vari-
ability of the mei-yu.

Monthly  mean  SSTs  are  obtained  from  the  Extended
Reconstructed SST V5 (ERSSTv5; Huang et al., 2017) on a
2°  ×  2°  horizontal  resolution  from 1979  to  2020.  The  sea-
sonal Niño-3.4 index is downloaded from the CPC (https://
origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ens
ostuff/ONI_v5.php).  Daily  real-time,  multivariate  MJO
indices  (RMM1  and  RMM2)  obtained  from http://www.
bom.gov.au/climate/mjo/are used for defining the phases of
the  MJO  (Wheeler  and  Hendon,  2004).  The  MJO  indices
were calculated as the principal component time series of a
pair  of  empirical  orthogonal  functions  of  the  combined
fields  of  near-equatorially  averaged  850  hPa  zonal  wind,
200 hPa zonal  wind,  and satellite-observed OLR data.  The
state of  the MJO can be conveniently diagnosed as a point
in the two-dimensional phase space with eight equal sectors
defined  by  the  Real-time  Multivariate  MJO  series  1  and  2
(RMM1  and  RMM2).  The  East  Asian  Subtropical  Mon-
soon Index (ESMI) is calculated as the anomaly of the differ-
ence of meridional moisture transport between South China
and  North  China  (Liang  et  al.,  2008).  Positive  (negative)
ESMI correspond to strong (weak) subtropical summer mon-
soons.  The ESMI is  significantly  correlated (exceeding the
0.01  significance  level)  with  summer  rainfall  over  the
MLRYR.  Specifically,  the  correlation  coefficient  between
ESMI  and  June−July  MLRYR  rainfall  is  0.62  during
1979–2018.

Ensemble  Empirical  Mode  Decomposition  (EEMD)  is
adopted  (Wu  and  Huang,  2009)  to  identify  the  contribu-
tions  of  different  timescales  to  the  extreme  mei-yu,  This
helps  to  resolve  the  low-frequency  components  based  on
daily rainfall  data over the mei-yu region. EEMD is adapt-
ive  and  derives  optimal  frequencies  for  decomposing  data
from the data itself, which provides a natural filter to separ-
ate  components  of  different  timescales  (Huang  and  Wu,
2008).  The  four  steps  included  in  the  EEMD  calculations
are as follows: (1) a noise series is added to the target data,
(2)  the  data  with  the  added  noise  is  decomposed  into
Intrinsic  Mode Functions (IMFs),  (3)  repeat  (1)  and (2)  by
using different noise series each time, and (4) the final res-
ult can be obtained as the ensemble means of the correspond-
ing IMFs of the decompositions.

Partial  correlation  (Saji  and  Yamagata,  2003)  is  also
adopted to exclude the possible influence of ENSO: 

pr1 =
ry1− ry2r12√

(1− r2
12)(1− r2

y2)
, (1)

pr1

ry1 ry2

where  is  the  correlation  between  SSTA  in  the  tropical
Indian Ocean and ESMI excluding the influence of ENSO,
r12 is  the  correlation  between  SSTA  in  the  tropical  Indian
Ocean  and  Niño-3.4  index,  or  is  the  correlation

between  SSTA  in  the  tropical  Indian  Ocean  and  ESMI  or
Niño-3.4 index, respectively.

Hindcasts  and  real-time  forecasts  in  1982–2020  are
from the NCEP CFSv2 (Xue et al., 2013; Saha et al., 2014).
CFSv2 is a fully coupled model representing the interaction
between the earth's atmosphere, oceans, land, and sea ice. It
has been operational at NCEP since March 2011, which has
been  used  for  operational  sub-seasonal  to  seasonal  predic-
tions. More detailed descriptions of this model can be found
in Saha et al. (2014) and Xue et al. (2013).

To  investigate  the  rainfall  response  to  SST,  experi-
ments from the AMIP with an atmospheric general circula-
tion model (AGCM) forced by observed global SSTs are ana-
lyzed.  The  AGCM  is  the  atmospheric  component  (Global
Forecast  System;  GFS)  of  the  NCEP  CFSv2  (Saha  et  al.,
2014).  The  integrations  are  from  January  1957  to  August
2020  and  have  17  ensemble  members  with  slightly  differ-
ent atmospheric initial conditions (Hu et al., 2017, 2020). 

3.    Mei-yu  rainfall  anomalies  and  associated
circulation

The  rainfall  and  its  anomaly  percentage  during
June−July 2020 are  shown in Figs.  1a, b.  A strong rainfall
belt covers the whole region from the Yangtze River Basin
to southern Japan. It is especially noteworthy that the aver-
age rainfall reaches 12 mm d-1 in MLRYR. The cumulative
rainfall  amount was above 700 mm during the mei-yu sea-
son  which  is  about  twice  the  climatology  of  1981–2010,
which  brought  devastating  floods.  In Fig.  1b,  the  rainfall
anomaly percentage is calculated as the percentage of rain-
fall  anomaly accounting for the 1981–2010 climatology by
the following formula: 

Pa =
P−Pc

Pc
×100% , (2)

where Pa denotes rainfall anomaly percentage, P and Pc rep-
resent  June−July  rainfall  amount  during  2020  and
1981–2010, respectively. From Fig. 1c, it is noted that in addi-
tion to higher frequency variations with time scales of about
two weeks (Liu et al., 2020; Ding et al., 2021), an intra-sea-
sonal oscillation (ISO; obtained by EEMD) with a period of
about  70  days  is  an  important  component  modulating  the
sub-seasonal  variation  of  the  mei-yu.  The  quasi-biweekly
oscillation (QBWO) can also modulate the heavy rainfall pro-
cess in the rainy season as was the case for the flood season
of 2020. As shown in Fig. 1c, the positive phase of the ISO
with  a  period  of  about  70  days  during  summer  correspon-
ded to the 2020 Yangtze mei-yu period. The QBWO of the
WPSH, the East Asian westerly jet, and the low-level south-
erly center  exerted important  influences on the heavy rain-
fall  processes  during  the  extended  mei-yu  period  (Ding  et
al., 2021). Further EEMD analysis (not shown) suggests the
ISO and QBWO components account for 11.9% and 10.7%,
respectively, of the total covariance of the daily rainfall dur-
ing  June−July.  As  suggested  by Zhang  et  al.  (2020),  the
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QBWO is an intrinsic mode of the atmosphere in boreal sum-
mer in the off-equatorial Indo–western Pacific region, while
the MJO is the most unstable mode in the equatorial region.
The  MJO  may  provide  a  favorable  background  for  the
QBWO  by  altering  the  mean  state  over  the  off-equatorial
western Pacific region.

The evolution of the SSTAs in the tropical central and
eastern  Pacific  suggest  a  transition  of  ENSO phase  from a
warm  condition  to  a  cold  condition  in  2020  (Figs.  2a–d).
The La Niña condition developed in the second half of 2020
(L’Heureux et al., 2021). Meanwhile, the SST over the trop-
ical  Indian  Ocean  has  been  persistently  warming  during
May–July 2020 (Zhang et al., 2021a). The atmospheric circu-
lation  anomalies  during  the  mei-yu  season  in  2020  (Fig.
2e–h) show that the WPSH is abnormally strong, with anomal-
ous  southwesterly  winds  transporting  abundant  moisture
from  the  western  Pacific  via  the  South  China  Sea  to  the
Yangtze River Basin. Meanwhile, under the influence of a per-
sistent  blocking  pattern  over  the  Ural  Mountains  and  the
Sea of Okhotsk (Ding et al., 2021), an intrusion of cold air
from  the  Kara  Sea  was  forced  southward  and  converged
with the warm and moist  air  transported by the anomalous
southwesterly  winds  to  the  south  of  the  Yangtze  River

Basin, leading to the strong mei-yu rainfall in 2020. 

4.    Roles  of  MJO  and  the  Pacific  and  Indian
Oceans

 

4.1.    MJO

The MJO exhibited distinct anomalous propagation dur-
ing  the  early  summer  of  2020.  As  shown  in Fig.  3a,  the
MJO slowly propagated eastward, which was in phase 1 at
the  end  of  May  2020.  During  the  whole  mei-yu  season
(June to July), the MJO was persistently active over the west-
ern hemisphere and the western Indian Ocean,  correspond-
ing  to  phases  1  and  2  of  MJO  (Fig.  3a).  Compared  with
their climatology in 1981–2010, the frequencies of phases 1
and  2  during  the  mei-yu  season  (June−July)  of  2020  were
about  two  times  greater  than  those  of  their  climatology
(Fig.  3b).  Meanwhile,  the  MJO is  also  associated  with  the
ESMI (Fig. 4). Consistent with Fig. 3, the ESMI was continu-
ously abnormally strong, mostly in phases 1 and 2 of MJO,
suggesting  that  phases  1  and  2  of  MJO  are  linked  with  a
strong Eastern Asian subtropical monsoon and mei-yu. The
composite of ESMI at eight phases of strong MJO with amp-

 

 

Fig. 1. (a) Spatial distribution of rainfall (units: mm d−1) and (b) rainfall anomaly percentage (units: %) in East Asia
during June−July 2020 (the rectangle represents the low and middle reaches of the Yangtze River) and (c) variation
of daily rainfall  (bars) and its  ISO component (curve) obtained by EEMD (units:  mm; solid and dashed horizontal
lines indicating seasonal mean of daily rainfall and its ISO component during May–September, respectively).
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litude larger than one, during the warm season (May–Octo-
ber)  of  1980–2019  (not  shown)  suggests  that  on  average,
the  ESMI  is  positive  in  phases  1−2  of  the  MJO.  The  rela-
tions  are  similar  for  June−July  of  2020,  implying  robust-
ness  of  the  relationship  between  ESMI  and  MJO  phases
1−2. The ESMI represents the moisture convergence associ-
ated  with  both  warm air  from southern  China  and  cold  air
from northern China, thus the circulation anomaly over both

south  and  north  of  the  MLRYR  is  associated  with  the
ESMI.  Taking  2010  as  an  example,  the  ESMI  is  negative
under frequent MJO phases 1−2 during June−July, which is
connected  with  the  more  southward  location  of  the  WPSH
and the horizontal  circulation anomaly over the East  Asian
westerly  region  (not  shown).  Corresponding  to  the  weak
ESMI,  a  weak  positive  rainfall  anomaly  took  place  in  the
MLRYR during June−July of 2010 (not shown).

 

 

Fig. 2. (a–d) Global SST (shading; units: °C), uv850 (vectors; units: m s−1), and (e–h) H500 anomalies (shading; units: gpm)
in (a, e) May, (b, f) June, (c, g) July, and (d, h) June−July 2020.

 

 

Fig. 3. (a) Daily variation of MJO phases during May-August in 2020 and (b) frequency of MJO phases 1−2 during
June−July 2020 (red bars) and their corresponding 1981−2010 climatology (blue bars) (units: days).
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To  further  understand  the  statistical  connection  of  the
MJO phases 1−2 with the mei-yu anomaly, Fig.  5 displays
the composites of the circulation anomalies in MJO phases
1−2  during  June−July  of  1979–2020.  In  MJO  phases  1−2,
strong positive geopotential height anomalies in the middle
troposphere  are  present  over  the  tropical  northwestern
Pacific, the South China Sea, the Bay of Bengal, and the Ara-
bian Sea consistent with an anomalously strong WPSH. The
resulting  circulation  brought  anomalously  abundant  mois-
ture into the MLRYR from the northwestern Pacific via the
South  China  Sea,  leading  to  anomalous  rainfall  over  the
MLRYR. The anomalous rainfall is mainly associated with
anomalous moisture transport from the northwestern Pacific
via  the  South  China  Sea.  By  taking  June−July  2020  as  an
example,  corresponding  to  the  frequent  MJO  phases  1−2,
the  anomalous  moisture  transported  by  the  southerly  wind
along  the  western  extent  of  the  WPSH  accounts  for  more
than 40% of  the  total  moisture  flux over  the  MLRYR (not
shown), which results in extreme mei-yu. This is consistent
with the statistical relation and with Liang et al. (2020). Mean-
while, the rainfall anomalies are amplified by the abnormal
moisture transport from the Bay of Bengal. The low-level cir-
culation anomaly during MJO phases 1−2 (Fig. 5) is similar
to  that  during  2020  mei-yu  (Fig.  2d)  along  the  tropical
Indian-Pacific Oceans and the subtropical areas of the Asian
continent.  Moreover,  from  a  long-term  statistical  perspect-
ive,  the  dominance  of  phases  1−2  in  the  2020  mei-yu,
shown  in Figs.  3, 4,  may  be  connected  with  the  develop-
ment  of  La  Niña  and  the  warming  in  the  tropical  Indian
Ocean in 2020. This will be discussed further in the upcom-
ing subsections. 

4.2.    Influences of La Niña development

During  2020,  ENSO  transitioned  from  a  warm  condi-
tion  to  a  cold  condition  with  a  La  Niña  emerging  in  the

second  half  of  2020  (L’Heureux  et  al.,  2021).  To  further
examine the impact of the developing phase of La Niña on
mei-yu, the frequencies of various MJO phases in June−July
of seven La Niña developing years during 1979–2020 are ana-
lyzed (Figs.  6, 7a, b).  It  can be  seen that  MJO phases  1−2
are  more  favorable  than  other  phases  (Fig.  6a)  under  La
Niña developing conditions  (Fig.  7a).  That  may imply that
during summers that feature a developing La Niña, the east-
ward  propagation  of  MJO  is  restricted,  resulting  in  long-
lived MJO phases 1−2 which favors abundant rainfall  over
the MLRYR (Fig. 5). This idea is consistent with Yoo et al.
(2010) who found that the MJO has different characteristics
in the different phases of the ENSO cycle. For example, the
eastward  propagation  of  MJO is  less  favorable  in  La  Niña
rather than in El Niño conditions.

 

 

Fig.  4.  Daily  values  of  ESMI  [units:  kg  (m  s)−1]  in  the  different  phases  of
MJO during June−July of 2020.

 

Fig. 5. Anomalous composites of H500 (contour; units: gpm),
rainfall (shading; units: mm d−1), and uv850 (vector; units: m s−1)
in MJO phases 1−2 during June−July of 1979–2020.
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The  occurrence  frequencies  of  MJO  phases  1  and  2
seem to be connected with the cooling tendency in the trop-
ical central and eastern Pacific from boreal winter (Decem-
ber–February,  DJF)  to  the  late  spring  and  early  summer
(April–June,  AMJ).  Historically,  on  the  other  hand,  the
SSTAs in the central-western tropical Pacific can be modu-
lated by MJO events that originated from the tropical Indian
Ocean  (Zhang  et  al.,  2021b). Figure  8 shows  the  interan-
nual  variations  of  the  cooling  tendency  and  frequencies  of
MJO  phases  1−2.  The  cooling  tendency  is  denoted  by  the
Niño-3.4  index  differences  between  AMJ  and  DJF.  There-
into, the cooling tendency occurs when the Niño-3.4 index dif-
ference is negative. The frequencies of MJO phases 1−2 in
June−July significantly correlate with the cooling tendency,
with a correlation coefficient of –0.47 (significant above the
0.01 confidence level). The above mentioned slower propaga-
tion  of  MJO  in  the  early  summer  of  La  Niña  developing
years  is  similar  to  that  which  occurs  in  winter  (Wei  and
Ren, 2019) and is also consistent with what is observed dur-
ing the weakening of the MJO over the western Pacific dur-
ing  decaying  phases  of  El  Niño  (Gushchina  and  Dewitte,
2012; Wang et al., 2018). 

4.3.    Influences of the tropical Indian Ocean

In addition to the impact of the developing phase of La
Niña,  the frequency increase of  MJO phases 1−2 may also
be amplified by other factors, such as the warming in the trop-
ical Indian Ocean (Fig. 7b). As shown in Figs. 7a and 7b, pro-
nounced warming over the tropical Indian Ocean is seen in
the early summer of both six historical La Niña developing
years  and  2020.  Statistically,  there  is  a  significant  correla-
tion of 0.41 between SSTAs averaged in the tropical Indian
Ocean  (60º–90ºE,  10ºS–10ºN)  in  May−June  and  the  ESMI
index in June−July (Fig. 9a), which exceeds the 0.01 signific-
ance  level.  By  excluding  the  possible  influence  dominated
by ENSO, represented by the May−June Niño-3.4 index, the
corresponding  partial  correlation  is  0.47,  slightly  higher
than without excluding ENSO influence. That may suggest
that  SSTAs  in  the  tropical  Indian  Ocean  are  an  important
factor  in  affecting  East  Asian  summer  climate  anomalies
through their influence upon the ESMI and WPSH (e.g., Hu
et al.,  2003). According to Takaya et al.  (2020), the Indian
Ocean warming condition may be traced back to the strong
Indian  Ocean  Dipole  (IOD)  episode  in  2019  through
oceanic dynamics and monsoon modulation.

 

 

Fig.  6.  (a)  Frequency  (days)  of  different  MJO  phases  during  June−July  of
seven  La  Niña  developing  years  and,  (b)  their  average  in  comparison  with
2020 and the 1981–2010 climatology.
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On the other hand, SST warming in the tropical Indian
Ocean can also be indirectly advantageous to abundant mei-
yu  by  increasing  MJO  phases  1−2.  As  shown  in Fig.  9b,
there  is  a  significant  correlation  (with  correlation  coeffi-
cient 0.43 above 0.01 confidence level)  between the SSTA
averaged in the tropical Indian Ocean in May−June with the

frequency  of  MJO phases  1−2  in  June−July.  By  excluding
the  influence  of  ENSO represented  by  the  Niño-3.4  index,
the corresponding partial correlation (with correlation coeffi-
cient 0.37) is still significant. Thus, in addition to the develop-
ment of La Niña, the warming in the tropical Indian Ocean
may contribute to the 2020 extreme mei-yu through its modu-

 

 

Fig.  7.  (a)  Composites  of  SSTA in  May−June  (units:  °C)  of  seven  La  Niña
developing  years,  (b)  SSTA  in  May−June  2020,  and  (c)  simultaneous
correlation  of  June−July  rainfall  anomaly  average  in  the  middle  and  lower
reaches  of  the  Yangtze  River  with  SSTA during  1981–2020.  Hatches  in  (a)
and (c) represent the significance at the level of 95% using a T-test.
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Fig. 8. Frequency of MJO phases 1−2 (bars, units: days) during June−July and Niño-
3.4  index  difference  between  April–June  and  preceding  December–February  in  La
Niña developing years (SSTA curve, units: °C).

 

 

Fig.  9.  (a)  ESMI  [units:  kg  (m  s)−1]  and  (b)  frequency  (days)  of  MJO  phases  1−2
(bars) in June−July. The curve in (a, b) denotes SSTA averaged in the tropical Indian
Ocean in May−June (units: °C).
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lation of the WPSH and consequent anchoring of the MJO
(phases  1−2)  in  the  tropical  Indian  Ocean.  This  is  consist-
ent  with Yuan  et  al.  (2014) which  suggested  the  850  hPa
anomalous  easterlies  over  the  equatorial  central  Indian
Ocean in association with a  positive IOD can act  as  a  bar-
rier  to  the  continuously  eastward  propagation  of  the
intraseasonal  convection,  which  interrupts  MJO  propaga-
tion  in  the  eastern  equatorial  Indian  Ocean  and  western
Pacific. Nevertheless, in addition to the impacts that ENSO
and Indian Ocean SSTs have on the MJO, it should be poin-
ted  out  that,  historically,  the  SSTAs  in  the  central-western
tropical  Pacific  and  tropical  Indian  Oceans  can  be  modu-
lated by MJO events (Zhang et al., 2021b). Moreover, consid-
ering that the “moisture mode” hypothesis is a recently adop-
ted  plausible  mechanism  for  MJO  propagation  (e.g., Kim,
2017), the thermodynamical processes may contribute to the
MJO propagation  and  persistency  during  the  2020  mei-yu,
which deserves further study.

To quantitatively estimate the influences of the Pacific
and Indian Oceans on the MJO, binary linear regressions of
SSTA  tendency  in  the  tropical  central  and  eastern  Pacific

from  DJF  to  AMJ  and  the  tropical  Indian  Ocean  SSTA  in
May−June onto the frequencies of MJO phases 1−2 during
June−July  are  calculated.  The  linear  regression  reconstruc-
ted frequency of MJO phases 1−2 from June to July 2020 is
29,  higher  than  the  1981–2010  climatological  frequency
(20),  indicating  that  the  cooperative  influences  of  the
Pacific and Indian Oceans are favorable for the 1−2 phases
of MJO. Collectively, these may be the main sources of pre-
dictability and prediction skills for the mei-yu in 2020. 

5.    Prediction and Predictability

The ensemble mean of 80 members of CFSv2 real-time
forecasts predicted an overall above normal rainfall over east-
ern  China,  especially  along  the  Yangtze  River  (Fig.  10).
Compared with the observations (Fig. 1a), the rainfall anom-
alies over the MLRYR in June−July are quantitatively cap-
tured  with  1-and  3-month  lead  forecasts  initialized  on  1
May  and  1  March  respectively,  although  the  amplitude  is
underestimated  (Fig.  10).  It  is  argued  that  the  2020  flood-
ing mei-yu can be quantitatively predicted with a lead time
of  a  few  months,  but  the  magnitude  of  the  rainfall  anom-
alies  is  unable  to  be  captured  due  to  the  influence  of  the
internal  dynamics-driven  variability.  The  spatial  distribu-
tion of 2020 mei-yu rainfall can be forecasted in the opera-
tional  CFSv2  model  with  a  1-month  lead,  which  may  be
linked  to  the  well-forecasted  SSTAs  over  the  Pacific  and
Indian Oceans. However, since the prediction of the persist-
ency  and  propagation  of  the  MJO  is  still  a  challenge,  the
mei-yu rainfall amounts are seriously underestimated in the
model, which deserves further study.

To understand the sources of the forecast  skill  of  mei-
yu  rainfall  in  CFSv2,  the  correlation  of  June−July  rainfall
anomalies in the MLRYR with the SSTAs of CFSv2 hind-
casts during 1982–2018 at 1- and 3-month leads are shown
in Fig. 11. For the 1-month lead (Fig. 11a), the overall correla-
tion pattern is  similar  to the SSTA distribution in the trop-
ical Indian and western Pacific Oceans as shown in Fig. 3.
However,  in  addition  to  spatial  distribution  disagreement
between Figs.  7 and 11 in  the  tropical  Indian  and  western
Pacific Oceans, the negative correlations in the tropical cent-
ral and eastern Pacific in the 1-month lead become positive
in  the  3-month  lead.  This  implies  that  the  connections  of
mei-yu  anomalies  with  SSTAs  in  the  tropical  Indian  and
Pacific  Oceans  are  only  partially  captured  in  CFSv2.  That
may be one of the reasons that explain why the 2020 Meiyu
rainfall anomaly is only quantitatively captured with underes-
timated amplitude in CFSv2.

In fact, in addition to the biases in capturing the connec-
tion  of  mei-yu  rainfall  with  SSTAs  in  the  tropical  Indian
and  Pacific  Oceans,  the  internal  dynamics-driven  variabil-
ity  may be an important  factor  resulting in  the low predic-
tion  skill,  which  is  evident  in  AMIP  simulations.  AMIP
model simulations are a reasonable approach to estimate the
impact of SST on climate variability and the potential for cli-
mate prediction (Peng et al., 2000). Figure 12a shows the sim-
ultaneous  correlations  of  the  June−July  rainfall  anomaly

 

Fig.  10.  Rainfall  anomalies  of  the  ensemble  mean  of  80
members  of  CFSv2  real-time  forecasts  in  June−July  2020  in
(a) 1-month and (b) 3-month leads. The unit is mm d−1.
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over  the  MLRYR  with  SSTAs  of  a  17-member  ensemble
mean  of  the  AMIP  simulations.  The  similarity  between
Fig.  7c and Figs.  11 and 12 implies that  both the real-time
forecast in CFSv2 and the AMIP simulation capture the con-
nection between rainfall and the MJO with a 1-month lead.
Both  significantly  positive  and  negative  correlations  are
present over the tropical Indian and western Pacific Oceans,
and the tropical  central  and eastern Pacific  Ocean,  respect-
ively. This is similar to that in the observations (Fig. 7) and
confirms  that  the  connection  of  SSTAs  over  the  tropical
Indian and Pacific Oceans with the mei-yu rainfall variabil-
ity.

To further  assess  the  predictability  of  the  mei-yu rain-
fall anomaly, the signal-to-noise ratio (SNR) of mei-yu rain-
fall  anomalies  in  June−July  in  the  AMIP  simulations  is
shown in Fig. 12b. The signal is referred to as the standard
deviation  of  the  ensemble  mean  anomaly  of  17  members,
which represents the response to SSTA. While the noise is

defined as the standard deviation of the departure of each of
the  17  members  from  the  ensemble  mean  and  it  is  mainly
associated with the variability driven by the internal dynam-
ical  processes.  The  SNR  is  about  30%  over  the  MLRYR.
This  suggests  that  at  sub-seasonal  and  inter-seasonal  time
scales, the atmospheric internal processes (which is less pre-
dictable  or  unpredictable)  play  a  more  important  role  than
the  boundary  forcing  (such  as  SSTA in  the  tropical  Indian
and Pacific Oceans which is largely predictable) in the variab-
ility  of  mei-yu  rainfall  anomaly  (e.g., Liang  et  al.,  2019).
This may be the primary mechanism responsible for the under-
estimation  of  the  2020 extreme mei-yu  rainfall  in  the  real-
time forecasts of CFSv2. 

6.    Summary and discussion

The strongest mei-yu since 1961, with a long duration,
hit  the  MLRYR in  the  early  summer  (June−July)  of  2020,

 

 

Fig. 11. Simultaneous correlation of June−July rainfall anomaly in the middle
and  lower  reaches  of  the  Yangtze  River  (the  red  rectangle  in  (a),
28.75°–32.75°N, 112.75°–121.25°E) with SSTAs of CFSv2 forecasts during
January  1982–December  2018  in  (a)  1-month  and  (b)  3-month  leads.  The
hatches denote the significance at the level of 95% using a T-test.
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causing  serious  floods  and  great  property  damage.  In  this
work, the role of the MJO and the cooperative influence of
the Pacific and Indian Oceans on the 2020 extreme mei-yu
are  examined.  The  prediction  and  predictability  of  the
extreme  mei-yu  are  further  investigated  by  using  both  cli-
mate model forecasts and simulations.

During the 2020 mei-yu season, a strong WPSH and per-
sistent  blocking  type  circulation  over  the  Ural  Mountains

and the Sea of Okhotsk contributed to persistent moisture con-
vergence. Warm moist air transported by low-level southwest-
erly wind anomalies converged with cold air intrusions over
the Yangtze River Basin, leading to the extreme mei-yu rain-
fall.  The strengthening of the WPSH is associated with the
development  of  La  Niña  and  the  warming  in  the  tropical
Indian  Ocean,  which  play  an  anchoring  role  to  keep  the
MJO nearly phase locked in the tropical Indian Ocean. Dur-

 

 

Fig. 12. (a) Simultaneous correlation of June−July rainfall anomaly averaged
in  the  middle  and  lower  reaches  of  the  Yangtze  River  with  SSTA  of  the
ensemble  mean  of  17-members  of  the  AMIP  simulations  during  January
1957–December 2018. (b) The signal-to-noise ratio of the rainfall anomalies
of the AMIP simulations during January 1957–December 2018. The signal is
referred  to  as  the  standard  deviation  of  the  ensemble  mean  anomaly  of  17
members, and the noise is defined as the standard deviation of the departure
of  each  of  the  17  members  from  the  ensemble  mean.  The  hatches  in  (a)
denote the significance at the level of 95% using a T-test.
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ing June−July 2020, the daily frequency of MJO phases 1−2
is  two  times  greater  than  climatology  which  contributes  to
an anomalously strong WPSH and the corresponding abund-
ant  moisture  transports  to  the  mei-yu region.  The  develop-
ment  of  La  Niña  slows  down  the  eastward  propagation  of
the MJO and leads to the long-lived MJO phases 1−2. In addi-
tion to the direct enhancement of East Asian subtropical mon-
soon, the warming in the tropical Indian Ocean may also be
indirectly advantageous to the abundant mei-yu by increas-
ing  the  frequency  of  MJO  phases  1−2.  The  MJO  directly
induced  the  extreme  mei-yu  in  2020,  which  is  consistent
with Zhang et al. (2021b). The cooperative influences of the
Pacific  and  Indian  Oceans  on  the  persistent  MJO  phases
1−2  are  proposed  through  analyzing  the  historical  data  in
1979–2020. Therefore, besides the seasonal circulation back-
ground, the Pacific and Indian Oceans may indirectly affect
the  mei-yu  by  impacting  the  persistence  of  MJO  phases
1−2.

The  2020  mei-yu  rainfall  anomalies  can  be  quantitat-
ively captured in the ensemble mean of the CFSv2 real-time
forecast  at  lead  times  of  a  few  months.  However,  the
extreme amount of 2020 mei-yu rainfall is seriously underes-
timated in the forecasts. This may be associated with phys-
ical processes that the model is unable to reproduce regard-
ing the connections of mei-yu rainfall  with the warming in
the  tropical  Indian  Ocean  and  La  Niña  development  and
MJO activity. It has previously been reported that the skill-
ful MJO predictions are attainable at lead times of approxim-
ately 3–4 weeks (Wang et al., 2014; Lim et al., 2018). Aside
from the poor prediction of the tropical SSTAs with a two-
month lead in CFSv2, the skillful prediction of MJO shorter
than  one  month  may  also  contribute  to  the  low  prediction
skill in CFSv2 beyond a one-month lead. The MJO predic-
tion  skills  are  affected  by  both  the  MJO  amplitude  and
phase  errors,  with  the  latter  becoming  more  important  at
longer  lead  forecasts  (Lim  et  al.,  2018).  Thus,  the  predic-
tion  skill  of  the  MJO  during  the  extreme  mei-yu  may  be
reduced due to prediction errors of the anomalously persist-
ent  MJO phases  1−2,  which  further  impacts  the  prediction
of  mei-yu  rainfall.  More  importantly,  the  AMIP  simula-
tions suggest that atmospheric internal processes may play a
more  important  role  than  the  boundary  forcing  (such  as
SSTA in the tropical Indian and Pacific Oceans) in the variab-
ility of mei-yu rainfall anomaly, which implies coherent low
predictability  for  rainfall  over  the  extratropical  land  areas,
as discussed in Liang et al. (2019) and Hu et al. (2020).
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