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ABSTRACT
The 2015/16 El Niño is analyzed using atmospheric and oceanic analysis produced using the Goddard Earth
Observing System (GEOS) data assimilation systems. As well as describing the structure of the event, a theme
of this work is to compare and contrast it with two other strong El Niños, in 1982/83 and 1997/98. These three
El Niño events are included in the Modern-Era Retrospective Analysis for Research and Applications
(MERRA) and in the more recent MERRA-2 reanalyses. MERRA-2 allows a comparison of fields derived
from the underlying GEOS model, facilitating a more detailed comparison of physical forcing mechanisms in
the El Niño events. Various atmospheric and oceanic structures indicate that the 2015/16 El Niño maximized
in the Niño-3.4 region, with a large region of warming over most of the Pacific and Indian Oceans. The eastern
tropical Indian Ocean, Maritime Continent, and western tropical Pacific are found to be less dry in boreal
winter, compared to the earlier two strong events. Whereas the 2015/16 El Niño had an earlier occurrence of
the equatorial Pacific warming and was the strongest event on record in the central Pacific, the 1997/98 event
exhibited a more rapid growth due to stronger westerly wind bursts and the Madden–Julian oscillation during
spring, making it the strongest El Niño in the eastern Pacific. Compared to 1982/83 and 1997/98, the 2015/16
event had a shallower thermocline over the eastern Pacific with a weaker zonal contrast of subsurface water
temperatures along the equatorial Pacific. While the three major ENSO events have similarities, each is
unique when looking at the atmosphere and ocean surface and subsurface.

1. Introduction
This study presents an analysis of the atmospheric and
oceanic signals over the tropics associated with the strong
El Niño event that occurred in 2015/16. For the ocean,
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the study uses the Goddard Earth Observing System
(GEOS) oceanic analysis (Vernieres et al. 2012) that is
driven by the Modern-Era Retrospective Analysis for
Research and Applications (MERRA) atmospheric reanalysis (Rienecker et al. 2011). Atmospheric fields in this
work are from the updated MERRA-2 reanalysis
(Bosilovich et al. 2015; Gelaro et al. 2017). These reanalysis datasets, described in more detail in section 2,
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FIG. 1. SSS in situ observations for December (top) 1982, (middle) 1997, and (bottom) 2015. Observations are from
Argo drifting buoys, XBT and CTD profilers, and TAO, PIRATA, and Research Moored Array for African–Asian–
Australian Monsoon Analysis and Prediction (RAMA) moorings.

facilitate a quantitative examination of the large-scale climate anomalies associated with the 2015/16 El Niño, in the
context of a data record that includes more than 35 years of
global analyses based on satellite and in situ observations.
Numerous indices show that the 2015/16 El Niño
event is one of the three strongest events in the last
66 years (1950/51–2015/16) (Bell et al. 2016; Huang et al.
2016). The two other events occurred in 1982/83 and
1997/98. Sea surface temperature (SST) anomalies for
the established ENSO indicator regions show that although the 2015/16 El Niño showed the largest anomalies over the Niño-3.4 region (in late 2015) that partly
covers the central Pacific (CP), it was substantially
weaker than the 1997/98 El Niño in the eastern Pacific
(EP) (L’Heureux et al. 2017). However, regarding ranking the strongest ENSO events while incorporating the
Niño-3.4 SST data uncertainty, Huang et al. (2016)
pointed out that the strength of the three strongest events
is not clearly separable at the 95% confidence level.
The multivariate El Niño–Southern Oscillation index
(MEI; Wolter and Timlin 1998) that combines analysis of
multiple meteorological and oceanographic components

indicates that 1997/98 is the strongest El Niño event
during the El Niño developing stage (i.e., 1982, 1997, and
2015). Our analysis of the atmospheric and oceanic
structures also reveals that the 2015/16 El Niño is the
strongest around the Niño-3.4 region (e.g., see Figs. 2, 4,
6, and 7) but that the 1997/98 is the overall strongest event
when assessed by conditions over the EP, the westerly
wind burst (WWB) (McPhaden et al. 1988; Kerr 1999;
McGregor et al. 2016), subsurface water temperature,
and anomalies in the thermocline depth.
Another aspect of interest about the 2015/16 event is
the relationship between the early onset of the 2015/16
event and the oceanic state in 2014. The time evolution of
the SST anomaly in 2015 reveals an earlier appearance
(January) of weak warm conditions over the central–
eastern tropical Pacific than in the other two years. It is
suggested that this early detection of the El Niño–like
signal in January 2015 is associated with the positive SST
anomaly, which is a remnant (or re-emergence) of the
weak warming over the equatorial Pacific that occurred in
2014 (McPhaden 2015; L’Heureux et al. 2017). A strong
El Niño was forecasted for 2014/15 boreal winter because
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FIG. 2. Time series of SST anomaly averaged over (a) Niño-4, (b) Niño-3.4, (c) Niño-3, and
(d) Niño-112 regions for the period 1982–2016. The red (blue) shaded areas show the positive
(negative) Reynolds SST while the solid curve represents the analyzed values from MERRAOcean (GEOS-5).
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FIG. 3. SST over the tropical Pacific from MERRA-Ocean for December (top) 1982,
(middle) 1997, and (bottom) 2015. The highlighted rectangles from west to east are Niño-4,
Niño-3.4 (white), Niño-3, and Niño-112.

of the strong WWB and substantial buildup of warm
water volume over the equatorial Pacific in early 2014
(McGregor et al. 2016; McPhaden 2015). However, this
El Niño did not develop as expected, primarily due to an
unexpected occurrence of a large easterly wind burst that
hindered further growth of El Niño in summer (Min et al.
2015; Levine and McPhaden 2016). The 2014 forecast has

thus been described as a ‘‘busted’’ forecast (Larson and
Kirtman 2015). In contrast with the situation in 2014, the
WWBs continued throughout 2015 and a strong warm
ENSO reached maturity in the 2015/16 boreal winter.
Although the three El Niño events (1982/83, 1997/98,
and 2015/16) are considered similar in view of their
predominant strength, the basic characteristics in their

FIG. 4. Difference fields over the tropical Pacific from MERRA-Ocean for December (top) 2015 minus 1997, (middle) 2015 minus 1982,
and (bottom) 1997 minus 1982. The difference fields shown are (left) SST and (right) zonal ocean current velocity. The highlighted
rectangles from west to east are Niño-4, Niño-3.4, Niño-3, and Niño-112.
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Having characterized the El Niño events including
their intercomparison in section 3, a closer examination
of transience is presented in section 4. A particular focus
is on exploring the time evolution of SST, subsurface
ocean water, WWBs, and the Madden–Julian oscillation
(MJO) activity (Kessler et al. 1995; Yu and Rienecker
1998). These factors are examined in the context of their
role in determining the growth and strength of the El
Niño events.

2. Data

FIG. 5. Comparison of longitude–depth cross sections of subsurface water temperature (8C) along the equator during the El
Niño mature stage in December of (top) 1982, (middle) 1997, and
(bottom) 2015. The thick black line depicts the location of 208C
isotherm.

oceanic and atmospheric structures are understood to be
different from one another (Bell et al. 2016; L’Heureux
et al. 2017), and further detailed investigations are still
necessary. Specifically, the oceanic background in the El
Niño onset period, the El Niño growth mechanism, and
the type of El Niño and the corresponding atmospheric
structures in 2015 are quite different from those in the
other two events (see sections 3 and 4). Detailed comparisons of the three strongest El Niño events in both
oceanic and atmospheric perspective are expected to
provide very useful insights into their similarities and
differences. We also expect that this comparison study
will promote overall understanding of the latest strong
El Niño event (2015/16).
Another motivation of this study is to deliver the
current status of the MERRA-2 atmospheric data and
the MERRA-driven GEOS ocean analysis in reproducing characteristics of the historically strong El Niño
events. Some of the oceanic structures presented in
this study are generally consistent with those in
L’Heureux et al. (2017). We compared several atmospheric and oceanic structures shown in our study with
those produced from the observations of SST, cloud,
and precipitation and with the European Centre for
Medium-Range Weather Forecasts (ECMWF) interim reanalysis (ERA-Interim; Dee et al. 2011) to
demonstrate the capability of the GEOS data assimilation system and robustness of our conclusions.

The present study will perform this investigation utilizing the Modern-Era Retrospective analysis for Research and Applications version 2 (MERRA-2; Gelaro
et al. 2017), the new global reanalysis dataset developed
by the NASA Goddard Space Flight Center (GSFC) and
Global Modeling and Assimilation Office (GMAO).
The MERRA-2 atmospheric general circulation model
(AGCM) was computed on the cubed sphere grid
(Putman and Lin 2007) to allow relatively uniform grid
spacing at all latitudes. Compared to the previous version, MERRA, numerous upgrades were made to the
model’s physical parameterizations including moist
process [e.g., increased reevaporation of frozen precipitation and cloud condensate, resolution-aware parameters, and Tokioka-type trigger on deep convection
as part of the relaxed Arakawa–Schubert (RAS;
Moorthi and Suarez 1992) convective scheme], turbulence, land and ocean surface, and gravity wave drag. In
addition, the assimilation of interactive aerosols was
implemented into the system, a feature of the Earth
system absent from previous reanalyses (Bosilovich
et al. 2015). Further details of the upgrades made to the
MERRA-2 system are described in Bosilovich et al.
(2015), Molod et al. (2015), and Gelaro et al. (2017).
The key atmospheric variables used for this study
consist of the 2-m air temperature (2mT), precipitation,
sea level pressure, wind stress, 10-m level wind, tropospheric winds, temperatures, specific humidities, and
total cloud fractions (GMAO 2015a,b,c,d,e,f,g) at each
vertical pressure level up to the tropopause. Horizontal
resolution of the MERRA-2 data is a 0.6258 3 0.58
longitude–latitude grid. We additionally take advantage
of ERA-Interim data (Dee et al. 2011) to demonstrate
the robustness of our conclusions by comparing several
major spatial patterns (e.g., temperature and precipitation anomalies) calculated from each reanalysis
dataset.
As a validation of the MERRA-2 cloud and precipitation, we compare them with the satellite-based
observations obtained from the International Satellite Cloud
Climatology Project (ISCCP; Schiffer and Rossow 1983)
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FIG. 6. Difference fields in SSS (shaded) over the tropical Pacific from MERRA-Ocean for DJF (top) 2015 minus
1997, (middle) 2015 minus 1982, and (bottom) 1997 minus 1982. Contoured is the difference fields as SSS but for
precipitation minus evaporation (kg m22 day21; contour interval is 3) from MERRA-2.

and Moderate Resolution Imaging Spectroradiometer
(MODIS; Guenther et al. 1996) for cloud fraction,
and from the Tropical Rainfall Measuring Mission
(TRMM) and Integrated Multisatellite Retrievals for
GPM (IMERG; Huffman et al. 2007, 2015) for precipitation. As the TRMM satellite mission was terminated in 2015, the transition from the TRMM data
products to the Global Precipitation Measurement
(GPM) mission products has begun to produce GPMera IMERG datasets. We use IMERG precipitation
data for 2015/16 and TRMM data for the 1997/98
El Niño.

SST data are obtained from both the Hadley Centre
Sea Ice and SST dataset (HadISST; Rayner et al. 2003)
and the Optimal Interpolation Sea Surface Temperature
(OISST; Reynolds et al. 2007). Subsurface temperatures
over the equatorial Pacific are also analyzed to compare
their anomalous structures between the three strongest
El Niño events. We obtained the subsurface temperature, ocean surface current, and sea surface salinity
(SSS) estimates from the ocean and sea ice retrospective analysis MERRA-Ocean (Keppenne et al. 2008;
Vernieres et al. 2012). The weakly coupled MERRAOcean reanalysis consists of an ocean analysis
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TABLE 1. Area-averaged 2-m temperature (2mT; 8C) and precipitation (precip; mm day21) anomalies in several tropical regions during
the El Niño winters of 1982/83, 1997/98, and 2015/16. The regions are the Indian Ocean, Indochina, and Maritime Continent (INDMC;
58S–208N, 908–1408E); WP (58S–58N, 1408–1608E); CP (58S–58N, 1608E–1508W); EP (58S–58N, 1508–808W); and tropical South America
(SA; 108S–58N, 808–308W).
1982/83

1997/98

2015/16

Region

2mT

Precip

2mT

Precip

2mT

Precip

INDMC
WP
CP (Niño-4 and part of Niño-3.4)
EP (Niño-3 and Niño-112)
SA

0.0
20.4
0.3
2.2
0.6

21.7
23.4
4.0
5.3
21.4

0.6
0.0
0.6
2.6
1.1

22.1
23.9
2.8
8.5
21.1

0.7
0.3
1.2
2.2
1.4

20.9
21.3
8.7
2.5
21.6

conducted during a coupled model integration, with
the atmospheric state of the atmosphere–ocean coupled
general circulation model (AOGCM) constrained to
MERRA up until December 2015 and MERRA-2 from
January 2016 onward. The ocean data assimilation
system assimilates gridded SST retrievals, Argo (Argo
2000; Gould et al. 2004) temperature and salinity profiles,
temperature–salinity profiles from expendable bathythermographs (XBTs) and conductivity–temperature–depth
(CTD) observations (http://www.aoml.noaa.gov/phod/dhos/
xbt_ctd.php), and temperature observations from the
tropical moorings. The sea ice assimilation is tightly coupled with the ocean analysis, in that the temperature and
salinity of the upper ocean are corrected to be consistent
with the assimilated sea ice concentration from National
Snow and Ice Data Center (NSIDC) (Maslanik and
Stroeve 1999). Ice thickness is modified by subsequent
integration of the coupled ocean–sea ice model.
A critical issue of ocean reanalysis is the lack of salinity observations prior to the advent of Argo. This
problem is illustrated in Fig. 1, which depicts the evolution of the tropical salinity in situ observing system
during the month of December for 1982 (Fig. 1, top),
1997 (Fig. 1, middle) and 2015 (Fig. 1, bottom). It is clear
that prior to the full array of Argo floats in 2006,
MERRA-Ocean’s estimate of SSS is mostly driven by
the climatological relaxation imposed on surface salinity
as well as the model-derived surface freshwater fluxes.
This caveat in the salinity observing system is the cause
of the large SSS differences seen between 2015 and
1997 as well as 2015 and 1982 (see Fig. 6, top and
middle).

3. Morphology of the 2015/16 El Niño event
a. Ocean temperatures
Figure 2 shows time series of the SST anomalies for
the established indicator regions. SST anomalies in the
Niño-3.4 (58N–58S, 1708–1208W) and Niño-4 (58N–58S,

1608E–1508W) regions, where the CP (defined here as
1608E–1508W) is partially (Niño-3.4) and purely (Niño-4)
included, for the mature El Niño stage of September
2015–February 2016 were 2.68 and 1.48C, respectively.
These can be compared to values of 2.58 and 0.78C in the
1997/98 event. In contrast, the SST anomalies over the
Niño-3 and Niño-112 region (representing the eastern
tropical Pacific) were 2.68 and 1.98C, respectively, which
are smaller than the corresponding values of 3.28 and
3.88C in the 1997/98 event. These differences in the SST
anomaly indices highlight the importance of considering
the spatial structure when quantifying the strength of the
El Niño event. Please note that, although the 2015/16
event has the maximum Niño-3.4 SST based on the
OISST and MERRA-Ocean data, comparison of the El
Niño strength based on the Niño-3.4 SST needs caution
because of some uncertainties in various SST products
(Huang et al. 2016).
Figure 3 and Fig. 4 (left) show the spatial distribution
of SSTs and their differences over the tropical Pacific for
December 1982, 1997, and 2015. It is evident from Figs. 3
and 4 that the 2015 ENSO event was much warmer than
both the 1982 and 1997 event in the central–western
Pacific and much colder in the far EP (south of the
equator). The El Niño Modoki index that defines the
type of El Niño from SST anomalies over the tropical
Pacific (Ashok et al. 2009; http://www.jamstec.go.jp/
frcgc/research/d1/iod/DATA/emi.monthly.txt) supports
the relation to the CP warming in 2015/16. However,
Niño indices in Fig. 2 reveal that SST in Niño-4 is not
greater than the SST in Niño-3 (Kug et al. 2009; Yeh et al.
2009), indicating that 2015/16 is not a complete CP-type
El Niño. Comparison between 1982 and 1997 in Fig. 4
(bottom left) indicates that the El Niño in 1997 was
stronger than in 1982 in terms of SST warming over the
eastern tropical Pacific at El Niño maturity.
Ocean current anomalies produced by the GEOS
Ocean Data Assimilation System (ODAS) are examined for the boreal winter period of three El Niño
events. Difference fields in Fig. 4 (right) show that the
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FIG. 7. Total precipitation anomalies (mm day21) in boreal winter (DJF) for (a)–(c) the three
strongest El Niño years. Dashed green rectangles denote the areas where area-averaged 2mT
and precipitation anomalies are calculated (see Table 1).

westerly current anomaly is relatively weaker in 2015/16
along the equatorial Pacific, compared to the earlier two
super El Niño events (Fig. 4, top and middle right).
Details on the near-surface zonal wind anomaly as a
forcing to trigger the westerly ocean current anomaly
and grow El Niño will be further discussed in section 4b.
Subsurface ocean temperatures along the equator in
December for the three events are shown in Fig. 5. The
relative locations of the temperature maxima vary
among the years, with the highest temperatures to the
west of the date line in 2015 but to the east of it in 1982
and 1997. In normal conditions, the trade winds along

the equator blow to the west, piling up warm surface
water off of Asia, and depressing the thermocline in the
western Pacific (WP). In a typical El Niño, these trade
winds relax, leading to a flattening of the thermocline
(rising in the west and deepening in the east). This
deepening of the thermocline in the east suppresses the
upwelling of cool water, developing the condition that
the SST and subsurface water in the EP can be warmer
than normal. This is the case for the El Niño events of
1982/83 and 1997/98. However, in 2015/16, the thermocline is not flat but shallower in the east (see the 208C
isotherm in the EP), so the water temperature increase
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FIG. 8. Difference in total precipitation (mm day21) between 2015/16 and 1997/98 El Niño
(2015/16 minus 1997/98) from (a) MERRA-2 and (b) TRMM and IMERG observation.

over the far EP is less dominant. The WP warm pool
displaced eastward by zonal advection (through the
westerly trade wind anomaly) (Wang and McPhaden
2000) appears to remain more in the CP rather than in
the EP.
SSS is generally fresher over the tropical ocean where
there is more precipitation than evaporation. The
shading in Fig. 6 represents difference fields in SSS between the three El Niño winters (DJF). It is clear that
the SSS driven from the MERRA ocean data assimilation system is fresher over the CP around the date line in
the 2015/16 El Niño than in the other two super El Niño
events (Fig. 6, top and middle). Figure 6 shows that the
precipitation minus evaporation (PME) (depicted by
contours) from MERRA-2 is also maximized near the
CP in the 2015/16 El Niño. Also, the area north of the
equator over the eastern tropical Pacific shows fresher
SSS values for 2015/16. This is in good agreement with
previous studies that the precipitation band associated
with the EP intertropical convergence zone (ITCZ)
during El Niño, when the maximum SST anomalies span
both the CP and EP, is relatively north of the precipitation band for the EP El Niño event (see Fig. 8)
(Kao and Yu 2009; Weng et al. 2009; Xie and Yang 2014).

The difference in SSS between 1997/98 and 1982/83
(Fig. 6, bottom) suggests more PME and fresher SSS
over the far EP in 1997/98 (see Fig. 7 and area-averaged
precipitation in Table 1). Overall, Fig. 6 explains that
the SSS difference field driven by the GEOS ODAS
system matches the PME difference field quite well over
the tropical ocean. One thing to note is that the SSS difference fields in Fig. 6, top and middle panels, that include
2015/16 contain the effect of the salinity observing
system upgrade, as explained in section 2 and Fig. 1,
resulting in larger magnitude of SSS difference in general,
compared to Fig. 6, bottom panel.
Taken together, these oceanic features highlight the
fact that the 2015/16 event was stronger in the CP due to
the fact that the maximum SST anomalies are shifted
west of those in the other two events. The other two
large events were less pronounced in the CP but had a
bigger impact in the EP, where the 1997/98 event is the
strongest on record.

b. Atmospheric structure
El Niño is known to drive wet conditions over the
central–eastern tropical Pacific and dry conditions over
the Maritime Continent, WP, and eastern side of South
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FIG. 9. MERRA-2 total cloud fraction anomalies in boreal winter of (a) 1997/98 and (b) 2015/16 El Niño events and their comparison
with observations from (d) ISCCP (1997/98 El Niño) and (e) MODIS (2015/16 El Niño). The difference in total cloud fraction anomaly
between the two El Niño events from (c) MERRA-2 and (f) MODIS and ISCCP observations.

America (e.g., Amazonia) along the tropical region.
Figure 7 shows the precipitation anomalies for each El
Niño event. The distribution in the sign of precipitation
anomalies tends to be close between all three El Niño
periods. Some noticeable differences between the three
El Niño periods are that 1) the magnitude of the positive
anomaly over the eastern tropical Pacific is largest in the
1997/98 El Niño, 2) the location of the maximum positive anomaly over the tropics in 2015/16 is relatively west
of the locations for 1982/83 and 1997/98, and 3) drought
over the eastern tropical Indian Ocean is weaker in
2015/16. These features are again clarified in Table 1,
which compares the strength of El Niño in different
tropical regions in terms of 2mT and precipitation
anomalies.
To confirm that MERRA-2 precipitation and total
cloud examined in this study are realistic, they were
compared with satellite-based observations. Figure 8

compares the precipitation between 1997/98 and 2015/16
El Niño events using the MERRA-2 reanalysis (Fig. 8a)
and TRMM and IMERG observations (Fig. 8b), respectively. It is clear that MERRA-2 reproduces the
observational difference in precipitation between the
two El Niño events quite well. Increased precipitation
north of the equator in 2015 is associated with the location of the EP ITCZ north of that for EP El Niño (Kao
and Yu 2009; Weng et al. 2009; Xie and Yang 2014).
The MERRA-2 cloud product is validated using
ISCCP and MODIS observations (Fig. 9). Figure 9
clearly demonstrates that distribution of the total
cloud fraction anomalies retrieved from ISCCP (1997/98
El Niño) and MODIS (2015/16 El Niño), respectively, is
consistent with those obtained from MERRA-2
(Figs. 9a,b,d,e). The difference in total cloud fraction
anomaly between the two El Niño events is physically
linked to the precipitation anomaly distribution shown
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FIG. 10. Longitude–pressure (hPa) cross sections along the equator (108S–108N averaged) showing the Walker
circulation (streamlines) and total cloud fraction anomalies (shaded) over the Indian Ocean, Maritime Continent,
and Pacific Ocean for the boreal winters (DJF) of (a) 1982/83, (b) 1997/98, and (c) 2015/16.

in Fig. 8. Both MERRA-2 and cloud observations exhibit this difference in cloud distribution between the
two El Niño events (Figs. 9c,f).
Figure 10 shows the Walker circulation anomaly along
the tropical Pacific and Indian Oceans for the three El
Niño years. The well-known ascending motion anomaly
over the central and eastern tropical Pacific, with
anomalous subsidence over the western tropical Pacific,
is clear in all three El Niño years (Figs. 10a–c). Figure 10
also demonstrates that the center of the anomalous anticlockwise Walker circulation cell is located more to the
west (close to 1508E) in the 2015/16 El Niño than in the
1982/83 and 1997/98 El Niño events. Total cloud fraction
exhibits the maximum anomaly (red shading) in the

upper troposphere over the central–eastern tropical
Pacific and the minimum (blue shading) over the western tropical Pacific and the Maritime Continent in all
three El Niño years. The magnitude of the positive
maximum cloud fraction in 2015/16 appears comparable
to that in 1997/98 but smaller than that in the 1982/83 El
Niño. The location of the zero cloud fraction anomaly
over the Pacific in 2015/16 is approximately 1608E,
which is west of the locations for the other two El Niño
years. The zero cloud anomaly found over the CP generally corresponds with the center of the anomalous
anticlockwise Walker circulation cell.
The equatorial Indian Ocean exhibits a disorganized
clockwise circulation cell in 2015/16 compared to the
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FIG. 11. As in Fig. 10, but for the total diabatic temperature tendency (K day21) anomaly. This value is the outcome
of the multiple thermodynamic processes that include moist (e.g., latent heat and convection), radiation, near-surface
turbulence (e.g., sensible heat flux), and frictional dissipation of kinetic energy (e.g., gravity wave drag and surface
friction). Note that the moist process plays the most substantial role in determining this diabatic temperature tendency over the tropics.

other two El Niño years. The area of atmospheric subsidence anomaly is limited to the Maritime Continent in
2015/16 while the downward motion in the other two El
Niño years is found over a broad zonal band that covers
the eastern Indian Ocean and the Maritime Continent,
with easterly flow in the lower troposphere spanning the
Indian Ocean longitudes. This difference in atmospheric
subsidence between the three El Niño years implies the
relatively small negative precipitation anomaly over the
eastern tropical Indian Ocean in 2015/16 compares to
the other two El Niño years, as shown in the precipitation patterns of Fig. 7. Area-averaged precipitation anomalies over the eastern tropical Indian
Ocean, Indochina, and Maritime Continent (5S8–208N,

908–1408E) for 1982/83, 1997/98, and 2015/16 El Niño
years are, respectively, 21.7, 20.1, and 20.9 mm day21
(Table 1), indicating weaker drought conditions in 2015/
16 than for the other two El Niño years. Associated with
this relatively weaker vertical circulation and drought
conditions, the negative cloud fraction anomalies in
2015/16 are also confined to the Maritime Continent,
whereas they span the Maritime Continent and the
eastern Indian Ocean region (e.g., Bay of Bengal; 608–908E)
in the 1982/83 and 1997/98 El Niño events.
We calculate diabatic temperature tendency (i.e.,
total diabatic heating or cooling; K day21) across the
equatorial longitude–vertical plane. The diabatic
temperature tendency here is due to the multiple
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FIG. 12. The velocity potential (106 m2 s21; shaded) and the divergent wind component
(m s21; vectors) in the upper troposphere (200 hPa) in the boreal winters of (a) 1982/83,
(b) 1997/98, and (c) 2015/16.

atmospheric processes that include moist, radiation,
near-surface turbulence (e.g., sensible heat flux), and
frictional dissipation of kinetic energy (e.g., gravity
wave drag and surface friction). The spatial structure
in Fig. 11 is physically linked to the Walker circulation
anomaly shown in Fig. 10. It is apparent that the CP
and EP are characterized by a heating while a cooling
is dominant over the WP, Maritime Continent, and
eastern Indian Ocean (WMI) region. MERRA-2
produces the maximum upper-tropospheric diabatic

heating at approximately 1508W for 1982/83 and
1997/98 and west of it for 2015/16. Comparison of the
magnitude in each process reveals that the moist process that consists of all latent heating due to condensation and evaporation plus the mixing by the
parameterized convection explains the total diabatic
heating most significantly, followed by the radiative
process (figure not shown). Also, the other terms are
about an order of magnitude smaller than that of the
moist process.
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FIG. 13. Latitude–pressure (hPa) cross sections showing the Hadley circulation (streamlines)
and total cloud fraction anomalies (shaded), averaged over the longitude range between 1508W
and the date line. Plots are shown for the boreal winters of (a) 1982/83, (b) 1997/98, and
(c) 2015/16.

Linked to the Walker circulation structure in the upper troposphere (;200-hPa levels), the velocity potential and divergent flow component at 200 hPa in Fig. 12
clearly demonstrates upper-tropospheric divergence
over the CP and EP and convergence over the WP for all
three El Niño cases. However, comparison between the
three El Niño years indicates more convective activity in
2015/16 over the central tropical Pacific, where uppertropospheric divergence (blue shading with divergence
wind vector) is dominant (Fig. 12c). Upper-tropospheric
convergence (red shading) that indicates downward

motion over the WMI region is relatively weaker in
2015/16 than for the other two El Niño years. The 1997/98
El Niño shows two centers of divergence, one of them
in the CP and the other in the far eastern Pacific. The
center of divergence in the far eastern Pacific would be
due to the strong SST warming and convection (see
Fig. 11b) in that area in 1997/98. The equatorial area
between these two centers is characterized by divergence as well.
To examine vertical circulation structures in the meridional direction around the central tropical Pacific
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FIG. 14. As in Fig. 13, but for the total diabatic temperature tendency (K day21; shaded) and
specific humidity tendency (1024 kg kg21 day21; contours) due to moist process.

(1808–1508W), the Hadley circulation is compared between the three El Niño years (Fig. 13). Rising motion is
dominant within 108S–08 for all three El Niño years.
However, the positive cloud fraction anomaly is largest in
2015/16, implying the strongest convective activity shifted
west (toward the CP), compared to 1982/83 and 1997/98.
The branch of sinking motion in the subtropical latitude
(208–258N) is also quite well organized, stretching from
the surface to the tropopause in 2015/16, whereas the EP
El Niño of 1997/98 exhibits lower height of sinking motion. Better organized Hadley circulation over the CP in
2015/16 could reflect changes in jet strength and enhancement of the positive phase of the Pacific–North
American (PNA) teleconnection (Jayawardena et al.
2011; Li and Wettstein 2012), which is understood to
manifest better during the El Niño that includes the CP
warming (Yu et al. 2012). This PNA teleconnection is
further investigated in a companion study.
Hadley circulation structure is physically linked to
diabatic temperature tendency and water vapor tendency as shown in Fig. 14. It is clear that diabatic heating
(shaded) is more pronounced slightly north of the
equator in the 2015/16 El Niño, while the maximum

heating is farther to the south in the other two EP events,
especially the 1997/98 event as the 2015/16 event has
characteristics of both CP and EP warming (e.g., Figs. 8
and 9) (Xie and Yang 2014). This difference in the
heating latitudes seems to imply that off-equatorial
warm SST anomalies (e.g., in the SPCZ) contributed
to the convections in 1997/98 but the heating more likely
results from the equatorial SST anomalies in 2015/16.
The tendency of water vapor in terms of specific humidity (contoured) exhibits negative anomalies over the
diabatic heating region due to active condensation
processes. The largest amplitude in these two variables
is situated in the tropical upper troposphere, possibly
due to active condensation driven by moist convection.
In contrast, diabatic cooling and gain of water vapor is
found over the subtropics, the sinking branch of the
Hadley circulation.

4. Transient structure and forcing
a. Time evolution of the equatorial Pacific SST
The time evolution of SST anomalies along the
equatorial Pacific (averaged over 58S–58N) is plotted for
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FIG. 15. Time evolution of the equatorial Pacific SST anomalies (averaged over 58S–58N) during the three strongest El Niño years: (left)
1982/83, (middle) 1997/98, and (right) 2015/16. The x axis represents longitude, and the y axis is time in months.

the three strongest El Niño years. Figure 15 clearly
shows that the positive SST anomaly (shaded red) is
predominant over the central–eastern equatorial Pacific
during the second half of the year as El Niño grows to
maturity. On the other end, the WP is characterized by
the negative SST anomaly. During the early part of 1982,
1997, and 2015 (January–March), the central–eastern
equatorial Pacific SST starts off warmer in 2015 than in
1982 and 1997 because of a remnant of the weak
warming over the equatorial Pacific that occurred in
2014 (Levine and McPhaden 2016). In fact, the SST
maximum in 1997 is confined to the EP. The magnitude
of the positive SST anomaly and its zonal contrast during the second half of 1982, 1997, and 2015 indicates that
they are largest in 1997. All three El Niño events reach
the maximum SST in boreal winter with the 1982/83 El
Niño reaching maturity in late December through early
January, which is relatively later than the other two El
Niño years. The 2015/16 El Niño exhibits the earliest
onset of El Niño decay as the positive SST anomalies in
January and February 2016 are generally smaller than
those in January–February 1983 and 1998. El Niño decay is further enhanced in April 2016 with a cold
anomaly developing off the coast in the EP. May and
June 2016 show further decay of the warm anomaly
across the Niño-3.4 and Niño-3 regions. Although the

1982 El Niño starts development later than the other
two El Niño events, the El Niño signal persists long after
maturity as the large positive SST anomaly still remains
in 1983. The 1997/98 El Niño also exhibits larger positive
SST anomaly in April 1998, compared to April 2016.
However, the 1997/98 El Niño significantly weakens
after mid-May 1998, followed by a dramatic switch to a
strong La Niña phase (Takayabu et al. 1999).

b. El Niño growth (Bjerknes feedback, westerly wind
stress, and MJO activity)
Westerly wind stress, WWB, and MJO activity, known
to play a significant role in exciting and growing El Niño
(McPhaden et al. 1988; Kessler et al. 1995; Yu and
Rienecker 1998; Kerr 1999; McGregor et al. 2016), are
investigated in this section. Specifically, we examine the
near-surface zonal wind, zonal wind stress, subsurface
water temperature, thermocline depth, ocean heat
content, and MJO activity. The Hovmöller diagram in
Fig. 16 demonstrates that daily westerly wind anomalies
at the 10-m level (u10m) in the spring and early summer
[March–June (MAMJ)] of El Niño developing years are
generally strongest in 1997. This is especially true for the
WP region, where a series of the WWB can trigger the El
Niño. For quantitative comparison among the events,
we calculate the averaged magnitude of the daily
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FIG. 16. As in Fig. 15, but for the daily equatorial u10m anomalies (m s21; averaged over 58S–58N).

westerly stress anomalies and u10m anomalies, respectively, over the WP (1308–1608E). The resulting
values for the MAMJ period of 1982, 1997, and 2015 are
2.3, 4.3, and 2.7 3 1022 kg m21 s22 for the daily westerly
stress anomalies and 2.0, 3.0, and 2.3 m s21 for the u10m
anomalies, indicating that they are apparently largest in
1997, followed by 2015 and 1982. This relative difference
in the westerly stress and u10m among the events is
found to be consistent with the relative difference in the
MJO amplitudes (1997 . 2015 . 1982) (shown in
Fig. 19d). Interestingly, it is found that the westerly
stress and u10m anomalies prior to spring (January and
February) are strongest in 2015. We also found that the
occurrence of the daily time scale westerly stress
anomalies during the first half of 2015 is as frequent as
that in 1997.
During the second half of 1982, 1997, and 2015, it is
clear that this u10m anomaly is weakest in the 2015/16
event (Fig. 16). The averaged magnitudes of the daily
westerly stress anomalies and u10m anomalies over the
WP are 2.0, 1.8, and 1.5 3 1022 kg m21 s22 and 1.9, 1.6,
and 1.2 m s21, indicating the largest magnitude in 1982.
This largest westerly stress during the second half of
1982 contributes to the strong El Niño development, as
the important role of the westerly stress anomaly in
boreal summer is emphasized in Takahashi and Dewitte
(2016). However, it is not easy to say that this largest

westerly anomaly component is connected with the
MJO activity as the MJO is generally weak in the summer and fall of 1982 (see also Fig. 19). The 1982/83 event
is one example that the connection between ENSO and
the MJO is complicated (Slingo et al. 1999).
The relatively weak westerly wind and/or stress
anomalies during the second half of 2015 persist through
the following year (compare the westerly wind anomalies between early 1983, 1998, and 2016), indicating the
possibility of faster decay of the El Niño phase in 2016.
Overall, despite the earlier equatorial Pacific SST
warming (Fig. 15, right) and reasonably strong westerly
anomaly components in early 2015 (January and February), the El Niño growth in the subsequent period is
not as dramatic as 1997/98. Especially, the u10m
anomalies in the second half of 2015 are weaker than
those in the same calendar period in 1982 and 1997
across the equatorial Pacific (Fig. 16). It implies that
weaker growth of the 2015/16 El Niño may be more
associated with the weaker Bjerknes feedback, consistent with the conclusion in L’Heureux et al. (2017).
Because the MJO (see also Fig. 19) and WWB activity
was not so weak in the first half of 2015, we suggest that
they are not the primary cause of weaker growth of the
2015/16 El Niño.
The relatively weak westerly wind anomaly and
Bjerknes feedback in the second half of 2015 could be
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FIG. 17. Subsurface water temperature anomalies (8C) along the equatorial Pacific for the (left) 1982/83, (middle) 1997/98, and (right)
2015/16 ENSO events as the El Niño approaches maturity from (top)–(bottom) October to the beginning of the decay. The y axis on the
subsurface water temperature anomaly pattern is the ocean depth in meters.

associated with the type of 2015/16 El Niño where both
the CP and EP warming were involved. The eastward
transport process of equatorial heat is not as efficient if
the maximum sea level anomaly is found west of the EP,
while the EP El Niño is characterized by the east–west
seasaw pattern of sea level that facilitates the transport
of equatorial heat to the east during the El Niño growing
stage (Kug et al. 2009). As shown in Fig. 17, the EP
subsurface water temperature anomalies, which are
dynamically linked to the near-surface westerly stress
anomaly that advects the WP warm pool into the CP and
EP, are highest in 1997, when the equatorial westerly
wind anomalies (Fig. 16) are strong enough to promote
an El Niño growth (Fig. 17, center), compared to 2015
(Fig. 17, right). The subsurface anomalies in December
and January (El Niño peak) are more similar for the
1982/83 and 1997/98 events than for the 2015/16 event,
when the warm anomaly in the 2015/16 event is not as
strong as for 1982/83 and 1997/98. Warmer subsurface
water is more widely accumulated over the EP in 1997,
along with the strong negative anomaly over the WP. As

presented in Fig. 5, the thermocline depth in the EP is
larger in 1997 with more flattening of the slope from
west to east. More active excitement of downwelling
eastward Kelvin waves was expected for 1997 along the
thermocline across the equatorial Pacific (McPhaden
1999). In contrast, zonal contrast in subsurface water
temperature is relatively weaker in 2015 (Fig. 17, right)
than in 1997, in association with relatively weak westerly
wind anomalies that can induce accumulation of warm
water over the EP.
Consistent with the evolution feature in Figs. 15–17,
accumulation of the upper ocean heat content in the
eastern side of the Pacific and its zonal contrast during
the El Niño maturity is strongest in 1997/98 (Fig. 18).
Timing of the peak in the zonal contrast is later (December 1982–January 1983) in the 1982/83 event because of a later start of the El Niño development. During
early 1982, 1997, and 2015, a positive heat content
anomaly greater than 18C is found in the WP and CP,
where it is advected into the EP as the ENSO involves a
discharge of warm water volume along the equator
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FIG. 18. As in Fig. 15, but for the ocean heat content anomaly (1022 J).

(Zebiak 1989; Meinen and McPhaden 2000). While
MERRA-Ocean shows a weak heat content anomaly for
the early 1982, it is important to note that the uncertainty in the ocean state estimate is significantly
larger for the 1982/83 event than for the 1997/98 and
2015/16 events. Prior to the advent of the Tropical Atmosphere Ocean (TAO) array (Hayes et al. 1986), the
ocean observing system consists of SST and very sparse
in situ measurements.
Because the WWB tends to be embedded within the
active phase of the MJO (Yu and Rienecker 1998), we
examine the propagation of the MJO along the tropical
Pacific using the NCEP/CPC MJO indices and Wheeler
and Hendon indices (Wheeler and Hendon 2004). The
CPC MJO indices are constructed by regressing 200-hPa
velocity potential onto the first several leading modes
associated with the MJO [see Xue et al. (2002) for
methodology]. Time evolution of the MJO in Fig. 19
clarifies that eastward propagation of the MJO in spring
is more pronounced in 1997, compared to 2015. Note
that, because of the climatological nature that the MJO
usually weakens in boreal summer, the MJO signals are
frequent before summer. The early 1997 period exhibits
the most frequent eastward passages of the MJO-related
convection (Figs. 19b,d), followed by 2015 (Figs. 19c,d).
In 1982, a few eastward MJO propagations are found in
spring (Fig. 19a), but their intensity is lower than that in
the other events (Fig. 19d). Figures 15–19 overall

suggest that, while the 1997/98 El Niño combines well
with the strong WWB and MJO activity in the first half
of the year, another strong EP El Niño in 1982 is developed through the enhanced westerly wind stress in
the second half of 1982. In early 2015, the WWB and
MJO are not weak (they are weak in the second half of
the year) and the equatorial Pacific is warmer than the
other events, but the El Niño growth is less dramatic
than the 1997/98 event, possibly connected with the
weaker Bjerknes feedback.

5. Concluding remarks and discussion
This study provides an overview of the characteristic
features of the atmosphere and ocean during the three
strongest El Niño events on record, namely the events
that occurred in 1982/83, 1997/98, and 2015/16, using
MERRA-2.
The structure of the 2015/16 El Niño, with a maximum SST anomaly in the Niño-3.4 region with warming
extending to the west of the date line and only a weak
impact on SST in the far EP, displays characteristics of
both EP- and CP-type El Niño. This is also evidenced
by various atmospheric structures, including the
Walker circulation, vertical structure of diabatic heating tendency, cloud fraction, and precipitation. While
the temperature anomalies in the Niño-3.4 region were
largest in the 2015/16 event (on the basis of the OISST
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FIG. 19. Time evolution of the MJO propagation along the equatorial Pacific for (a) 1982, (b) 1997, and (c) 2015. The blue (red) color
shades represent the enhanced (suppressed) MJO-related convection. (d) Time series of the MJO amplitude from the Wheeler and
Hendon index. Black, blue, and red curves represent 1982, 1997, and 2015, respectively. The x axis represents longitude, and the y axis is
time in months.

and MERRA-Ocean data used in this study), the 1997/98
event had the largest overall impacts, with warm
anomalies extending to the coast of South America.
The 1997/98 event thus showed a larger zonal contrast
in SST anomaly along the equatorial Pacific than the
2015/16 event. The largest precipitation amount over
the central tropical Pacific is found in the 2015/16 El
Niño, whereas the largest precipitation over the EP
occurred in 1997/98. Regarding the region of drought
conditions, the downward Walker circulation over the
WMI region and an associated decrease in cloudiness
are less pronounced in 2015/16 relative to the 1997/98
El Niño case. Area-averaged precipitation anomalies
(Table 1) support our conclusion that the 2015/16 El
Niño was in a less severe drought condition over the
WMI region.

Although the El Niño signal in terms of the CP and EP
warming is detected earlier in 2015, the growth of El
Niño from the early through mature stage over the
tropics is more dramatic in the 1997/98 El Niño. Subsurface water temperature anomalies and the slope of
the thermocline along the equatorial Pacific support this
conclusion. It is not easy to clearly demonstrate the
difference in strength between the 1982/83 and 2015/16
El Niño. However, a clear difference is that the onset of
the 1982/83 El Niño is later than the 2015/16 El Niño, but
the El Niño signal remains longer after maturity, compared to the 2015/16 El Niño.
Based on the results in this study, we suggest that the
relatively slow growth of the 2015/16 El Niño over the
tropics, compared to the 1997/98 El Niño, can be attributed to weaker Bjerknes feedback. Associated major
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FIG. 20. The 2mT anomalies (8C) in boreal winter (DJF) for (a)–(c) the three strongest
El Niño years.

features in the observations are weaker westerly wind
anomalies, less eastward advection of the warm SST, less
accumulation of warm subsurface ocean water, and a
shallower thermocline over the EP, compared to 1997.
The location of the maximum SST anomalies is also
shifted west of those in the 1982/83 and 1997/98 events.
Although the El Niño growth is not as dramatic as the
other strong events, the 2015/16 event is accepted as a
top-three strongest El Niño that attained an extraordinary warming over the central–eastern equatorial Pacific. We compare the upper-ocean heat content and
SST in the 2015/16 El Niño with those for the other CP

events that occurred in the 2000s (e.g., 2004/05 and 2009/
10). The 2015/16 event has higher heat content across
the equatorial Pacific at El Niño initial stage than the
other selected 2000s events (figure not shown). This
condition in early 2015 indicates a high potential to be a
strong El Niño once the strong westerly wind stress is
imposed (Meinen and McPhaden 2000; Fedorov et al.
2015). Fedorov et al. (2015) also demonstrated that
weak westerly stress anomalies lead to a maximum
warming in the CP. Conclusively, we suggest that the
strong ocean heat content distribution in the 2015/16 El
Niño onset period provides a favorable condition for
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developing the strong El Niño SST, but the weak
Bjerknes feedback during the El Niño developing stage
is not able to locate the maximum El Niño SST anomalies in the far EP. Takahashi and Dewitte (2016) also
suggested the importance of nonlinear convective
feedback to account for the SST and subsurface warming across the EP.
We know that multiple WWBs and MJOs help to
develop the largest El Niño events (McPhaden 1999).
However, accurate prediction of the El Niño strength in
early calendar months is very challenging because the
prediction of the MJO intensity and initiation by current
forecast models is still poor (Kerr 1999; Bechtold et al.
2008; Kim et al. 2009, 2014; Vitart 2014). In fact, the
possibility of the very strong 2015/16 El Niño was not
foreseen until the middle of 2015. Model forecasts in
January 2015 predicted that weak warm conditions over
the tropical Pacific would decay in Northern Hemisphere
spring (McPhaden 2015). The problem raised here suggests that the growth of ENSO and its strength strongly
depend on subseasonal atmosphere and ocean variability.
Additionally, this study identified that SST and 2mT
anomalies in 2015/16 are positive and generally greater
than 1982/83 and 1997/98 over the majority of the WMI
and extratropical Pacific (Fig. 20). This uncommon
widespread warming is suggested to be a combination of
the following two features. First, we found that an upward trend in 2mT over the past 37 years (1979–2015) is
greater over the WMI than over the eastern tropical
Pacific. The calculated linear trend over those two regions [WMI (108S–108N, 608–1508E) vs the eastern
tropical Pacific (108S–108N, 1508–708W)] is found to
be 10.198 and 10.108C decade21, respectively. This
suggests that higher temperatures over the WMI in 2015/
16 can be attributed to a larger decadal warming trend
over that region (Cravatte et al. 2009). Second, the nature of the El Niño that includes the CP warming such as
the 2015/16 event is known to drive the warming to extend west of the date line and extratropical Pacific
(Larkin and Harrison 2005; Kao and Yu 2009), compared to the EP El Niño.
In summary, the reanalysis datasets reveal that the
three strong El Niño events each have unique characteristics in their oceanic and atmospheric structures. Issues related to their individual dynamical evolution and
the possible impacts of trends in climate forcing on El
Niño development are evident in the reanalyses, but
clearly a complete understanding of each of these events
remains a topic for future study.
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