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ABSTRACT

Record-breaking heavy and persistent precipitation occurred over the Yangtze River Valley (YRV) in June-July (JJ)
2020.  An  observational  data  analysis  has  indicated  that  the  strong  and  persistent  rainfall  arose  from  the  confluence  of
southerly wind anomalies to the south associated with an extremely strong anomalous anticyclone over the western North
Pacific (WNPAC) and northeasterly anomalies to the north associated with a high-pressure anomaly over Northeast Asia. A
further observational and modeling study has shown that the extremely strong WNPAC was caused by both La Niña-like
SST anomaly (SSTA) forcing in the equatorial Pacific and warm SSTA forcing in the tropical Indian Ocean (IO). Different
from conventional central Pacific (CP) El Niños that decay slowly, a CP El Niño in early 2020 decayed quickly and became
a La Niña by early summer. This quick transition had a critical impact on the WNPAC. Meanwhile, an unusually large area
of SST warming occurred in the tropical IO because a moderate interannual SSTA over the IO associated with the CP El
Niño was superposed by an interdecadal/long-term trend component. Numerical sensitivity experiments have demonstrated
that  both the heating anomaly in the IO and the heating anomaly in the tropical  Pacific  contributed to the formation and
maintenance of the WNPAC. The persistent high-pressure anomaly in Northeast Asia was part of a stationary Rossby wave
train  in  the  midlatitudes,  driven  by  combined  heating  anomalies  over  India,  the  tropical  eastern  Pacific,  and  the  tropical
Atlantic.
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Article Highlights:

•  The  Yangtze  River  Valley  experienced  record-breaking  strong  and  persistent  rainfall  in  June-July  2020  due  to  the
confrontation  of  a  strong  anomalous  anticyclone  over  the  western  North  Pacific  to  the  south  and  cold/dry  advection
induced by anomalous northeasterly to the north.

•  The extremely strong anomalous anticyclone over the western North Pacific resulted from a combined effect of a quick
El Niño to La Niña phase transition and strong Indian Ocean warming.

•  The unusual Indian Ocean warming was a result of superposition of an interannual and an interdecadal/long-term trend
component.

•  The  persistent  northeasterly  anomaly  in  Northeast  Asia  was  part  of  a  zonally  oriented  Rossby  wave  train,  forced  by
heating anomalies over India, the eastern Pacific, and the Atlantic.
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1.    Introduction

The most important precipitation system over East Asia
in  boreal  summer  is  the  mei-yu  front,  which  is  character-
ized by a zonally oriented rainband structure along approxim-
ately  30°N,  extending  from  the  upper  reach  of  Yangtze
River  Valley  (YRV)  to  southern  Japan.  Climatologically,
the mei-yu rainband occurs in the middle of  June and then
moves northward. However, mei-yu rainfall amount and dura-
tion  experience  great  year-to-year  variations.  For  example,
the  YRV  experienced  a  devastating  flood  in  1998,  which
caused enormous economic losses and significant human casu-
alties. Since then, various studies have been devoted to under-
standing the factors that contribute to YRV precipitation vari-
abilities  (e.g., Wang  et  al.,  2000; Chang  et  al.,  2000a, b;
Nan  and  Li,  2005; Chen  and  Zhai,  2016; Yang  and  Li,
2016; Li et al., 2017; Zhang et al., 2017; Wei et al., 2019).

It  has  been  shown  that  as  the  most  important  interan-
nual  mode,  ENSO  can  exert  a  great  impact  on  global  cli-
mate  (Wallace  and  Gutzler,  1981; Alexander  et  al.,  2002).
While the impact on midlatitudes during ENSO mature win-
ters  is  primarily  through the  Pacific-North  America  (PNA)
pattern, Indian monsoon precipitation is influenced through
suppressed anomalous heating over the Maritime Continent
during the El Niño developing summer, and East Asia precip-
itation  is  influenced  through  an  anomalous  anticyclone  in
the  western  North  Pacific  (WNPAC)  during  the  El  Niño
decaying summer (Wang et al., 2003; Li and Wang, 2005).
The maintenance of  the WNPAC results  from local  air-sea
interaction  in  the  western  North  Pacific  (WNP)  (Wang  et
al.,  2000, 2002; Wu  et  al.,  2010)  or  remote  Indian  Ocean
(IO)  forcing  during  the  El  Niño  decaying  summer  (Xie  et
al.,  2009; Wu et  al.,  2010).  Remote IO forcing can drive a
warm equatorial Kelvin wave to its east with easterly wind
anomalies,  inducing  surface  divergence  and  suppressing
deep  convection  in  the  subtropical  WNP,  thus  forming  the
WNPAC. This process is called the IO capacitor effect (Xie
et  al.,  2009). Wu  et  al.  (2010) further  confirmed  that  both
the local cold sea surface temperature anomalies (SSTAs) in
the  WNP  and  the  remote  SSTA  forcing  in  the  tropical  IO
are  important  in  maintaining  the  WNPAC. Chen  et  al.
(2016) showed  that  during  a  rapid  El  Niño-La  Niña  trans-
ition, central-eastern Pacific cooling plays an important role
in maintaining the WNPAC. Various theories have been pro-
posed  to  explain  the  formation  and  maintenance  of  the
WNPAC (see Li et  al.,  2017 for a thorough review on this
topic).  A  suppressed  heating  anomaly  associated  with  the
WNPAC  may  strengthen  mei-yu  rainfall  through  anomal-
ous moisture transport (Chang et al.,  2000a), forming a so-
called  Pacific–Japan  (PJ)  pattern  (Nitta,  1987; Kosaka  and
Nakamura,  2006)  or  East  Asia–Pacific  (EAP)  pattern
(Huang and Li, 1988).

Note that the ENSO–East Asian rainfall relationship is
unstable,  and  the  diversity  of  ENSO  intensity,  evolution,
and type can lead to different East Asian summer rainfall char-
acteristics (Yuan and Yang, 2012; Wang et al., 2017a). This
relationship  is  also  modulated  by  the  zonal  shifting  of  the

WNPAC (Piao et al., 2020), periodicity of the PJ pattern inter-
annual  variability  (Chen  and  Zhou,  2014),  the  summer
mean state, and the teleconnection pattern excited by Indian
summer  rainfall  (Wang  et  al.,  2017a).  East  Asian  subtrop-
ical  frontal  rainfall  is  sensitive  to  the  strength and location
of  the  western  Pacific  subtropical  high  (WPSH),  which  is
largely  determined  by  the  local  atmosphere–ocean  interac-
tion (Wang et al., 2017a). Some studies have further shown
that  the  origins  and  predictabilities  of  East  Asia  rainfall  in
early  summer  and  late  summer  are  obviously  different
(Wang et al., 2009; Xing et al., 2016, 2017).

Besides tropical forcing, East Asian climate can also be
influenced by midlatitude circulation changes. For example,
a  circumglobal  teleconnection  (CGT)  pattern  has  been
observed during midlatitude northern hemispheric summer,
and  it  exerts  a  great  impact  on  rainfall  and  temperature  in
East Asia (Ding and Wang, 2005). The CGT pattern may be
triggered by heating anomalies over the Indian summer mon-
soon,  ENSO  forcing  (Ding  and  Wang,  2005; Ding  et  al.,
2011), and the convection patterns near the northern Indian
Ocean  (Chen  and  Huang,  2012)  and  the  eastern  Mediter-
ranean  (Yasui  and  Watanabe,  2010).  The  CGT pattern  has
also  been  observed  on  the  interdecadal  timescale  and  is
likely a dominant interdecadal mode in boreal summer over
the Northern Hemisphere, possibly triggered by the Atlantic
Multidecadal Oscillation (Lin et al., 2016; Wu et al., 2016).
Over  the Eurasian Continent  sector,  the  CGT pattern over-
laps with a so-called Silk Road Pattern (SRP) (Enomoto et
al., 2003; Lu et al., 2002), which extends along the summer
westerly jet (40°N) from central Asia to East Asia, and this
exerts great impacts on East Asian climate during early and
late  summer  (Hong  et  al.,  2018). Chen  and  Huang  (2012)
pointed out that the CGT could be considered as the interan-
nual  component  of  the  SRP.  Previous  studies  have  shown
that  the  SRP could  be  excited  by  Indian  summer  monsoon
heating  (Wu,  2002; Enomoto  et  al.,  2003; Enomoto,  2004;
Liu  and  Ding,  2008)  and  northern  Indian  Ocean  heating
(Chen and Huang, 2012). Other studies have suggested that
the SRP may be an internal atmospheric mode (Sato and Taka-
hashi,  2006; Kosaka  et  al.,  2009; Yasui  and  Watanabe,
2010; Chen et al., 2013).

Historically,  extreme  summer  precipitation  over  the
YRV  (such  as  that  in  1983,  1998,  and  2016)  has  always
happened  during  the  decaying  summer  of  super  eastern
Pacific (EP) El Niño events. Surprisingly, the YRV rainfall
in June-July 2020 was record-breaking, exceeding total rain-
fall amounts in 1983, 1998, and 2016, even though a moder-
ate CP type El Niño occurred in the preceding winter. What
caused the extreme rainfall over the YRV in summer 2020?
The present study aims to answer this question.

The objective of the present study is to reveal the funda-
mental  cause  of  the  extreme  precipitation  over  the  YRV.
Observational  data  analysis  and  idealized  numerical  model
experiments are carried out to address the aforementioned sci-
entific  question.  The  remaining  paper  is  organized  as  fol-
lows.  The  data,  method,  and  model  are  introduced  in  sec-
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tion 2. In section 3, we describe the observational characterist-
ics of key atmospheric circulation anomalies in the tropical
and  midlatitudes  associated  with  the  June-July  2020
extreme rainfall anomaly. Specific processes through which
tropical and midlatitude circulation anomalies form are dis-
cussed in sections 4 and 5, respectively. Finally, the conclu-
sion and discussion are given in section 6. 

2.    Data, method, and model

The  observational  datasets  used  in  the  present  study
include monthly Extended Reconstructed SST analyses ver-
sion 5 (ERSST.v5) at a 2º × 2º horizontal resolution (Huang
et al., 2017) and monthly atmospheric temperature, geopoten-
tial  height,  specific  humidity,  and  wind  fields  from
European  Center  for  Medium-Range  Weather  Forecasts
(ECMWF)  Re-Analysis  5  (ERA5; Hersbach  et  al.,  2019)
with a horizontal resolution of 0.25º × 0.25º. To reduce the
uncertainity of the precipitation data, the ensemble mean of
the precipitation derived from National Oceanic and Atmo-
spheric  Administration (NOAA) Climate  Prediction Center
Merged Analysis of Precipitation (CMAP) (Xie and Arkin,
1997) and Global Precipitation Climatology Project (GPCP)
Version  2.3  Combined  Precipitation  Dataset  (Adler  et  al.,
2003)  is  applied.  All  the  datasets  cover  the  period  of
1979–2020  and  are  interpolated  into  1º  ×  1º  resolution  via
bilinear  interpolation.  The  anomaly  fields  in  June-July  (JJ)
each  year  are  obtained  based  on  the  42-yr  (1979–2020)
climatology.

To  separate  the  interannual  and  interdecadal  compon-
ents, the 42-yr anomaly time series is subject to a 13-yr run-
ning  mean  to  extract  its  interdecadal/trend  component.  An
interannual  component  is  then  obtained  by  subtracting  the
interdecadal/trend component from the original 42-yr anom-
aly time series. Considering the missing values on both ends
of  the  time  series,  two  filtering  methods  are  employed.  In
Method  1,  13  points  are  used  for  a  running  average  in  the
middle  of  the  time series,  while  less  points  are  used at  the
starting and ending portions of the time series. In Method 2,

only the point and its preceding 6 points are used from the
7th point to the ending point (Hsu et al., 2015; Zhu and Li,
2015) to extract the 13-yr running mean.

MSE =CpT +gz+Lvq

Cp = 1004 J kg−1 K−1

g = 9.8 m s−2

Lv = 2.5×106 J kg−1

The moist static energy (MSE) is calculated to describe
potential atmospheric convective instability. It is defined as
the  linear  function  of  atmospheric  temperature,  moisture,
and  geopotential  height  (Neelin  and  Held,  1987; Wang  et
al., 2017b). , where T, z, and q repres-
ent  temperature,  height,  and  specific  humidity,

 denotes  the  specific  heat  at  constant
pressure,  is the gravitational acceleration, and

 represents  the  latent  heat  of  vaporiza-
tion.

×

An atmospheric general circulation model, ECHAM ver-
sion  4.6  (ECHAM4.6),  that  was  developed  at  the  Max-
Plank  Institute  for  Meteorology  (Roeckner  et  al.,  1996)  is
applied in the present study to investigate the relative roles
of tropical heating anomalies in causing atmospheric circula-
tion responses. The model is run with a 2.8° 2.8° (T42) hori-
zontal  resolution and 19 vertical  levels (from surface to 10
hPa) in a hybrid sigma pressure coordinate system. In the con-
trol (CTRL) experiment, the model is forced by a monthly cli-
matological SST field for 30 years. In the sensitivity (SEN)
experiments,  an  anomalous  heating  field  resembling  the
observed  precipitation  anomaly  in  a  particular  region  is
added in the model while the monthly climatological global
SST is  specified. Table 1 lists  the experiments  we conduct
using  ECHAM4.6.  For  the  detailed  experiment  design,  the
readers  are  referred  to  sections  4  and  5.  The  difference
between the SEN and CTRL experiments (using SEN minus
CTRL) is regarded as the atmospheric response to the spe-
cified atmospheric heating. This model was previously used
to study many climate related research topics such as the trop-
ics–midlatitude  atmospheric  teleconnections  (Zhu  et  al.,
2014; Zhu and Li,  2017; Jiang and Li,  2019), the Madden-
Julian  Oscillation  process  (Wang  et  al.,  2017b),  and  atmo-
sphere–land surface interaction (Alessandri et al., 2007).

The heating specified in the model experiments is trans-
ferred  from precipitation  anomaly  according to  the  follow-

Table 1.   List of numerical experiments conducted with ECHAM4.6.

Experiments Description

CTRL Forced by global climatological SST
EXP_All Forced by global climatological SST plus an additional positive diabatic heating anomaly over the Indian Ocean

(20°S–25°N, 40°–135°E) and a negative diabatic heating anomaly over the tropical Pacific (10°S–15°N,
135°E–100°W)

EXP_IO Forced by global climatological SST plus an additional positive diabatic heating anomaly over the Indian Ocean
(20°S–25°N, 40°–135°E)

EXP_TP Forced by global climatological SST plus an additional negative diabatic heating anomaly over the tropical Pacific
(10°S–15°N, 135°E–100°W)

EXP_IM Forced by global climatological SST plus an additional positive diabatic heating anomaly over the Indian monsoon region
(8º–25ºN, 60º–85ºE)

EXP_TA Forced by global climatological SST plus an additional positive diabatic heating anomaly over the tropical Atlantic
(0º–15ºN, 60º–10ºW)

EXP_EP Forced by global climatological SST plus an additional positive diabatic heating anomaly over the eastern Pacific
(5º–15ºN, 180º–100ºW)
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ing equation: 

Q̇ =
preLv
ρCpH

, (1)

Q̇ pre
Lv = 2.5×106 J kg−1 Cp = 1004 J kg−1 K−1

ρ = 1.2 kg m−3

H = 8000 m
1 kg m−2 s−1

0.26 K s−1 1 kg m−2 s−1 = 1 mm s−1

1 mm d−1 = 0.26 K d−1

where  is the heating rate and  is the precipitation rate.
 and  denote the lat-

ent heat of vaporization and the specific heat at constant pres-
sure,  respectively,  is  the  air  density,  and

 denotes the scale height. A precipitation rate of
 can  be  transferred  to  a  heating  rate  of

.  Considering  that  for
rain water, then . 

3.    Tropical  and  midlatitude  circulation
anomalies  associated  with  the  YRV  flood
in June-July 2020

Figure 1a shows the horizontal distribution of accumu-
lated  precipitation  amount  in  JJ  2020.  While  rainfall  in
South  China  exceeded  200  mm,  a  maximum  center  with
total  rainfall  exceeding  800  mm  was  located  along  the
YRV. Figure 1b illustrates the time evolution of the accumu-
lated  JJ  precipitation  averaged  over  the  green  box
(27°–34°N, 108°–122°E) shown in Fig. 1a since 1979. It is
interesting  to  note  that  the  area-averaged  precipitation  in
2020 reached 736 mm, which is  ranked first  among the 42
years (Fig. 1b). It exceeded the total rainfall amount in 1983
(~479 mm), 1998 (~495 mm), and 2016 (~486 mm), all  of
which were  preceded by a  super  El  Niño.  It  has  been well
established that exceptionally large rainfall tends to happen
in  boreal  summer  over  the  YRV  after  an  occurrence  of  a
super El Niño (Chang et al., 2000a; Wang et al., 2003). This
calls  for  an  explanation  of  what  caused  the  exceptionally
heavy rainfall in 2020, as it was preceded by only a moder-
ate CP El Niño.

The most notable feature of anomalous circulation in JJ

2020  is  a  large-scale  low-level  anticyclone  in  the  tropical
WNP south of the mei-yu rainband (Figs. 2a, b). Southerly
wind  anomalies  to  the  west  of  the  anticyclone  advected
warm and moist  air  northward,  converging into the mei-yu
front. Due to the warm advection and the strong solar radi-
ation associated with less precipitation,  positive surface air
temperature anomalies appeared south of the YRV.

Another  notable  feature  is  a  cold  surface  temperature
anomaly north of the YRV (Fig. 2a). The cold anomaly resul-
ted from cold advection by northeasterly anomalies in North-
east Asia (NEA, Fig. 3a). The maintenance of the dipole pat-
tern  of  the  anomalous  temperature  advection  strengthened
the  meridional  temperature  gradient  and  led  to  a  persistent
and strong mei-yu front. Accompanied with the dipole pat-
tern  of  the  anomalous  temperature  advection was  a  similar
dipole  pattern  of  anomalous  moisture  advection,  as  seen
from Fig. 3b.

Because of the configuration of the temperature advec-
tion  and  moisture  advection,  a  great  north-south  contrast
between dry and cold conditions north of the YRV and wet
and warm conditions south of the YRV can clearly be seen
in the vertically integrated (1000–850 hPa) MSE field (Fig.
3c). The confrontation of the high MSE air to the south and
the  low  MSE  air  to  the  north  persisted  for  a  two  month
period, leading to a stationary mei-yu front and thus devastat-
ing  floods  over  the  middle  and  lower  reaches  of  the  YRV
(Fig. 3d).

Typically,  the  mei-yu  rainband  occurs  over  the  YRV
for a two-week period, and then it moves northward. A key
scientific question around the 2020 flood asks why the anom-
alous  circulation  and  rainband  persist  for  a  two-month
period.  Given  that  the  atmospheric  circulation  itself  does
not  have a long memory,  one needs to pay attention to the
oceanic  forcing.  Note  that  a  La  Niña-like  SSTA  pattern
appeared  in  the  equatorial  Pacific  and  a  warm  SSTA
occurred over the tropical Indian Ocean (IO) basin (Fig. 2a).
In the following section, we will examine how these SSTAs
and  associated  atmospheric  heating  conditions  may  affect

 

 

Fig. 1. (a) Accumulated precipitation (mm) from 1 June to 31 July 2020 over China and (b) time series of the accumulated
precipitation (mm) during June-July averaged over the Yangtze River Valley (green box, 27°–34°N, 108°–122°E).
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the tropical and midlatitude circulation anomalies. 

4.    Processes  responsible  for  maintenance  of
the WNPAC

As seen in Fig. 2b, a key circulation anomaly to main-
tain the persistent rainfall  over the YRV was the WNPAC.
Previous studies have indicated that the maintenance of the
WNPAC resulted from local air-sea interaction in the WNP
(Wang et al., 2000, 2002; Wu et al., 2010) or remote IO for-
cing during El Niño decaying summer (Xie et al., 2009; Wu
et al., 2010). Therefore, it is necessary to compare compos-
ite  El  Niño  evolutions  (including  both  the  CP  and  EP  El
Niños)  with the 2019/20 El  Niño evolution. Figure 4 illus-
trates  the  bi-monthly  evolutions  of  the  tropical  SSTA,  850
hPa  wind,  and  land  precipitation  for  the  strong  EP  (SEP)
and CP El Niño groups and for early 2020. Here, the SEP El
Niño and CP El Niño events are defined based on a cluster
analysis (Wang et al., 2019). The SEP El Niño events con-
tain  1982,  1997,  and  2015,  while  the  CP  El  Niño  events

include  1986,  1991,  1994,  2002,  2004,  2006,  2009,  2014,
and 2019.

An  important  difference  between  the  SEP  and  CP  El
Niño composites (Figs. 4a, b) is the SSTA evolution in the
equatorial Pacific. While there is a quick phase transition of
the SSTA from a positive to a negative value in the central
Pacific during SEP, the SSTA decays at a much slower rate
in the CP El Niño composite. As a result,  a positive SSTA
still appears in the equatorial central Pacific in JJ(0). Such a
quick phase transition of the SSTA has an important impact
on the strengthening of the WNPAC (Wang et al., 2013). A
cold SSTA in the central equatorial Pacific would induce neg-
ative diabatic heating in situ, which could further induce an
anomalous  anticyclone  to  its  northwest,  as  a Gill  (1980)
model response. In fact, this is a partial reason as to why the
anomalous anticyclone is much stronger in JJ in Fig. 4a com-
pared to Fig. 4b.

Another noted feature includes much stronger IO basin
warming  during  SEP  El  Niños  than  during  CP  El  Niños.
The  warmer  IO  could  induce  a  greater  basin-wide  heating

 

 

Fig. 2. The horizontal patterns of (a) anomalous SST (shading in ocean; °C) and air temperature (shading in land; °C)
and horizontal wind (vector; m s−1) at 1000 hPa and (b) anomalous precipitation (shading; mm d−1) and horizontal
wind  at  850  hPa  (vector;  m  s−1)  in  JJ  (June−July)  2020.  The  baseline  for  the  mean  climatology  is  based  on  the
1979–2020 period. Letter “A” denotes the anomalous anticyclone center in the WNP.
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anomaly and cause a Kelvin wave response to its east (Gill,
1980).  The  anticyclonic  shear  of  the  Kelvin  wave  easterly
winds, through the interaction with the WNP summer mon-
soon,  would  lead  to  a  suppressed  convection  anomaly  and
thus forming the WNPAC (Wu et al., 2010). Therefore, the
stronger IO warming during SEP El Niños is also an import-
ant factor for the generation of a stronger WNPAC.

One may wonder whether the difference in the number
of years for  the composite  analysis  would affect  the detec-
tion of  fast/slow phase  transition of  SSTAs,  but  the  evolu-
tion of SSTAs during each CP and SEP El Niño case (fig-
ure  not  shown)  indicates  that  the  phase  transition  of  most

CP El Niño cases is indeed slower than that of most SEP El
Niño cases.

The argument above suggests that both the quick phase
transition in the Pacific and the enhanced IO warming were
responsible  for  generating  a  stronger  WNPAC  during  the
SEP El Niño. The stronger WNPAC in JJ further induced a
stronger  precipitation  anomaly  over  the  YRV  through
greater moisture transport. A greater rainfall anomaly in the
SEP El Niño composite than that in the CP El Niño compos-
ite is clearly evident in Fig. 4.

What  was  unique  about  the  SSTA  evolution  of  the
2020  event? Figure  4c illustrates  the  SSTA  pattern  evolu-

 

 

Fig.  3.  The  horizontal  patterns  of  anomalous  (a)  advection  of  mean  temperature  by  anomalous  wind  at  1000  hPa
(shading; ×10−5 °C s−1) superposed by 1000 hPa wind anomaly field (vector; m s−1), (b) advection of mean moisture
by anomalous wind (shading; ×10−5 g kg−1 s−1) superposed by the anomalous wind field at 1000 hPa (vector; m s−1),
(c)  moist  static  energy (J  kg−1)  integrated from 1000 hPa to  850 hPa,  and (d)  precipitation (shading;  mm d−1)  and
specific humidity at 925 hPa (contour; g kg−1) averaged during JJ 2020.
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tion from boreal winter to summer 2020. Note that a CP El
Niño-like  SSTA  pattern  appeared  in  the  equatorial  Pacific
in December-January(0). Compared to the CP El Niño com-
posite,  the CP warming in early 2020 had similar  strength.
However,  its  horizontal  pattern  differed  markedly;  it  was
more like a  Pacific  Meridional  Mode (PMM) pattern (Chi-
ang and Vimont, 2004). The most important difference lies
in the SSTA evolution. In contrast to the slow phase trans-
ition in the composite CP El Niño events, there was a quick
phase  transition  of  the  SSTA  in  the  equatorial  Pacific  in
2020. By JJ 2020, a cold SSTA occurred in the equatorial east-
ern Pacific. The amplitude of the cold SSTA in the tropical
Pacific (Fig. 4c) was much greater than that of SEP El Niño
composites  (Fig.  4a).  Meanwhile,  the  amplitude  of  the  IO
warming  of  the  2020  event  was  much  greater  than  that  of
the CP El Niño composite and was comparable to that of the
SEP El Niño composite.  Despite a previous study showing
that the tropical IO warming during El Niño decaying sum-
mer  plays  the  dominant  role  in  the  maintenance  of  the
WNPAC (Xie et al., 2009), here we emphasize that it is the
combination  of  both  the  quick  Pacific  SSTA  phase  trans-
ition  and  the  stronger  than  usual  IO  warming  that  led  to  a
much  stronger  WNPAC  and  YRV  floods  in  summer  2020

(Fig. 4c).
While  a  quick phase  transition  in  the  Pacific  was  pos-

sibly caused by the PMM-like SSTA pattern (Wang, 2018;
Fan et al.,  2020), it  is unclear what caused a greater basin-
wide warming in the IO. As seen from Fig. 4b, a relatively
weak SSTA is associated with a CP El Niño. To unveil the
cause of the unusually large IO warming in 2020, we decom-
posed the time series of the JJ SSTA averaged over the IO
(17.5°S–25°N, 50°–90°E, green box shown in Fig. 5a) into
an  interannual  and  an  interdecadal/trend  component.  As
described in section 2, a 13-yr running mean was used in sep-
arating the two components. It is interesting to note that the
large IO warming in 2020 was a result of the summation of
the interannual and interdecadal/trend components (Fig. 5c)
with  an  anomaly  about  0.7°C  warmer  in  JJ  2020.  Regard-
less  of  which  method  was  used,  the  two  components  are
approximately equal. The result indicates that the exception-
ally  strong  warming  in  the  IO  is  part  of  an  interdecadal
and/or global warming signal. This result reminds us that it
is necessary to consider the effect of the interdecadal mode
and  the  global  warming  trend  in  real-time  operational  sea-
sonal forecast (Zhu, 2018).

One  may  wonder  whether  or  not  the  Pacific  SSTA  in

 

 

Fig. 4. Bi-monthly pattern evolutions of anomalous SST (shading in ocean; °C), precipitation (shading in land; mm d−1) and 850 hPa
wind fields (vector; m s−1) for (a) the strong EP El Niño composite (left panel), (b) the CP El Niño composite (middle panel), and (c)
the 2020 event (righ panel). Dots in ocean (land) show the SSTA (precipitation) values passing the confidence level of 95% using
bootstrap test. The vector is shown only when the u-wind or v-wind exceeds 95% confidence level. The notation “(0)” indicates the
decay year of the El Niños. Letter “A” in JJ(0) represents the anomalous anticyclone center in the WNP.
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2020  also  involved  the  interdecadal/trend  component.  To
answer that question, we calculated the interannual and inter-
decadal/trend components for the EP SSTA index shown in
the  right  panel  of Fig.  5.  As  one  can  see,  the  SSTA  time
series is primarily controlled by the interannual component,
while  the  trend  and  interdecadal  variation  are  relatively
small. Therefore, it is concluded that the EP SSTA in 2020
was mainly attributed to its interannual variability while the
IO  SSTA  was  attributed  to  both  the  interannual  and  inter-
decadal/trend components.

To investigate the relative roles of the cold SSTA in the
equatorial Pacific and the warm SSTA in the IO in contribut-
ing  to  the  WNPAC,  we  conducted  three  sets  of  sensitivity
experiments  using  ECHAM4.6.  In  the  first  experiment
(EXP_IO), positive heating in the tropical IO and Maritime
Continent  (MC)  sector  (20°S–25°N,  40°–135°E)  was  spe-
cified.  In  the  second experiment  (EXP_TP),  negative  heat-
ing in the tropical Pacific (TP; 10°S–15°N, 135°E–100°W)
was  specified.  The  heating  regions  are  represented  by  the
blue  boxes  shown  in Fig.  2b.  In  the  third  experiment
(EXP_All), the combined heating anomaly over the IO/MC
and TP was specified.  The amplitude of the heating anom-

aly is calculated based on the precipitation anomaly field in
JJ 2020 according to Eq. (1). The heating rate, which has a
maximum  center  at  300  hPa,  decreases  linearly  to  zero  at
the bottom (950 hPa) and at the top (100 hPa).

Figure  6 shows  the  simulated  850  hPa  geopotential
height  and  wind  responses  in  the  three  sensitivity  experi-
ments. With the specified heating across the IO and TP, the
model is able to capture the observed high-pressure and anti-
cyclonic circulation anomalies over the WNP (Fig. 6a). The
large-scale anomalous anticyclone penetrated into the north-
ern IO around 90ºE, consistent with the observation (Fig. 2b).
With the positive heating prescribed only over  the IO/MC,
the anomalous WNPAC is simulated with a weaker strength
(Fig.  6b).  This  result  confirms  the  WNPAC  can  be  influ-
enced by the positive heating anomaly in the IO/MC (Gill,
1980; Wu et al., 2010). When only the negative heating anom-
aly in the TP is specified, the WNPAC is simulated with a
weaker intensity and smaller extent (Fig. 6c), which also con-
firms that the WNPAC can be affected by the heating anom-
aly in the TP through inducing an anomalous anticyclone to
its northwest according to the Gill response. To sum up, the
sensitivity experiments indicate that both the heating anom-

 

 

Fig. 5. The SSTA patterns (°C) in JJ 2020 over (a) the tropical Indian Ocean and (b) the eastern Pacific. (c) Time series of
the observed SSTA (black lines; °C) averaged over the Indian Ocean box (17.5°S–25°N, 50°–90°E; green box in (a)) and its
interannual  (red  lines;  °C)  and  interdecadal/trend  (blue  lines;  °C)  components  derived  based  on  13-yr  running  mean  with
Method 1 (solid lines) and Method 2 (dashed lines). (d) is similar to (c) but for SSTA averaged over the eastern Pacific box
(10°S–5°N, 140°–80°W; green box in (b)).
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alies  in  the  IO/MC  and  TP  are  important  in  inducing  the
observed exceptionally strong WNPAC.

To  quantitatively  measure  the  relative  contribution  of
the IO/MC and TP heating anomalies, a circulation index is
introduced  for  the  WNPAC.  It  is  defined  as  the  geopoten-
tial  height  anomaly  at  850  hPa  averaged  over  10°–30°N,
100°–145°E (as shown in the green box in Fig. 6). Figure 7
shows  the  calculated  circulation  indices  for  EXP_All,
EXP_IO, and EXP_TP. The contribution of the IO/MC for-
cing is around 60%, while the TP forcing accounts for 40%.
It is worth mentioning that the positive heating over the MC
was likely a result of both the negative SSTA in the equat-
orial  Pacific  and the positive SSTA in the tropical  IO/MC.
Therefore, it is concluded that both the positive SSTA in the
IO and the negative SSTA in the tropical Pacific contribute
to the formation and maintenance of the WNPAC. 

5.    Cause  of  persistent  northeasterly
anomalies in NEA

As described in section 3, another major circulation sys-
tem that affected the precipitation in the YRV in 2020 was
the  area  of  northeasterly  wind  anomalies  over  NEA  that
advected dry and cold air southward (Figs. 3a, b). The north-
easterly anomalies were part of an anomalous anticyclone or
a  high-pressure  anomaly  centered  around  40°N,  120°E,  as
seen from Fig. 8c. The vertical distribution of the high-pres-
sure anomaly had a barotropic structure (Fig. 8), suggesting
that  the  high-pressure  anomaly  was  part  of  a  zonally  ori-
ented stationary Rossby wave train over the Eurasian Contin-
ent.  The  Rossby  wave  train  originated  from  the  North
Atlantic, with alternated anticyclonic anomalies in the North
Atlantic,  northern  Europe,  and  NEA  and  cyclonic  anom-

 

 

Fig. 6. Simulated geopotential height (contour; m) and wind (vector; m s−1) anomaly fields at 850 hPa in response to
(a) the heating (shading; °C d−1) anomaly over the IO/MC and TP, (b) the heating anomaly (shading; °C d−1) only
over  the  IO/MC  (20°S–25°N,  40°–135°E),  and  (c)  the  heating  anomaly  (shading;  °C  d−1)  only  over  the  TP
(10°S–15°N, 135°E–100°W). Letter “A” denotes the anomalous anticyclone center.
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alies over northwestern Europe and western Siberia.
A key  question  regarding  the  mid-latitude  influence  is

what  caused  the  persistent  northeasterly  anomalies  in  JJ
2020.  To  understand  the  origin  of  the  wind  anomalies,  a
Northeasterly Wind Index (NWI) is defined as an area-aver-
aged northeasterly wind anomaly at 850 hPa in JJ over the
black pentagon region shown in Fig. 9a. The time series of
the NWI shows great interannual and interdecadal variation.
The dashed line denotes negative one standard deviation of
the  NWI  during  the  42-yr  period.  Note  that  the  NWI  in
seven  years  (1992,  2002,  2004,  2014,  2015,  2017,  and
2020) exceeds the dashed line, implying that the northeast-
erly  anomalies  were  extremely  strong  during  these  years.
For year 2020, it appears that the northeasterly anomalies res-
ulted from both the interannual and interdecadal/trend com-
ponents (Fig. 9b).

To reveal  the  relative  roles  of  tropical  and midlatitude
heat sources in generating the zonally oriented Rossby wave
train,  we  conducted  another  set  of  idealized  ECHAM4.6
model experiments. Based on the horizontal distributions of
precipitation and SST anomalies in JJ 2020 (Fig. 10) and con-
sidering the convection in the tropical eastern Pacific could
influence the mei-yu rainfall (Zhu and Li, 2016), the posit-
ive heating anomaly in the eastern Pacific is selected. Addi-
tionally,  the  observed  positive  heating  in  the  Indian  mon-
soon region is  selected because it  could influence the  mei-
yu  onset  through  a  teleconnection  pattern  (Liu  and  Ding,
2008)  and  influence  climate  in  North  China  via  the
CGT/SRP  patterns  (Ding  et  al.,  2011; Chen  and  Huang,
2012).  In  addition,  the  heating  in  the  Atlantic  has  been
proven  by  many  studies  to  influence  precipitation  in  East
Asia through a midlatitude teleconnection pattern (Chen and
Huang, 2012; Sun and Wang, 2012; Xu et al., 2015; Han et
al., 2018; Lu et al., 2020; Zhu et al., 2020). Therefore, we spe-
cified  three  positive  heating  regions  over  the  Indian  mon-
soon  region  (IM;  8º–25ºN,  60º–85ºE),  the  tropical  Atlantic
(TA;  0º–15ºN,  60º–10ºW),  and  the  eastern  Pacific  (EP;

5º–15ºN,  180º–100ºW).  In  the  first  experiment  (EXP_IM),
positive heating resembling the observed precipitation anom-
aly in the Indian monsoon region was specified. The second
experiment  (EXP_TA)  was  forced  by  the  positive  heating
anomalies  in  the  tropical  Atlantic.  In  the  third  experiment
(EXP_EP),  positive  heating  in  the  tropical  eastern  Pacific
was specified.

Figure  11 illustrates  the  simulated  200  hPa  geopoten-
tial height and wind responses in the experiments described
above. The IM heating induced an upper-level anomalous anti-
cyclone  to  its  northwest  as  a  Rossby  wave  response  (Gill,
1980). The anticyclone perturbed the westerly jet, leading to
a wave train pattern as Rossby wave energy propagated down-
stream,  similar  to  the  SRP  pattern  (Enomoto  et  al.,  2003).
As  a  result,  an  anomalous  anticyclone  appeared  over  NEA
(Fig.  11a).  The  TA  heating  induced  a  remote  teleconnec-
tion in the North Atlantic, presenting a meridional tripole pat-
tern related to the North Atlantic Oscillation (NAO), which
further stimulated a Rossby wave train along 45°N, with anti-
cyclonic centers in the North Atlantic, West Asia, and NEA
and  relatively  low  pressure  centers  in  between  (Fig.  11b).
This pattern resembles the summer NAO teleconnection as
described in Sun and Wang (2012). The positive heating in
the  tropical  eastern  Pacific  forced  a  northeastward  Rossby
wave  train  in  the  Pacific/North  America  sector  and  a  zon-
ally  oriented  wave  train  over  the  Eurasian  Continent  (Fig.
11c),  similar  to  the  Asia-North  America  (ANA)  pattern
(Zhu and Li, 2016).

To quantitatively  measure  the  relative  contributions  of
the  three  heat  sources,  two geopotential  height  indices,  the
NEA  index  and  the  wave  train  (WT)  index,  were  intro-
duced. The NEA index is defined as the geopotential height
anomaly  averaged  over  the  NEA  region  (35°–50°N,
115°–135°E), whereas the WT index is defined as the aver-
age  of  the  geopotential  height  anomalies  averaged  over
three observed positive geopotential height anomaly regions
(i.e.,  green  boxes  in Fig.  8a):  (40°–60°N,  60°–15°W),
(40°–60°N,  20°–55°E),  and  (35°–50°N,  115°–135°E).  As
shown in Fig.  12,  the two indices are quite consistent  with
each other, with a rough estimate of 40%, 25%, and 35% con-
tribution  from the  forcing  in  the  IM,  TA,  and  EP,  respect-
ively, according to the NEA index (WT index). This implies
that  the  midlatitude  circulation  anomalies,  particularly  the
anomalous anticyclone in NEA, in JJ  2020 were driven by
the combined heating anomalies in the IM, EP, and TA. 

6.    Conclusion and discussion

Historically,  great  YRV  floods  have  happened  in  the
decaying  summers  of  strong  EP  El  Niños  (e.g.,  in  1983,
1998, and 2016).  Summer 2020 was preceded by a moder-
ate CP El Niño. Nevertheless, an exceptionally strong YRV
flood occurred.  The  fundamental  cause  of  the  severe  flood
in  JJ  2020  was  investigated  through  combined  observa-
tional analysis and idealized numerical model (ECHAM4.6)
experiments.  The  observational  analysis  indicates  that

 

Fig.  7.  The  simulated  850  hPa  geopotential  height  anomalies
(m) averaged over  the green box shown in Fig.  6 (10°–30°N,
100°–145°E) for EXP_All, EXP_IO, and EXP_TP.
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accumulated  precipitation  over  the  YRV  (27°–34°N,
108°–122°E)  in  JJ  2020  ranks  the  first  among  the  past  42
years,  exceeding  rainfall  amount  in  1983,  1998,  and  2016.
The  extreme  heavy  and  persistent  precipitation  in  JJ  2020
was  associated  with  two  major  circulation  systems  south
and north of the YRV. In the south, an exceptionally strong
anomalous  anticyclone  appeared  in  the  WNP.  Southerly
anomalies  to  the  west  of  the  WNPAC  advected  warm  and
moist air northward into the YRV region. In the north, abnor-
mal northeasterly winds persisted in NEA, and they advec-
ted cold and dry air southward into the YRV. It is the con-
frontation of the two circulation systems that forced a station-
ary  mei-yu  front  in  JJ,  leading  to  the  exceptionally  heavy

flood in the YRV.
It is found that the exceptionally strong WNPAC in JJ

2020 resulted from the combined impact  of  a  La Niña-like
SSTA pattern in the equatorial Pacific and an unusal warm-
ing in the tropical Indian Ocean. While the composite CP El
Niño event  is  characterized by a slow SSTA change in the
equatorial  central  Pacific,  the  2019/20  CP  El  Niño  was  an
exception. A quick phase transition happened in early 2020,
and by JJ,  a  cold SSTA appeared in  the equatorial  Pacific.
The cold SSTA induced a negative precipitation anomaly in
equatorial CP, which would generate an anomalous anticyc-
lone to its northwest according to the Gill response.

Typically  an area  of  moderate  warming appears  in  the

 

 

Fig.  8.  Observed geopotential  height (shading; m) and wind (vector;  m s-1)  anomaly fields at  (a)  200 hPa,  (b) 500
hPa, and (c) 850 hPa in JJ 2020. Green solid (dashed) boxes in (a) represent positive (negative) geopotential height
anomaly regions along the zonally oriented wave train. Letter “A” (“C”) denotes anomalous anticyclone (cyclone)
centers.
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tropical Indian Ocean during the decaying phase of a CP El
Niño.  2020  again  gave  us  a  surprise.  Strong  IO  warming
occurred  earlier  in  2020.  The  cause  of  this  exceptionally
strong IO warming was attributed to the summation of both
the  interannual  and  interdecadal/trend  components.  The
strong  IO  warming  induced  a  Kelvin  wave  response  to  its
east  and  maintained  the  WNPAC  through  the  anticyclonic
shear of the Kelvin wave easterly winds (Wu et al., 2010).

The relative roles  of  the cold SSTA in the Pacific  and
the warming in the IO in JJ 2020 in contributing to the main-
tenance of the WNPAC were examined through a set of ideal-
ized  ECHAM4.6 experiments.  The  results  indicate  that  the
positive  heating  anomaly  in  the  IO/MC  sector  contributes
about 60%, whereas the negative heating anomaly in the trop-
ical  Pacific  contributes  about  40%.  Therefore,  both  the  IO
and tropical  Pacific  SSTAs contributed  to  the  maintenance
of  the  exceptionally  strong  WNPAC  in  JJ  2020.  Note  that
the  relationship  between  the  diabatic  heating  and  eastern
Pacific  SST  anomalies  is  not  exactly  linear  (Johnson  and
Kosaka,  2016),  which  could  lead  to  different  teleconnec-
tion  patterns.  Thus,  the  anomalous  SST-heating  relation-
ship needs to be carefully examined in further studies.

It is found that the anomalous northeasterly winds over
NEA were part  of  a  zonally oriented Rossby wave train in
midlatitude Eurasia.  The wave train  had a  quasi-barotropic
vertical  structure  with  alternated  anticyclone  and  cyclone
anomalies  from  the  North  Atlantic  to  NEA.  The  abnormal
wind  condition  in  NEA  arose  from  the  combined  interan-
nual and interdecadal components. One may ask which com-
ponent is at play for the contribution of the IM, TA, and EP
heating in inducing the northeasterly winds, and the regres-
sion of the anomalous precipitation (heating) field onto the
interdecadal and interannual components of the NWI shows
that  the  interdecadal  component  of  the  IM and TA heating
plays the dominant role, while the interannual component of
EP heating is the main driver.

The  relative  roles  of  tropical  and  midlatitude  heat
sources in causing the anomalous northeasterlies and the mid-

 

Fig.  9.  (a)  The  horizontal  patterns  of  850  hPa  wind  anomaly
field  (vector;  m  s−1)  and  its  meridional  wind  component
(shading;  m  s−1).  Green  letter  “A ”  denotes  the  anomalous
anticyclone  center  over  NEA.  (b)  Time  series  of  the
northeasterly  wind  index  (black  curve;  m  s−1)  averaged  over
the black box shown in (a) and its interannual (red lines; m s−1)
and  interdecadal/trend  (blue  curve;  m  s−1)  components
calculated based on 13-yr running mean with use of Method 1
(solid  curve)  and  Method  2  (dashed  curve).  A  dashed  black
line denotes negative one standard deviation.

 

 

Fig.  10.  Horizontal  distributions  of  anomalous  precipitation  (shading;  mm d−1)  and  SST (contour;  °C)  fields  in  JJ
2020.  Red (blue)  contours  denote  a  positive  (negative)  SSTA. Blue boxes are  specified regions for  the  anomalous
heating response experiments.
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latitude  wave  train  were  examined  through  a  set  of  ideal-
ized  ECHAM4.6  experiments.  Three  sensitivity  experi-
ments with specified heating anomalies in the IM, TA, and
EP were carried out. The results confirmed that the anomal-
ous heating in the IM, EP, and TA are important in contribut-
ing to the midlatitude circulation anomaly.

The  first  lesson  learned  from  this  2020  YRV  flood
event is that one cannot predict El Niño impact based on com-
posite maps only. A more detailed tracking of the SSTA evol-
ution, such as slow or quick phase transition, is critical. The
second  lesson  learned  is  that  one  needs  to  consider  the
impact  of  the  interdecadal/trend  component.  While  the
global  warming  trend  amplifies  the  warming  impact  in  the
IO, it would reduce the interannual cold SST anomaly in the

same  region.  The  midlatitude  circulation  anomaly  over
NEA  is  a  possible  impact  region  by  the  interdecadal  vari-
ation.  Given  that  most  operational  forecast  centers  around
the world use a 30-yr (1981–2010) base line for defining the
mean  climatology,  it  is  cautious  to  consider  both  the
impacts  of  the  interannual  and  interdecadal/trend  compon-
ents for seasonal forecasting.

A  limitation  of  the  present  study  is  how  to  define  the
interdecadal component at the ending points. In the present
study, a non-conventional filtering method was employed to
extract the interdecadal component,  but errors may arise in
estimating  the  values  at  the  ending  points.  The  method
could be improved in future research. Previous studies have
suggested  that  anomalous  precipitation  in  the  YRV  might

 

 

Fig. 11.  Simulated geopotential height (contour; m) and wind fields (vector; m s−1) at 200 hPa in response to (a) a
positive  heating  anomaly  (shading;  °C  d−1)  over  the  Indian  monsoon  region  (8°–25°N,  60°–85°E),  (b)  a  positive
heating anomaly (shading; °C d−1) over the tropical Atlantic (0°–15°N, 60°–10°W), (c) a positive heating anomaly
(shading; °C d−1) in the eastern Pacific (5°–15°N, 180°–100°W). Green boxes are same as those shown in Fig. 8a.
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be related to  the  Arctic  Oscillation (AO) (He et  al.,  2017).
However, the NWI in the present study has no significant cor-
relation  with  the  AO  in  both  the  interannual  and  inter-
decadal  timescales.  A  further  in-depth  study  is  needed  in
examining the possible link.
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