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ABSTRACT

After  its  maturity,  El  Niño  usually  decays  rapidly  in  the  following  summer  and  evolves  into  a  La  Niña  pattern.
However,  this  was  not  the  case  for  the  2018/19  El  Niño  event.  Based  on  multiple  reanalysis  data  sets,  the  space-time
evolution and triggering mechanism for the unusual second-year warming in late 2019, after the 2018/19 El Niño event, are
investigated in the tropical Pacific. After a short decaying period associated with the 2018/19 El Niño condition, positive
sea surface temperature anomalies (SSTAs) re-intensified in the eastern equatorial Pacific in late 2019. Compared with the
composite  pattern  of  El  Niño  in  the  following  year,  two key  differences  are  evident  in  the  evolution  of  SSTAs in  2019.
First,  is  the  persistence  of  the  surface  warming  over  the  central  equatorial  Pacific  in  May,  and  second,  is  the  re-
intensification of the positive SSTAs over the eastern equatorial Pacific in September. Observational results suggest that the
re-intensification of anomalous westerly winds over the western and central Pacific, induced remotely by an extreme Indian
Ocean Dipole (IOD) event, acted as a triggering mechanism for the second-year warming in late 2019. That is,  the IOD-
related  cold  SSTAs  in  the  eastern  Indian  Ocean  established  and  sustained  anomalous  surface  westerly  winds  over  the
western equatorial Pacific, which induced downwelling Kelvin waves propagating eastward along the equator. At the same
time, the subsurface ocean provided plenty of warm water in the western and central equatorial Pacific. Mixed-layer heat
budget analyses further confirm that positive zonal advection, induced by the anomalous westerly winds, and thermocline
feedback played important roles in leading to the second-year warming in late 2019. This study provides new insights into
the  processes  responsible  for  the  diversity  of  El  Niño  evolution,  which  is  important  for  improving  the  physical
understanding and seasonal prediction of El Niño events.

Key words: second-year warming, IOD, wind stress anomalies, zonal advection feedback, thermocline feedback

Citation: Feng, L. C., F. Liu, R.-H. Zhang, X. Han, B. Yu, and C. Gao, 2021: On the second-year warming in late 2019
over  the  Tropical  Pacific  and  its  attribution  to  an  Indian  Ocean  Dipole  event. Adv.  Atmos.  Sci., 38(12),  2153−2166,
https://doi.org/10.1007/s00376-021-1234-4.

Article Highlights:

•  A second-year warming occurred in late 2019 in the tropical Pacific associated with the 2018/19 El Niño event.
•  The extreme IOD event acted as a triggering mechanism for the development of 2019 second-year warming after 2018/19

El Niño.
•  Both the wind stress anomalies and the warm subsurface ocean temperature anomalies over the western tropical Pacific

played important roles in producing the second-year warming.
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1.    Introduction

El  Niño-Southern  Oscillation  (ENSO)  is  the  leading
mode  of  interannual  variability  in  the  tropical  Pacific  cli-
mate system. One of its main climatic signatures is the sea sur-
face  temperature  (SST)  anomaly  in  the  central  and  eastern
equatorial Pacific, which exhibits anomalous cooling or warm-
ing every 2–7 years (Rasmusson and Carpenter,  1982);  the
warm event (or phase) is called El Niño and the cold event
is  called  La  Niña.  Previous  studies  have  demonstrated  that
ENSO can affect the interannual variability of climate anom-
alies in East Asia (e.g., Li, 1990), and thus it is of great signi-
ficance  to  the  short-term climate  prediction  in  China  (e.g.,
Zhang et al.,  1996, 2003, 2020; Wang et al.,  2000). There-
fore,  ENSO dynamics  and  predictability  have  always  been
among  the  actively  focused  scientific  research  topics  (e.g.,
Zhang et al., 2005; Feng et al., 2015; Zhang and Gao, 2016;
Gao and Zhang, 2017).

An  interesting  evolution  of  SSTAs  is  observed  during
2016–18 in the tropical Pacific. Following the 2016–18 con-
secutive La Niña conditions (Feng et  al.,  2020),  a  weak El
Niño event  developed during fall  of  2018 over the tropical
Pacific, which peaked in November 2018, with a maximum
positive SSTA of 0.9°C [Based on Extended Reconstructed
Sea  Surface  Temperature  version  5  (ERSSTv5)  (Huang  et
al., 2017)]. Subsequently, the positive SSTAs weakened and
returned to a neutral condition in June 2019 (Fig. 1a). Histor-
ically,  as  seen  from  composite  analyses  after  the  mature
stage,  El  Niño  tends  to  decay  rapidly  in  the  next  summer
and  evolves  into  a  La  Niña-like  condition  (e.g., Hu  et  al.,
2014).  However,  a  different  evolving  pattern  was  seen  in
the  tropical  Pacific  during  2019.  After  a  short  decaying
period  associated  with  the  2018/19  El  Niño  condition,  the
SSTAs  intensified  yet  again  in  the  equatorial  Pacific  in
September 2019 (Fig.  1b).  The Niño-3.4 index reached the
0.5°C criterion in November 2019, which subsequently per-
sisted for four consecutive overlapping seasons, being very
close to the five consecutive overlapping seasons used as a
criterion adopted for an El Niño event to occur by the Cli-
mate Prediction Center (CPC) of the National Oceanic and
Atmospheric Administration (NOAA). Therefore, some previ-
ous studies simply treated it as a weak Central-Pacific (CP)
El Niño event (Zheng and Wang, 2021; Zhou et al., 2021).
To be consistent with the CPC criterion, here, we treat it as
second-year  warming  in  2019  that  occurred  following  the
2018/19  El  Niño  event.  Corresponding  atmospheric  anom-
alies are also evident. For example, during June-July 2020,
the East Asian plum rain belt suffered from the most severe
flooding  in  decades  (e.g.,  Ding  et  al.,  2021).  This  extreme
plum rain occurred in the background of the decaying stage
of  the  2018/20  weak  El  Niño  event  (e.g., Liu  and  Ding,
2020).

The  reasons  for  the  second-year  warming in  late  2019
over the tropical Pacific and its triggering mechanism have
not  been  well  understood.  Previous  studies  have  suggested
that  ENSO  may  be  affected  by  processes  in  the  Indian
Ocean  (Behera  and  Yamagata,  2003; Saji  and  Yamagata,

2003).  For  example,  the  Indian  Ocean  Dipole  (IOD)  is  an
ocean-atmosphere  coupled  climatic  phenomenon  over  the
tropical  Indian  Ocean.  During  a  positive  IOD,  negative
SSTAs appear off the Sumatran coast in summer, inducing
weaker  local  convection  and  easterly  wind  anomalies.  The
IOD event can go on to induce worldwide impacts through
atmospheric  teleconnections  and  associated  interactions
with  the  tropical  Pacific  Ocean  (Behera  and  Yamagata,
2003; Saji and Yamagata, 2003; Zhang et al., 2021a, b). Previ-
ous studies have demonstrated that there are close relation-
ships  between  the  ENSO  and  IOD  (e.g.,  Annamalai  et  al.,
2005; Izumo et  al.,  2010).  For  instance,  by  using  a  simple
forecast model, Izumo et al. (2010) pointed out that the IOD
is  an  effective  predictor  of  El  Niño/La  Niña.  Yang  and
Huang  (2021)  suggested  that  the  relationship  between
ENSO and Indian summer monsoon rainfall  has been rein-
forced since 1999-2000, which is linked to the interdecadal
transition  of  ENSO  evolution  and  the  associated  SSTAs
over the tropical Atlantic.

Therefore, the focus of this study is to understand the gen-
eration and evolution of the late 2019 second-year warming
in  the  tropical  Pacific  by  addressing  the  following  ques-
tions:  Which  process  gives  rise  to  the  second-year  warm-
ing?  Did  the  2019  super  IOD event  affect  the  second-year
warming  over  the  equatorial  Pacific?  What  is  the  underly-
ing feedback mechanism associated with upper ocean dynam-
ics  in  the  tropical  Pacific?  Understanding  the  second-year
warming  in  late  2019  and  related  processes  can  not  only
gain  new insight  into  ENSO dynamics,  but  can  potentially
provide  additional  guidance  for  ENSO  prediction.  This
paper will analyze the basic characteristics and physical mech-
anisms  responsible  for  the  second-year  warming  in  late
2019.

The remainder of this paper is organized as follows. Sec-
tion  2  describes  the  data  and  methods  used  in  the  present
study.  Section 3 analyzes the characteristics of  the second-
year warming, while section 4 discusses the likely mechan-
isms  responsible  for  the  second-year  warming.  Section  5
provides a summary and discussion. 

2.    Data and Methods
 

2.1.    Data

The  following  observational  and  reanalysis  datasets
were used in this work, 1) the monthly 10 m wind velocity
and sea level pressure (SLP) fields are from the ERA5 (Coper-
nicus  Climate  Change  Service,  2017),  2)  the  monthly  SST
data  are  from the  NOAA ERSSTv5 dataset  with  a  2°  ×  2°
grid  (Huang  et  al.,  2017),  and  3)  the  monthly  total  down-
ward heat flux, sea surface height (SSH), subsurface temperat-
ure, and three dimensional (3D) currents are taken from the
GODAS (Behringer and Xue, 2004). Interannual anomalies
are departures from the 1980–2020 base period means. The
ENSO index is the averaged SSTAs in the Niño-3.4 region
(5°S–5°N, 120°–170°W). The IOD index (Saji et al., 1999)
is  the  SSTAs  difference  averaged  between  (10°S–10°N,
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50°–70°E)  and  (10°S–0°N,  90°–110°E).  All  the  seasonal
names used in the present study are relative to the Northern
Hemisphere.
 

2.2.    Methods

Based on the GODAS products, the heat budget in the
mixed-layer  is  diagnosed  during  the  second-year  warming
after the 2018/19 El Niño. The mixed-layer ocean temperat-
ure  tendency  equation  can  be  written  as  follows  (Li  et  al.,
2002; Jin et al., 2003):
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where  represents  the  oceanic  temperature  anomaly  and
, ,  represent 3D ocean current anomalies; , ,  and
 are the climatological field of temperature and 3D ocean

currents;  and  are the density and specific heat of water;
 is the depth of mixed-layer (taken as 50 m);  , ,
 indicate anomalies of short wave radiation, longwave radi-

ation,  sensible heat  flux,  and latent  heat  flux;  is  a  resid-
ual  term  representing  either  the  model  errors  or  processes
other  than  terms  listed  above.  The  8th  term  on  the  right-
hand side of the Eq. (1) can be further decomposed into the
following components
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where  subscript  “sub ”  denotes  the  subsurface  temperature
averaged between 50–100 m.

Following Ren et al. (2013) and ignoring the relatively
small  terms,  the right-hand side of  the Eq.  (1)  are  grouped
into five linear terms.
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in which MC represents the mean current effects on temperat-
ure  anomalies;  ZA  is  the  zonal  advection  feedback;  EK  is
the Ekman effect; TH is the thermocline feedback; TD is the
thermal  damping;  and Q is  the  net  surface  heat  flux.  A
centered  finite  difference  operation  is  adopted  to  calculate
the mixed-layer heat budget term.

The  space-time  evolution  of  El  Niño  events  during
1980–2020  is  examined  by  composite  analysis.  Following
the CPC NOAA, an El Niño event is defined as a condition
when  the  3-month  running  mean  of  ERSST.v5  SSTAs  in
the Niño-3.4 region meets the threshold of +0.5°C for a min-
imum  of  five  consecutive  overlapping  seasons.  According
to this definition,  there were 13 El Niño events since 1981
(1982/83,  1986/87,  1987/88,  1991/92,  1994/95,  1997/98,
2002/03,  2004/05,  2006/07,  2009/10,  2014/15,  2015/16,
2018/19). These El Niño events are composited (defined as
“the  composite  year”)  to  construct  a  space-time evolution,
which is compared with that observed in 2019. 

3.    Characteristics  of  the  second-year
warming  and  a  comparison  with  those
from the composite year

 

3.1.    Space-time evolution of the SSTAs

Figure 1a shows the time evolution of Niño-3.4 SSTAs
in 2019 (red line), the composite year (blue line), and their dif-
ference (2019 – composite year,  black line).  It  can be seen
that the Niño-3.4 index was above +0.5°C at the beginning
of 2019, reached its maximum in March, and then decreased
slowly during April–July, with a sharp decrease in August.
The  index  kept  nearly  0°C in  August  and  September,  then
increased rapidly in October (about  +0.5°C),  and remained
so  by  the  end  of  the  year.  During  the  composite  year,  the
index was at a maximum in January, then decreased season-
ally before entering into a La Niña state by the end of the cal-
endar year. From the difference between the SSTAs in 2019
and the composite year, it can be seen that the index in Janu-
ary and February of 2019 was lower than that in the compos-
ite  year,  and  the  conditions  were  basically  similar  to  each
other  in  March.  However,  the  evolution  is  different  there-
after  in  2019  compared  with  the  composite  year.  For
example, the index in 2019 exceeded the composite case in
March,  and  their  difference  peaked  in  July  (about  0.5°C).
Then the difference decreased in August and September, but
increased again in October (about 1°C), and persisted there-
after through the end of the year. One pronounced character-
istic  in  2019  is  the  re-emergence  of  SST  warming  in
autumn, which persisted into March 2020 (not shown). So,
obvious differences exist in the SST evolution for 2019 and
the composite year.
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Figures  1b–d show  the  temporal  evolution  of  SSTAs
across the equatorial Indian and Pacific Oceans in 2019, the
composite year, and their difference. Most of the equatorial
Pacific was occupied by positive SSTAs during the first half
of  2019  (Fig.  1b),  except  for  the  far-western  equatorial
Pacific. Beginning in May, positive SSTAs decreased in the
eastern  equatorial  Pacific  and  transitioned  to  negative
SSTAs  in  June;  this  cooling  tendency  strengthened  and
spread  westward  during  the  following  months,  and  it
seemed  likely  to  develop  into  a  La  Niña  condition.
However,  positive  SSTAs  persisted  in  the  western-central
equatorial  Pacific  in  2019.  Beginning  in  September,  posit-
ive SSTAs re-emerged and propagated eastward in the east-
ern equatorial Pacific; this tendency persisted during the fol-
lowing  months,  and  the  second-year  warming  was  evident
by late 2019. As for the composite year (Fig. 1c), SSTAs in
the  central  and  eastern  equatorial  Pacific  decreased  nearly
steadily  from above-average  in  the  first  half  of  the  year  to
below-average in the latter half of the year, while an out-of-
phase SSTA evolution was observed in the far-western equat-
orial  Pacific.  The  difference  between  the  SSTAs  in  2019
and the composite  year  mainly manifested itself  as  persist-

ent warming in the west-central equatorial Pacific in May fol-
lowed  by  re-intensified  warming  in  the  eastern  equatorial
Pacific in September (Fig. 1d). As for the equatorial Indian
Ocean,  positive  SSTAs  emerged  in  the  first  half  of  2019,
while  negative  SSTAs  developed  over  the  eastern  equat-
orial Indian Ocean in May 2019, with the minimum values
occurring  in  October  (about –1.0°C).  There  were  weakly
positive SSTAs over the equatorial Indian Ocean in the com-
posite year. The difference between SSTAs in 2019 and the
composite  year  mainly  manifested  itself  as  the  features
related  to  the  second-year  warming  in  2019.  We  will  ana-
lyze how the differences over the equatorial Pacific are pro-
duced in the following sections. 

3.2.    Characteristics of the subsurface ocean temperature
anomalies

To understand the temporal evolution and spatial struc-
tures of the second-year warming in the subsurface of the trop-
ical Pacific, the 2-month averaged ocean temperature anom-
alies along the equator are given in Fig. 2 during 2019 and
the composite year.

Positive temperature anomalies are seen in most of the

 

 

Fig. 1. (a) Temporal evolutions of the Niño-3.4 index (in °C) for 2019 (red line), the composite year (blue line), and
their  difference  (black  line).  (b−d)  Longitude-time  plots  of  the  equatorial  Indo-Pacific  Ocean  SSTAs  (in  °C)
averaged between 5°S and 5°N for (b)  2019,  (c)  the composite year,  and (d) the difference in the SSTAs between
2019 and the composite year.
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Fig.  2.  Zonal  sections  of  upper  ocean  temperature  anomalies  (in  °C)  in  2019  (left)  and  the
composite  year  (right)  along  the  equator  (averaged  over  2°S  to  2°N)  for  (a,  g)  the
January−February  mean,  (b,  h)  March−April  mean,  (c,  i)  May-June  mean,  (d,  j)  July−August
mean,  (e,  k)  September−October  mean,  and  (f,  l)  November−December  mean.  The  black  line
represents the thermocline depth diagnosed by the 20°C isotherm.
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equatorial  Pacific  in  January−February  2019  (Fig.  2a),
except  for  a  weak  negative  temperature  anomaly  that  was
observed  in  the  far-western  equatorial  Pacific;  at  the  same
time, a pronounced negative temperature anomaly with lim-
ited  spatial  extent  was  located  in  the  eastern  equatorial
Pacific.  During  March−April,  negative  temperature  anom-
alies  in  the  western  equatorial  Pacific  propagated  eastward
along  the  thermocline  (Fig.  2b),  where  they  outcropped  to
the sea surface in May−June (Fig. 2c). This process caused
the  decay  of  the  positive  SSTAs  in  the  eastern  equatorial
Pacific (Fig. 1b). However, positive ocean temperature anom-
alies  still  dominated the western and the central  upper lay-
ers of the equatorial Pacific. Abnormally warm ocean temper-
atures  stretched  downward  and  broke  through  the  subsur-
face  cold  water  over  the  central  Pacific  in  July−August
2019. In the following months, positive temperature anom-
alies reinforced themselves and expanded, while negative tem-
perature anomalies weakened and retreated to the far-west-
ern and far-eastern Pacific in September−October (Fig. 2e).
Positive  temperature  anomalies  nearly  covered  the  entire
equatorial  Pacific  in  November−December  (Fig.  2f),  and
weak  negative  temperature  anomalies  were  confined  to
below  100  meters.  Positive  subsurface  ocean  temperature
anomalies  enhanced  and  expanded  eastward  in  the  eastern
equatorial  Pacific,  outcropped  to  the  sea  surface,  and  pro-
duced the second-year warming in late 2019. The evolution
in the composite year is very different from that in 2019, in
which  pronounced  negative  subsurface  ocean  temperature
anomalies  propagated  eastward  along  the  thermocline,  and
positive  temperature  anomalies  diminished  in  the  upper-
layer  equatorial  Pacific  (Figs.  2g–i).  In  the  second  half  of
the  composite  year,  negative  temperature  anomalies
strengthened and outcropped to the sea surface, before trans-
itioning into a La Niña condition (Figs. 2j–l). 

4.    Mechanisms  responsible  for  the  second-
year warming

 

4.1.    Triggering processes for the second-year warming

Previous studies have suggested that interocean interac-
tions can trigger or modulate El Niño evolution (e.g. Wang
et al.,  2000; Xie et  al.,  2009; Ham et al.,  2013a, b; Tian et
al.,  2021).  For  example,  remote  effects  from  the  Indian
Ocean can modulate ENSO evolution in the tropical Pacific.
In particular, a positive IOD event took place in May 2019,
which was the strongest event since 1960 (Du et al.,  2020;
Zhang et al., 2021b). On the intraseasonal timescale, Zhang
et al. (2021b) studied the role of the Madden–Julian Oscilla-
tion (MJO) as it  pertains to Pacific warming. By analyzing
daily wind anomalies in 2019, Zhang et al. (2021b) sugges-
ted that two MJO events originated from the tropical Indian
Ocean  and  propagated  into  the  western  tropical  Pacific
through 2019, leading to westerly wind bursts which contrib-
uted to the development of Pacific warming. Here, we will
further examine the influence of the positive IOD event on

the second-year warming over the equatorial Pacific in late
2019.

Figure  3 gives  the  time  series  of  IOD indices  in  2019
(red  bar),  the  composite  year  (blue  bar),  and  their  differ-
ence (solid black line). It can be seen that the IOD event in
2019 occurred in late spring and matured in autumn, which
is  consistent  with  the  observed  development  and  mainten-
ance of the second-year warming over the equatorial Pacific
in  2019.  As  for  the  composite  year,  the  IOD  indices  were
nearly zero throughout the year.

As  mentioned  earlier,  there  are  two  key  processes,
which are important to the development of the second-year
warming in late 2019. One is the persistence of above-aver-
age  SSTAs  over  the  central  equatorial  Pacific  from  May,
and  the  other  is  the  re-intensification  of  above-average
SSTAs over the eastern equatorial Pacific in September.

Figures  4–6 illustrate  the  spatial  distributions  of  SST,
wind stress, and sea level pressure anomalies (SLPAs) over
the tropical Indo-Pacific Ocean at some selected periods in
2019  and  the  composite  year.  In  May  2019,  the  tropical
Pacific  was  occupied  by  above-normal  SSTAs  (Fig.  4a).
There  were  westerly  wind  anomalies  over  the  western  and
central  tropical  Pacific  and  weak  easterly  wind  anomalies
over  the  eastern  tropical  Pacific.  As  for  the  tropical  Indian
Ocean, below-normal SSTAs were located in the eastern trop-
ical  Indian  Ocean,  while  above-normal  SSTAs  were  loc-
ated in the western and central  tropical  Indian Ocean,  with
the distribution of SSTAs exhibiting an IOD pattern (Fig. 3).
Negative  SSTAs in  the  eastern  tropical  Indian  Ocean  gave
rise  to  positive  SLPAs in  the  far-western  Pacific  (Fig.  5a).
The positive SLP anomalies expanded eastward to the cent-
ral  tropical  Pacific  and  contributed  to  the  development  of
anomalous westerlies, which were conducive to the persist-
ence of positive SSTAs in the central equatorial Pacific. As
for  the  composite  year  (Fig.  6a),  the  whole  tropical  Indian
Ocean was occupied by weakly positive SSTAs; the eastern
tropical Indian Ocean and western tropical Pacific were occu-
pied  by  weakly  positive  SLPAs;  the  anomalous  westerly

 

Fig. 3. Time series of the Indian Ocean Dipole (IOD) index (in
°C) in 2019 (red bar), the composite year (blue bar), and their
difference (black solid line).
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winds  over  the  western  and  central  equatorial  Pacific  are
very weak compared with those in May 2019.

In  September  2019,  positive  SSTAs  were  observed  in
the  central  tropical  Pacific,  with  its  maximum  center  loc-
ated  near  the  international  date  line;  but  negative  SSTAs
were seen in the eastern equatorial Pacific (Fig. 4b). Accord-
ing  to  the  Gill  Model  (Gill,  1980),  the  corresponding  low-
level atmospheric responses should consist of westerly wind
anomalies  to  the  west  of  the  heating  center,  and  easterly
wind  anomalies  to  the  east.  However,  anomalous  westerly
winds dominated the wide expanse of the western and cent-
ral tropical Pacific (120°E–140°W), by far exceeding the max-
imum center  of  positive  SSTAs.  Therefore,  processes  bey-
ond the tropical Pacific warming may have induced the anom-
alous westerly wind stress.  Looking at  the Indian Ocean,  a

strong  IOD  event  was  developing  at  this  time,  with  cold
SSTAs covering the eastern tropical Indian Ocean (Fig. 4b).
This  SSTA  pattern  generated  positive  SLP  and  westerly
wind  anomalies  not  only  in  the  eastern  tropical  Indian
Ocean but also in the western tropical Pacific (Fig. 5b), both
of  which  were  conducive  to  the  re-intensification  of  posit-
ive SSTAs in the central equatorial Pacific. As for the com-
posite  year,  weakly  positive  (negative)  SSTAs  dominated
the  tropical  Indian  Ocean  and  the  western  tropical  Pacific
(the central and eastern equatorial Pacific), which gave rise
to weakly positive (negative) SLPAs (Fig. 6b). The distribu-
tions  of  composite  SSTAs/SLPAs  are  very  different  from
those in September 2019, inducing the divergent wind stress
anomalies in the central and eastern equatorial Pacific.

At the end of 2019, negative SSTAs over the eastern trop-

 

 

Fig. 4. Horizontal distributions of SSTAs (shadings; in °C) and wind stress anomalies (vectors; in dyn cm−2;
1 dyn = 10−5 N) for (a) May, (b) September, and (c) December in 2019.

 

 

Fig.  5.  Horizontal  distributions of SLPAs (shadings;  in hPa) and wind stress (vectors;  in dyn cm−2)  for (a)
May, (b) September, and (c) December in 2019.
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ical Indian Ocean and the far-western tropical Pacific separ-
ated,  noting  the  presence  of  strong  positive  SSTAs  along
120°E  in  the  southeastern  tropical  Indian  Ocean  sector  as
well as the southwestern tropical Pacific sector (Fig. 4c). In
addition, the SLP anomalies also weakened, and the anomal-
ous westerly winds retreated to the International Date Line
(Fig.  5c).  At  the  same time  the  positive  SSTAs dominated
the  whole  equatorial  Pacific  (centered  around  the  Interna-
tional  Date  Line),  the  second-year  warming  occurred.  As
for  the  composite  year,  negative  SSTAs  in  the  central  and
eastern equatorial Pacific caused positive SLPAs and diver-
gent  wind  stress  anomalies  (Fig.  6c),  which  further
strengthened the local negative SSTAs. 

4.2.    The  evolution  mechanisms  for  the  second-year
warming

The atmospheric and oceanic processes responsible for
the  evolution  of  the  second-year  warming  in  2019  are
examined in detail. Figure 7 shows the temporal evolutions
of SST, SLP, zonal wind stress (Taux), and SSH anomalies
along the equator of the Indo-Pacific Ocean in 2019. There
are coherent relationships among these anomaly fields.

For  the  SST  field,  negative  SSTAs  were  evident  over
the  western  equatorial  Pacific  in  early  2019,  which  gradu-
ally  expanded  westward.  In  the  eastern  equatorial  Indian
Ocean, negative SSTAs developed in May 2019, with the min-
imum occurring  in  October  (about –1.0°C).  Corresponding
to  these  negative  SSTAs  over  the  eastern  tropical  Indian
Ocean and the western tropical Pacific, positive SLP anom-
alies persisted (centered at about 125°E) during 2019, with
two  maximum  centers  appearing  in  late  January  and
August, respectively. At the same time, weakly negative (pos-
itive) SLP anomalies also persisted over the central-eastern
equatorial  Pacific  during  the  first  (second)  half  of  2019.
Thus,  the  corresponding  SLP  gradient  anomalies  between

the western and central equatorial Pacific were conducive to
the  development  of  westerly  wind  anomalies  (Fig.  7c).
Indeed,  a  strong  westerly  wind  stress  anomaly  (more  than
0.4  dyn  cm−2)  was  observed  over  the  western  equatorial
Pacific (centered around 160°E) in January 2019. This west-
erly wind anomaly acted to excite a strong dowelling Kelvin
wave,  which  propagated  eastward  and  caused  the  thermo-
cline to deepen along the equatorial  Pacific (Fig.  7d).  Sub-
sequently,  the  intensity  of  the  westerly  wind  anomaly
decreased, accompanying by weakened positive SSH anom-
alies, which are sustained in the central equatorial Pacific dur-
ing the spring and summer of 2019. As for the eastern equat-
orial  Pacific,  an  easterly  wind  anomaly  emerged  in  early
2019,  which  propagated  westward  in  the  first  half  of  2019
and exerted an influence on the ocean temperature. On one
hand, this easterly wind anomaly increased the upwelling of
cold water from the subsurface layer through Ekman pump-
ing and thermocline feedback. On the other hand, this east-
erly wind anomaly also induced a westward spread of cold
water through zonal advection in the eastern Pacific. As a res-
ult,  positive  SSTAs  over  the  eastern  equatorial  Pacific
weakened in the first half of 2019 and transitioned into negat-
ive  anomalies  in  summer  and  autumn.  However,  the  east-
erly wind anomalies decreased suddenly in July. The relaxa-
tion of easterly wind anomalies was conducive to the develop-
ment  of  positive  SSTAs over  the  central-eastern  equatorial
Pacific.

After  August,  westerly  wind  anomalies  reinforced  and
expanded eastward to the central equatorial Pacific (around
140°W).  Previous  studies  have  demonstrated  that  westerly
wind bursts can trigger an El Niño event (e.g.,  Chen et al.,
2015). On one hand, anomalous westerly winds in the west-
ern  equatorial  Pacific  excited  downwelling  Kelvin  waves
that propagated eastward to the eastern boundary by the end
of 2019 (Fig. 7d). The strong subsurface warming which resul-

 

 

Fig. 6. Horizontal distributions of SLPAs (shadings; in hPa), wind stress (vectors; in dyn cm−2), and SSTAs
(contours; in °C; positive anomalies in red solid line; negative anomalies in blue dashed line; 0 in black solid
line; the interval is 0.3) for (a) May, (b) September, and (c) December in the composite year.
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ted from downwelling Kelvin waves quickly reversed the neg-
ative  SSTAs to  be  positive.  On the  other  hand,  anomalous
westerly winds led to surface warming through zonal advec-
tion.  The  warming  surface  condition  in  the  western  equat-
orial Pacific expanded eastward, while the cold SST anom-
alies  in  the  eastern  equatorial  Pacific  decreased  rapidly  in
October  (Fig.  7a).  These  processes  persisted  during  late
2019, then positive SSTAs dominated the whole equatorial
Pacific and the second-year warming occurred.

To  further  examine  the  spatial  characteristics  of  the
Kelvin wave excited by anomalous westerly winds in detail,
the spatial structure of SSH anomalies was given in Fig. 8.
Beginning in September, driven by the strengthening of the
anomalous westerly winds (Fig. 7c), a positive SSH anom-
aly  in  the  central  equatorial  Pacific  extended  eastward
(Fig.  8a),  and  then  propagated  throughout  the  central-east-
ern equatorial Pacific, which is seen as a fluctuating wave sig-
nal (Fig. 8b). Negative SSH anomalies over the eastern equat-
orial  Pacific  were  divided  into  two parts,  located  on  either
side  of  the  equator.  In  November,  positive  SSH anomalies
reached the eastern equatorial Pacific, and the negative SSH
anomalies  over  the  eastern  equatorial  Pacific  noticeably
weakened  (Fig.  8c).  In  December,  driven  by  the  reintensi-
fied  anomalous  westerlies,  positive  SSH  anomalies  expan-

ded eastward again from the central equatorial Pacific (Fig.
8d).  These processes contributed to the second-year warm-
ing in late 2019.

Previous studies have shown that the effects of the anom-
alous  eastward  advection  and  the  variation  in  the  thermo-
cline  are  the  main  reasons  for  the  development  of  El  Niño
(An and Jin, 2001). Ashok et al. (2007) pointed out that the
equatorial thermocline feedback plays a key role in the evolu-
tion of the ENSO in the Eastern-Pacific (EP) ENSO’s evolu-
tions,  whereas  the  zonal  advection  plays  an  important  role
in  the  the  Central-Pacific  (CP)  ENSO’s  evolutions  (e.g.,
Kug et al., 2009; Marathe et al., 2015). In order to quantify
the  specific  contributions  attributed  to  each  physical  pro-
cess to the second-year warming in late 2019, the SST equa-
tion  was  used  to  diagnose  the  mixed-layer  heat  budget.
Figure  9 illustrates  the  evolution  of  each  physical  process
over  time.  From  the  sum  of  all  terms  in  2019  (Fig.  9f),  it
can be seen that the cooling effect was mainly located in the
eastern equatorial Pacific (120°–80°W), while the warming
effect  was  located  in  the  western  and  central  equatorial
Pacific,  with  two  maximum  centers  (exceeding  1°C
month−1) emerging in early 2019 and mid-late 2019, respect-
ively.  As  a  whole,  the  zonal  advection  feedback  (Fig.  9a),
the  thermocline  feedback  (Fig.  9b),  and  Ekman  pumping

 

 

Fig.  7.  Time-longitude  cross  sections  of  the  equatorial  Indo-Pacific  Ocean  for  (a)  SSTAs  (in  °C),  (b)  sea  level
pressure anomalies (SLPAs) (in hPa; averaged between 5°S and 5°N) in 2019. Time-longitude cross sections of the
equatorial Pacific for (c) Zonal wind stress (Taux) anomalies (in dyn cm−2; averaged between 5°S and 5°N), and (d)
SSH anomalies (in mm; along the equator) in 2019.
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(Fig. 9d) contributed to the warming of the mixed-layer tem-
perature in the western and central equatorial Pacific, but cool-
ing effects in the eastern equatorial Pacific. In terms of the
roles of mean ocean currents (Fig. 9c) and thermal damping
(Fig. 9e), they provided a cooling effect on the mixed-layer
temperature  variation  in  the  western  and  central  equatorial
Pacific,  but  a  warming  effect  in  the  eastern  equatorial
Pacific. To sum up, the SST warming in the fall of 2019, cor-
responding  to  the  second-year  warming,  was  mainly
induced  by  the  zonal  advection  feedback  and  thermocline
feedback. The zonal advection feedback played a major role
over  the  central-eastern  equatorial  Pacific  during  August-
November  (about  0.7°C  month−1),  while  the  thermocline
feedback  played  a  major  role  in  December  (about  0.4°C
month−1). 

5.    Summary and discussion

After the 2016–18 consecutive La Niña events, a weak
El  Niño event  developed in  the  fall  of  2018 over  the  trop-
ical Pacific, which peaked in November. Subsequently, this
event  decayed  and  the  SSTAs  in  the  Niño-3.4  region

returned to a neutral state during mid-2019. However, posit-
ive  SSTAs  emerged  and  re-intensified  unexpectedly  in
September 2019, which is different from the composite evolu-
tion  of  El  Niño  in  the  following  year  (Fig.  1a).  Based  on
reanalysis data sets, the main characteristics, triggering mech-
anism, and evolutionary processes for the 2019 second-year
warming after the 2018/19 El Niño event were investigated.

This study suggested that an exceptionally strong posit-
ive  IOD event  played  a  critical  role  in  remotely  triggering
the 2019 second-year warming in the tropical Pacific (Fig. 7).
Associated with the development of the positive IOD event,
negative  SSTAs  in  the  eastern  tropical  Indian  Ocean  gave
rise to positive SLP anomalies over wide expanses of the east-
ern tropical Indian Ocean and the western tropical Pacific in
mid-late 2019. The SLP gradient anomalies between the west-
ern and central equatorial Pacific contributed to the intensific-
ation of anomalous westerly winds over the western equat-
orial Pacific. These conditions were conducive to the develop-
ment of the second-year warming in late 2019.

The related evolution processes and effects were summar-
ized as follows (see Fig. 10). In the first half of 2019, most
of  the  tropical  Pacific  was  occupied  by  positive  SSTAs.

 

 

Fig.  8.  Horizontal  distributions  of  sea  surface  height  (SSH)  anomalies
(shadings;  in  mm)  for  (a)  September,  (b)  October,  (c)  November,  and  (d)
December in 2019.
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Beginning  in  May,  negative  subsurface  ocean  temperature
anomalies  propagated  to  the  eastern  equatorial  Pacific,
where  they  outcropped  to  the  surface,  which  cooled  down
the sea surface.  Typically,  this  sequence foretells  that  a  La
Niña condition is on the way, just like that transpired in the
composite year. However, an extremely positive IOD event
emerged  and  gave  rise  to  positive  SLPAs  over  the  eastern
tropical Indian Ocean and the western tropical Pacific. The

SLPA  gradient  between  the  western  and  central  tropical
Pacific  was  conducive  to  the  re-intensification  and  persist-
ence of anomalous westerly winds in the western and cent-
ral tropical Pacific. These conditions were favorable for gener-
ating warmer SSTs in the western equatorial Pacific. At the
same time, subsurface warm water was sustained in the west-
ern  and  central  equatorial  Pacific,  which  served  to  further
maintain  the  above-normal  SSTAs.  From  late  August,  the

 

 

Fig.  10.  Schematic  diagram  showing  the  pathway  by  which  an  extreme  IOD  event  triggers  the  late  2019
second-year warming in the eastern equatorial Pacific.

 

 

Fig.  9.  Temporal  evolutions  of  the  mixed-layer  dynamical  and  thermodynamical  terms  (in  °C month−1)  along  the  equator
(averaged between 2°S and 2°N) in 2019 for (a)  ZA, (b) TH, (c)  MC, (d) EK, (e)  TD, and (f)  SUM. Here,  ZA represents
zonal advection; TH represents thermocline feedback; MC represents mean current effect; EK represents Ekman effect; TD
represents thermal damping, and SUM= ZA+TH+MC+EK+TD.
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westerly wind anomalies expanded eastward, which caused
the  SST  warming  in  the  eastern  equatorial  Pacific  through
zonal  advection.  Simultaneously,  the  westerly  wind  anom-
alies  excited  downwelling  Kelvin  waves  in  the  western
basin,  which  propagated  eastward  and  warmed  the  SST  in
the eastern equatorial Pacific due to the deepening of the ther-
mocline. Thus, both the anomalous westerly winds and anom-
alous subsurface warm water contributed to the second-year
warming in late 2019. Mixed-layer heat budget analyses indic-
ate  that  the  zonal  advection  feedback  played  a  major  role
over  the  central  and  eastern  equatorial  Pacific  during
August–November (about 0.7°C month−1), while the thermo-
cline  feedback  played  a  major  role  in  December  (about
0.4°C month−1).

Besides  the  2019/20  second-year  warming,  two  other
second-year  warming  (1987/88  and  2015/16  events)
occurred  during  the  analysis  period.  We  checked  the  IOD
index  for  these  episodes  and  found  that  both  the  IOD
indices were positive.  However,  the positive index in 1987
was  ~0.4°C,  which  failed  to  reach  the  IOD event  criterion
of ~0.6°C. In contrast, the IOD index in 2015 did meet the cri-
terion  and  had  a  maximum  of  ~0.9°C.  The  1987/88  event
has been studied by Chen and Li (2018), who suggested that
the  equatorial  westerly  wind  anomalies,  south  of  the  west-
ern  North  Pacific  cyclone,  triggered  downwelling  Kelvin
waves, prolonging the positive SSTAs throughout 1987. As
for the 2015/16 super El Niño event, it attracted great atten-
tion  and  interest  from  researchers.  Westerly  wind  bursts
(Lian et al., 2017; Xue and Kumar, 2017; Hu and Fedorov,
2019) and the local effects of the above-normal subsurface
heat content (Zhang and Gao, 2017) were considered to be
the main processes responsible for the 2015/16 second-year
warming.  Besides,  Kim  and  Yu  (2020)  studied  the  multi-
year  El  Niño  events  in  a  2  200-yr  simulation  of  the  Com-
munity Earth System Model (version 1) and found that the
phase information of the preceding winter North Pacific Oscil-
lation and fall IOD together can be used to project the evolu-
tion characteristics of El Niño events. Tokinaga et al. (2019)
investigated the fragile relationship between ENSO and the
Atlantic Niño by comparing the influence of multi-year and
single-year ENSO events over the past 113 years and found
that  the  ocean-atmosphere  coupling  in  the  equatorial  west-
ern-to-central Pacific plays a major role in shaping ENSO tele-
connections  in  boreal  spring.  The  generation  mechanism
and global impacts of a multi-year El Niño event need fur-
ther studies.

Global  warming caused by human activities has led to
the  increase  and  intensification  of  extreme  climate  events,
which  have  a  serious  impact  on  the  sustainable  develop-
ment  of  human  society  and  people's  lives  and  property.
Under the scenario of high greenhouse gas emissions, the fre-
quency of extreme positive IOD events can increase in most
climate models (Cai et al.,  2014). Thus, focused studies on
the  relationship  between  extreme  IOD  and  El  Niño  events
are  of  great  significance and have the  potential  to  improve
short-term climate prediction. Further investigation is there-

fore needed and will be performed.
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