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Abstract
We examine the connection between interannual anomalies of sea surface temperature (SST) in the central and far-eastern 
equatorial Pacific associated with basin-scale and coastal El Niños. Variations of the SST anomalies in these two regions 
are largely coherent, meaning coastal El Niños mostly occur together with the commonly studied basin-scale El Niños. Of 
particular interest for this study though is the understanding of the coastal El Niños that are not accompanied by basin-scale 
El Niños or that follow basin-scale El Niños. Such coastal El Niños can have catastrophic societal consequences in western 
South America. We identify seven coastal El Niños during 1979–2017, namely 1983, 1987, 1998, 2008, 2014, 2015, and 
2017. These coastal El Niños are driven by different mechanisms. The coastal El Niños in 1983, 1987 and 1998 occurred after 
basin-scale El Niños. A unique feature of such extreme basin-scale El Niños like in 1982–1983, 1986–1987, and 1997–1998 
is an equatorially centered intertropical convergence zone during its decaying phase. As a result, positive SST anomalies 
persist, and sometimes even strengthen, in the eastern Pacific in the subsequent boreal spring/early-summer, leading to coastal 
El Niños. The coastal El Niños in 2014 and 2015 on the other hand resulted from westerly wind bursts in the western Pacific 
that forced downwelling Kelvin waves and a thermocline depression in the far eastern Pacific. The formation of coastal El 
Niños in 2008 and 2017 were associated with westerly surface wind anomalies in the eastern equatorial Pacific and largely 
driven by ocean surface heat flux anomalies. These two coastal El Niños occur during the warm phase of the seasonal cycle, 
so that warm SSTs are amplified and/or the warm season is extended along the west coast of South America. Thus, there is 
a wide variety of the coastal El Niños in terms of evolution, mechanism, and timing.

1  Introduction

El Niño–Southern Oscillation (ENSO) originates in the trop-
ical Pacific and is the strongest year-to-year fluctuation of 
the climate system on the earth. It is also the largest source 
of predictability in global climate on seasonal-to-interannual 
time scales (National Research Council 2010). Originally, El 
Niño was referred to as anomalous warming along the Peru-
Ecuador coast every few years, which sometimes resulted in 
catastrophic rain and adverse impacts on regional ecology 
(see the review by Wyrtki 1975). Only later was it recog-
nized that most El Niños (the warm phase of ENSO) and 
La Niñas (the cold phase of ENSO) are Pacific basin-wide 
phenomena associated with broad scale  ocean-atmosphere 
interactions that have significant global climate impacts 
(Rasmusson and Carpenter 1982; Deser and Wallace 1987; 
Davey et al. 2014; McPhaden et al. 2006).

Rasmusson and Carpenter (1982) found that the sea sur-
face temperature (SST) warming near the South America 
coast usually preceded that in the central equatorial Pacific 
during the El Niños from the 1950 to 1970s so that coastal 
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SST anomalies (SSTAs) could serve as a precursor to the 
subsequent basin-scale warm events. However, this relation-
ship did not hold in the subsequent 1982–1983 strong El 
Niño (Rasmusson and Wallace 1983) and does not seem 
to be prominent in the warm events since. Furthermore, 
coastal El Niños sometimes also occur independent of the 
basin-scale El Niños with SSTA confined in the far-eastern 
tropical Pacific near the southern American coast (Takahashi 
and Martínez 2018). To distinguish such types of coastal 
El Niños, which can have catastrophic effects in western 
South America (Deser and Wallace 1987; Sanabria et al. 
2018), we refer to the conventional El Niño as basin-scale 
El Niños. These basin-scale El Niños encompass a variety 
of different flavors as described in publications (e.g., Larkin 
and Harrison 2005; Ashok et al. 2007; Kug et al. 2009; Kao 
and Yu 2009; Hu et al. 2012; Capotondi et al. 2015; Wang 
et al. 2018).

The recent extreme warming along the South Ameri-
can coast during boreal spring 2017 (Fig. 1a–c) is one type 
of coastal El Niño event (Garreaud 2018). The warming 

commenced in boreal winter of 2016–2017, peaked in 
March 2017, and decayed in May. This coastal warm event 
led to serious regional weather and climate-related disasters. 
According to Frase (2017), torrential rains pummeled Peru’s 
northern coastal desert in February and March 2017, trig-
gering floods and landslides that killed at least 113 people 
and destroyed about 40,000 homes. Also, most of the water 
distribution systems in the region collapsed, causing drink-
ing water shortages. A similar scenario happened in 1925 
with strong warm SSTAs confined in the coastal region of 
South America during boreal spring (Fig. 1e–g), which also 
caused loss of life and property in the region (Takahashi and 
Martínez 2018). Nevertheless,  the intense coastal warm-
ing in 1925 developed in a largely cold background of the 
Pacific basin, instead of a warm state as in 2017 (Fig. 1). 
Interestingly, the coastal El Niño eventually evolved into a 
strong basin-scale El Niño in 1925, but was followed by a 
basin-scale La Niña in 2017 (Fig. 1d, h).

In contrast with the extensive and systematical research 
about the basin-scale El Niño (Philander 1990; Sarachik and 

Fig. 1   SSTAs in a February 2017, b March 2017, c May 2017, d December 2017, and e February 1925, f March 1925, g May 1925, and h 
December 1925. The unit is °C
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Cane 2010), the knowledge and research in understanding 
aspects of coastal El Niño are very limited. Recently, Taka-
hashi and Martínez (2018) examined the coastal El Niño 
event in early 1925 based on limited in situ observations. 
As seen in Fig. 1, this strong coastal El Niño was character-
ized by warm conditions in the far-eastern Pacific, but cool 
conditions in the central tropical Pacific. That is in contrast 
to coastal warming after the peak phases of the extreme El 
Niño events in 1982–1983 and 1997–1998. In these two 
events, strong positive SSTAs were also observed in both the 
central and eastern tropical Pacific. Takahashi and Martínez 
(2018) argued that downwelling equatorial Kevin waves had 
little role in initiating the coastal warming in 1925. In fact, 
the coastal warming in 1925 was associated with an abrupt 
onset of strong northerly winds across the equator and the 
strengthening/weakening of the intertropical convergence 
zones (ITCZ) south/north of the equator. They suggested 
that the coupled ocean–atmosphere feedback dynamics asso-
ciated with southward shift of ITCZs, enhanced convergence 
along the ITCZ (see their Fig. 8) and enlarged north–south 
SSTA asymmetry in the far-eastern Pacific (see their Fig. 5) 
produced the coastal El Niño event in 1925. However, it is 
unclear whether the onset of strong northerly winds across 
the equator and southward shift of ITCZ are a connection or 
causal relationship.

The catastrophic impacts of coastal El Niños on life and 
property, as well as our limited knowledge currently about 
its physical mechanisms, call for further studies about the 
physical processes behind these events, that is the focus of 
this paper. The rest of the paper is organized as follows. The 
data used in this work are introduced in Sect. 2. Section 3 
shows the connection of SSTAs in the central and far eastern 
equatorial Pacific and its interdecadal and seasonal varia-
tions. In Sect. 4, criteria to identify a coastal El Niño are 
proposed. Various mechanisms for the evolution of coastal 
El Niños are examined in Sect. 5. A summary and discussion 
are given in Sect. 6.

2 � Data

Monthly mean SSTs are from version 5 of the Extended 
Reconstructed SST (ERSSTv5) dataset on a 2° × 2° grid 
during January 1854–December 2017, which is based on 
reconstruction from empirical orthogonal functions (EOFs). 
While ERSSTv5 is unable to distinguish some regional and 
small-scale anomalies because of the inherent EOF smooth-
ing (Huang et al. 2017), it captues the essential feature we 
are interested in. The Niño1 + 2 and Niño3.4 indices are 
defined as the averaged SSTA in the regions 10°S–0°N, 
90°W–80°W and 5°S–5°N, 170°W–120°W, respectively. 

This long SST time-series is used to analyze the relation-
ship between SST variations in the Niño3.4 and Niño1 + 2 
regions.

Monthly and pentad mean surface wind stresses during 
January 1979–December 2017 are from the NCEP/DOE rea-
nalysis (Kanamitsu et al. 2002). Monthly and pentad mean 
of depth of the 20 °C isotherm (D20), SST, surface heat 
flux, and vertical velocity (w) from the Global Ocean Data 
Assimilation System (GODAS; Behringer 2005) during Jan-
uary 1979–December 2017 are also analyzed. Monthly mean 
outgoing long wave radiation (OLR) and analyzed precipita-
tion data on a 2.5° × 2.5° grid are from Liebmann and Smith 
(1996) and Xie and Arkin (1997), respectively.

3 � Connection of SSTAs in the central 
and far‑eastern equatorial Pacific

First, we analyze the lead-lag connections of SSTAs in the 
central and far-eastern equatorial Pacific, which are repre-
sented by the Niño3.4 and Niño1 + 2 indices, respectively 
(Fig. 2). We note that the two indices are positively corre-
lated (Fig. 2), implying coherent variation of SSTAs in the 
central and far-eastern equatorial Pacific. In other words, 
coastal and basin-scale warming/cooling (El Niño/La Niña) 
occur together most of the time. The maximum correlation 
occurs when the Niño3.4 index lags the Niño1 + 2 index 
by 1–2 months, suggesting that statistically SST variation 
in the far-eastern equatorial Pacific occurs slightly earlier 
than that in the central equatorial Pacific, consistent with the 
composite analysis by Rasmusson and Wallace (1983) based 
on six El Niños in the 1950–1970s.

The lead-lag relationship of SSTAs in the central and far-
eastern equatorial Pacific also experienced some interdec-
adal variations (Fig. 3). For example, during 1870–1980, the 
maximum correlations are present when the Niño3.4 index 
lags the Niño1 + 2 index by 1–3 months, implying a west-
ward propagation as indicated in Rasmusson and Carpenter 
(1982). Since late 1970s, the maximum correlations are pre-
sent at 0 month lead, suggesting that a change of the zonal 
propagation direction of SSTAs after about 1980 (e.g., Wang 
1995; Zhu et al. 2011). McPhaden and Zhang (2009) high-
lighted the asymmetry in zonal phase propagation between 
El Niño and La Niña SSTAs after 1980. In particular, the 
phase propagation of El Niño associated SSTAs along the 
equator changed from westward to eastward after mid- to 
late-1970s climate regime shift in the Pacific. However, 
the direction of propagation of La Niña associated SSTAs 
did not change after the mid- to late-1970s. Instead, the La 
Niña associated SSTAs continued to exhibit westward phase 
propagation along the equator. Such asymmetry of the phase 
propagation between El Niño and La Niña associated SSTA 
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Fig. 2   Lead and lag correla-
tions between the Niño3.4 and 
Niño1 + 2 indices. The negative 
(positive) numbers in the x-axis 
represent the number of months 
that the Niño3.4 index leads 
(lags) the Niño1 + 2 index

Fig. 3   Lead and lag correla-
tions between the Niño3.4 and 
Niño1 + 2 indices with 30 years 
running window. The data are 
10-year high-pass filtered. The 
negative (positive) numbers in 
the y-axis represent the number 
of months that the Niño3.4 
index leads (lags) the Niño1 + 2 
index
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is consistent with the maximum lead-lag correlations occur-
ring at 0-month lead-lag after about 1980.

In addition to interdecadal variation of the lead-lag time, 
the correlation amplitudes vary with time. For example, the 
correlations are stronger during 1875–1915 and since 1960, 
but weaker during 1920–1960 (Fig. 3). Such amplitude 
change of the correlation may be associated with interdec-
adal variations in ENSO intensity (D’Arrigo et al. 2005) or 
character (e.g. Ashok et al. 2007; McPhaden 2012). Interest-
ingly, the lead-lag correlations vary with calendar months as 
well (Fig. 4). Statistically, the correlations are larger during 
August–January than other months. With the progression 
from late boreal spring to winter for the Niño1 + 2 index, 
the lead time of the Niño1 + 2 index to the Niño3.4 index 
reduces from 7 to 8 months to 0 month. That implies that 
the variability of SSTA in the Niño1 + 2 region precedes 
that in the Niño3.4 region mainly in the development phases 
of ENSO and there is little propagation of SSTAs during 
the peak phase of ENSO, consistent with the Rasmusson 
and Carpenter (1982) composites. Note also that in boreal 
winter there is tendency for the Niño3.4 index to lead the 
Niño1 + 2 index.

4 � Definition of coastal El Niño event

According to L’Heureux et al. (2017), Comité encargado 
del Estudio Nacional del Fenómeno El Niño (ENFEN Com-
mittee, Peru) uses the following criteria to define a coastal 
El Niño (La Niña): 3-month running-mean Niño1 + 2 SST 
index is above (below) 0.4 °C (− 1.0 °C) for at least three 
consecutive months. In the present work, the analysis is 
focused on those coastal El Niños that do not occur simul-
taneously with basin-scale El Niños. To exclude coastal 
warming events co-existing with basin-scale El Niños, we 
remove the Niño3.4 related variability from the Niño1 + 2 
SST index by subtracting it with a linear regression fit onto 
the Niño3.4 index. The residual time series is referred to 
as the ENSO-adjusted Niño1 + 2 index (see line in Fig. 5). 
In the subsequent analysis, as our purpose is to study the 
mechanisms for the coastal El Niños, the analysis period is 
limited to after 1979 when the data sets documenting the 
sub-surface ocean variability are available.

We note that in the ENSO-adjusted Niño1 + 2 index, only 
the part of the signal linearly related to the contemporary 
ENSO state is removed. It may have some remaining lead/
lag correlations with the Niño3.4 index. Moreover, any non-
linearity in the relationship (that is expected to be strong 
for major El Niños, see Jin et al. 2003; An and Jin 2004) 
may still be present, including some prominent asymmetric 
features between El Niño and La Niña (Kumar and Hoerling 

Fig. 4   Month dependence 
of lead and lag correlations 
between the Niño3.4 and 
Niño1 + 2 indices in 1854–
2017. The negative (positive) 
numbers in the x-axis represent 
the number of months that the 
Niño3.4 index leads (lags) the 
Niño1 + 2 index. The y-axis is 
the months of the Niño1 + 2 
index, and it spans 24 months
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1997; Yu and Kim 2011). For example, SSTAs in the tropi-
cal Pacific associated with El Niño and La Niña years are 
asymmetric in terms of their meridional extent (Zhang 
et al. 2009), amplitude (Hoerling et al. 1997), zonal phase 
propagation (McPhaden and Zhang 2009), and associated 
recharge/discharge processes (Hu et al. 2014, 2017).

On the other hand, we argue that this procedure substan-
tially reduces the coastal SSTAs that are simultaneously 
and linearly related to basin-scale El Niños. To examine 
effectiveness of the ENSO-adjusted SSTAs in reducing the 
basin-scale ENSO associated SSTAs, Fig. 6 displays the raw 
SSTAs along the equator (left panel) and ENSO-adjusted 
SSTAs (by removing linear regression part of SSTAs asso-
ciated with Niño3.4 from the raw SSTAs) (right panel). 
Clearly, the main SSTAs in the central and eastern equato-
rial Pacific disappear, with significant SSTAs present only 
in the far eastern Pacific and along the American coast. For 
extreme El Niños, SSTAs along the American coast (the 

Niño1 + 2 region), which are present simultaneously with 
extreme basin-scale El Niños, are largely removed in 1982 
and 2015, and greatly reduced in 1997. Thus,  we suggest 
that the SSTAs associated with basin-scale El Niños can 
be effectively removed through the linear regression fitting.

To distinguish the coastally confined warm/cold events 
from those co-occurring with basin-scale ENSO events, 
we propose a new approach. First, we exclude the extreme 
basin-scale El Niño events of 1982–1983 and 1997–1998 
to avoid their overshadowing of other weaker coastal El 
Niño events. Then the standard deviations (STDs) of the 
Niño1 + 2 index and the ENSO-adjusted Niño1 + 2 index are 
calculated (Fig. 5). The correlation between the Niño1 + 2 
index and the ENSO-adjusted Niño1 + 2 index reduces 
from 0.74 for all months to 0.58 for the months excluding 
January 1982–December 1983 and January 1997–Decem-
ber 1998 (Fig. 7). All the correlations are significant at the 
99.9% level using the t-test, suggesting that a large fraction 

Fig. 5   Time series of 3-month running mean of Niño1 + 2 indices 
(shading) and ENSO-adjusted Niño1 + 2 indices (curve) in January 
1979–December 2017. The bars represent that both the Niño1 + 2 
index is equal to or larger than 0.8  °C and the ENSO-adjusted 
Niño1 + 2 index is equal to or larger than is 0.6  °C. The standard 

deviation is 1.1  °C for Niño1 + 2 index, 0.8  °C for ENSO-adjusted 
Niño1 + 2 index, 0.8 °C for Niño1 + 2 index without 1982–1983 and 
1997–1998, and 0.6 °C for ENSO-adjusted Niño1 + 2 index without 
1982–1983 and 1997–1998, respectively 
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of SST variability in the Niño1 + 2 region is not linearly 
connected with basin-scale El Niños.

We define a coastal El Niño event when both the 3-month 
running mean Niño1 + 2 index is equal to or larger than one 
STD (0.8 °C) and ENSO-adjusted 3-month running mean 
Niño1 + 2 index is equal to or larger than one STD (0.6 °C) 
with anomalies of this magnitude persisting for at least three 
consecutive overlapping seasons. Following this definition, 
there are seven coastal El Niños during 1979–2017 (Fig. 8): 
1983 (March–October 1983), 1987 (March–May 1987), 
1998 (April 1997–August 1998), 2008 (July–September 
2008), 2014 (May–August 2014), 2015 (May–July 2015), 
and 2017 (January-April 2017) (Fig. 5). The duration of the 
seven coastal El Niños ranges from 3 months (1987, 2008, 
2015) to 17 months (1998) as evident in Fig. 6 (rectangles 
on right side) and Fig. 8 (bars).

5 � Various mechanisms of generating Coastal 
El Niñoñ

The evolution of the Niño3.4 index in the seven coastal 
El Niño years is varies (Fig. 8, dashed line). For exam-
ple, Niño3.4 decreases from large positive (strong basin-
scale El Niño) to negative in 1983 and 1998 (Fig. 8a, c), 
but persists with large positive values in 1987 (Fig. 8b). 
For 2008 (Fig. 8d), Niño3.4 increases from large negative 
(a basin-scale La Niña) to near neutral. In 2014 and 2017 
(Fig. 8e, g), the Niño3.4 index fluctuate around zero with 
small amplitude variations. The Niño3.4 index shows a 
strong increase in 2015 (Fig. 8f), that is associated with 
the development of the extreme basin-scale El Niño in 
2015–2016 (Huang et al. 2016; L’Heureux et al. 2017).

Fig. 6   Time and longitude 
evolution of 3-month run-
ning mean SSTAs (left) and 
ENSO-adjusted SSTAs (right) 
averaged in 5°S–5°N. The green 
rectangles in right side represent 
the duration of coastal El Niños 
defined in this work. The unit 
is °C
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These distinctive evolution patterns are further displayed 
in longitude and time cross section Hovmöller analysis along 
the equator (Fig. 9). We note that 1983 and 1998 coastal 
El Niños formed after extreme basin-scale El Niño in 
1982–1983 and 1997–1998, respectively (Fig. 9a, c), while 
1987 and 2015 coastal El Niños occurred during basin-
scale El Niños in 1986–1987 and 2014–2016, respectively 
(Fig. 9b, f). These coastal events are clearly linked to the 
evolution of basin scale atmospheric and oceanic variations. 
On the other hand, the coastal El Niños in 2008, 2014, and 
2017 occurred after a strong La Niña or a moderate basin-
wide cooling in the previous year (Figs. 8, 9d, e, g). These 
distinctive evolutions for the coastal El Niños imply different 
physical processes involved.

5.1 � Coastal El Niños in 1983, 1987, and 1998

By comparing the composites between moderate El Niños 
and extreme (1982–1983 and 1997–1998) El Niños in both 
observations and models, Lengaigne and Vecchi (2010) 
noted that meridional migration of ITCZ not only precondi-
tions the termination of El Niños in general, but also leads 
to a peculiar termination of the extreme El Niños. For the 
extreme (1982–1983, 1997–1998) and strong (1986–1987) 
basin-scale El Niño events (see Fig. 10), an equatorially cen-
tered ITCZ emerges in their decay phase and positive SSTAs 
in the eastern Pacific persist and strengthen well into the 
following boreal spring/early-summer. As a result, low-level 
wind convergence (or anomalous westerly wind) and SSTAs 

continue to reinforce each other in the eastern equatorial 
Pacific and along the west coast of South America. This 
seemed to be the main process that leads to coastal El Niños 
in 1983, 1987, and 1998 (Fig. 9a, b).

Specifically, the ITCZ (as depicted by the averaged 
OLR in 100°–80°W) is along 5°N before November 1982, 
November 1986, and November 1997  (Figs.  10a, c, e). 
Following its seasonal progression, it subsequently shifts 
southward towards the equator. Correspondingly, the posi-
tive SSTAs first decay, then persist or strengthen. Consistent 
with Lengaigne and Vecchi (2010), extreme El Niños are 
accompanied by anomalously strong convection in the east-
ern tropical Pacific (see contours in Fig. 10a, c, e) that leads 
to the convergence of the trade winds in the region and sup-
pression of wind-forced upwelling (Fig. 10b, d, f). It is noted 
that the anomalous downwelling (negative values of verti-
cal velocity, shown as shading in Fig. 10b, d, f) is present 
before January or February, and then anomalous westerly 
winds are observed. As a result of the anomalous down-
welling and westerly winds (Fig. 10b, d, f), the thermocline 
(represented by D20; contours in Fig. 10b, d, f) deepens 
and positive D20 anomalies persist. Thus, the warming in 
the eastern tropical Pacific following extreme El Niño years 
can persist into boreal spring or even in summer, leading to 
a coastal El Niño. It should be pointed out that the basin-
scale El Niño in 2015–2016 had comparable intensity with 
that in 1982–1983 and 1997–1998 (Huang et al. 2016), but 
no coastal El Niño happened in 2016 following this extreme 
event. That may imply that additional factor(s) also play a 

Fig. 7   Scatter of 3-month mean 
Niño1 + 2 (y-axis) and ENSO-
adjusted Niño1 + 2 (x-axis) indi-
ces in January 1979–December 
2017. The closed triangles 
represent January 1982–Decem-
ber 1983 and January 1997–
December 1998. The unit is °C. 
The correlations are 0.74 for all 
months, and 0.58 without Janu-
ary 1982–December 1983 and 
January 1997–December 1998
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role in determining if there is a follow-up coastal El Niño 
after an extreme/strong basin-scale El Niño.

5.2 � Coastal El Niños in 2014 and 2015

For the formation of the coastal El Niños in 2014 and 2015, 
we note that westerly wind bursts (WWBs) in the central-
west equatorial Pacific may play an important role. In 2014, 

there were two WWBs in late January and late February 
(shading, top panel of Fig. 11a), while in 2015, multiple 
weak WWBs were evident in the first half of the years 
(shading, bottom panel of Fig. 11a). These WWBs trig-
gered downwelling Kelvin waves (contour, Fig. 11a) that 
suppressed upwelling in the far eastern equatorial Pacific 
(shading in Fig. 11b; see also McPhaden 2015). These Kel-
vin waves caused warming in the Niño1 + 2 region a few 

Fig. 8   Evolution of 3-month running mean Niño1 + 2 (shading), 
ENSO-adjusted Niño1 + 2 (green solid line), and Niño3.4 (dashed 
line) indices in the seven coastal Niño events. The bars represent the 

months that both the Niño1 + 2 index is equal to or larger than one 
STD (0.8 °C) and the ENSO-adjusted Niño1 + 2 index is equal to or 
larger than one STD (0.6 °C). The unit is °C
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months later (Fig. 9, contour in Fig. 11b), leading to the for-
mation of the coastal El Niños in 2014 and 2015. McPhaden 
et al. (2015) also noted that remotely forced Kelvin waves in 
late 1974 and early 1975 triggered a brief and weak coastal 
El Niño in 1975 (see their Fig. 3).

Such a mechanism is similar to that of basin-scale El 
Niños dominated by the Bjerknes feedback (Bjerknes 1969). 
The feedback involves anomalous zonal SST gradients, 
surface wind stress anomalies, and thermocline depth fluc-
tuations that are triggered by WWBs and associated down-
welling Kelvin waves. For the coastal El Niño event in 2015, 
it evolved into an extreme basin-scale El Niño in 2015–2016 
(Huang et al. 2016; L’Heureux et al. 2017). Nevertheless, it 
is unclear why such strong WWBs and eastward propagation 
of a Kelvin wave in 2014 just triggered a coastal El Niño 
instead of a basin-scale El Niño, though both Levine and 

McPhaden (2016) and Tseng et al. (2017) argued that forma-
tion of a basin-scale El Niño needs multiple WWBs. Nev-
ertheless, this may imply that even with strong subsurface 
warming, lack of multiple/persistent WWBs (Menkes et al. 
2014) and/or the presence of the easterly wind events (Hu 
and Fedorov 2016) may halt a basin-scale El Niño develop-
ment, like in 2014.

5.3 � Coastal El Niños in 2008, and 2017

Unlike the coastal El Niños in 1983, 1987, 1998, 2014, and 
2015, for the coastal El Niños in 2008 and 2017, there is no 
evidence that they were connected with extreme basin-scale 
El Niños or eastward propagation of downwelling Kelvin 
waves (not shown). This is consistent with Takahashi and 
Martínez (2018) who noted that downwelling equatorial 

Fig. 9   Time and longitude evolution of monthly mean SST (shad-
ing), and wind stress (vector) anomalies averaged in 5°S–5°N during 
a August 1982–September 1983, b August 1986–September 1987, c 
August 1997–September 1998, d August 2007–September 2008, e 

August 2013–September 2014, f August 2014–September 2015, and 
g August 2016–September 2017. The unit is °C for SST and N/m2 for 
wind stress
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waves played little role in the initiation of a very strong 
coastal El Niño in 1925. The coastal warming in 2008 and 
2017 occurred during or slightly after the warm phase of the 
seasonal cycle in the eastern tropical Pacific (Fig. 12). Such 
warming was accompanied by westerly surface wind anoma-
lies to the west, such as in the average between 100°–160°W 
(Fig. 12), before the warm peak, with easterly wind anoma-
lies emerging after the warm peak. This implies an anoma-
lous seasonal weakening of the trade winds that trigger the 
coastal responses, consistent with Garreaud (2018). Gar-
reaud (2018) proposed that a remotely forced, sustained 
weakening of free tropospheric westerly flow impinging 
on the subtropical Andes lead to a relaxation of the south-
easterly trades off the coast in the spring of 2017, which in 
turn warmed the eastern Pacific through the weakening of 
upwelling in a near-coastal band and the reduction of the 
evaporative cooling farther offshore. Different from 1925 
coastal El Niño (Takahashi and Martínez 2018), it seems 
that the meridional component of the surface wind didn’t 

play a dominant role in these two more recent coastal El 
Niños. Takahashi and Martínez (2018) argued that an abrupt 
onset of strong northerly winds across the equator played 
an important role for the coastal warming in 1925. For the 
2008 and 2017 events, the westerly wind anomalies resulted 
in anomalous convergence in the eastern Pacific in boreal 
winter and spring with anomalous warming that enhanced 
and extended the warm phase in the seasonal cycle, thus 
favoring the development of a coastal El Niño (shading and 
contours in Fig. 12a, b). From Fig. 12c, d, we note that the 
surface heat flux played a dominant role while thermocline 
depth fluctuations (D20) likely played a secondary role in 
generating coastal warming in 2008 and 2017.

To some extent, the mechanism discussed above may be 
analogous to the formation of the Benguela warm events 
in the tropical Atlantic proposed by Hirst and Hastenrath 
(1983), Hu and Huang (2007), and Lübbecke et al. (2010). 
They suggested a causal chain of ocean–atmosphere anoma-
lies in the equatorial Atlantic Ocean and the Angola coast. 

Fig. 10   Time and latitude evolution of monthly mean a, c, e SST 
(shading) and OLR (contour), b, d, f vertical velocity (10–30 m aver-
age; shading), D20 (contour), and surface wind stress (vector) anoma-
lies averaged in 100°−80°W during a, b May 1982–July 1983, c, d 

May 1986–July 1987, and e, f May 1997–July 1998. The unit is °C 
for SST, W/m2 for OLR, mm/s for vertical velocity, m for D20, and 
N/m2 for wind stress. The contour interval is 10 W/m2 for OLR and 
15 m for D20, and the zero contour is bold green
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Anomalous seasonal relaxation of the easterly wind stress 
over the western equatorial Atlantic remotely generates posi-
tive SST departures in the eastern South Atlantic (along the 
Angola coast), a large relaxation being followed by the posi-
tive SST anomalies. Given the zonal extent of the Atlantic, 
which is about one-third of the Pacific, the spatial pattern of 
the wind-SST connection described by Hirst and Hastenrath 
(1983) for the whole domain of the tropical Atlantic is of 
the comparable zonal extent as the spatial scale of processes 
depicted in Fig. 12. Specifically, the patterns of the mean 
surface wind, SST and ITCZ, as well as their seasonal cycle, 
bear similarity between these two ocean basins. Therefore, 
the equatorial westerly wind anomalies present during these 
events confined in the eastern Pacific are unlikely gener-
ated by the zonal shift of convection near the warm pool, as 
in basin-scale El Niños. Instead, like Bengula warm events 
in the tropical Atlantic, these wind anomalies are possibly 
related to an abnormal seasonal change in the trade winds 
and the ITCZ in the central and eastern equatorial Pacific 

during late boreal fall and winter (see for example Zhang and 
McPhaden 2006, 2008). In this sense, the coastal El Niños 
in 1983, 1987, 1997, 2008, and 2017 are more exclusively 
generated within the cold tongue-ITCZ-trade wind complex.

In addition to the diversity of coastal El Niños in their 
intensity, duration, evolution and associated physical pro-
cesses, their impacts on regional climate vary. For example, 
precipitation in tropical South America (shading over the 
land in Fig. 13) was mainly above average during coastal 
El Niños in 2008 and 2017 (Fig. 13d, g) but below normal 
in 1987 (Fig. 13b). Both negative and positive precipitation 
anomalies were present during the coastal El Niños in 1998, 
2014, and 2015 (Fig. 13c, e, f). Though rainfall was mostly 
below normal through much of 1982–1983 along the west 
coast of South America, excessive rains in March–May 1983 
(Fig. 13a) were devastating. Such diversity of impacts may 
imply that in addition to the SSTAs (shading over the ocean 
in Fig. 13) combined with the effect with the seasonal cycle 
(contour in Fig. 13), some other factors, such as extratropical 

Fig. 11   Time and longitude evolution of pentad mean a zonal compo-
nent of surface wind stress (shading) and D20 (contour), and b verti-
cal velocity (10–30 m average; shading) and SST (contour) anomalies 
averaged in 2°S–2°N during 01 December 2013–01 July 2014 (top 

panel) and 01 December 2014–01 July 2015 (bottom panel). The unit 
is N/m2 for wind stress, m for D20, mm/s for vertical velocity, and °C 
for SST
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systems and internal dynamical processes, may have a cru-
cial influence.

6 � Summary and discussion

The catastrophic impact of coastal El Niños on life and prop-
erty as well as limited knowledge about the physics behind 
such events motivated this study. This work first examined 
the connection between SSTAs in the central and far-eastern 
equatorial Pacific on both seasonal and interdecadal time 
scales. Then, criteria were proposed to identify coastal El 

Niños, and the various possible mechanisms of generating 
coastal El Niños were examined.

Coastal El Niño and basin-scale El Niño occur together 
most of the time so that Niño3.4 and Niño1 + 2 indices 
are positively correlated, implying that the variations of 
SSTAs in the central and far-eastern equatorial Pacific are 
largely coherent. For the entire record (1854–2017), the 
maximum correlation occurs when the Niño3.4 index lags 
the Niño1 + 2 index by 1–2 months, suggesting that SST 
variations in the far-eastern equatorial Pacific occur slightly 
earlier than that in the central equatorial Pacific. However, 
for shorter segments of the record, the lead-lag relationship 

Fig. 12   Time and latitude evolution of monthly mean SST (contour) 
and SSTA averaged in 80°–95°W (shading), and wind stress anom-
aly averaged in 100°–160°W (vector) during a July 2007–October 
2008, b July 2016–October 2017; and time and latitude evolution of 
monthly mean D20 (contour) and surface heat flux (shading) anoma-

lies averaged in 80°–95°W during c July 2007–October 2008, d July 
2016–October 2017. Downward (upward) heat flux is positive (nega-
tive). The unit is °C for SST and SSTA, N/m2 for wind stress, m for 
D20, and W/m2 for heat flux
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varies. For example, the Niño3.4 index lags the Niño1 + 2 
index by 1–3 months during 1870–1980 (a period of pro-
nounced westward propagation of anomalies), while the 
maximum lead-lag correlations occurred at 0-month lead-
lag after about 1980, suggesting a change of zonal propa-
gation direction of SSTAs associated with El Niño after 
1980 (Wang 1995; McPhaden and Zhang 2009). Also, the 
correlations are relatively stronger during 1875–1915 and 
since 1960, and weaker during 1920–1960. Interestingly, 
the lead-lag anomaly correlations vary with calendar month. 
For instance, from late boreal spring to winter, the lead time 
of the Niño1 + 2 index to the Niño3.4 index reduces from 
7 to 8 months to 0 month, suggesting that the westward 

propagation of the SSTA along the equator occurs only in 
the development phases of ENSO.

In addition to coastal El Niños which occur simultane-
ously with basin-scale El Niño, there are also coastal El 
Niños with warming concentrated in the southeastern 
coastal region. In this work, we define such type of coastal 
El Niño event when both the 3-month mean Niño1 + 2 and 
ENSO-adjusted Niño1 + 2 indices are equal to or larger than 
one STD (0.8 °C, 0.6 °C) and they also persist for at least 
three consecutive overlapping seasons. According to this 
definition, there were seven coastal El Niño events during 
1979–2017: 1983, 1987, 1998, 2008, 2014, 2015, and 2017. 
These coastal El Niños are driven by different mechanisms.

Fig. 13   Time and longitude evolution of monthly mean SST anomaly 
(shading), SST climatology (contours), and precipitation anomaly 
over the adjacent land averaged in 5°S–5°N during a August 1982–
September 1983, b August 1986–September 1987, c August 1997–

September 1998, d August 2007–September 2008, e August 2013–
September 2014, f August 2014–September 2015, and g August 
2016–September 2017. The unit is °C for SST and mm/day for pre-
cipitation
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For the coastal El Niños in 1983, 1987, and 1998, which 
occurred subsequent to the extreme/strong El Niños in 
1982–1983, 1986–1987, and 1997–1998 respectively, 
an equatorially centered ITCZ emerged during the decay 
phase and positive SSTAs in the eastern Pacific persisted 
and strengthened well into boreal spring/early-summer. 
As a result, a coastal El Niño formed. This mechanism is 
similar to that proposed by Lengaigne and Vecchi (2010) 
to explain the long persistence and even enhancement 
of the SSTAs in the eastern Pacific in the late stage of 
extreme El Niños. They argued that the extreme El Niños 
are accompanied by anomalously strong convection in the 
eastern tropical Pacific, leading to the relaxation of the 
trade winds in the region and suppression of wind-forced 
upwelling, resulting in warming in the eastern tropical 
Pacific.

The mechanism for coastal El Niño events in 2014 and 
2015 are similar to that for basin-scale El Niños. These two 
coastal El Niños were associated with thermocline fluctua-
tion driven by eastward propagation of a downwelling Kel-
vin wave that was triggered by westerly wind bursts.

Unlike the coastal El Niños in 1983, 1987, 1998, 2014, 
and 2015, the coastal El Niños in 2008 and 2017 were not 
connected with extreme/strong basin-scale El Niño or east-
ward propagation of downwelling Kelvin waves, instead they 
were associated with westerly surface wind anomalies in 
the eastern equatorial Pacific and largely driven by ocean 
surface heat flux. The westerly wind anomalies resulted in 
anomalous convergence and anomalous warming in the east-
ern Pacific in boreal winter and spring that enhanced the 
seasonal cycle or extended the warm phase of the seasonal 
cycle, thus forming a coastal El Niño.

In this analysis we note the caveat that short data record 
(1979–2017) may not cover the full range of possible coastal 
El Niño types. Nevertheless, the results here clearly dem-
onstrate a wide variety of costal warming events, includ-
ing their duration, evolution, and mechanisms. Also, in 
this work, we only examine coastal warm events, but not 
cold events. From Figs. 5 and 6, we see that the SSTAs on 
the cold side never get as large as on the warm side. Such 
amplitude asymmetry between coastal El Niño and La Niña 
may be because after the thermocline outcrops, SSTs can’t 
go down any further. In the future, we plan to investigate 
the corresponding cold events to identify their evolution, as 
well as the similarities and differences in their associated 
physical processes compared to coastal El Niños. We also 
plan to study the predictability and prediction skill of coastal 
ENSOs based on seasonal prediction data sets, e.g., North 
American Multi-Model Ensemble (Kirtman et al. 2014; 
Kumar et al. 2017).
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