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Abstract

ENSO exhibits different flavors with worldwide impacts. However, the associated teleconnections with
subtropical South America (SSA) are still controversial and modelling studies are needed. Here, we
analyze the Southern Hemisphere (SH) circulation anomalies and the impacts over SSA during the austral
summer due to different El Nifio patterns (Canonical and El Nifio Modoki). The analysis is performed
considering reanalysis data and two different Atmospheric General Circulation Models (SPEEDY and
UCLA - AGCM).

Results from reanalysis show that positive precipitation anomalies develop over SSA during Canonical El
Nifo events. These anomalies are induced through an increase of upper level cyclonic vorticity advection
and a stronger low-level southward moisture transport. However, in El Nifio Modoki events, rainfall

anomalies are observed over SSA only for the strongest events.

Both models are able to reproduce the precipitation signal over SSA in the Canonical El Nifio case,
although the underlying physical mechanism depends on the model. In SPEEDY, the increased rainfall is

due to an increase of the moisture transport toward SSA, while in UCLA - AGCM it is related to both, an
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increase of the low-level moisture transport toward SSA and the increase of upper level cyclonic vorticity

dvection. The precipitation signal associated with EI Nifio Modoki is more controversial. While UCLA -

D

GCM suggests a rainfall increase over SSA, SPEEDY, in agreement with observations, does not show
any statistically significant signal. However, the upper level circulation anomalies reproduced by UCLA —
AGCM are more consistent with reanalysis than those from SPEEDY, which makes UCLA — AGCM to
be more reliable. This result suggests increased rainfall over SSA during El Nifio Modoki

1. Introduction

Acce

The El Nifio — Southern Oscillation (ENSO) is the main mode of interannual climate variability
and is a major driver of anomalies worldwide. Its positive (negative) phase, named EIl Nifio (La
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Nifa), consists in an anomalous warming (cooling) over the equatorial Pacific and is known to
have impacts on precipitation and temperature patterns in different regions (e.g., Cai and Cowan,
2009; Reason and Rouault, 2002; Tedeschi et al., 2013; Sulca et al., 2018; Barreiro, 2017;
Ropelewski and Halpert, 1986; King et al., 2018; Lopez — Parages et al., 2015; Villafuerte and
Matsumoto, 2015; Zhang et al., 2016). The traditional El Nifio events are commonly known as
Canonical El Nifio and are characterized by maximum tropical SST anomalies located in the
eastern equatorial Pacific, a reason for also called it as Eastern Pacific El Nifio or EP. However, at
the beginning of the 21* century, some studies showed that the region of maximum tropical SST
variability shifted westward since the 1990s, taking place in the central Pacific rather than in the
eastern Pacific (e.g., Xiang et al., 2013). This new type of El Nifio event was firstly named
“dateline El Nifio” by Larkin and Harrison, (2005), andtwo years later “El Nifio
Modoki” by Ashok et al., (2007). Other names as Central El Nifio (CP) or warm pool El Nifio
refer also to this type of ENSO.

Both types of ENSO events may change under global warming. In particular, a recent study has
indicated that the frequency of “El Nifio Modoki” will increase in the future, while the strong
“Canonical El Nino” will become more frequent (Cai et al., 2018). Thus, the associated impacts
of both events merit a deeper understanding and in this study we focus on the positive phase of
these two ENSO types.

Focusing on the austral summer season (here defined as December — January — February) and on
the Southern Hemisphere (SH), one of the most affected regions by this phenomenon is South
America (SA; Tedeschi et al., 2013; Tedeschi et al., 2015; Grimm et al., 2000; Barreiro 2017).
Observational and modeling studies have shown that the mechanism through which ENSO
influences SA depends on the latitude: While in the tropics the influence takes place through
changes in the Walker circulation and equatorial waves, at extra — tropical latitudes it is through
the generation and propagation of Rossby wave trains (e.g., Tedeschi et at., 2013; Sun et al.,
2013; Andreoli et al., 2017). Transition regions such as Subtropical South America (SSA, Figure
1) can be impacted by both. Additionally, the changes in the Walker circulation and extratropical
Rossby wavetrains strongly depend on the location of maximum SST anomalies over the
equatorial Pacific (Weng et al., 2009; Tedeschi et al., 2013; Sun et al., 2013; Tedeschi et al.,
2015; Hill et al., 2009; Hill et al., 2011; Andreoli et al., 2017; Sulca et al., 2018; Barreiro 2017).

At tropical latitudes, the main difference between the two types of El Nifio events seems to be

located over the eastern Pacific, where there is an anomalous ascent during the Canonical El Nifio
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but an anomalous descent during El Nifio Modoki (Yuan and Yang., 2012; Sun et al., 2013;
Tedeschi et al., 2013). In both El Nifio cases, anomalous subsidence takes place over tropical SA,
being stronger for the Canonical El Nifio case, thus favoring the development of large negative
precipitation anomalies (see Tedeschi et al., 2013; Andreoli et al., 2017). This result, found in
reanalysis, also agrees with those obtained by Hill et al., (2009) using an atmospheric general
circulation model (AGCM).

At extratropical latitudes, SSA is the main region influenced by El Nifio. Observational studies
(Tedeschi et al., 2015; Tedeschi et al., 2013; Barreiro 2017; Sun et al., 2013; Weng et al., 2009)
and modeling (Hill et al., 2011) have shown that the anomalous geopotential height pattern at
200hPa excited by ENSO varies depending on El Nifio event type. Studies suggest that the
Canonical El Nifio events induce positive precipitation anomalies over SSA through (1) an
increase of the cyclonic vorticity advection aloft which increases baroclinicity over SSA and/or
(2) an increase of the moisture transport toward SSA from the Amazon basin at low-levels (e.g.,
Silva and Ambrizzi, 2006; Hill et al., 2009; Tedeschi et al., 2013).

The impact of EI Nifio Modoki on SSA rainfall is more controversial. Based on partial regression
between precipitation and El Nifio Modoki index, Weng et al., (2009) showed a negative and
statistically significant signal over SSA (see their Fig 4). Results from Tedeschi et al., (2013) and
Brito (2011), based on composite precipitation maps, also point out on this direction although the
negative precipitation signal over SSA is not statistically significant. On the other hand, there are
also studies in the literature suggesting a statistically significant increase of SSA precipitation
during El Nifio Modoki (Sulca et al., 2018). In Andreoli et al., (2017) the signal over SSA is also
positive but statistically significant only over some portions of SSA. Differences in these studies
can arise from the period considered, the dataset employed and the methodology used to define El
Nifio Modoki. Therefore, it is not clear in the literature whether the impact of EI Nifio Modoki on

SSA precipitation anomalies is positive or negative during summertime.

Although there exist some modeling studies analyzing the influence of El Nifio Modoki on SA,
most studies analyze reanalysis data. In the SH, the quality of reanalysis improved substantially
after 1979 with the coverage of satellites, and thus it is reasonable to consider only the last four
decades. As consequence, we have very few cases of Canonical and Modoki El Nifio events,
which weakens any inference obtained using only reanalysis. Therefore, to study the influence of
these two different El Nifio types on SSA with more robustness we need to turn to experiments
with AGCMs, and that’s the approach we follow here.
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The paper is structured as follows: on section 2 we explain the data and methodology considered.
On section 3, we review the impacts of the two El Nifio flavors considering reanalysis data and,
on section 4 we show and discuss the simulated results from two different AGCMs. Finally, on

section 5 we present a summary and the main conclusions of the present work.

Data and Methodology

2.1 Data

This study is performed using an atmospheric reanalysis dataset as well as the output from two
different AGCMs: the ICTP-AGCM from The Abdus Salam International Center for Theoretical
Physics (hereafter called SPEEDY; Molteni, 2003; Kucharski et al., 2006), and the UCLA -
AGCM from the University of California (hereafter called UCLA - AGCM; Reichter et al., 2008).
The comparison between two models is useful because it increases the robustness of the results.
The UCLA - AGCM used here is the version 7.1, coupled to the Simplified Simple Biosphere
Model (SSiB; Xue et al. 1991), with a resolution of 2.5° longitude by 2° latitude and 29 vertical
layers (14 in the stratosphere), as described in Ma et al. (2013). The parameterization of cumulus
convection (Pan and Randall, 1998) is based on the prognostic version of Arakawa and Schubert
(1974). Radiative processes follow Harshvardhan et al. (1987, 1989), and the PBL
parameterization is based on the mixed-layer approach of Suarez et al. (1983), revised by Li et al.
(2002). Surface heat fluxes calculations use the bulk formula from Deardorff (1972), modified by
Suarez et al. (1983). For more details of the model see Arakawa (2000) and Mechoso et al.
(2000). This model has been widely used for climate variability studies, including the impact of
SST modes on tropical climate, like ENSO (Mohino et al., 2011) or the Atlantic Nifio (Losada et
al., 2010) and the simulation of the South American climate (Ma et al., 2011).

Regarding SPEEDY, the version used here is the 4.1 with a resolution of about 3.75° in the
horizontal and 8 vertical layers (2 in the stratosphere). The parametrization of convection follows
a simplified version of the mass — flux scheme developed by Tiedke (1993), which is activated
where conditional instability is present and where humidity in the planetary boundary layer (PBL)
exceeds a prescribed threshold (more details in Molteni., 2003). Radiative processes and clouds
properties are also parametrized following Corbertta (1999). Surface momentum and energy
fluxes are defined by bulk aerodynamic formulas with different exchange coefficients between
land and sea (chapter 4, Hartmann 1994). A more detail description of all these parametrization

schemes can be found on https://www.ictp.it/research/esp/models/speedy.aspx. Finally, this model
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has been previously used to investigate impacts of ENSO on South America (e.g., Martin —

Gomez and Barreiro, 2016; Barreiro and Diaz, 2010).

The reanalysis data considered in this study are the monthly mean values of horizontal winds at
850hPa (V850) and geopotential height at 200hPa (Z200) from NCEP/DOE Reanalysis 2
(Kanamitsu et al., 2002). Monthly mean Sea Surface Temperature (SST) from ERSSTv4 (Huang
et al., 2014) and the NOAA interpolated Ongoing Longwave Radiation (OLR, Liebmann and
Smith, 1996) are also used. Finally, we also considered precipitation (PCP) data from CMAP (Xie
and Arkin, 1997). While SST presents a resolution of 2° x 2°, V850, Z200, PCP and OLR have a
resolution of 2.5° x 2.5°. All of them are provided by NOAA/OAR/ESRL PSD, Boulder,

Colorado and can be found on Attps.//www.esrl.noaa.gov/psd/. We also considered the monthly
mean values of the velocity potential ()) and associated divergent winds (V,) at 200hPa. To obtain
these fields, we first calculated y solving the Poisson’s equation: V-V= V7, and afterwards we
computed V, as the gradient of y (V, =Vy). We focus on the austral summer season defined from
December to February (DJF) during the period 1979 — 2016, resulting in 36 seasons. For the case
of the models, we consider the same variables except for PCP, which it is replaced by the OLR
given the known systematic errors that models present on PCP field (see Barreiro and Diaz, 2010

for the SPEEDY case and Ma et al., 2013 for UCLA - AGCM).

2.2 Methodology

The study is carried out in two parts. In the first one we study the SH atmospheric response to
different EI Nifio flavors using regression analysis with the observational and reanalysis data

aforementioned. In the second part, we performed sensitivity experiments using the two models.

To address the first part, we calculated the two different ENSO indices. The Nifio3 index was
computed as the DJF SST anomaly averaged over the region (220°E —270°E; 5°N — 5°S), while El
Nifio — Modoki index (MI) was calculated according to the improved definition given by Li et al.,
(2010): MI=3-[SSTa]a — 2-[SSTa]s — [SSTa]c, where [SSTa]a refers to the average of the DJF
SST anomalies over the box A=[165°E-220°E, 10°S — 10°N], [SSTa]z over the region B=[250°E
—290°E, 15S - 5N] and [SSTa]c over the domain C=[125°E — 145°E, 10°S — 20°N]. After that, we
computed the monthly anomalies of PCP, OLR, Z200, VV850hPa, y and V, fields by removing the
seasonal cycle, averaged over DJF season, and calculated the regression of each field onto El
Nifio indices over the period (1979 - 2016). Results are shown in Figures 3, 4 and 5, and will be

analyzed in section 3.
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In the second part we performed three types of sensitivity experiments with each model. Each one
consists in an ensemble of 11 simulations, all of them initialized with different atmospheric initial
conditions but all having the same SST as boundary conditions. Each simulation started on
October 1% and runs until March 31%, The three experiments are: (1) CONTROL : 11 simulations
obtained considering as boundary condition the climatological SST averaged over the period
(1979 — 2016), (2) Canonical: 11 simulations performed considering as boundary condition the
SST pattern associated to Nifio3 index superimposed to the SST climatology over the period
(1979 — 2016), and (3) Modoki: 11 simulations carried out considering as boundary conditions
the SST pattern associated to El Nifio - Modoki index superimposed to the SST climatology over
the period (1979 — 2016). In the case of UCLA — AGCM, the change in the initial conditions was
made by adding randomly perturbations in temperature, humidity and velocity fields. In the case
of SPEEDY, the different initializations were performed by randomly releasing a diabatic forcing

during the first days of the simulation.

The SST anomaly patterns superimposed to the climatology were computed as the regression
maps of monthly SST anomalies onto the Nifio3 and El Nifio Modoki indices over the period
1979 — 2016. This results in 6 maps, one per month from October to March. They were multiplied
by 1.5 in order to make these typical El Nifio patterns more intense. Therefore, we obtained
maximum SST anomaly values in our boundary conditions of 2°C for Canonical El Nifio and
1.0°C for El Nifio Modoki events. Figure 2 shows as an example of the monthly SST anomaly
patterns for December, January and February. Given that the study is focused on analyzing the
atmosphere response to only El Nifio signal, the SST anomalies outside of the tropical Pacific

were adjusted to zero.

The construction on an ensemble allows filtering out most of the internal atmospheric variability
and focusing on the SST forced response by taking the ensemble mean (Saravanan and Chang,
2000; Barreiro and Tippmann, 2008; Barreiro, 2010). Here, to isolate the atmospheric response to
different Nifio events, we consider the ensemble mean of each experiment and subtract the
CONTROL case from the Canonical and Modoki experiments. We also consider individual
ensemble members to study the intra-ensemble dispersion, providing a measure of predictability

in a perfect — model — approach.

Additionally, given that results from regression analysis are not directly comparable with model
outputs because they include all the years, we also computed the PCP and Z200 composite maps

of the stronger Canonical and El Nifio Modoki years. Strong Canonical (El Nifio Modoki) were
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defined as those when the Nino3 index (El Nifio Modoki index) is larger than 0.7on (0.7 o),
where oy (oy) is the standard deviation of Nifio3 (El Nifio Modoki) index (Tedeschi et al., 2013).
For the case of El Nifio Modoki, an additional constrain was considered, requiring the average of
the SST anomalies over box A to be larger than 0.7 osst, , Where ossr, i the standard deviation of
the SST anomalies in the region A (like in Tedeschi et al., 2013). Finally, we considered as neutral
years those ones when the absolute value of the Nino3 index and El Nifio Modoki index is lower
than 0.7 o;, being i=N or M depending on the type of El Nifio. Table 1 summarized the year’s

classification attending to this criterion.

Finally, the horizontal quasi — stationary wave activity (Fs) was also computed in order to analyze

the Rossby wave propagation. We considered the definition given by Plumb (1985)

ov'z’

2 _ L g .

P EN\ _ o cos(®) v 2112.(25171(2(]5) ” 0

s Fy - Pref —u'v + 1 . durzr
2ROsin(2¢) oA

where Po is the pressure at the level where F, is computed, in our case 200hPa, Pref is the
pressure at a reference level of 1000hPa, ¢ is the latitude, R is the Earth’s radius, 2 is the angular
rotation rate of the Earth, u’and v'are the eddy horizontal geostrophic wind components at

200hPa averaged over DJF, and Z' is the eddy geopotential height at 200hPa averaged over DJF.

Observed changes in the SH circulation and precipitation over SSA during different El
Nifio patterns.

3.1. Canonical El Nifio

Figure 3 shows the regression maps for the Canonical El Nifio. Rainfall anomalies are
characterized by strong positive (negative) values over SSA (northern Amazon) region (Figure
3(a)). Focusing on Figure 3(b), it is possible to see that the upper level circulation over the SH is
characterized by a short Rossby wave that is apparently excited in the central — tropical Pacific
characterized by an anomalous cyclonic circulation around (38°S, 265°E) and an anomalous
anticyclonic circulation over the northeast of SSA (centered around (28°S, 315°E)). These two
circulation anomalies induce a strong geopotential height gradient over SSA that favors advection

of cyclonic vorticity over there, consistent with previous studies (e.g., Grimm et al., 2000).
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Another Rosshy wave train seems to emanate from the central — west subtropical Pacific (around
45°S, 200°E) propagating southeastward (Figure 3(b)).

The low level wind anomalies over the extra-tropics are consistent with the geopotential heigh
anomalies in upper levels (compare Figure 3(b) and (c)), suggesting a barotropic behavior of the
atmosphere. Over SA, anomalous northerly low-level flow develops increasing the transport of
humid and warm air toward SSA (see Figure 3(c)). The combination of more transport of
moisture toward SSA at lower levels and the increase of the cyclonic vorticity advection in upper
levels induces an anomalous increase of the precipitation over SSA (see Figure 3(a)) as noted in
the introduction.

In the tropics upper level divergent wind anomalies spread from the central to the eastern
equatorial Pacific, in agreement with Sun et al. (2013) and Weng et al., (2009), although the
maximum is located over the central west equatorial Pacific, around 200°E (see Figure 3(d)). This
anomalous upper level divergence of the V, represents the ascent branch of the anomalous Walker
circulation, while the descending branch is located mainly over the northern Brazil, where an
anomalous convergence of the V, can be found (see Figure 3(d)). This is consistent with the
negative precipitation anomalies over northern SA (see Figure 3(a)), and agrees with Weng et al.,
(2009) and Tedeschi et al., (2013). Additionally, related to this upper level V, convergence,
anomalous wind divergence develops at lower levels over northern Brazil, which in turn favors an
increase in the moisture transport toward the subtropics , representing a weakening of the regional
Hadley cell. Therefore, in this case the low-level flow anomaly in subtropical SA is a
combination of the changes of the upper — level barotropic flow and the local Hadley circulation

anomaly.

3.2. El Nifio Modoki

Figure 4 shows the regression maps for El Nifio Modoki. Comparing Figures 3(a) and 4(a), it is
possible to see that precipitation anomalies over SA present the same sign over the northern SA,
but cover a smaller area. However, unlike Canonical EI Nifio case, the PCP signal over SSA is
weak and not significant. This result is consistent with the controversy existent in the literature,
where it is possible to find studies suggesting a rainfall increase during El Nifio Modoki (e.g.
Andreoli et al., (2017) and Sulca et al., (2018)), others showing a reduction in precipitation (e.g.,
Weng et al., 2009), and others in which there is no statistically significant precipitation signal

over SSA (Tedeschi et al., 2013 and Brito, 2011).
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Focusing on the upper level response, there is an anomalous anticyclonic circulation over SSA,
around (30°S, 305°E) and an anomalous cyclonic circulation that extends over the southeast
Pacific and southern Chile. The conjunction of these two anomalous circulations favors the upper
level advection of cyclonic vorticity over southeastern SSA, and is consistent with the existence
of a positive PCP anomaly band from La Plata River to the Southern Atlantic Ocean (see Figure
4(a)). In comparison with the Canonical case, the position and structure of the anomalous
circulations in the cyclonic — anticyclonic system around SA is not the same, and has weaker

amplitude thus inducing smaller rainfall anomalies and in a different area.

Overall, the Z200 anomalies in El Nifio Modoki have a different shape from the Canonical El
Nifio and are weaker, which could be related to two factors: (1) the change in the position of the
positive SST anomalies over the equatorial Pacific (compare first and second columns on Figure
2), and (2) the weaker intensity that characterizes the SST anomalies associated to the El Nifio
Modoki events (e.g., see Figure 2 from Tedeschi et al., 2013). Related to the latter, it has been
shown that larger SST anomalies over the tropical Pacific induce a stronger response in the
circulation anomalies at both, upper and lower levels (Barreiro and Tippman, 2008). On the other
hand, and considering that the standard deviation of the Canonical El Nifio and EI Nifio Modoki
indices is 0.99 and 1.63, respectively, the smaller regression coefficients observed for the case of
El Nifio Modoki would suggest that the atmosphere is more sensitive to changes in the eastern

equatorial Pacific than in the central Pacific.

As in the Canonical El Nifio case, circulation anomalies in the extratropics show a barotropic
behavior. However, unlike in the Canonical El Nifio case, no increase of moisture transport from
the tropics towards SSA is observed. During ElI Nifio Modoki events, the increase of the
northerlies takes place southward of 25°S, suggesting a weaker southerly moisture flow toward
SSA. This is consistent with a weaker extratropical teleconnection toward SSA as shown in
Figure 3(b).

V, presents an anomalous upper level divergence maximum confined to the western equatorial
Pacific, around 180°E, consistent with anomalous low-level wind convergence (Figure 4(c); in
agreement with Sun et al., 2013 and Weng et al., 2009). The westward shift of the anomalous
upper level divergence of V, with respect to Canonical El Nifio (compare Figure 3(d) and 4(d)) is
consistent with the westward shift of the SST anomalies associated to El Nifio Modoki (compare
first with second columns in Figure 2) and with the literature, (e.g., Weng et al., 2009; Brito,
2011; Sun et al., 2013).
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The descending branch of the anomalous Walker circulation develops over the eastern equatorial
Pacific and also over northeastern Brazil, where anomalous V, convergence can be observed in
Figure 4(d) (in agreement with Tedeschi et al., 2013; Sun et al., 2013; Weng et al., 2009).
Comparing with the case of the Canonical El Nifio, the westward position and weaker intensity of
the anomalous upper level wind convergence in northeast Brazil during EI Nifio Modoki probably
does not significantly weaken the regional Hadley cell over South America (compare Figures 3(d)
and 4(d)). Thus, this component of the circulation does not produce strong low-level circulation
anomalies and, together with the weaker Z200 gradient over SSA, they do not favor an increase in

the northerlies and in the moisture flow toward SSA.

3.3. Observational relationship between PCP and OLR

Figure 5 (a) and (b) show the regression map of OLR anomalies onto the Canonical El Nifio and
El Nifio Modoki indices, respectively. Comparing Figure 5(a) with 3(a), it is possible to see that
the spatial distribution of the PCP and OLR anomalies is almost the same, but with an opposite
sign. In particular, while positive (negative) PCP (OLR) anomalies develop over SSA during the
Canonical El Nifo event, negative (positive) PCP (OLR) anomalies can be detected over northern
South America. A similar behavior can be observed for the case of El Niflo Modoki when
comparing Figure 5(b) and 4(a), although in this case there are no significant PCP and OLR
anomalies over SSA. Therefore, the observational results suggest that OLR anomalies can be
used as an indication of precipitation anomalies over SSA. Given that models present important
systematic errors in PCP, this observational relationship allows us to use simulated OLR as

representative of precipitation anomalies in the models.

3.4. Strong El Nifio events

As explained in section 2.2 in order to better compare with model simulations we also computed
the composite maps of PCP and Z200 for the strongest Canonical and EI Nifio Modoki events
(Figure 6). For the Canonical El Nifio case composite and regression analyses provide similar
results suggesting a linear behavior of the atmosphere in response to this El Nifio type (compare
Figure 6(a) with 3(a), and 6(b) with 3(b)). Additionally, the quasi — stationary wave activity, Fs,
suggests the presence of a long Rossby wave propagating from the western subtropical South
Pacific toward southeast until (55°S, 250°E), where it is deflected northeastward (Figure 6(b)).

Additionally, there is indication of a short-wave train characterized by the subtropical eastern
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South Pacific cyclone in (28°S, 315°E) and the northeastern SSA anticyclone located around
(28°S, 315°E)).

For the El Nifio Modoki case, the pattern of Z200 anomalies from composite and regression
analyses present a similar distribution (compare Figure 6(d) with Figure 4(b)). However, unlike
the regression analysis, the composite map of PCP shows a statistically significant signal over
SSA (compare Figure 6(c) with Figure 4(a)), suggesting that the strongest EI Nifio Modoki events
induce positive rainfall anomalies over SSA. On the other hand, Fs shows a wave propagation
from the anomalous cyclonic circulation located over the southwestern SA toward the anomalous
anticyclone over the southeastern Brazil (Figure 6(d)).

Given the large similarity between regression and composite maps the simulated Z200 composite

can be compared with any of them.

Simulated response to different EIl Nifio patterns
4.1. Results from SPEEDY model

Figure 7 shows the composite maps of Canonical El Nifio impacts obtained from SPEEDY. As in
observations, the model captures a decrease (increase) of OLR anomalies over SSA (northern
SA). In upper levels, there is a wave excited in the subtropical western Pacific but it is shifted
westward with respect to the one observed in the reanalysis (compare Figure 7(b) and 6(b) or
3(b)). Also, there is no sign of the short wave that is excited toward SA in Figure 6(b) and that

induces a trough over SSA.

In the extratropics the SH circulation presents a barotropic behavior (compare Figures 7(b) and
(c)). Additionally, in agreement with the lower level circulation anomalies seen in the reanalysis,
over SA there is an increase of the northerly winds that transport moisture toward SSA (compare
Figure 3(c) and 7(c)).

Figure 7(d) shows that the maximum upper level divergence is located over the central equatorial
Pacific, around the 220°E, where anomalous low-level wind convergence takes place (compare
Figures 7(c) and 7(d)). The anomalous upper level divergence is about 20° shifted eastward
compared with the reanalysis (Figures 3(d) and 7(d)). The model correctly reproduces the
positive eastward y gradient and the anomalous upper level V, divergence from the central to the

eastern equatorial Pacific, suggesting that the ascent associated with the anomalous Walker
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circulation in Canonical El Nifio spreads from the central Pacific to the eastern Pacific. The
descending anomalous Walker circulation branch would be mainly located between the southern
Colombia, Venezuela and French Guiana, and northern Brazil, where an anomalous and
statistically significant V, convergence can be found (see Figure 7(d)), together with positive
OLR anomalies (Figure 7(a)). The weakening of the regional Hadley cell is therefore the reason

of the increased northerlies toward SSA.

Figure 8 shows the composite maps for the case of El Nifio Modoki. The OLR anomalies show no
statistically significant signal over SSA, as in observations (compare Figure 8(a) and 5(b)). Upper
— level 2200 anomalies show a wave train excited eastward New Zealand which does not reach
South America/South Atlantic (Figure 8(b)).

Regarding the divergent component of the circulation, Figure 8(d) shows that the anomalous
upper level V, divergence is mainly confined over the western equatorial Pacific, between 170°E
and 210°E. This westward shift of the maximum anomalous V, divergence with respect to
Canonical El Nifio is consistent with the results obtained from reanalysis data. An anomalous
convergence of V, is found over northeast Brazil (see Figure 8(d)). However, this convergence
does not seem to be strong enough to weaken the regional Hadley cell and induce an increase of

the low-level northerly wind in South America (see Figure 8(c)).
4.2. Results from UCLA - AGCM.

Figure 9(a) shows the OLR composite map of Canonical El Nifio obtained from UCLA — AGCM
experiments. A statistically significant reduction (increase) of the OLR anomalies over SSA
(northern SA), similar to observations (compare Figure 9(a) and 5(b)) is shown, suggesting
anomalous increase (reduction) of rainfall over SSA (northern SA). The upper level circulation
shows a Rosshy wave train that emanates eastward of New Zealand and propagates to the
southeast as seen in the reanalysis (compare Figures 9(b) and 6(b)). There is also evidence of a
shorter wave train with centers in the eastern Pacific and the south Atlantic that induce a trough
over SSA, but weaker and displaced southward compared to reanalysis. Nonetheless, these
anomalies increase advection of cyclonic vorticity over SSA favoring the increase of baroclinicity

and the development of ascent motions.

At lower levels, there is a statistically significant increase of the northerlies that transport
moisture toward subtropical latitudes (see Figure 9(c)). The combination of upper and low level

anomalies favors the increase of precipitation anomalies seen in SSA (see Figure 9(a)).
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Anomalous upper level V, divergence is located over the western equatorial Pacific, around
180°E, shifted about 20° to the west compared to the reanalysis (compare Figures 3(d) and 9(d)).
In this case, the ascent motions associated to the anomalous Walker circulation would be mainly
confined over the central — west equatorial Pacific, different from reanalysis where anomalous
ascent motions develop from the central to the eastern equatorial Pacific. There is upper level
convergence of V, over northern SA which also appears in the reanalysis (see Figures 9(d) and
3(d)). Even though the regional Hadley circulation weakens, changes are very small and probably

do not contribute much to changes in surface anomalies.

Figure 10(a) shows the OLR anomaly composite map for EI Nifio Modoki obtained from UCLA -
AGCM. There is a positive and statistically significant signal over northwest SA and the
continental part of the South Atlantic Convergence Zone (SACZ), and a negative statistically
significant signal over northwest SSA. These results suggest than EI Nifio Modoki induces a
reduction (increase) of precipitation over the SACZ and northern SA (SSA), which does not
coincide with results from regression analysis (compare Figures 4(a) and 10(a)). Additionally, the
position of the OLR anomalies over SSA change with respect to the case of Canonical EI Nifo,

being located more northwestward during EI Nifio Modoki (compare Figures 9(a) and 10(a)).

The simulation shows in upper levels a Rossby wave train that emanates from the subtropical
central Pacific, eastern of New Zealand, and propagates towards the southeast (see Figure 10(b)).
Comparing with reanalysis (Figure 6(d)), it is possible to see a second short wave emanating from
the eastern Pacific that generates an anticyclonic anomaly off Uruguay and favors dynamic lift
over SSA. In the reanalysis (Figure 6(d)), the cyclonic anomalies associated with this short wave
and with the one emanating from the central Pacific are joined over southern Chile. Here, the use

of the model allows to distinguish between the two and increase their statistical significance.

Note that in low-levels northerly wind from northern SA at 20°S are weakened, and thus do not
contribute to increase rainfall over SSA (see Figure 10(c)). Also, trades are weakened in the
Amazon region, contrary to observations (see Figure 10(c) and compare with 4(c)).

4.3 Discussion of models’ results.

4.3.1 Canonical El Nifio
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Both models are able to reproduce the main features of the OLR anomaly pattern over SA
associated to the Canonical El Nifio, although with small changes in the location of the maximum
anomalies. However, the underlying physical mechanisms through which the influence takes
place change depends on the model.

Focusing on SSA, results from reanalysis showed that the increased rainfall is due to both, an
increase of the upper level advection of cyclonic vorticity and the intensification of the lower
levels moisture transport toward SSA. The increased northerly winds are in turn consequence of
the changes in rotational and divergent parts of the wind field. Regarding model simulations, in
UCLA - AGCM the increased rainfall is related to the increased upper level advection of cyclonic
vorticity and the increase of the lower level moisture transport toward SSA, the latter being
mainly associated with anomalies of the rotational wind component since the gradient of the
velocity potential anomalies is small. The more realistic Z200 response is given by UCLA —
AGCM. As in reanalysis, this model presents evidence of two Rossby waves, one that emanates
from eastward New Zealand and propagates southeastward, and another shorter one with centers
in the eastern Pacific and the south Atlantic (compare Figure 10(b) and 6(b)). On the other hand,
in SPEEDY the Z200 response only presents a large Rossby wave train emanating from northeast
New Zealand that propagates to the south (Figure 7(b)), and positive rainfall anomalies over SSA
are due to increased northerlies at low-levels that arise from anomalies in the divergent

component of the wind.

Differences in the models’ response to Canonical El Nifo events could be associated with
different configurations of the upper level mean flow, because the trajectory of quasi-stationary
Rossby waves depends on the position of the jet stream. Comparing the climatological upper
level mean flow in reanalysis, SPEEDY and UCLA — AGCM CONTROL runs (Figures 11(a), (c)
and (e), respectively) it is possible to see that the zonal mean flow in UCLA — AGCM presents a
more realistic representation than in SPEEDY, where the jet stream is located northward, and is
more intense and zonally symmetric than in reanalysis. This is consistent with the fact that
teleconnections at 200 hPa are more realistic in UCLA-AGCM.

Focusing on the upper level response to the Canonical ElI Nifio in SPEEDY, the anomalous
cyclonic circulation over northeastern New Zealand associated to the long Rossby wave train on
Figure 7(b) grows up between the positive and negative u200 anomalies located to the
east/northeast of New Zealand on Figure 11(c), and it mainly presents a meridional propagation

towards the south. Thus, the SPEEDY limitation to reproduce the eastward component of the
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wave propagation is related to the absence of westerly winds to the south of 55S in this model
(see Figure 11(c)). In the case of UCLA — AGCM, the eastward component of the Rossby wave
propagation is allowed because the upper level jet maximum is located to the south of the
anomalous cyclonic circulation associated to the wave train and the basic state presents westerlies
until 70°S (Figure 10(d)).

Despite the fact that SPEEDY does not reproduce any short Rossby wave emanating from the
eastern subtropical Pacific, Z200 presents a trough over SSA during El Nifio Canonical (Figure
7(b)). Its origin can be understood through the u200 anomalous response. Focusing on Figure
11(c) it is possible to see that the SPEEDY response to Canonical El Nifio tends to move the
upper level jet stream northward over the South Pacific. Taking a fixed latitude in the subtropics,
the u200 anomalies are stronger in the South Pacific sector than in the Atlantic, and therefore the
isotachs adopt a curvature of a trough when crossing SSA (see Figure 11(c)). Something similar
happens in the UCLA — AGCM response to Canonical EI Nifio (Figure 11(e)). Therefore, while
the trough over SSA in SPEEDY is due to the u200 anomaly in response to Canonical El Nifio, in
UCLA — AGCM the trough over SSA presents two contributions: the u200 anomaly in response

to El Nifio, and the influence of the shorter Rosshy wave.

4.3.2 Models’ comparison for the El Nifio Modoki case.

For the case of El Nifio Modoki, results from observations suggest a statistically significant
increase of PCP over the northwestern SSA only during strong EI Nifio Modoki events (compare
Figure 4(a) with 6(c)).

Focusing on the models, SPEEDY does not present a precipitation signal over SSA, while results
from UCLA — AGCM suggest a rainfall increase over northwestern SSA through an anomalous
intensification of the upper level advection of cyclonic vorticity. Despite the agreement between
SPEEDY and the observations, UCLA — AGCM seems to better reproduce the circulation
changes associated to El Nifio Modoki. The limitations of SPEEDY, as mentioned before, are
mainly related to the mean upper level zonal winds. Comparing Z200 in reanalysis and UCLA -
AGCM (Figures 4(b) and 10(b)), it is possible to see a long Rossby wave train that emanates from
the subtropical central Pacific and propagates towards the east. Additionally, there is also a short
wave emanating from the eastern Pacific that generates an anticyclonic anomaly off Uruguay and

favors dynamic lift (Figure 10(b)). In the reanalysis, the cyclonic anomalies associated with this
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short wave and with the one emanating from the central Pacific are joined over southern Chile
(see Figure 4(b) or 6(d)). Here, the use of UCLA — AGCM allows to distinguish between the two
and increase their statistical significance. Additionally, the statistically significant and negative
OLR anomalies developed in SSA during EI Nifio Modoki does not have to be inconsistent with
reanalysis results, where no precipitation signal was found. One reason for this could be the fact
that the sensitivity experiments performed here for EI Nifio Modoki case present maximum SST
anomalies of about 1°C. Looking at the typical SST anomalies during El Nifio Modoki events (see
Figure 2 from Tedeschi et al., 2013, for example) this intensity would be rather related to the
strongest El Nifio Modoki events. However, in the regression analysis all the El Nifio Modoki
events are considered. Therefore, these results from UCLA — AGCM would suggest that only the
strong EI Nifio Modoki events could produce positive rainfall anomalies over SSA.

Finally, in the case of SPEEDY, the Z200 anomaly pattern shows an upper level Rosshy wave
train that emanates to the east of New Zealand (Figure 8(b)), between the negative and positive
u200 anomalies over the western subtropical South Pacific on Figure 11(d). Its propagation is
mainly to the east and coincides with the position of the jet stream in the South Pacific (Figure

11(d)), suggesting that this Rossby wave could be trapped in the jet.

4.3.3. Comparison Canonical versus Modoki.

The SST anomalies associated to the strongest Canonical EI Nifio are twice as large as the ones of
the strongest EI Nifio Modoki (compare first and second columns on Figure 2). In principle, one
would expect the Z200a response to be stronger the larger the SST anomalies over the equatorial
Pacific. This behavior is observed in SPEEDY (compare Figure 7(b) with 8(b)). However, results
from UCLA - AGCM shows that the anomalous Z200 response to El Nifio Modoki is much more
intense than in the case of Canonical El Nifio (compare Figures 9(b) and 10(b)). This unexpected
result could be related to the signal — to — noise ratio in the experiments and the degree of intra —
ensemble variability in UCLA - AGCM simulations.

Figure 12 shows the spatial correlation coefficients of each Z200 — ensemble — member and the
7200 — ensemble — mean for SPEEDY and UCLA - AGCM. Correlations are computed
considering the Pacific + Atlantic sector, here defined within the coordinates (150E-360E, 20S-
60S), and for the simulations of Canonical (solid line with circles) and Modoki El Nifio (solid line

with asterisks). The same results are found if correlations are computed considering only the
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Pacific sector. A large dispersion in the correlation coefficients within the ensemble members
would suggest a large intra — ensemble variability and low signal-to-noise ratio, which results in a

weak ensemble mean signal after the averaging procedure.

Focusing on Figure 12(b), it is possible to see that most of correlation coefficients in the case of
El Nifio Modoki in UCLA - AGCM are larger than 0.6, suggesting a large signal to noise ratio of
El Nifio Modoki in the atmospheric response in almost all the simulations. However, in the case
of the Canonical El Nifio, most of them are smaller than 0.6, which imply a weaker EI Nifio
signal. Therefore, the atmospheric response to Canonical El Nifio in UCLA - AGCM is weaker
than that due to El Nifio Modoki. These results suggest that UCLA - AGCM is more sensitive to
the position of the SSTa than to the magnitude of the SSTa itself.

The atmospheric response to Canonical El Nifio in SPEEDY is quite consistent among ensemble
members as most correlation coefficients are around 0.4 (see line with asterisks on Figure 12(a)).
However, the large dispersion of the correlation coefficients in the case of El Nifio Modoki
suggests a large intra — ensemble variability, which means that the atmospheric teleconnections
observed for El Nifio Modoki strongly depends on the ensemble member considered. This results

in weak ensemble mean anomalies after the averaging procedure.

Finally, comparing results from both models with observations, it is possible to see that results
from UCLA — AGCM are more realistic than the one obtained with SPEEDY. We hypothesize
that this is related to the more realistic representation of the climatological upper level flow in
UCLA — AGCM. These differences may be related to the models horizontal resolution, which is
quite better in UCLA — AGCM than in SPEEDY. Additionally, while UCLA — AGCM presents
14 vertical levels representing the stratosphere, SPEEDY only has two. This poorer stratosphere

resolution in SPEEDY may also contribute to the differences.
Summary
Considering two different models and data from reanalysis and observations, the present study

analyses the reproducibility of the SH atmospheric response to two different flavors of the

positive phase of ENSO focusing mainly on the impacts over SSA. These two flavors of ENSO,
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Canonical and Modoki, will likely change under global warming and thus a better knowledge of

their impact is crucial.

Analysis of observations show that positive (negative) PCP (OLR) anomalies develop over SSA
during Canonical El Nifio events. The increased (decreased) rainfall (OLR) anomalies are due to
the combination of two factors: (1) an increase of the cyclonic vorticity advection at 200hPa and
(2) increased southward moisture transport toward SSA at 850hPa due to changes in both
components of the circulation (rotational and divergent). For the El Nifio Modoki case regression
analysis does not show significant rainfall anomalies over SSA, but the composite analysis
suggests that strong events can induce positive anomalies.

For Canonical El Nifio events, both models reproduced negative PCP anomalies over northern
Brazil and positive ones over SSA (see figures 7(a) and 9(a) and compare with 3(a)). However,
the physical mechanism through which the positive PCP anomalies develop over SSA depends on
the model. While in SPEEDY it is due to an increase in the northerlies that transport moisture
from the Amazon Basin toward SSA, in UCLA - AGCM operate both, an increase of the cyclonic
vorticity advection over SSA at 200hPa and the increase in the low-level northerlies (see Figures
7(b) and (c), and 9(b) and (c)), in agreement with observations (see Figures 3(b) and (c)). We
hypothesize that differences arise due to the representation of the mean upper level flow, which is
more realistic in the case of UCLA-AGCM (compare colored shaded Figures 11(a), (b) and (d)).
Additionally, the increased moisture transport toward SSA in SPEEDY seems to be related with
the divergent component of the wind field, while in UCLA - AGCM it would seem to be mainly

related to anomalies in the rotational part of the flow.

In the case of El Nifio Modoki, UCLA - AGCM shows positive rainfall anomalies over the
northwestern SSA, which were induced by an increase of the cyclonic vorticity advection at
200mb. The absence of an anomalous increase of the northerlies toward SSA in EI Nifio Modoki
case may be related to the divergent part of the wind flow. Despite the fact that there is a
statistically significant V,, convergence at 200mb over the northern SA, the signal is weak and it
may not be strong enough to significantly induce an increase of the northerlies at surface. This is
consistent with results from observations. On the contrary, SPEEDY does not show any
statistically significant signal over there (see Figures 8(a) and 10(a)). Although there is an
agreement between the PCP signal in SPEEDY and reanalysis over SSA, the model which better
represent the observed Z200 anomaly pattern is UCLA — AGCM, and its results would suggest
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that precipitation anomalies could increase associated to the strongest ElI Nifio Modoki events.
Note that the models were forced with a pattern of El Nifio Modoki with SST anomalies of about

1°C, which corresponds with the strongest observed EI Nifio Modoki events.

Given that the SSTa are about 2°C in the Canonical El Nifio case and about 1°C for El Nifio
Modoki, we expected the Z200 atmospheric response to be stronger in the Canonical El Nifio
case. This behavior is found in SPEEDY but not in UCLA — AGCM. A spatial correlation
analysis of the Z200 atmospheric response in the Pacific + Atlantic sector revealed that the signal
— to — noise ratio in the case of El Nifio Modoki is stronger than in the case of the Canonical El
Nifio in UCLA - AGCM, suggesting that the signal of the latter is weaker due to large internal
atmospheric variability. This suggests that UCLA - AGCM model is more sensitive to the
location of the SSTa than the intensity of the SSTa.

To finish, the SPEEDY limitations to reproduce the Z200 anomaly pattern as response to
Canonical El Nifio and Modoki could be also related to the sensitivity of this model to the SSTa
intensity over the equatorial Pacific. It is probable that increasing the intensity of the SST
anomalies, the SPEEDY response improves. Therefore, a further study is needed in order to
investigate the sensitivity of the SPEEDY response to the intensity of the SST anomalies over the
equatorial Pacific. This will be addressed in a future work.
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Figure 1. Subtropical South America (SSA) domain.
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Figure 2. Boundary conditions to force the models (°C). They were obtained as the regression maps of
Canonical El Nifio index onto the SST anomalies on (a) December, (c) January, (e) February; and as the
regression maps of El Nifio Modoki index onto the SST anomalies on (b) December, (d) January, (f)
February. SST come from ERSSTv4 and the regression was computed over the period (1979 - 2016).
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Figure 3. Regression maps of Canonical El Nifio index onto: (a) PCP(mm/day) anomaly, (b) 2200 (m)
anomaly, (¢) V850hPa (m/s) anomaly (m/s) and (d) x (m2/s) and Vx (m/s) at 200hPa anomalies from
reanalysis. X values should be multiplied by 10~6. Shaded regions exceed the 90% level of confidence from
one - tailed t - test.

338x160mm (600 x 600 DPI)

This article is protected by copyright. All rights reserved.



Latidude
Latidude

h 270 280 230 300 310 320 330 340

Longitude

(d) Regmap Nino Modoki onto s and V, DIF
Rt R 1 b

Latidude
Latidude

Longitude Longitude

Figure 4. Regression maps of El Nifio Modoki index onto: (a) PCP(mm/day) anomaly, (b) Z200 (m) anomaly,
(c) Vv850hPa (m/s) anomaly (m/s) and (d) x (m2/s) and Vx (m/s) at 200hPa anomalies from reanalysis. ¥
values should be multiplied by 10°6. Shaded regions exceed the 90% level of confidence from one - tailed t
- test.
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Figure 5. Regression maps of (a) Canonical El Nifio index, and (b) El Nifio Modoki index onto OLR anomalies.
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(a) PCPa Canonical El Nino CMAP DJF

(b) 72004 Composite Canonical E Nino DJF
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Figure 6. Composite maps for the strong Canonical El Nifio events: (a) PCP anomalies (mm/day), (b) z200
anomalies (m). Composite maps for stronger El Nifio Modoki events: (c) PCP anomalies (mm/day), (d) z200
anomalies (m). Vectors over figures (b) and (d) represent the quasi - stationary wave flux (m2/s2). Triangle

on Figures (a) and (c) represents the SSA region.
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Figure 7. Composite maps for Canonical El Nifio events using SPEEDY model. (a) OLRa (W/m2), (b) Z200a
(m), (c) V850hPa (m/s) anomaly and (d) x (m2/s)and Vx (m/s) at 200hPa anomalies. Composites were
computed as the average of the 11 Canonical El Nifio simulations minus the ensemble mean of the 11
climatological simulations. x should be multiplied by the factor 10~6. Shaded regions exceed the 90% level
of confidence from one - tailed t - test. Triangle on figure (a) represents SSA.
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(a) OLRa Modoki SPEEDY DJF

R .

2of

Latidude
Latidude

0.5 ms? >

270 280 290 300 310 320 330 340 100 150 200 250 300 350
Longitude Longitude

(d) x209ms and Vi Modoki SPEEDY DJF

C3 PRI Vg
0y Blc_'i‘\‘*né-_- Y L\é
SNGH oy

Latidude

L
50 1% \\,;t&e‘_‘(/ iy

100 150 200 250 300 350

Longitude Longitude

Figure 8. Composite maps for El Nifio Modoki events using SPEEDY model. (a) OLRa (W/m2), (b) Z200a (m),
(c) V850hPa (m/s) anomaly and (d) x (m2/s)and Vx (m/s) at 200hPa anomalies. Composites were
computed as the average of the 11 Canonical El Nifio simulations minus the ensemble mean of the 11
climatological simulations. x should be multiplied by the factor 10~6.Shaded regions exceed the 90% level
of confidence from one - tailed t - test. Triangle on figure (a) represents SSA.
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(b) Z200a Canonical EL Nino UCLA DJF
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Figure 9. Composite maps for Canonical El Nifio events using UCLA - AGCM model. (a) OLRa (W/m2), (b)
Z200a (m), (c) V850hPa (m/s) anomaly and (d) x (m2/s)and Vx (m/s) at 200hPa anomalies. Composites
were computed as the average of the 11 Canonical El Niflo simulations minus the ensemble mean of the 11
climatological simulations. x should be multiplied by the factor 1076. Shaded regions exceed the 90% level
of confidence from one - tailed t - test. Triangle on figure (a) represents SSA.
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(a) OLRa Modoki UCLA DJF (b) Z200a Modoki UCLA DJF
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Figure 10. Composite maps for El Nifio Modoki events using UCLA - AGCM model. (a) OLRa (W/m2), (b)
Z200a (m), (c) V850hPa (m/s) anomaly and (d) x (m2/s)and Vx (m/s) at 200hPa anomalies. Composites
were computed as the average of the 11 Canonical El Niflo simulations minus the ensemble mean of the 11
climatological simulations. x should be multiplied by the factor 1076. Shaded regions exceed the 90% level
of confidence from one - tailed t - test. Triangle on figure (a) represents SSA.
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Figure 11. (@) Observational zonal wind (u200) climatology (in shaded) together with the observed u200
anomalies (in contours) for the Canonical El Nifio case, (b) Observational u200 climatology (in shaded)
together with observed u200 anomalies (in contours)for El Nifio Modoki, (c) u200 climatology (in shaded)
and u200 anomalies (in contours) in Canonical El Nifio SPEEDY simulations, (d) u200 climatology (in shaded)
and u200 anomalies (in contours) in El Nifio Modoki SPEEDY simulations, (d) u200 climatology (in shaded)
and u200 anomalies (in contours) in Canonical El Nifio UCLA - AGCM simulations and (e) u200 climatology
(in shaded) and u200 anomalies (in contours) in El Nifio Modoki UCLA - AGCM simulations. For the case of
reanalysis, u200 anomalies were computed following the same methodology considered to compute
composite maps of the strong Canonical and El Nifio Modoki events. Units: m/s.
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(a) Spatial Correlation Z200a SPEEDY (b) Spatial Corr Z200a UCLA
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Figure 12. Spatial correlation between each one of the Z200 - ensemble members and the Z200 - ensemble

mean. (a) SPEEDY, (b) UCLA - AGCM. Correlations were computed considering the Pacific + Atlantic sector

over the Southern Hemisphere. Solid line with asterisks (circles) represent the case of Canonical El Nifio (El
Nifio Modoki).
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Canonical El Nifio El Niflo Modoki Neutral
1982/1983 1991/1992 1979/1980 1992/1993
1986/1987 1994/1995 1980/1981 1993/1994
1997/1998 2002/2003 1981/1982 2001/2002
2006/2007 2004/2005 1983/1984 2003/2004
2015/2016 2009/2010 1987/1988 2012/2013

-—- 2014/2015 1989/1990 2013/2014

SST anomalies.
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Table 1. Strong Canonical El Nifio, El Nifio Modoki and neutral years during the period (1979-
2016). The year 1997/1998 means December 1997 and January — February 1998. Gray shaded
boxes satisfied the criterion to be classified as both, Canonical and El Nifio Modoki events.

However, they were classified as El Nifio Modoki events attending to the spatial distribution of the






