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Abstract The recent 2015-16 El Nino was of comparable magnitude to the two
previous record-breaking events in 1997-98 and 1982-83. To better understand
how this event became an extreme event, we examine the underlying processes

leading up to the peak of the event in comparison to those occurring in the 1997—
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98 and 1982-83 events. Differences in zonal wind stress anomalies are found to be
an important factor. In particular, the persistent location of the zonal wind stress
anomalies north of the equator during the two years prior to the 2015-16 peak
contrasts the more symmetric pattern and shorter duration observed during the
other two events. By using linear equatorially trapped wave theory, we determine
the effect of these off-equatorial westerly winds on the amplitude of the forced
oceanic Rossby and Kelvin wave response. We find a stronger upwelling projection
onto the asymmetric Rossby wave during the 2-yr period prior to the peak of the
most recent event compared to the two previous events, which might explain the
long-lasting onset. Here we also examine the ocean advective heat fluxes in the
surface mixed layer throughout the event development phase. We demonstrate
that, although zonal advection becomes the main contributor to the heat budget
across the three events, meridional and vertical advective fluxes are significantly
larger in the most recent event compared to those in 1997-98 and 1982-83. We
further highlight the key role of advective processes during 2014 in enhancing the
sea surface temperature anomalies, which led to the big El Nino in the following

year.

Keywords extreme El Nino - westerly wind anomalies - Kelvin and Rossby wave

projections - ocean currents - meridional asymmetry

1 Introduction

The El Nifio-Southern Oscillation (ENSO) is the most dominant mode of interan-
nual climate variability; characterized by warming (El Nifio) or cooling (La Nifia)

of the tropical central and eastern Pacific sea surface, and associated large-scale
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The extreme 2015-16 El Nino 3

changes in sea level pressure, winds and convection (e.g., Rasmusson and Arkin
1985). The three strongest El Nifio events ever observed - the 1982-83, 1997—
98 and most recent 2015-16 event - all exhibited exceptional warming across the
central-eastern equatorial Pacific (e.g. L’Heureux et al 2016) (Fig. 1). This warming
pushed the edge of the western Pacific warm-pool eastward, and as a consequence
atmospheric convection also shifted from the western equatorial Pacific to the usu-
ally cold and dry equatorial central-eastern Pacific (Cai et al 2014). Although all
ENSO events, regardless of strength, can affect climate over many regions of the
world (e.g. Philander 1990), the strongest El Nifio events have been associated with
the most significant natural disasters and socio-economic impact (Cai et al 2014).
Thus, it is of crucial importance to better understand the mechanisms controlling
the evolution and intensity of these strong El Nifio events.

It is well known that El Nino events are generally preceded by and coincide
with anomalous westerly winds, which are considered a requirement to release the
available energy stored in the anomalous warm water volume (WWYV) (Kessler
2002; Philander and Fedorov 2003; Zavala-Garay et al 2004; McGregor et al 2016;
Levine and McPhaden 2016). Westerly wind bursts (WWBs) preceding El Nifio
events have been shown to play an important role triggering El Nifio events (Latif
et al 1988; Lengaigne et al 2004), whereas the buildup of the WWYV in the equa-
torial Pacific is considered a necessary precondition for the development of an
El Nifio (Wyrtki 1985; Meinen and McPhaden 2000; An and Kang 2001). The
occurrence of strong WWBs in early 2014 (Menkes et al 2014; Chen et al 2015)
led many seasonal forecast teams to warn of a possible El Nino event by the end
of the year, while the coincident near record Pacific WWV anomalies in March

led many experts to warn that the anticipated event may rival the catastrophic
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199798 event (Ludescher et al 2014; Tollefson 2014). However, the anticipated
event never eventuated, as surface ocean warming ceased following the absence of
westerly wind events from April to July 2014 (Menkes et al 2014), signifying a
lack of air-sea coupling (McPhaden 2015).

Recent studies by Hu and Fedorov (2016, 2017), and Levine and McPhaden
(2016) have suggested that the easterly wind bursts that occurred in the boreal
summer were responsible for halting the development of this event, with relatively
dry atmospheric conditions despite higher than normal sea surface temperature
(SST). Furthermore, after an initial Ekman induced discharge of WWV (McGregor
et al 2016), these easterlies would ultimately recharge equatorial heat content
some months later (Jin 1997), priming the system for the 2015 El Nifio (Levine
and McPhaden 2016). Another recent study (Imada et al 2016) suggested the
subsurface cool anomalies in the South Pacific Ocean as one of the reasons for
the failed materialization of an El Nifio in 2014. During the first few months of
2015 a new episode of strong westerly wind bursts combined with an abundance of
WWYV, allowing El Nino conditions to rapidly re-intensify (McPhaden 2015) (Fig.
2).

The spatial patterns of SST anomalies around the peak of the strong El Nino
events in 2015-16, 1997-98 and 1982-83 are comparable in magnitude along the
central equatorial Pacific (Fig. 1 shading and Fig. 2) being 2.64+0.1, 2.440.1 and
2.340.2°C, respectively, in the Nifio-3.4 region averaged during November-January
(NDJ). Despite similar central Pacific event magnitudes, weaker warming off the
west coast of South America is evident during 2015-16. Further, as pointed out by
L’Heureux et al (2016) and Xue and Kumar (2017), the 2015-16 SST anomalies

in the western tropical Pacific were warmer. The evolution of SST anomalies (Fig.
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The extreme 2015-16 El Nino 5

2a) is clearly different across the three events, with values at the beginning of
the El Nino years across the three events, being 0.584+0.04°C in January 2015,
—0.464+0.05°C in January 1997 and 0.16+0.08°C in January 1982. Consistent with
the weaker SST anomalies in the far eastern equatorial Pacific in the most recent
event, the SSH anomalies also exhibit weaker values than the other two events.
The aim of this study is to investigate the physical mechanisms that controlled
the development of the extreme El Nino event of 2015-16, and how they differed
from the past two strongest El Nino events observed since the satellite era began
in 1979. To this end, we first describe the datasets and analyses methods used in
Sect. 2. In Sect. 3, we analyze zonal wind stress and sea surface height anomalies
during the months prior to the peak of these strongest observed El Nifio events.
Based on both the results presented in Sect. 3 and the key role for ocean advec-
tion in generating ENSO SST anomalies along the equator in central and eastern
equatorial Pacific (Wang and McPhaden 2000; Vialard et al 2001), we examine
the associated ocean advective fluxes during the events in Sect. 4. In Sect. 5 we
compare the two-year warming phenomenon of 2014-2015-2016 with the 1986—
1987-1988 event, which did not become a super El Nino. Finally, the main results

are summarized and discussed in Sect. 6.

2 Datasets and methodology

2.1 Datasets

This study employs the National Centers for Environmental Prediction (NCEP)
Global Ocean Data Assimilation System (GODAS; Behringer et al (1998); Behringer

and Xue (2004)), the European Centre for Medium-Range Weather Forecasts
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(ECMWF) Ocean Re-Analysis system 4 (ORA-S4; Balmaseda et al (2013)) and
the Predictive Ocean Atmosphere Model for Australia (POAMA) Ensemble Ocean
Data Assimilation System (PEODAS; Yin et al (2011)) to compute the advection
terms in the heat budget equation in addition to the heating rate term. Multiple
products were utilised here to validate the heat budget analysis, as suggested by
Su et al (2010), and provide a measure of the robustness of any results presented.
The models have horizontal resolutions of 1° x 0.3°,1° x 1°and 2° x 0.5°, and
vertical resolutions within the mixed layer (upper 50m) of 10m, 10m, and 15m,
respectively. For the upper ocean heat content calculation, defined as depth aver-
aged temperature in the upper 300m, the last vertical levels of GODAS dataset
(shown in Fig. 2 are 205, 215, 225, 238, 262 and 303m. For all variables, anomalies
are calculated by removing the long-term monthly climatology over the period
1980-2015. As there is no direct output of the vertical velocity field in ORA-S4,
this variable is calculated from the horizontal currents by using the continuity
equation.

The SST datasets used here are the Hadley Centre Sea Ice and Sea Surface
Temperature dataset version 1 (HadISST1; Rayner et al (2003)), the Extended
Reconstructed Sea Surface Temperature version 3 (ERSSTv3; Smith et al (2008)),
the Centennial in situ Observation-Based Estimates of SST (COBE; Ishii et al
(2005)) and the Interim ECMWEF Re-Analysis (ERA-Interim; Dee et al (2011)).
These reanalysis have a resolution of 1° x 1°,2° x 2°,1° x 1° and 0.75° x
0.75 °, respectively. Wind stress data are from the NCEP-National Center for At-
mospheric Research (NCEP-NCAR) Reanalysis 1 (NCEP1; Kalnay et al (1996)),
PEODAS (Yin et al 2011) and ERA-Interim (Dee et al 2011) with resolutions of

25° x 25°% 2° x 0.5° and 1.5° x 1.5°, respectively. We note here that the
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The extreme 2015-16 El Nino 7

surface wind products selected for analysis are largely consistent with those used
to force the ocean reanalysis data sets examined (GODAS and NCEP1, PEODAS
with PEODAS and ORA-S4 with ERA-Interim). Surface wind stress data was
only available for PEODAS dataset, which is made up of ERA-40 (Uppala et al
2005) prior to 2002 and NCEP Reanalysis IT (Kanamitsu et al 2002) thereafter.
For the other two datasets the surface winds were converted to wind stresses us-
ing the quadratic stress law (Wyrtki and Meyers 1976): (74, 7y) = CppaW (U, V)
where U and V are the zonal and meridional surface winds (m s™!) respectively;
W denotes the surface wind speed (m s™'), Cp = 1.5 x 102 is the dimensionless
drag coeflicient; and p, = 1.2 kg m~2 represents the atmospheric density at the

surface.

The SSH fields used in this study are from GODAS (Behringer et al 1998;
Behringer and Xue 2004), PEODAS (Yin et al 2011), ORA-S4 (Balmaseda et al
2013), whose resolutions are the same as for the heat budget variables, and the ob-
served Archiving, Validation, and Interpretation of Satellite Oceanographic (AVISO),
with 0.25° x 0.25° of spatial resolution and daily temporal resolution. Global
mean sea level rise was removed by subtracting each month’s global mean from
each SSH for each product. As for the heat budget computation, the anomalous
values of the rest of the variables are computed as the deviation of the 1980-2015

climatology.

Ideally, reanalysis with shorter timescales than a month might lead to resolve
non-linear processes, such as vertical mixing or those arising from tropical insta-
bility waves. Hence, our heat content results must be viewed with this caveat in

mind. However, we emphasize that in order to validate the heat budget analysis,
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as suggested by Su et al (2010), multiple ocean assimilation data products have

been used in this study.

2.2 Methodology

2.2.1 Kelvin-Rossby wave projections

To examine the effect of the westerly wind anomalies on the amplitude of the
forced oceanic Rossby and Kelvin weave response, we use linear shallow water
wave theory described in McGregor et al (2016). The linear first baroclinic mode
shallow water equations can produce observed variations of ocean heat content,
sea surface heights (e.g., McGregor et al 2012a,b) and Nino-3 and Nifio-3.4 indexes
(Abelldn and McGregor 2016) reasonably well when the model is forced by wind
stress anomalies.

It is shown that the Hermite functions provide the meridional structure of
the oceanic Rossby and Kelvin wave response to the wind stress forcing (Clarke
2008). Using observed anomalous wind stresses as model forcing, we solve for the
amplitude of the forced oceanic Rossby and Kelvin waves using the method of
characteristics (e.g., Clarke 2008; McGregor et al 2016). A gravity wave speed (c)
of 2.8 m s™! is used, which is consistent with observational estimates (Chelton
et al 2000), where Kelvin waves propagate eastward with a speed of ¢, while the
nth order Rossby waves propagate westward with a speed of —¢/(2n + 1).

As the only eastward propagating waves available in this model are Kelvin
waves, conservation of mass and the longwave approximation dictate that Rossby
wave mass transport at the western boundary must be balanced by the Kelvin

wave mass transport (e.g., Kessler 1991).
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The extreme 2015-16 El Nino 9

2.2.2 Ocean heat advection analaysis

We consider the total mixed layer heat balance can be expressed as follows (e.g.

Qiu 2000; Qu 2003; Du et al 2005; Santoso et al 2010; Cai et al 2015):

0T Qnet orT oT oT
_ _ _ _ ot 1
ot pocph Yor " Oy Yoz + fes (1)

where T denotes the mixed layer temperature, which is a good proxy for SST,
Qnet represents the net surface heat flux, pq is the reference oceanic density (1026
kg m~?), ¢, is the specific heat capacity of seawater (3986 J kg=! K1), h is the
depth of the mixed layer, and —u - VT denotes the advective fluxes. The fifth
term on the right-hand side of Eq. (1) Res indicates all remaining unresolved
processes, including lateral diffusion, vertical mixing, and the shortwave radiation
that escapes through the base of the mixed layer (Paulson and Simpson 1977;
Santoso et al 2010). This residual term also includes any unresolved processes that
are not captured over the monthly time-scales of interest in this study, such as the
impact of tropical instability waves. Although the focus of this work is instead
on the monthly-evolving ocean advection terms in the heat budget equation (Eq.
1), an estimate of residual term along with the surface air-sea heat flux term is
included in Sect. 6. The mixed layer depth is assumed to be constant in our study
and is taken to be 50 m as in several past studies (e.g. An and Jin 2004; Thual
et al 2011; Imada and Kimoto 2012; Hua and Yu 2015). This is motivated by the
Cane and Zebiak model for ENSO (Zebiak and Cane 1987), which has been shown
to give a reasonable representation of the mixed layer depth in the central Pacific

(de Boyer Montégut et al 2004; Lorbacher et al 2006).
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The total oceanic advection of heat can be decomposed as:
u- VT =aTy +u'Te +u'Ty + 0T, + 0Ty +0'Ty + 0% +w'T. +w'T,  (2)

where u, v, w represent the zonal, meridional and vertical ocean current velocities,
overbar denotes the monthly mean climatology, prime denotes the anomaly (rela-
tive to the monthly climatology) and the subscript denotes the partial derivative
in that particular direction.

The use of multiple reanalysis products allows us to assess the statistical signif-
icance of reanalysis mean differences in the heat budget advection terms between
the 2015-16 event and the 1982—-83 and 1997-98 events. In order to achieve this,
we use a two-sample Student t-test to assess the significance of mean differences,

in which the significance is determined at the 95% confidence level.

3 Evolution of zonal wind stress and sea surface height anomalies

3.1 Zonal wind stress anomalies

The anomalous westerly winds that precede El Nifio events, as mentioned before,
can be made up of higher frequency (intra-seasonal) bursts and a lower frequency
and large-scale Bjerkness feedback component, a combination of which can be
seen in the monthly latitude-time sections of the zonal wind stress (Fig. 3). Here,
the 2015-16 event anomalous winds appear to be distinct from the earlier events
in several other ways. As reported by L’Heureux et al (2016), the 2015-16 event
equatorial winds were weaker than those of the 1997-98 event. For instance, the
zonal wind averaged between 5°S-5°N during the 12 months prior to the peak of

the events are 0.68+0.24 and 1.2340.02 x 1072 N m™2, respectively. Secondly,
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The extreme 2015-16 El Nino 11

the wind anomalies in the 201516 event display much more asymmetry about the
equator than the other two events, with the 2015-16 event primarily displaying
westerly (easterly) anomalies north (south) of the equator. This characteristic can
be also seen by the average values during the 12-month and 24-month periods
in Fig. 4, where the maximum anomalies occur at 5°N in the 2015-16 event and
only easterlies are found in the Southern Hemisphere, in contrast to the other two
events in which westerlies are found in both hemispheres. To better illustrate these
results, we consider an asymmetry index defined as the zonal wind in the Northern
Hemisphere (0°-20°N) minus the Southern Hemisphere (20°S-0°) averaged over
both, the 12-month and 24-month periods prior to the event peak. The 3 reanalysis
product average indices for each event (Table 1) highlight the strong meridional
asymmetry of the 2015-16 event (three times larger than that in the 1997-98
event), while statistical tests suggest that this difference is statistically significant.
Note the significance test is conducted by comparing the index of the 2015-16 event
from each reanalysis product against the indices from all three reanalysis products
for both the 1997-98 and 1982-83 events. We find that the main difference is in
the Southern Hemisphere (Table 1), with easterly anomalous wind in the 2015—
16 event and westerly (as in the Northern Hemisphere) in the other two events.
This persistent maximum westerly wind anomaly location north of the equator
is at least partly associated with highly unusual cyclone activity in the western
Pacific (Boucharel et al 2016a,b; Collins et al 2015). This unusual cyclone activity
has also been related to the substantially warmer SST anomalies over the north
tropical Pacific (5°N-20°N) observed over the 2-yr period in the 2015-16 event
(0.4240.05°C) relative to 1997-98 (0.074+0.02°C) and 1982-83 (—0.06+0.03°C)

(Fig. 5) (Murakami et al 2017).
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Another prominent feature revealed by Fig. 3 is that for the 2015-16 event,
anomalous westerly winds persisted as far back as the beginning of 2014. This is
distinct from the 1997-98 and 1982-83 events, which had the largest anomalous
westerly winds only beginning some 12 months prior to the peak of the events. This
difference in wind persistence could indicate the role of the 2014-15 “failed event”
in contributing to the emergence of the 2015-16 El Nifio. As such, our analysis
below in distinguishing the dynamics of these events will consider the genesis of
the events over both the 12 and 24-month periods prior to the peak of the events,
indicating the monthly temporal evolution and the average over these two periods.
Furthermore, the warming conditions over the central equatorial Pacific in early
2015 (Fig. 2a) suggest that the previous year should be taken into account as a
possible explanation of the large event.

To further understand the ocean response to the relaxation of the easterly trade
winds during the onset of El Nifio events, we calculate the first baroclinic mode
projection coefficients for the eastward propagating Kelvin wave and the first four
westward propagating trapped Rossby waves following the methodology detailed
in McGregor et al (2016). As defined by the Hermite functions solutions to the
shallow-water model equations, Rossby waves with odd (even) numbers produce
thermocline anomalies that are symmetric (asymmetric) structure about the equa-
tor (Kessler 1991; Fedorov and Brown 2009). The mode number also highlights
several other key features of the Rossby waves, i) the higher the mode number,
the slower and further away from the equator the main thermocline depth pertur-
bation propagates; ii) even number Rossby waves do not generate an equatorial
Kelvin wave upon impinging on the western boundary, and iii) the magnitude

of the reflected Kelvin wave decreases as the odd order mode number increases
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(Kessler 1991). The excitation of strong downwelling Kelvin waves observed since
March 1997 and August 1982 until the peak of the related events (Fig. 6b-c), as a
result of strong westerly wind anomalies (e.g., McPhaden 1999), contribute to the
exceptional strength of El Nifio events during 1997-98 and 1982-83, respectively.
However, the 2015-16 El Nino event exhibits basinwide average projection coeffi-
cients that are up to four times much weaker than those of the preceding events

(Fig. 6a, Table 2).

The first baroclinic mode n = 1 Rossby wave for the 2015—-16 event also displays
significantly weaker magnitudes during most of the 24-month period (Fig. 6d-f,
Table 2). Interestingly, the downwelling Kelvin wave in March-April 2014 (Fig. 6a)
had only a weak upwelling n = 1 Rossby wave signal in the far western Pacific (Fig.
6d), but also coincides with a strong central Pacific projection onto upwelling n = 2
and n = 4 Rossby waves (Fig. 6g, m) (i.e, both of which have no western boundary
reflection), which might explain why the warming that started in 2014 was able to
continue into 2015. Finally, the significantly stronger projection through much of
the two years onto the asymmetric n = 2 and n = 4 Rossby waves in addition to
the smaller Kelvin wave projection during the 2015-16 El Nifio compared to the
previous events (Fig. 6m-o, Table 2) are consistent with the asymmetric location
of the westerly winds described above. We note that these two Rossby waves
have weak impact of equatorial heat content (e.g., McGregor et al 2016), while
the weaker Kelvin wave projection, which has a strong impact on equatorial heat

content (McGregor et al 2016), indicates a weaker equatorial region WWYV signal.
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3.2 Sea surface height anomalies

The basin-wide average SSH anomalies (Fig. 7) exhibit significantly (above the
95 % level) larger negative values along the north off-equatorial region (5-15°N)
throughout the 2-yr period in the 2015-16 event compared to the 1997-98 and
1982-83 events (Table 3). The strong basin-wide average SSH anomalies along the
north off-equatorial region (Fig. 4c-d) are consistent with the basinwide projection
onto Rossby waves, as the 2015-16 event displays a significantly stronger negative
projection onto the asymmetric n = 4 Rossby waves observed over the entire two

year period (Fig. 6e and Table 2).

Another striking feature of the basin-wide average SSH anomalies in the equa-
torial region is that the 2015-16 El Nino displays positive values between 5°S-5°N
that persist throughout the whole 24-month period prior to the event peak. Al-
though no statistically significant difference is found between the 24-month average
of the 2015-16 El Nifio and the other two events (Table 3), the earlier events ex-
hibit positive anomalies largely during the 12-month period only that are more
symmetrically distributed about the equator (Fig. 7). Again, the apparent 2-yr
persistence of the equatorial positive SSH signal in the 2015-16 event and the
larger upwelling in the northern region mentioned above point to the different
hemispheric forcing conditions from the past events. This result is in good agree-
ment with the findings of Di Lorenzo and Mantua (2016), who reported that the
development of the 2015-16 event was influenced by the emergence of ocean heat-
wave in the North Pacific associated with the North Pacific Oscillation, which was

widely referred to as “The Blob” in the media.
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4 Ocean advective heat fluxes

Previous studies (Wang and McPhaden 2000, 2001; Vialard et al 2001; Huang
et al 2010) have shown the influence of ocean advection during the onset of El
Nino events. To further reveal the distinction among the events arising from the
processes described in Sect. 3, we expect to see some differences in the advective
constituents shown in Eq. (2) that lead to the growth of SST anomalies over
the Nifio-3.4 region (170°W — 120°W and 5°S — 5°N) - a region which is used
for ENSO operational forecast. We first examine the impact of both persistence
and meridional asymmetry of westerly wind anomalies on the horizontal ocean
currents anomalies (u” and v'). Figure 8 shows the time series of anomalous zonal
and meridional ocean currents during the two years prior to the peak of the events
averaged over the Nifio-3.4 region. The zonal component of the 2015-16 El Nifio
event displays two clear eastward propagation periods in early 2014 and late 2014
as a consequence of westerly wind anomalies (Fig. 3a-c). These anomalous winds
generate a zonal pressure gradient between the eastern and western tropical Pacific,
which generates a meridional SSH gradient, being positive (negative) south (north)
of the equator (Fig. 7), producing this eastward geostrophic current anomaly. The
meridional asymmetry in the anomalous zonal winds seen in the 2015-16 El Nino
event leads to a south-flowing ocean flow during the whole period prior to the event
peak (Fig. 8b). This is a discernible difference compared to the 1997-98 and 1982—
83 El Nifio events, in which the meridional ocean current is near climatological

values in 1996 and 1981, respectively.

We now explore how these dramatic differences of ocean currents between

the most recent El Nifio and the other two events described above influence the
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magnitude of the events. Monthly anomalies of each individual advection term of
the heat budget equation (Eq. 2) during the 24-month period prior to the peak
of the events over the Nino-3.4 region are shown in Fig. 9. As expected from the
time series of Nifo-3.4 index (Fig. 2a), the warming tendency in the 1997-98 and
1982-83 El Nino events occurs mainly during the 12 months before the maximum
amplitude of the events (Fig. 9a). While the major heating during the 2015-16
El Nino event also occurs during this period, it is interesting to note two periods
of warming tendency in 2014, consistent with the 2014—15 failed event. There is
a marked similarity between this total heating time evolution (Fig. 9a) and the
zonal advection of climatological temperature by anomalous current (u'T;, Fig.
9c), suggesting the important role of this term in El Nifio development (Huang
et al 2010).

Here we aim to identify the dominant processes controlling the trajectory
toward anomalous warming by integrating the advection terms over 24 and 12
months (i.e., expressed in degree Celsius) leading up to the peak of each event,
respectively referred to “year -1” and “year 0”. This approach allows a gauge of
the relevance of the 2014 conditions for the development of the 2015-16 El Nino.

Figure 10 shows that the advective terms overall contribution to the total heat-
ing rate during all three strong El Nino events. Note that Qne+ and the Res terms
not shown constitute cooling rates, as mentioned before. Integrated over both 12
months and 24 months, the anomalous heating of all events is most strongly at-
tributed to u'T%, followed by 97}, and to a lesser extent by wT? (terms 3, 5, and
8). These terms respectively refer to the zonal advection of climatological temper-
ature by anomalous currents, the meridional advection of anomalous temperature

by mean currents, and the vertical advection of anomalous temperature by mean
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upwelling. However, we note that, for the 198283 event, the heating contribution
of w'Ty becomes small when integrated over the 24-month period, even displaying
a weak damping effect in the GODAS reanalysis (Fig. 10d). This is mainly due to
the fact that this term tended to cool SST during 1981 (Fig. 9¢).

The total heating rate (9T'/0t) integrated over 12 months prior to the peak of
the 2015-16 event (2.0+0.1°C) is significantly weaker than that for the 1997-98
and 1982-83 events (3.0+0.4°C) (Fig. 10a). However, when integrated over 2 years,
the heating rate for the 2015-16 event increases and becomes more comparable
to the other two events in which the 1997-98 event shows a slight increase and
the 1982-83 event a decrease (Fig. 10b). As demonstrated below, this reflects the
importance of the 2014 ocean advection for the large magnitude of the 2015-16 El
Nino. Focusing on the individual advection terms, there are no significant differ-
ences in the 12-month analysis between the 2015-16 event and past events, except
for Ty, when comparing the recent event to the 1997-98 event only. However,
significant differences are found over the 24-month period in the 9Ty, v'Ty, and
w7, terms, when comparing the 2015-16 event with the average of 1982-83 and
1997-98 events. The larger magnitude of vTy, v'T, and w7} indicate that these
terms played a more prominent role in the growth of the 2015 El Nifio with a
notable contribution from the previous year. In particular, the sum of all advec-
tive terms contributes to much larger warming in the 2015-16 event (9.2+1.5°C)
compared to the other two events (3.0+2.1°C).

It is worth emphasizing the large spread across the datasets in some terms
of the heat budget analysis carried out in this study. For instance, the heating
contribution of the main term (u'T}) varies between 2.1°C in ORA-S4 and 4.8°C

in GODAS when integrated for the 24-month period in the 2015-16 event (Fig.
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10d, f). Such a large spread is represented as a long error bar in Fig. 10b. To further
examine the source of this big uncertainty, we decompose the advective terms into
the single terms (i.e., velocities and gradients of temperature) for the two periods
considered and annual mean climatological values (Fig. 11). The anomalous zonal
current (u') for the 24-month period range between 0.07 and 0.15 m s~ * across the
reanalysis products, being the minimum value around 50% less than the maximum
value. However, the zonal climatological gradient of temperature (7%;) for the same
period is in the range —5.33 x 1077 to —4.91 x 10~7 °C m™!, which in this case
is approximately 10% of difference between these two extreme values. We note
that although the temperature gradients display uncertainties, they appear to be
less important than the anomalous and climatological currents. In particular, the
vertical velocity field exhibits the largest spread, with different sign for the 1982-83
event in both periods considered. It is noteworthy that in spite of the large spread
across the three reanalysis products, the heat budget analyses derived from each
product exhibit similar behaviour for the o7}, v'T, and w7 terms (Fig. 10c-h).
To further reveal the relative role of v7T},, v'T, and wWT% terms in the temporal
evolution of the 2015-16 El Niilo event (Fig. 2a), we now examine the temperature
anomaly in the Nino-3.4 region integrated over the mixed layer that would occur
if only the total advective terms were considered. This is done by integrating
the variables forward in time starting from either January of year 0 (Fig. 12a)
or January of year -1 (Fig. 12b), taking into account that the anomalous terms
referred to the 2015-16 event (three members, one for each dataset) are computed
as deviations from the 1997-98 and 1982-83 composite (six members). Comparing
the anomalous three terms whose mean differences between the 2015-16 event
v'Ty and wT}), we find a positive

and the other two events are significant (0T,



415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

The extreme 2015-16 El Nino 19

contribution throughout the entire 2-yr period. However, u'T;, (orange line), which
is a major heating term, particularly for the 2015-16 and 1997-98 events, leads
to warming during year -1 and cooling during year 0. The cooling effect of this
anomalous term is more evident when the integration starts instead in year 0 of
the event (i.e. only the 12-month lead-in window), showing smaller values than
what occurs for the 1997-98 and 1982-83 average. The anomalous all advective
terms combined (red line) exhibit the major heating during year -1 whereas the
increase in temperature is more gradual during year 0. Hence, the heating due to
advection terms during the last event is not considered distinct when compared to
past events over the 12-month period but it is distinct over the 24-month lead-in

period.

5 The 1987-88 El Nino

It is well known that one of the robust features of ENSO events is their tendency
to peak near the end of the calendar year (e.g. Rasmusson and Carpenter 1982).
However, the 1987-88 El Nino event evolved differently from the El Nifio com-
posite, where a second peak occurred in September 1987 after the first peak in
January of the same year, which is the most common season (Fig. 2a). In view
of the unique two-year warming phenomenon of 2014-2015-2016, we also conduct
an additional analysis of the 1986-1987-1988 event examining the upper ocean
heat content (T300) as a proxy for the warm water volume and the heat budget
analysis.

The 2015-16 event displays a gradual increase of warm water volume, although

with some fluctuations, during the two years prior to the peak. However, the 1987—
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88 event shows a dramatic fall after the first peak in early 1987 (Fig. 2b). This is
consistent with the findings by Zhang and Endoh (1994) in which they found that
the El Nino conditions in the eastern Pacific disappear in mid-1987 because of the
increase in trade winds over this region, whereas warm conditions remain in the
central and western Pacific until early 1988. To further elucidate why the 1987-88
event was not as strong as the 201516 event, we derive a heat budget for the Nifio-
3.4 region during these two events (Fig. 13). We find that the zonal and meridional
advection of climatological temperature by anomalous currents terms (u'7, and
v'T,) have opposite sign among these two events regardless the time period before
their peaks. For instance, the first term is equal to —0.5+2.3°C for the 1987-88
event and 3.24+1.2 °C for the 2015-16 event. This difference in the first term might
be related to the fact that there is a significant cooling in mid-1987 over the central
Pacific (Fig. 2a) in response to strong westward surface zonal advection (Zhang
and Endoh 1994). The much weaker meridional asymmetry in the westerly wind
anomalies for the 1987-88 event (with asymmetry index = —0.38+0.08 x 1072 N
m~? averaged over the 24-month period) leads to a poor contribution of U'Ty to

the development of this event in contrast to the 2015-16 EIl Nino event.

6 Summary and conclusions

Aiming to explain the mechanisms responsible for the strong 2015-16 El Nifo, we
analyzed some climate variables such as SST, SSH and zonal wind stress during the
months prior to the peak and compared with the patterns seen in the two strong
events observed since 1979: the 1997-98 and 1982-83 events. While the magnitude

of SST and SSH anomalies over the central equatorial Pacific are comparable across
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the 3 events, we found some obvious differences in the zonal wind stress anomalies
that we now summarize below.

We found that the westerly wind stress anomalies are located either side of
the equator in the previous extreme El Nino events, in contrast to the 2015-16
event, where anomalous winds are largely confined to the northern region of the
tropical Pacific location. Another distinct feature of the most recent event is the
early occurrence of these winds in the previous year (year -1), i.e., in early 2014,
compared to the other two events in which they tend to concentrate in year 0 of
the El Nino event.

Following McGregor et al (2016), we solved the amplitude of the forced oceanic
Rossby and Kelvin wave response by specifying the temporal and spatial structure
of the observed wind stress (Clarke 2008). We suggested that the downwelling
Kelvin wave in April 2014, which had nearly no upwelling n = 1 Rossby wave
signal but strong upwelling projection onto the n = 2 Rossby wave, without western
boundary reflection, might explain the long-lasting warming initiated in 2014 and
continued during 2015. We further related both the stronger projection onto the
n = 4 Rossby wave and the smaller downwelling Kelvin wave projection to the
meridional asymmetry of the anomalous westerly winds.

Motivated by these results, we carried out an analysis of the heat budget
evolution of the surface mixed layer during the 24 months leading up to the event
peak by examining its time evolution and its average over two periods: 12-month
and 24-month periods prior to the event peak. We found that the development
of the recent event, in terms of the rate of change of SST, during the 12-month
period prior to the peak is weaker than that for the other events. However, when

the 24-month period is considered as the growing phase, then all three events show
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comparable values. Thus, this characteristic highlights that the physical processes
occurring in 2014 play a key role in the large magnitude of the 2015-16 event that
leads to warmer SST anomalies at the beginning of 2015 unlike near climatological
values in early 1997 and 1982. This larger heat content during the pre-onset year
of the most recent event is consistent with previous results reported by Menkes
et al (2014).

One of the similarities among the three events analyzed here is that the anoma-
lous heating is mostly attributed to u'T}, followed by o7, and to a lesser extent
by wT,. However, we found three advective fluxes with significant differences be-
tween the 2015-16 event and past strong events (@Té, v/Ty and wT,) whose link
with the physical processes described in Sect. 3 can be summarized as follows: (1)
the long-lasting and equatorial asymmetry of zonal wind anomalies in the 2015-16
event produce a larger v'T, compared to the other events attributed to the lack of
equatorward current south of the equator; (2) these two distinct features of zonal
wind are at least partly related to the warmer SST anomalies north of the equator
(e.g. Murakami et al 2017), which increase the importance of the vTy; (3) finally,
warmer ocean temperature anomalies underneath the mixed layer over the central
equatorial Pacific (Fig. 14) would explain the larger values of wT, term (”Zhang
and Gao 2017). We suggest that the driver of this warmer subsurface tempera-
ture, supported by higher WWYV (Fig. 2b), during the most recent event might be
related to deeper basin-wide average thermocline depth due to the long duration
of westerly wind anomalies through the 2-yr period. Interestingly, the contribu-
tion of u'T, which is related to the thermocline depth variations and zonal SSH
gradients by geostrophic balance, during the 1-yr period for the 2015-16 event is

much weaker than that for the 1997-98 event. This result supports the findings



511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

The extreme 2015-16 El Nino 23

presented recently by Paek et al (2017), where they reported that the thermocline
anomalies during the 2015-16 event are much weaker than those during the 1997—
98 event, suggesting a stronger influence of Central Pacific El Nino dynamics on
the 2015-16 event than on the 1997-98 event. In line with this, the smaller Kelvin
wave projection that we found would suggest that the thermocline feedback would
not be as large during the most recent event.

Due to both the lack of data for the surface air-sea heat flux term Qpe: in ORA-
S4 and the unresolved processes included in the residual term, we have opted to
retain focus on the role of the advective terms in the heat budget as these can
be independently verified via an analysis of surface winds and sea surface height.
However, for completion, we also present the time evolution of temperature budget
anomalies of the strong El Nifo events in the Nifio-3.4 region for these two terms
along with their contribution to the heat budget equation. Figure 15 reveals that
the damping effect of these two terms in the most recent event was much larger
than that in the two previous events, although this is significant for the residual
term only. Thus, the stronger warming contribution to the total heat content of the
advection terms during the 2015-16 El Nifio event compared to the two previous
events is consistent with the stronger cooling contribution of the total air-sea
heat flux and the residual terms. The cooling effect of these two terms during the
development year of El Nifio events is consistent with previous studies (e.g. (Wang
and McPhaden 1999, 2001; Huang et al 2010; Su et al 2010) in addition to the
shortwave damping (Dommenget and Yu 2016). The large residual term could also
be due to the fact that heat, freshwater, and momentum are not conserved in the
ocean reanalysis systems and the weaker tropical instability waves activity during

those years (Moum et al 2013).
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Our conclusions are reached by examining three different ocean reanalysis
products, which show largely consistent behavior albeit considerable spread across
products. Thus, our results must still be viewed with some degree of caution in
light of uncertainty in the reanalysis products as well as the assumption of a con-
stant mixed layer depth in the Nifio-3.4 region. It should be noted that we expect
more uncertainty from the reanalysis products compared to this assumption. By
way of example, the difference in the magnitude of advective terms averaged over
the nine terms and 24-month period for the 2015-16 El Nino event between mixed
layer depth assumption of h = 30 m and h = 50 m is 0.18 °C, whereas the differ-
ence across the products for h = 50 m is 0.26 °C. Finally, here we emphasized that
although strong El Nifio events have some robust features, such as the tendency
for their peak to occur during boreal winter, every event has a somewhat different
character. In this regard, we have demonstrated that ocean advection plays a key
role during the growth of strong El Nifio events. We further contrasted the 2015-
16 event with the 1987-88 event; both events were preceded by warm equatorial
Pacific in the previous year but the 1987-88 event failed to peak as a strong event

due to the weak ocean advection.

Our results reaffirm the need for adequate ocean observations are required to
more fully constrain reanalysis products and to better understand the mechanisms
that control these variations across El Nifio events, and in particular what makes
these events grow in magnitude. This will ultimately help improve predictive skill

for these significant and damaging climatic events.
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Table 1 Basin-wide average zonal wind anomalies and their standard deviations in the North-

ern Hemisphere (Eq.-20°N) and the Southern Hemisphere (20°S-Eq.) and the asymmetry index

defined in Sect. 3.1 averaged over 12-month and 24-month periods prior to the event peaks.

Units are expressed in x 1072 N m~2. Datasets: GODAS, ERA-Interim and PEODAS.

-12 months -24 months
2015-16 1997-98 1982-83 2015-16 1997-98 1982-83
Northern Hemisphere 0.35+0.36 0.64+0.19 0.2940.08 0.3940.19 0.46+0.09 0.17+0.08
Southern Hemisphere -0.53+0.36 | 0.45+0.04 0.4440.19 -0.494+0.16 | 0.16£0.02 0.30+0.13
Asymmetry index 0.8540.03 0.174+0.17 | -0.16+0.15 0.86+0.04 0.2940.07 | -0.13+0.05
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Table 2 Projections coefficient values of Kelvin and Rossby waves (see Fig. 6) averaged over
12- and 24-month periods prior to the even peaks and their standard deviations. Units are

expressed in m. Dataset: GODAS, ERA-Interim and PEODAS.

-12 months -24 months
2015-16 1997-98 1982-83 2015-16 1997-98 | 1982-83
Kelvin wave 2.6+4.1 14.4+£1.7 12.0£1.9 1.442.1 7.7+0.6 5.2+1.5
N=1 -14.5+3.1 | -14.6%1.1 -2.7£5.5 -8.9+£1.2 -1.8£1.6 2.243.1
N=2 -14.44+2.8 -7.1+1.4 -8.9+0.4 -9.442.3 -3.3+£0.4 -6.24+0.5
N=3 -10.8+1.7 -7.4+£1.8 -0.9+5.9 -6.6+2.0 -2.3+1.8 2.4+4.5
Rossby waves
N=4 -13.8+2.7 -0.2£1.5 -3.6t4.1 -11.441.3 -1.1+£1.3 -1.0£2.1
N=5 -4.6+2.4 -5.1+1.9 3.84+7.0 -2.6£1.7 -2.4+2.0 5.5+5.0
N=6 -4.7£2.5 -1.5+2.4 -1.7£4.9 -4.2+1.1 -1.9£1.6 0.4+£3.1
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Table 3 Basin-wide average SSH anomalies in the north-off equatorial region (5°N-15°N)

and the equatorial region (5°S-5°N) over 12-month and 24-month periods prior to the event

peaks and their standard deviations. Units are expressed in cm. Dataset: GODAS, PEODAS,

ORA-S4 and AVISO.

-12 months -24 months
2015-16 199798 1982—-83 2015-16 199798 1982—-83
North-off Equator -4.9540.54 -4.5840.98 -1.661+0.31 -3.7840.46 -2.6340.96 0.1540.33
Equator 4.67+1.29 5.631+0.51 4.28+0.67 3.28+0.88 2.77£0.09 2.4140.48
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Fig. 1 SST anomalies (shading) and SSH anomalies (contours) in NDJ during the 2015-16
(a), 1997-98 (b) and 1982-83 (c) El Nifio events. Note that the contour interval is 6 cm, labels
are in cm units and solid contours indicate positive values, bold line zero SSH anomaly, while
dashed contours indicate negative values. The dashed gray line indicates the equator and the
solid gray box represents the Nino-3.4 region. Datasets for SST: ERSST, HadISST, COBE,

ERA-Interim. Datasets for SSH: GODAS, AVISO, PEODAS, ORA-S4.
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Fig. 2 (a) Sea surface temperature anomalies in the Nifio-3.4 region during the two years
prior to the peak of strong El Nifio event and one year afterward. Solid lines represent mean
values of ERSST, HadISST, COBE and ERA-Interim whereas shaded areas represent the one
standard deviation envelope of the observed SST. Note that shades in different colors have
been used to indicate the three ENSO states. (b) Upper ocean heat content defined as depth
averaged temperature in the upper 300 m (GODAS) over the region 5°S-5°N, 120°E-80°W,

during the same period as (a).
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Fig. 3 Zonal wind stress anomalies averaged over 120°E-80°W during the 2-yr period prior
to the peak of the (a-c) 2015-16, (d-f) 1997-98, and (g-i) 1982-83 events. Note that gray

horizontal lines indicate the equator. Datasets: GODAS, ERA-Interim and PEODAS.



The extreme 2015-16 El Nino 41

|- 2015-16 === 1997-98 1982-83|

12 months

] 24 months
15°N L +415°N ‘

10°N| - T 10°NF

5°NL NG ] 5°N !

Eq.f~---- - o Eq.f---- it
55| 7 ssl |

10°s} ~J10°s Yy
15°S W/ 15°S Lil. b

> =1.0,-05 0.0 05 1.0
Nm™“]

[ x 10

Latitude

15°N |
10°N
5°N

Eq.
5°S
10°S
15°S

15°N |
10°N
5°N

Eq.
5°S
10°S
15°S

Fig. 4 Zonal wind stress (a,b) and sea surface height (c¢,d) anomalies averaged over 120°E-
80°W and during two periods (12 and 24 months prior to the peak of the events). Solid lines
represent the mean values across the datasets: GODAS, PEODAS and ERA-Interim for 7;
and GODAS, AVISO, PEODAS and ORA-S4 for SSH. The shaded areas show the 5t" and

95t" percentiles for every monthly value across all products.



42 Esteban Abelldn et al.

12 months ca 24 months .
(d)
16°N- ¥
2.8 ; 1.40
S gNy
: ! ‘ ‘
n N R .- (o) Amm—
o i 2.1 \ 1.05
N 8
180° 140°W 100°W 140°E  180° 140°W 100°W
(e)
o7 16°NI = o g 5 o35
\
3 Ny
1 1 !
~N 0.0 O @ 40.0
3 L I
- 8057”: Ly, °
b W =07 16°Sm . 1-035
180° 140°W 100°W 140°E 180° 140°W 100°W
(f)
~1.4 16NE -0.70
Al
% 8°NI§
i -2.1 | s : ~1.05
N o°pt H— ¢ TS
8 ’\J f e
gsl R W W el
= -238 % ~1.40
o AR 16“5“ ’ -\
180° 140°W 100°W 140°E  180° 140°W 100°W
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Fig. 7 Sea surface height anomalies averaged over 120°E-80°W during the 2-yr period prior
to the peak of the (a-d) 2015-16, (e-h) 1997-98, and (i-k) 1982-83 events. Note that gray
horizontal lines indicate the equator. Data are obtained from reanalysis (GODAS, PEODAS

and ORA-S4) and observations (AVISO).
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Fig. 9 The time evolution of temperature budget anomalies of the strong El Nino events in

the Nifio-3.4 region for the total heating (a), zonal (b-d), meridional (e-g), and vertical (h-j)

advection terms of the heat budget equation. A three-month running average is calculated. The

events are averaged across the three datasets (GODAS, PEODAS and ORA-S4) and shown

their standard deviation (shading). The gray shading indicates that the 2015-16 El Nifio values

are significantly different to the other two events. Different y-axis heating scales are employed

in each direction of advective terms.
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and the error bars represent the standard deviation across the three datasets for each event.
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Fig. 11 Averaged values of ocean currents (a) and temperature gradients (b) over the Nifo-

3.4 region during the 12-month and 24-month periods and annual mean climatology for each

reanalysis product and each event. Note the different scale used for some terms.
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Fig. 12 Temperature anomalies in the Nino-3.4 region integrated over the mixed layer accord-

ing to all anomalous advective terms and those with statistically significant differences between

the events starting from 0 anomaly at the beginning of (a) 12 months and (b) 24 months before

the observed peak. Solid lines represent the mean across the three products (GODAS, PEO-

DAS and ORA-S4), vertical lines and shading areas indicate the standard deviation across

the three products. Note that these anomalous terms in 2015-16 event are computed as the

deviation of the 1997-98 and 1982-83 average.
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Fig. 13 Contribution of each individual advection term of the heat budget equation and
the total advective term integrated over time, summed up over (a) 12 and (b) 24 months
before the peak, and averaged over the Nino-3.4 region. Green and black shaded vertical bars
represent the 1987-88, and the 2015-16 El Nino events, respectively. The error bars represent

the standard deviation across the three datasets. Datasets: GODAS, PEODAS, ORA-54.
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Fig. 14 Vertical profile of anomalous potential temperature averaged over the Nino-3.4 region
across latitude during both the 12-month (a—c) and 24-month (d-f) periods prior to the peak
of the events. Note that black dashed lines represent the meridional (5°S-5°N) and vertical

(50 m) domain considered in this study. Dataset: GODAS.
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Fig. 15 (a—b) As in Fig. 10, the time evolution of temperature budget anomalies in the Nifio-
3.4 region for the total heat flux and residual terms, respectively. (c—d) Contribution of the
total heat flux and residual terms of the heat budget equation over 12 and 24 months before

the peak, and averaged over the Nino-3.4 region. Note that Qnet is not available for ORA-S4.



