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ABSTRACT

In  summer  2020,  extreme  rainfall  occurred  throughout  the  Yangtze  River  basin,  Huaihe  River  basin,  and  southern
Yellow River basin, which are defined here as the central China (CC) region. However, only a weak central Pacific (CP) El
Niño happened during winter 2019/20, so the correlations between the El Niño–Southern Oscillation (ENSO) indices and
ENSO-induced circulation anomalies were insufficient to explain this extreme precipitation event. In this study, reanalysis
data  and  numerical  experiments  are  employed  to  identify  and  verify  the  primary  ENSO-related  factors  that  cause  this
extreme  rainfall  event.  During  summer  2020,  unusually  strong  anomalous  southwesterlies  on  the  northwest  side  of  an
extremely strong Northwest Pacific anticyclone anomaly (NWPAC) contributed excess moisture and convective instability
to  the  CC region,  and thus,  triggered  extreme precipitation  in  this  area.  The  tropical  Indian  Ocean (TIO)  has  warmed in
recent  decades,  and  consequently,  intensified  TIO  basinwide  warming  appears  after  a  weak  El  Niño,  which  excites  an
extremely  strong  NWPAC via  the  pathway of  the  Indo-western  Pacific  Ocean  capacitor  (IPOC)  effect.  Additionally,  the
ENSO  event  of  2019/20  should  be  treated  as  a  fast-decaying  CP  El  Niño  rather  than  a  general  CP  El  Niño,  so  that  the
circulation and precipitation anomalies in summer 2020 can be better understood. Last, the increasing trend of tropospheric
temperature and moisture content in the CC region after 2000 is also conducive to producing heavy precipitation.

Key  words: extreme  rainfall, Northwest  Pacific  anticyclone  anomaly  (NWPAC), Indo-western  Pacific  Ocean  capacitor
(IPOC), Tropical Indian Ocean warming trend, fast-decaying El Niño
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Article Highlights:

•  The extremely strong Northwest  Pacific  anticyclone anomaly (NWPAC) is  responsible  for  extreme rainfall  in  summer
2020.

•  The decadal warming trend of the tropical Indian Ocean contributes to the extreme NWPAC that appears after a weak El
Niño.

•  Considering  the  2019/20  event  as  a  fast-decaying  El  Niño  provides  a  better  explanation  of  the  extreme  NWPAC  and
rainfall anomalies.

 

 
  

1.    Introduction

In summer (June–July–August: JJA) 2020, rounds of con-

tinuous  heavy  rainfall  hit  the  Yangtze  River  basin,  Huaihe
River  basin,  and  parts  of  the  Yellow  River  basin,  which
caused catastrophic floods (Wei et al., 2020). The floods of
summer 2020 remind us of the floods that happened during
summer 1998 and summer 2016,  which were explained by
intensified  East  Asian  summer  monsoon  (EASM)  rainfall
after  strong  eastern  Pacific  (EP)  El  Niños  (Huang  et  al.,
2000; Wang et al., 2017; Chen et al., 2018). However, only
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a weak central Pacific (CP) El Niño occurred during winter
2019/20,  when  the  El  Niño  Modoki  index  (EMI),  a  CP  El
Niño  indicator  (Ashok  et  al.,  2007),  reached  only  0.5°C
(Figs.  1b, c).  Therefore,  the  simple  linear  relationship
between EASM rainfall and the antecedent El Niño–South-
ern  Oscillation  (ENSO)  signal  may  be  insufficient  to
explain such extreme precipitation during summer 2020.

There are widely accepted theories regarding the circula-
tion and precipitation anomalies in the East Asian monsoon
region during El-Niño-following summers (Xie et al., 2016;
Zhang et al., 2017; Chen et al., 2019). An anomalous anticyc-
lone at lower levels (mainly at 850 hPa) is detected over the
Northwest Pacific (NWP) region, which is named the NWP
anticyclone  anomaly  (NWPAC).  The  southwesterly  anom-
alies on the northwest flank of the NWPAC enhance water
vapor transport and hence increase precipitation in the East
Asian monsoon region (Zhang et  al.,  2017).  Generally,  the
NWPAC forms in the El-Niño-maturing winter and persists
until  the  following  summer  (Xie  et  al.,  2016; Li  et  al.,
2017). Local air–sea interactions, such as the wind–evapora-
tion–sea  surface  temperature  (SST)  positive  feedback
(Wang  et  al.,  2000)  and  the  wind–moist  enthalpy  advec-
tion–convection positive feedback (Wu et al., 2017), are sug-
gested to explain the NWPAC maintenance from winter  to
the following spring (March–April–May: MAM). The Indo-
western  Pacific  Ocean  capacitor  (IPOC)  (Wu  et  al.,  2009;
Xie et al., 2009, 2016) theory provides a reliable understand-
ing about the summertime NWPAC maintenance. This the-
ory indicates that via air–sea interaction processes (Klein et
al., 1999; Du et al., 2009), the tropical Indian Ocean (TIO)
experiences  basinwide  warming  from  spring  to  summer
after an El Niño event, which enhances the tropospheric tem-
perature  (TT)  over  the  TIO  and  then  triggers  a
Matsuno–Gill  (M–G)  pattern-like  atmospheric  response
(Matsuno,  1966; Gill,  1980).  The  eastward  Kelvin  wave
response wedges into the atmosphere over the Marine Contin-
ent (MC) region, which generates Ekman divergence on the
surface of the NWP region, and thus, excites the NWPAC at
lower  levels.  Additionally,  when  El  Niño  decays  quickly
and  is  accompanied  by  the  development  of  La  Niña,  the
Rossby wave response excited by the anomalous tropical cent-
ral–eastern Pacific (TCEP) SST also contributes to the sum-
mertime  NWPAC  (Xiang  et  al.,  2013; Chen  et  al.,  2016;
Jiang et al., 2019).

However, oceanic and atmospheric responses to ENSO
are distinct between the two types of ENSO events and vary
with  time  (Xie  et  al.,  2016; Yu  et  al.,  2017; Chen  et  al.,
2019).  The  CP-El-Niño-associated  TIO  warming,  the
NWPAC, and the EASM precipitation anomalies are much
weaker than those associated with EP El Niño (Feng et al.,
2011; Yuan and Yang, 2012; Zheng et al., 2014). The correla-
tions  for  ENSO  with  the  NWPAC  and  the  EASM  have
strengthened  significantly  since  the  TIO  thermal  states
changed  in  the  late  1970s  (Huang  et  al.,  2010; Xie  et  al.,
2010; Chowdary  et  al.,  2012).  EASM  precipitation  is  also
modulated  by  extratropical  systems,  such  as  the  North

Atlantic Oscillation (Wu et al., 2009b), the Pacific Decadal
Oscillation (PDO) (Feng et al.,  2014), and planetary wave-
guides  along  the  jets  at  the  upper  or  lower  atmosphere
(Kosaka et al., 2012; Chowdary et al., 2019), which act inde-
pendently  or  synergistically  with  ENSO.  Therefore,  these
uncertainties  render  a  nonlinear  and  changeable  relation-
ship between ENSO and EASM precipitation.

Regarding  the  heavy  rainfall  events  in  summer  2020,
Liu et al. (2020) focused on the violent Meiyu event and poin-
ted  out  the  importance  of  atmospheric  longwave  activities
in  the  middle  and  high  latitudes.  However,  the  effects  of
ENSO  and  associated  atmospheric  and  oceanic  responses
remain to be understood. In this study, we examine total sum-
mer  precipitation  in  2020.  The  moisture  and  moist  static
energy (MSE) budget equations are employed to determine
the crucial driver for extreme precipitation in summer 2020.
We  make  attributions  regarding  the  unexplainable  anom-
alies according to the IPOC theory. Numerical experiments
are  performed  using  an  atmospheric  general  circulation
model  (AGCM)  to  verify  our  findings.  We  describe  the
data, methods, and numerical model used in section 2; the res-
ults,  including  diagnostic  analyses  and  numerical  experi-
ments, are demonstrated in section 3; section 4 presents the
conclusions and discussion. 

2.    Data, methods, and model
 

2.1.    Data

Daily observed precipitation data are obtained from the
China  Meteorological  Data  Service  Center  (http://data.
cma.cn/), which covers 756 meteorological stations all over
China from 1951 to 2020. We sum the daily precipitation to
obtain the monthly averaged precipitation and then interpol-
ate them onto a grid of 0.25° × 0.25° by applying the iterat-
ive improvement objective analysis (Barnes, 1964) with scan-
ning radii of 4°, 3°, 2°, and 1°. The gridded monthly geopoten-
tial, wind, vertical velocity, and specific humidity data at mul-
tiple  pressure  levels,  as  well  as  evaporation,  heat  flux,  and
radiation  data  at  the  surface  and  top  are  derived  from  the
fifth  generation  European  Centre  for  Medium-Range
Weather  Forecasts  reanalysis  (ERA5),  which  covers
1979–2020 with a resolution of 0.25° × 0.25° (Hersbach et
al.,  2019).  The  SST  data  are  obtained  from  the  Extended
Reconstructed  SST  version  5  (ERSSTv5),  which  covers
1979–2020  with  a  resolution  of  2°  ×  2°  (Huang  et  al.,
2017);  these  data  are  also  utilized  to  calculate  the  Niño
indices. 

2.2.    Methods

We use the Niño-3 index and EMI to represent the EP
and CP ENSO activities,  respectively.  The Niño-3 index is
defined  as  the  area-averaged  SST  anomaly  (SSTA)  within
5°N–5°S,  150°–90°W  (red  box  in Fig.  1b).  The  EMI  is
obtained  by  the  area-averaged  SSTA  within  10°S–10°N,
165°E–140°W minus  half  of  the  sum of  the  area-averaged
SSTA  in  regions  15°S–5°N,  110°–70°W  and  10°S–20°N,
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125°–145°E (Ashok et  al.,  2007,  yellow boxes in Fig.  1b).
The  general  EP  and  CP  El  Niño  events  are  defined  as  the
years  when  the  winter-mean  Niño-3  index  is  greater  than
0.5 and when the winter-mean EMI is greater than 0.7σ (σ
is  its  standard  deviation),  respectively;  winter  is  defined
here as D(0)JF(1), indicating December of the previous year
to February of the current  year.  To identify the fast-decay-
ing (FD) EP and FD CP El Niño events, we also define the
FD Niño-3 index and the FD EMI (Jiang et al., 2019). The
FD  Niño-3  index  is  the  Niño-3  index  of  D(0)JF(1)  minus
that of JJA(1) (summer of the current year); the FD EMI is
similar but for the EMI. The FD El Niño events are chosen
from the corresponding EP and CP El Niño events but also
meet  the  condition  that  the  FD  Niño-3  index  exceeds  0.5
and the FD EMI exceeds 0.7σ,  respectively.  All  the events
during  1979–2020  are  listed  in Table  1,  where  we  display
only  the  decaying  years.  It  can  be  found  that  the  2019/20
event is an FD CP El Niño.

Similar to Wu et al. (2017), we apply the moisture equa-

tion  to  diagnose  the  major  factors  in  regional  precipitation
anomalies, which is written as
 

P′ = E′− ⟨ū · ∇hq′
⟩− ⟨u′ · ∇hq̄

⟩− ⟨ω̄∂pq′
⟩
−
⟨
ω′∂pq̄

⟩
+NL ,

(1)

where P, E, u, ω,  and q denote  precipitation,  evaporation,
horizontal wind vector, vertical velocity, and specific humid-
ity, respectively. The second to fifth terms on the right-hand
side  denote  advection  and  convection  moisture  transport;
NL is the nonlinear term. The angle brackets indicate the ver-
tical  mass  integration  from  1000  hPa  to  100  hPa.  The
primes  indicate  monthly  anomalies  relative  to  the  climato-
logy during 1979–2020.

The MSE budget equation is a powerful tool for diagnos-
ing  the  energy  sources  that  drive  anomalous  vertical
motions. The formula is (Neelin and Held, 1987)
 

 

 

Fig. 1. (a) Precipitation anomaly percentages (shaded contours, units: %) in summer (JJA) 2020 based on observed data by
meteorological stations. The gray (black) dots indicate the stations where the values exceed the 95th percentile or are below
the  5th  percentile  (are  the  highest  or  lowest)  during  1979–2020.  The  green  box  indicates  the  CC region;  the  purple  lines
indicate  the  Yellow  River,  Huaihe  River,  and  Yangtse  River  respectively  from  the  north  to  the  south  (the  same  in  the
following).  (b)  Pacific  SST  anomalies  (units:  °C)  in  winter  (D(0)JF(1))  2019/20,  where  the  hatched  areas  indicate  the
anomalies exceed the 95th percentile or are below the 5th percentile during 1979–2020. The red and yellow boxes indicate
the regions for defining the Niño-3 index and El Niño Modoki index (EMI), respectively. The SST data are from ERSSTv5.
(c)  The  time  series  of  the  area-weighted  average  JJA precipitation  anomaly  percentages  in  the  central  China  (CC)  region
(bars, units: %), D(0)JF(1) Niño-3 index (red line), and D(0)JF(1) EMI (yellow line) during 1979–2020.
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⟨
ω′∂pϕm

⟩
= F′net−

⟨
ū · ∇hh′m

⟩− ⟨u′ · ∇hhm

⟩
−
⟨
ω̄∂pϕ

′
m

⟩
+NL ,

(2)

hm = cpT +Lvq ϕm = hm+ϕ

F′net

where  indicates moist enthalpy; 
denotes MSE; cp, T, Lv, and ϕ denote the specific heat at con-
stant pressure, air temperature, vaporized latent heat, and geo-
potential, respectively; and  is the sum of latent heat, sens-
ible heat,  and net shortwave and longwave radiation fluxes
towards the atmosphere.

All  the  anomalies  are  relative  to  the  averages  during
1979–2020. We estimate the percentiles of the anomalies by
averaging the results of bootstrap resampling (Efron, 1979)
with  1000  iterations.  TT  is  defined  as  the  geopotential
height at 200 hPa minus that at 850 hPa, which is the same
as the definition of vertically integrated atmospheric temperat-
ure (figures not shown). 

2.3.    Model

An  AGCM,  Community  Atmosphere  Model  version
3.1  (CAM3.1)  (Collins  et  al.,  2004),  developed  by  the
National  Center  for  Atmospheric  Research,  is  employed to
perform  simulation  experiments.  CAM3.1  is  the  atmo-
spheric part of the Community Climate System Model ver-
sion 3 and is coupled with the Community Land Model ver-
sion 3  to  calculate  land surface  processes.  We perform ten
experiments  by  controlling  SST  as  the  boundary  condition
and keeping other factors (such as aerosols, emissions, and
solar radiation) at present values. Designs of SST boundary
conditions  for  each  experiment  are  detailed  in Table  2.
CLIM is  the  control  experiment,  and all  other  experiments
are  sensitivity  experiments.  Except  for  20_ALL,  which  is

forced  by  the  tropical  SST  anomalies  in  2020  to  examine
whether the circulation anomalies can be produced, these sens-
itivity  experiments  are  divided into three sets.  The first  set
of experiments (ELEP_ALL, ELCP_ALL, ELEP_FD_ALL,
and  ELCP_FD_ALL)  aims  to  compare  the  atmospheric
responses  of  different  types  of  El  Niño  events;  the  second
set  (ELCP_FD_TCEP  and  ELCP_FD_TIO)  separates  the
effects of the TCEP and TIO; and the last set (CLIM_TIOW
and ELCP_FD_ALL_TIOW) is to identify the effect of the
decadal TIO warming trend. The SST data are derived from
National  Oceanic  and  Atmospheric  Administration
optimum  interpolation  SST  version  2  (NOAA  OISST  v2)
(Reynolds  et  al.,  2002).  The  horizontal  resolution  is  set  to
T42 (≈ 2.8°  × 2.8°).  All  the  experiments  are  integrated for
40 years, and the results of the last 30 years during JJA are
analyzed. 

3.    Results
 

3.1.    Precipitation  anomalies  in  summer  2020  and
comparisons with other cases

During  JJA  2020,  the  areas  with  excessive  precipita-
tion  covered  the  entire  Yangtze  River  basin,  Huaihe  River
basin, and southern part of the Yellow River basin, which is
defined  as  the  central  China  (CC)  region  (green  box  in
Fig.  1a ranges  from 27°–36°N,  101°–123°E)  in  this  study.
The  rainfall  amounts  at  most  of  the  stations  in  this  region
exceeded  the  top  5%  level  or  even  broke  the  record  since
1979. The area-averaged precipitation of the CC region was
the highest since 1979, approximately 40% (200 mm) above

Table 1.   The years of the EP/CP El Niño events and fast-decaying (FD) EP/CP El Niño events. Only the El Niño decaying years are
displayed.

Classification Years

EP El Niño 1983, 1987, 1988, 1992, 1995, 1998, 2003, 2007, 2010, 2016, 2019
CP El Niño 1980, 1991, 1992, 1993, 1995, 1997, 2002, 2003, 2005, 2010, 2015, 2020

FD EP El Niño 1983, 1988, 1992, 1995, 1998, 2003, 2007, 2010, 2016, 2019
FD CP El Niño 1991, 1997, 2005, 2010, 2015, 2020

Table 2.   Designs of SST boundary conditions for numerical experiments.

Experiment names SST boundary conditions

CLIM Climatological (1982–2001) SST with the annual cycle
20_ALL Climatological SST add the monthly anomalous SST in 2020 within the whole tropics (180°W–180°E,

20°S–20°N)
ELEP_ALL Climatological SST add the composite monthly anomalous SST of the EP El Niño years listed in Table 1

within the whole tropics
ELCP_ALL Similar to ELEP_ALL but for the CP El Niño years

ELEP_FD_ALL Similar to ELEP_ALL but for the FD EP El Niño years
ELCP_FD_ALL Similar to ELEP_ALL but for the FD CP El Niño years
ELCP_FD_TCEP Similar to ELCP_FD_ALL but the added anomalous SST are confined to the TCEP (20°S–20°N,

160°E–90°W)
ELCP_FD_TIO Similar to ELCP_FD_ALL but the added anomalous SST are confined to the TIO (20°S–20°N, 40°–120°E)
CLIM_TIOW Climatological SST add TIO warming (TIOW); TIOW is defined as average monthly SST of period 2000–20

minus that of 1979–99
ELCP_FD_ALL_TIOW SST anomalies of ELCP_FD_ALL add TIOW
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the  climatological  average  (Fig.  1c);  even  since  1961,  the
regional  precipitation  was  also  record-breaking  (figure  not
shown).  The  heavy  rainfall  occurred  throughout  the  entire
summer in 2020 and can be divided into two stages (Figs. 2j–
l): (i) violent Meiyu rainfall lasted from June to July in the
middle  and  lower  reaches  of  the  Yangtze  River  and  the
Huaihe River basins; (ii) as the rainbelt shifted northward in
August,  rainstorms  occurred  in  the  western  Sichuan  Basin
and southern Yellow River basin.

Several representative years (1980, 1998, and 2016) are
selected for comparison. These years were selected because

(i)  Both  summer  1998  and  summer  2016  were  character-
ized  by  heavy  floods  and  were  after  a  strong  El  Niño;  (ii)
the  situations  for  1980  were  similar  to  those  in  2020;  the
area-averaged precipitation was ranked third and only lower
than that in 1998 and 2020; this year was also after a CP El
Niño (Fig. 1c). Note that we exclude the strong EP El Niño
event in 1983 because the summer circulation and precipita-
tion  anomalies  were  very  similar  to  those  in  1998  (figures
not shown).  We also note the exception that  the total  sum-
mer precipitation in 2016 was not particularly large (Fig. 1c),
which is due to some special causes and will be specified in

 

 

Fig.  2.  Monthly  precipitation  anomaly  percentages  (shaded  contours,  units:  %)  during  JJA  (a–c)  1980,  (d–f)  1998,  (g–i)
2016, and (j–l) 2020, respectively, where (a, d, g, j), (b, e, h, k), (c, f, i, l) are for June, July, and August, respectively. The
gray (black) dots indicate the stations where the values exceed the 95th percentile or are below the 5th percentile (are the
highest or lowest) during 1979–2020. The green boxes indicate the CC region. The data are derived from station observation.
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subsection 3.5. In comparison, the duration of excessive pre-
cipitation  in  1980  and  2016  (Figs.  2a–c, g–i)  was  shorter
than in 1998 (Figs. 2d–f) and 2020; the coverage and amp-
litude of positive precipitation anomalies in 2020 exceeded
those in 1998. 

3.2.    Circulation and moisture condition anomalies

There was a prominent NWPAC at 850 hPa in summer
2020 (Fig. 3a). At 500 hPa, the NWP subtropical high exten-
ded anomalously westward. In addition, an anomalous low-
pressure center appeared from Central  Asia to Lake Baikal
(Fig.  3b),  indicating frequent  activity of  shortwave troughs
in  this  area,  which  was  conducive  to  the  southward  trans-
port  of  cold  air.  The  South  Asian  High  (SAH)  at  200  hPa
intensified  and  extended  eastward  over  the  CC  region,
which significantly increased the westerly jet near 35°N on
the north side of the SAH (Fig. 3d) and provided divergent
conditions  in  the  upper  atmosphere  of  the  CC  region.  The
ascending  anomalies  in  the  CC  region  were  observed
throughout  the  entire  troposphere,  where  the  east  and west
centers (Fig. 3f) corresponded to the two positive precipita-
tion anomaly centers (Fig. 1a). Most of the ascending anom-
alies  were  balanced  by  the  descending  anomalies  south  of
the CC region in the meridional circulation (Fig. 3e).

The  anomalous  southwesterlies  in  the  CC  region
caused  by  the  NWPAC produced  intense  water  vapor  flux
anomalies,  which  increased  the  moisture  content  in  the
entire troposphere (Fig. 4a) and generated anomalous water
vapor convergence (Fig. 4b) under appropriate dynamic and
thermal  conditions.  Moreover,  the  increased  TT  over  the
CC region (Fig. 3d) enhanced the saturated water vapor pres-
sure, which could have also increased the moisture content.

The  TIO  experienced  basinwide  warming  in  summer
2020 (Fig. 3c), which generated positive TT anomalies over
the  TIO  and  excited  the  eastward  Kelvin  wave  response
over the MC region (Fig.  3d).  Combined with the signific-
ant  NWPAC  (Fig.  3a),  the  oceanic  and  atmospheric
responses in 2020 are consistent with the typical effect path
of the IPOC following El Niño (Xie et al., 2009, 2016). 

3.3.    Moisture budget

We calculate  the  area-averaged values  of  each term in
the moisture budget equation, Eq. (1), within the CC region
during  JJA  for  each  year  from  1979  to  2020.  Considering
that the 2019/20 event is an FD CP El Niño, we mainly ana-
lyze  the  relationships  between  the  FD  EMI  and  the  mois-
ture budget values. We use scatterplots (Fig. 5) to represent
these values so that we can determine the main terms that con-
tribute  to  the  precipitation  anomalies  (P')  and  whether
ENSO  significantly  affects  these  terms  for  the  years  of
interest (1980, 1998, 2016, and 2020) in our study.

(
−⟨ū · ∇hq′⟩ −

⟨
ω̄∂pq′

⟩)
(−⟨u′ · ∇hq̄⟩)

The  evaporation  term  (E')  and  advection  and  convec-
tion transport of anomalous water vapor by climatological air-
flow  terms  and  (Figs.  5b, c, e)
scarcely contribute to P' for all of these years. The transport
of climatological water vapor by anomalous horizontal wind

 and the transport of climatological water vapor

(
−
⟨
ω′∂pq̄

⟩)

−
⟨
ω′∂pq̄

⟩

stratification  by  anomalous  vertical  motion 
were the main contributors to P' in summer 2020 (Figs. 5d,
f). The former is due to the southwesterly anomalies gener-
ated by the NWPAC, which transports air masses with high
mean  moisture  to  the  low  mean  moisture  area  (Fig.  4a),
while the occurrence of anomalous vertical motion will be fur-
ther explained by the MSE budget equation. The situation in
1998 was similar to that in 2020, but for 2020 the contribu-
tion of the  term is greater (Fig. 5f), and the dissipa-
tion  effect  of  the  nonlinear  term  is  smaller  (Fig.  5g).
However, the contributions of these terms in 2016 were negat-
ive,  and  the  possible  reasons  will  be  discussed  in  subsec-
tion 3.5.

−⟨u′ · ∇hq̄⟩

−⟨u′ · ∇hq̄⟩

Among these terms, only P' and  are signific-
antly  (significance  level p <  0.05)  correlated  with  the  FD
EMI  (Figs.  5a, d).  We  also  replace  the  FD  EMI  with  the
D(0)JF(1)  Niño-3  index  and  D(0)JF(1)  EMI  to  make  sim-
ilar  comparisons  (figures  not  shown).  The  correlations  for
these  two  terms  with  the  D(0)JF(1)  Niño-3  index  become
more  significant  (p <  0.01),  but  the  correlations  for  these
two  terms  with  the  D(0)JF(1)  EMI  are  weak  (p >  0.1).
These  results  confirm  that  in  the  El-Niño-decaying  sum-
mers,  EP El Niño exerts a more significant impact on East
Asian circulations than CP El Niño (Feng et al., 2011; Yuan
and  Yang,  2012),  while  in  the  summer  of  an  FD  CP  El
Niño,  a  developing  La  Niña  can  also  complement  the
NWPAC and thus enhance precipitation in East Asia (Feng
et  al.,  2011; Xiang et  al.,  2013; Chen et  al.,  2016; Jiang et
al., 2019). However, we observe a large departure from the
fitting line between the  term and the FD EMI for
the point of 2020 (Fig. 5d), which is different from the point
of 1998 that is distributed near the fitting line between this
term  and  the  Niño-3  index  (figure  not  shown).  This  situ-
ation means that  the  FD CP El  Niño associated circulation
anomalies  are  still  insufficient  to  explain  the  anomalies  in
summer 2020. 

3.4.    MSE budget

⟨
ω′∂pϕ̄m

⟩
> 0

The  climatological  JJA-mean  MSE  profile  in  the  CC
region  is  shown  in Fig.  6,  where  the  minimum  value  is
observed  at  approximately  600  hPa.  For  summer  2020,
there were ascending anomalies (ω' < 0) throughout the tropo-
sphere,  with  the  maximum ascending  anomaly  observed  at
500  hPa  (Fig.  6).  In  this  regime,  (Fig.  7a).
Under  the  constraint  of  MSE  conservation  (Neelin  and
Held, 1987), ascending anomalies in a deep convection envir-
onment  export  MSE  from  the  atmospheric  column,  result-
ing  in  moist  convective  instability  (Back  and  Bretherton,
2009). Here, we budget each term on the right-hand side of
the MSE equation, Eq. (2), to determine the critical factors
for generating the anomalous vertical motions.

F′net
−⟨ū · ∇hh′m

⟩
(
−
⟨
ω̄∂pϕ

′
m

⟩)
For summer 2020, the effects of radiation and heat flux

( ),  advection transport  of  anomalous moist  enthalpy by
climatological  horizontal  winds  ( ),  and  convec-
tion transport of anomalous MSE by climatological vertical
motions  are negligible (Figs. 7b, c, e); the nonlin-
ear term has a certain negative effect (Fig. 7f); the main contri-
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Fig. 3. JJA-mean wind (vectors, units: m s−1) and geopotential height (shaded contours, units: gpm) anomalies in 2020
at  (a)  850 hPa and (b)  500 hPa,  respectively;  (c)  JJA-mean SST (shaded contours,  units:  °C) anomalies  in  2020;  (d)
JJA-mean  wind  at  200  hPa  (vectors,  units:  m  s−1)  and  TT  (shaded  contours,  units:  gpm)  anomalies  in  2020;  (e)  the
vectors are composites of JJA-mean meridional wind (units: m s−1) and vertical velocity (units: 10−2 Pa s−1) anomalies
in 2020 at the meridional-vertical section averaged within 101°–123°E, and the shaded contours are only for vertical
velocity anomalies; (f) is similar to (e) but for composites of zonal wind and vertical velocity anomalies at the zonal-
vertical  section  averaged  within  27°–36°N.  The  vectors  in  black  (gray)  denote  that  the  anomalies  either  (neither)
exceed the 95th percentile or (nor) are below the 5th percentile during 1979–2020; the hatched areas indicate where the
anomalies exceed the 95th percentile or are below the 5th percentile during 1979–2020 for the shaded contours.  The
black box in (a), (c), and (d) indicate the NWP, TIO, and MC regions, respectively. The green boxes indicate the CC
region. The SST data are from ERSSTv5, and the other variables are from ERA5.
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Fig.  4.  (a)  JJA-mean vertical  integrated  water  vapor  flux  (WVF)  (vectors,  units:  kg  m−1 s−1)  and  moisture
content  (that  is,  specific  humidity)  (shaded  contours,  units:  kg  m−2)  anomalies  in  2020  and  climatological
JJA-mean  summer  moisture  content  (blue  contours,  units:  kg  m−2)  during  1979–2020;  (b)  JJA-mean
divergence anomalies of integrated WVF (shaded contours, units: 10−5 kg m−2 s−1) in 2020. The meaning of
the  black  and  gray  vectors  and  hatched  areas  are  the  same  as  in Fig.  3.  The  green  boxes  indicate  the  CC
region. The wind and specific humidity data are from ERA5.

 

 

Fig. 5. Scatterplots between the FD EMI and the JJA-mean values of each term in the moisture equation, Eq. (1), for
each year during 1979–2020, where (a–g) correspond to each term from left to right in Eq. (1) in sequence. All the
values  are  averaged  within  the  CC  region.  The  thick  gray  lines  are  linear  fittings  of  each  scatter;  the  correlation
coefficients (r) and corresponding significance levels (p) are marked at the top-left corner of each panel. The vertical
and  horizontal  dashed  lines  indicate  the  critical  values  of  FD  CP  El  Niño/La  Niña  definitions  and  ±1  standard
deviation values of each term, respectively. The scatters of 1979–99 (2000–19) are marked in blue (pink); the years
1980, 1998, 2016, and 2020 are marked with squares, triangles, diamonds, and pentagrams, respectively. The data to
calculate  the  terms  in  Eq.  (1)  are  from  ERA5  except  for  the  precipitation  data,  which  is  obtained  from  station
observation.
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−
⟨
u′ · ∇hhm

⟩bution term is the transport of climatological moist enthalpy
by anomalous horizontal wind ( , Fig. 7d). Com-
bined with the results in subsection 3.3, we can indicate that
the anomalous southwesterlies on the northwest side of the

NWPAC  not  only  provided  excess  moisture  but  also
reduced the convective stability in the CC region by transport-
ing moist enthalpy, and thus, excited anomalous ascent. The
horizontal distribution of climatologic moist enthalpy is not
shown but is very similar to that of moisture content (Fig. 4a).
Similar results can be obtained for 1998 and 1980.

(
−
⟨
u′ · ∇hhm

⟩)
The  correlation  characteristics  for  these  terms  and  the

Niño indices are similar to those presented in Fig. 5. For the
right-hand  side  of  the  MSE  equation,  the  unique  term

 that  is  significantly  (p <  0.05)  correlated
with  the  FD  EMI  is  also  related  to  the  NWPAC,  but  the
value  of  this  term  in  2020  is  also  far  from  its  fitting  line
with the FD EMI (Fig. 7d).
 

3.5.    Attributions

According  to  the  above  analyses,  the  NWPAC  is  cru-
cial not only to extreme precipitation in the CC region in sum-
mer 2020 but also in associating precipitation of this region
with ENSO.

The  IPOC  effect  path  is  demonstrated  in  Eq.  (3)  and
Figs.  8c–f.  NWPACI denotes  the NWPAC index,  which is
defined  as  the  area-averaged  rotation  of  summertime  wind
field  at  850  hPa  within  the  NWP  region  (black  box  in
Fig.  3a)  multiplied  by –1.  This  NWPACI  is  highly  correl-
ated with that  defined by Xie et  al.  (2009) but  has a better
reflection on CC precipitation (figure not shown). The num-
bers  in  Eq.  (3)  represent  the  correlation  coefficients  (r)
between  each  pair  of  these  variables  during  1979–2020;
these correlations are all  significant  (p < 0.05).  The ranges
of the TIO region and MC region are shown in Figs. 3c and
3d, respectively.
 

 

ϕm

Fig. 6. Vertical profiles of vertical velocity anomalies (ω', blue
line,  units:  10−2 Pa  s−1)  in  summer  2020  and  climatological
JJA-mean  MSE  ( ,  pink  line,  units:  J  kg−1)  during
1979–2020 averaged within the CC region.

 

 

Fig. 7. Similar to Fig. 5 but for the FD EMI with each term in the MSE equation, Eq. (2).
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FD EMI
0.39−−−→JJA TIO SST′

0.86−−−→JJA MC TT′
0.57−−−→JJA NWPACI

0.66−−−→JJA CC P′ . (3)

Scatterplots in Figs. 8a–c compare the effects of differ-
ent types of El Niños on TIO basinwide warming. The correla-
tion  coefficient  for  the  JJA  TIO  SST  with  the  FD  EMI
(Fig. 8c) is significantly higher than that with the D(0)JF(1)
EMI (Fig. 8b) but is lower than that with the Niño-3 index
(Fig. 8a). When the FD Niño-3 index is controlled, the par-
tial  correlation between the JJA TIO SST and the FD EMI
is still  significant  (r = 0.31, p < 0.05).  These results  indic-
ate  that  TIO  basinwide  warming  in  response  to  FD  CP  El
Niño is  stronger  than that  to  general  CP El  Niño,  which is
also demonstrated in other studies based on different classific-
ations  (Chowdary  et  al.,  2017; Jiang  et  al.,  2019).  The
causes  of  the  stronger  TIO  basinwide  warming  involve
air–sea coupling processes (Chowdary et al., 2017; Jiang et
al.,  2017);  we  will  not  go  into  detail  here.  It  is  also  found
that the correlation between the FD EMI and the NWPACI
(r = 0.55, p < 0.001) enhances significantly compared with
that  between  the  D(0)JF(1)  EMI  and  the  NWPACI  (r =
0.18, p > 0.1; figures not shown). Several processes may be
responsible for this enhancement in addition to the contribu-
tion of the stronger TIO basinwide warming. During FD El
Niño summers, the ascending branch of the Walker circula-
tion  returns  to  the  MC  region,  which  increases  the  Kelvin

wave response over this region; the establishment of the negat-
ive TCEP SST anomalies stimulate the atmospheric Rossby
wave response over the NWP; these processes also supple-
ment the NWPAC (Jiang et al., 2019). Therefore, distinguish-
ing  FD CP  El  Niños  from general  CP  El  Niños  can  better
explain the circulation and precipitation anomalies  in  sum-
mer 2020.

The point of 2020 is still an outlier far above the fitting
line  with  respect  to  the  FD EMI (Fig.  8c),  which  is  unlike
the points of 1998 and 2016 that are distributed near the fit-
ting line relative to the Niño-3 index (Fig. 8a). Note that in
Figs.  8a–c,  most  of  the  points  during  1979–99  (2000–20)
are  distributed  below  (above)  the  fitting  line.  This  is
because the TIO SST presents a significant (p < 0.01 for a
Mann-Kendall  test)  increasing  trend  during  these  decades
(Fig.  9a),  which is  independent  of  the  decadal  ENSO vari-
ations (Fig. 1c). A similar trend is observed for the MC TT
(Fig. 9a). Although the NWPACI does not have an increas-
ing trend as do the TIO SST and MC TT, most of the high
NWPACI cases  match the  high values  of  TIO SST or  MC
TT, such as for the years 1983, 1986, 1998, 2010, and 2020
(green dots in Fig. 9a). Therefore, we infer that the TIO warm-
ing  trend  in  recent  decades  may  provide  a  favorable  back-
ground to generate an extremely strong NWPAC during El-
Niño-decaying summers;  the  extreme precipitation in  sum-
mer 2020 was a manifestation under suitable conditions. Nev-
ertheless,  some cases are exceptions. For example, in sum-

 

 

Fig.  8.  Scatterplots  for  the  (a)  D(0)JF(1)  Niño-3  index,  (b)  D(0)JF(1)  EMI,  and  (c)  FD  EMI  with  JJA-mean  TIO  SST
anomalies, respectively. Scatterplots between JJA-mean (d) TIO SST and MC TT, (e) MC TT and NWPACI, (f) NWPACI
and CC precipitation anomalies, respectively. The dashed lines indicate the critical values defining El Niño/La Niña for the
Niño indices and ±1 standard deviation for other factors, respectively.
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mer 2015/16, both the positive TIO SST and MC TT anom-
alies  were  very  strong,  but  the  NWPAC  was  very  weak
(Figs.  8c–e).  The  weak  NWPAC  hindered  moisture  and
moist  enthalpy transport  (Figs.  5d and 7d);  thus,  the  posit-
ive precipitation anomaly in summer 2016 was not  so pro-
nounced  (Fig.  1c).  The  negative  rainfall  anomalies  in  the
CC region in  August  2016 (Fig.  2i)  imply that  the  circula-
tion  conditions  were  not  able  to  sustain  the  NWPAC  until
late summer. Some studies suggested the intra-seasonal evolu-
tion  of  the  TIO SST (Wang  et  al.,  2017)  and  the  effect  of
southeast  TIO  warming  (Chen  et  al.,  2018)  to  explain  this
exception.  Moreover,  the  factors  unrelated  to  the  IPOC,
such  as  the  PDO  and  ENSO  variance,  also  modulate  the
NWPAC variations on the decadal timescale (Chowdary et
al.,  2012; Feng et al.,  2014), which may explain the absent
decadal trend of the NWPACI. However, it is controversial
whether the TIO decadal warming trend is generated by nat-
ural variability or anthropogenic forcing (Alory et al., 2007;
Du and Xie, 2008; Zheng et al., 2011; Tao et al., 2015).

The point of 2020 is still  much higher than the regres-
sion  line  between  CC  precipitation  and  the  NWPACI
(Fig.  8f);  some  factors  in  addition  to  the  NWPAC  are
involved.  Here,  we  propose  a  possible  cause.  Compared

with 1998, there is higher TT and moisture content over the
CC region in summer 2020 (Fig. 9b). The promoted therm-
odynamic  and  moisture  conditions  may  explain  why  more
precipitation  can  be  produced  in  2020  (Fig.  8f).  Note  the
increasing  trends  of  TT  and  moisture  content  in  the  CC
region  after  2000  (Fig.  9b).  However,  the  reason  for  these
trends  is  still  unknown  but  may  be  due  to  atmospheric
responses under climate warming or due to the SAH inter-
decadal changes (Zhang et al., 2000). 

3.6.    Verification by numerical experiments

The  results  of  20_ALL  minus  CLIM  reproduce  the
M–G pattern over the TIO (Fig. 10c), the NWPAC (albeit a
more northern location compared with the actuality, Figs. 10b
and 3a), and the positive precipitation anomalies (Fig. 10b)
at the northwest flank of the NWPAC, which confirms that
the extreme rainfall is due to the tropical SST anomalies.

The first set of experiments demonstrates that the sum-
mertime NWPAC after  an FD CP El Niño is  stronger than
that after a general CP El Niño, and the difference is greater
than  those  between  FD  and  general  EP  El  Niños.  Accord-
ing  to  our  simulation,  compared  with  the  general  CP  El
Niño,  the  tropospheric  Kelvin  wave  response  excited  by
TIO warming after the FD CP El Niño extends farther east,
and the NWPAC is prone to have a northeast position (Figs.
10d, e), which is consistent with a previous study (Jiang et
al., 2019).

The results of experiment ELCP_FD_TIO indicate that
the FD CP El Niño associated TIO SST anomalies can indi-
vidually  force  a  significant  NWPAC. However,  when only
the  TCEP  SST  anomalies  are  considered,  the  simulated
NWPACI is slightly negative according to our results from
ELCP_FD_TCEP  (Fig.  10a),  which  is  somewhat  different
from  previous  research  (Chen  et  al.,  2016; Jiang  et  al.,
2019). It can be inferred that the rapid cooling of the TCEP
during the FD CP El Niño may not contribute to the summer-
time NWPAC, and the local air–sea interaction needs to be
considered (Wu et al., 2010).

Comparing  the  NWPACI  derived  from
ELCP_FD_ALL_TIOW minus CLIM with ELCP_FD_ALL
minus CLIM (Fig. 10a), model results verify that a stronger
summertime  NWPAC  can  be  excited  after  an  FD  CP  El
Niño  under  the  background  of  the  decadal  TIO  warming.
However,  according  to  our  simulation,  the  intensified
NWPAC is due to the NWPAC being produced by decadal
TIO  warming  unrelated  to  ENSO  (CLIM_TIOW  minus
CLIM  in Fig.  10a)  rather  than  the  intensified  IPOC  effect
when the TIO is in a warmer state (ELCP_FD_ALL_TIOW
minus  CLIM_TIOW  in Fig.  10a),  which  is  different  from
the observation that the NWPAC has no decadal strengthen-
ing  trend  (Fig.  9a).  We  performed  a  supplemental  experi-
ment similar to CLIM_TIOW, but the TIO decadal SST differ-
ences were replaced by those of the tropical Pacific. The res-
ults  manifest  a  negative  effect  of  the  tropical  Pacific  SSTs
on the decadal NWPAC variation (figure not shown), so the
positive effect  from the TIO could be offset.  The summer-
time  circulation  anomaly  patterns  for  ELCP_FD_ALL_

 

Fig.  9.  (a)  Time  series  of  the  JJA-mean  TIO  SST  anomalies
(blue  line,  units:  °C),  MC  TT  anomalies  (pink  line,  units:
gpm),  and  NWPACI  (yellow  line,  units:  10−6 s−1)  during
1979–2020.  The  thick  lines  are  linear  fittings,  respectively.
The  green  points  and  red  crosses  indicate  the  years  that
positive  NWPACI  matches  (1983,  1987,  1988,  1991,  1998,
2003,  2007,  2010,  2020)  and  mismatches  (1980,  1993,  1995,
1996,  2013,  2015,  2016)  positive  TIO  SST  and  MC  TT
anomalies,  respectively.  (b)  Time  series  of  JJA-mean
vertically-integrated moisture content (blue line, units: kg m−2)
and TT (pink line, units: gpm) anomalies in the CC region; the
thick lines are quadratic fittings.
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Fig.  10.  (a)  Bars  of  the  boundary condition JJA-mean TIO SST (blue bars,  units:  °C)  and simulated
JJA-mean  MC  TT  (pink  bars,  units:  gpm)  and  NWPACI  (yellow  bars,  units:  10−6 s−1)  for  each
sensitivity  experiment  minus  CLIM;  one  special  case  is  for  ELCP_FD_ALL_TIOW  minus
CLIM_TIOW  (the  last  group  of  bars).  (b)  JJA-mean  wind  (vectors,  units:  m  s−1)  and  precipitation
(shaded  contours,  units:  mm  d−1)  at  850  hPa,  (c)  wind  (vectors,  units:  m  s−1)  at  200  hPa  and  TT
(shaded contours, units: gpm) for the results of 20_ALL minus CLIM. (d, e) and (f, g) are similar to (b,
c)  but  for  ELCP_FD_ALL  minus  ELCP_ALL  and  ELCP_FD_ALL_TIOW  minus  CLIM_TIOW,
respectively.  The vectors in black (gray) denote wind differences above (below) the 95% confidence
level  based  on  Student’s t-test;  the  hatched  areas  indicate  the  differences  above  the  95% confidence
level based on Student’s t-test for the shaded contours. The black boxes in (b, d, f) and (c, e, g) indicate
the NWP and MC regions, respectively. The green boxes indicate the CC region.
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TIOW  minus  CLIM_TIOW  (Figs.  10f, g)  are  similar  to
those in 2020 (Figs. 3a, d). Compared with the patterns illus-
trated  in Figs.  10c–d,  the  tropospheric  M–G  pattern  is
mainly  limited to  the  TIO and MC regions  (Fig.  10g),  and
the NWPAC is located relatively southwest, which is more
conducive  to  moisture  convergence  in  the  CC  region
(Fig. 10f). 

4.    Conclusions and discussion

This study investigates the causes of  the record-break-
ing precipitation that happened in the CC region during sum-
mer  2020  from  the  perspective  of  ENSO-induced  oceanic
and atmospheric  responses.  In  summer  2020,  the  weak CP
El  Niño  event  of  2019/20  rapidly  decayed  as  a  La  Niña
developed.  Via  the  IPOC  effect  path,  an  extremely  strong
anomalous anticyclone appeared over the NWP. The anomal-
ous southwesterlies on the northwest side of the NWPAC con-
tributed  excess  water  vapor  required  for  precipitation  and
transported  moist  enthalpy  to  reduce  the  convective  stabil-
ity  in  the  CC  region,  triggering  ascending  anomalies  and
thus  producing  extreme  precipitation.  However,  the  weak
CP ENSO activity was not sufficient enough on its own to
explain  such  extremely  strong  NWPAC  and  precipitation.
We  inferred  three  possible  mechanisms  to  resolve  this
dilemma, and the first two mechanisms were verified using
the  numerical  model.  (i)  Most  importantly,  the  TIO warm-
ing trend in recent  decades may cause an extremely strong
NWPAC  to  be  generated  in  the  summer  after  an  El  Niño,
even if it is a weak El Niño. (ii) The FD CP El Niño is dis-
tinct  from  the  general  CP  El  Niño  in  affecting  the  Asia-
Pacific region climate and circulations; the former can pro-
duce  a  stronger  TIO warming,  M–G pattern  response  over
the TIO, and NWPAC. (iii) The increasing trend of TT and
atmospheric  moisture  content  in  the  CC  region  after  2000
may produce more precipitation even if the NWPAC intens-
ity does not change.

Some evidence from previous studies also supports our
first inference. The warmer TIO in recent decades increases
the  correlation  between  ENSO  and  the  EASM  by  enhan-
cing  the  impact  of  ENSO  on  the  NWPAC  (Huang  et  al.,
2010; Xie  et  al.,  2010).  As  the  global  climate  warms,  the
TIO warming trend will persist, and the IPOC effect will be
strengthened  (Zheng  et  al.,  2011; Chu  et  al.,  2014).
However,  these  studies  did  not  involve  the  problem of  the
extreme NWPAC occurrences. Coupled Model Intercompar-
ison Project Phase 5 or Phase 6 (CMIP5/6) data will be ana-
lyzed to verify our inference further.

Although  we  have  discussed  the  possible  reasons  for
the  exceptions  of  the  mismatched  NWPAC  in  subsection
3.5, some cases are still  elusive. It  is interesting that in the
summers of 1980, 1993, 1995, and 1996, a relatively strong
NWPAC appeared without corresponding strong TIO basin-
wide warming and increase in MC TT (Fig.  9a).  The sum-
mer precipitation anomalies in the CC region in these years
are  also  positive  (Fig.  1c).  We  generally  consider  the

increased EASM precipitation to be a result of the NWPAC
(Zhang et al., 2017), and the NWPAC maintenance is attrib-
uted  to  the  forces  from  the  tropical  ocean  and  atmosphere
(Wang et al., 2000; Xie et al., 2009; Wu et al., 2010, 2017;
Xiang  et  al.,  2013; Chen  et  al.,  2016; Jiang  et  al.,  2019).
However, whether the extratropical convective activity anom-
alies can, in turn, drive the NWPAC is an issue worth investig-
ating.

We define  the  FD Niño  indices  and  screen  FD ENSO
events with only simple criteria in this study. With our defini-
tion, some strong EP El Niño cases, such as 1998 and 2016,
are  also  observed  as  high  values  of  the  FD  EMI  (Figs.  1c
and 8c);  this  is  because  CP  La  Niña  events  developed  in
these  years.  Nevertheless,  our  outcomes  agree  with  previ-
ous  studies  regarding  the  decay  pace  of  El  Niño  (Chen  et
al.,  2016; Chowdary  et  al.,  2017; Jiang  et  al.,  2019).  In
future  investigations,  it  will  be  necessary  to  construct  an
optimal FD ENSO definition that satisfies the self-explana-
tion  of  mechanisms  and  meets  the  requirement  of  improv-
ing prediction. Of course, it is difficult to derive relatively uni-
versal  laws  from  short-duration  observation  data,  which
greatly  limits  our  understanding of  record-breaking events;
accurate paleoclimate data can be an outlet to break these lim-
itations.
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