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Abstract: In 2017, extreme rainfall events occurred in the northern portion of Peru, causing nearly
100,000 victims, according to the National Emergency Operations Center (COEN). This climatic
event was attributed to the occurrence of the El Nifio Southern Oscillation (ENSO). Therefore, the
main objective of this study was to determine and differentiate between the occurrence of canonical
ENSO, with a new type of ENSO called “El Nifio Costero” (Coastal EI Nifio). The polynomial equation
method was used to analyze the data from the different types of existing ocean indices to determine
the occurrence of ENSO. It was observed that the anomalies of sea surface temperature (SST) 2.5 °C
(January 2016) generated the “Modoki El Nifio” and that the anomaly of SST —0.3 °C (January 2017)
generated the “Modoki La Nifia”; this sequential generation generated El Nifio Costero. This new
knowledge about the sui generis origin of El Nifio Costero, based on the observations of this analysis,
will allow us to identify and obtain important information regarding the occurrence of this event.
A new oceanic index called the Pacific Regional Equatorial Index (PREI) was proposed to follow
the periodic evolution and forecast with greater precision a new catastrophic event related to the
occurrence of El Nifio Costero and to implement prevention programs.
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doi.org/10.3390/cli9050071 1. Introduction

Globally, El Nifio Southern Oscillation (ENSO) events are one of the most important
sources of annual climate variability. These phenomena involve large-scale interactions
between the oceans and the atmosphere, which consist of an oscillation of atmospheric
pressure in the western Pacific [1]. The relationship or coupling between these variables
involves great climatic consequences in many parts of the planet [2]. The occurrence of
ENSO in the tropical Pacific causes a variation on the oceanic-atmospheric systems in both
the North Pacific and the North Atlantic [3]. Without going any further, ENSO is considered
the most powerful signal in terms of the interannual variation of the oceanic-atmospheric
published maps and institutional affil- SyStem [4]

{ations. Records indicate that the occurrence of ENSO in South America has shown statistically
significant evidence since 1750. However, from the 18th century onwards the chronology of
ENSO and anti-ENSO events have occurred with similar chronologies in the literature [5].
Evidence of the widespread impact of ENSO-related events is associated with variables
such as (1) sea surface temperatures (exceeding 28 °C); (2) increased rainfall amounts in
the central Pacific region; and (3) storm surge in subtropical North and South America.
ENSO events, on the other hand, are also associated with droughts in many parts of the
world [6,7].
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Attribution (CC BY) license (https://  (i-€., transition layer between warmer water at ocean surface and cooler water deeper
creativecommons.org/ licenses/by/ down) are the main cause of sea surface temperature (S5ST) variations, in the time scale
40/). and, consequently, the generation of ENSO events [8]. Models made between ocean and

Academic Editor: Knut Lehre Seip

Received: 23 February 2021
Accepted: 22 April 2021
Published: 25 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article

distributed under the terms and

Climate 2021, 9, 71. https:/ /doi.org/10.3390/¢cli9050071 https:/ /www.mdpi.com/journal/climate


https://www.mdpi.com/journal/climate
https://www.mdpi.com
https://orcid.org/0000-0002-9235-9138
https://orcid.org/0000-0002-0421-399X
https://doi.org/10.3390/cli9050071
https://doi.org/10.3390/cli9050071
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cli9050071
https://www.mdpi.com/journal/climate
https://www.mdpi.com/article/10.3390/cli9050071?type=check_update&version=2

Climate 2021, 9, 71

2 0f 23

atmosphere can reproduce the aperiodic oscillation of the Pacific between warm states (El
Nifo) and cold states (La Nifia), with an average return interval of 3—4 years [9,10]. El Nifio
and La Nifia are opposite phases of what is known as the “ENSO cycle”.

1.1. The Effects of the EI Nifio Southern Oscillation (ENSO) in Peru

In Peru, ENSO manifests as rainfall increases in the coastal area of the country, which
causes flooding, destruction of infrastructure, and deaths, in addition to generating sig-
nificant contractionary effects on the fishing, agricultural, and primary manufacturing
sectors. The occurrence of ENSO in this South American country has had significant effects
during the periods 1982-1983, 1986-1987, 1991-1992, 1997-1998, and 20162017 [11]. Specif-
ically, the ENSO phenomenon corresponding to the period 1982-1983 was significantly
intense, producing catastrophic losses [12]. In fact, in northern Peru the climatic alteration
caused by this phenomenon manifested itself with severe droughts in the south and in the
Altiplano Region of the country, severely affecting the nation’s socioeconomic activities,
being classified as an “extraordinary event” [12]. The 1997-1998 ENSO, on the other hand,
generated rainfall in the extreme north of the country (Apurimac, Ayacucho, La Libertad,
Lambayeque, Piura, and Tumbes Departments), showing very high levels compared to
normal, and more intense than those that occurred during the 1982-1983 ENSO [13].

Intense ENSO-related rainfalls occurred in northern Peru during January, February,
and March of 2017, exceeding records documented during the 1982-1983 ENSO, affecting
cities such as Tumbes, La Libertad, Ancash, Lambayeque, and Piura [14]. The anomalous
warming generated on the coasts of northern Peru during those months was different from
the typical ENSO-developing conditions, although its manifestation was similar [11].

Many studies have focused on the occurrence of ENSO in Peru; reference [15] for
example, evaluated the behavior of the ENSO phenomenon in the eastern and central
Pacific, concluding that it has different impacts on South America’s rainfall (including Peru)
and on the atmospheric trajectory through the South Pacific Convergence Zone (SPCZ) and
the Inter-Tropical Convergence Zone (ITCZ), both of which are poorly understood. The
authors also reanalyzed data during the austral summer (December through February) for
the 19802016 period, determining dry anomalies along the tropical Andes and northern
South America, while humid anomalies prevailed in south-eastern portion of the continent;
reference [16] on the other hand, indicated that the strong and warm 1997-1998 ENSO that
occurred at the Independencia bay (Peru), showed an increase in sea surface temperature
of 10 °C, presenting higher concentrations of oxygen and clearer water, due to the decrease
in the phytoplankton concentration.

Despite the aforementioned studies, current knowledge about the behavior of the
ENSO phenomenon and its associated meteorological anomalies before the beginning of
instrumental records is deficient [17]. Therefore, it is unknown whether it is a significantly
stable phenomenon, or if there have been events in the past where it was more inactive
or active than it is today. Similarly, it is unknown whether ENSO can permanently shift
into an EI Nifio or La Nifa cycle. Investigating these questions has implications both in
the reconstruction of past climates and in the prediction of future climatic variations. In
addition to the need for understanding of how ENSO works, there has been a variation of
ENSO, called “El Nifio Costero” (2017 Coastal ENSO), whose occurrence is not common,
and its generation process is not well studied.

1.2. Development of the Coastal ENSO-2017 in Peru

In the 2017 event, a teleconnection between the western Pacific and the extreme east
was evidenced as a trigger mechanism. Using the National Centers for Environmental
Predictions NCEP2 reanalysis, a deep convection was found over central Australia in
January 2017 triggering Rossby wave trains that spread across the South Pacific modifying
the tropospheric west flow and impacting the subtropical Andes [18]. This teleconnection
showed improved deep convection (i.e., more precipitation) over the eastern Amazon and
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reduced deep convection (i.e., less precipitation) in the western tropical Pacific during
spring summer reducing wind surface [18].

Coexisting SST anomalies in the equatorial Pacific (and presumably also in the Tropical
Atlantic) clearly favored the development of the extreme “coastal El Nifio” event and high-
magnitude rainfall over Peru in DJFM 2016-2017. The approach and interpretation within
a climatic context, shows that the DJFM 2016-2017 rainfall pattern in Peru was highly
anomalous, both in terms of its magnitude and the time after a strong El Nifio event, which
in turn was largely the result of abrupt and unexpected warming above average in the
Nifio 1 + 2 region. This warming was linked to an anomalous weakening of the western
mid-upper level subtropical flow, which in turn led to a weakening of the southeast winds
off the coast favoring the warming of the eastern Pacific [19]. This flow is a key ingredient
in the subtropical circulation of the SE Pacific, because its blockage by the subtropical
Andes leads to a decrease in the flow towards the Equator [18].

A reduction in deep convection in the western central Pacific and zonal air humidity
flow in the tropical troposphere may have shifted the ITCZ southward, increasing precipita-
tion along the Andes of northern Peru [15,20]. The Eastern Tropical Pacific also experienced
rapid and marked warming in early 2017, causing torrential rains along the west coast of
South America with significant social cost in Peru and Ecuador. This strong coastal El Nifio
was largely unpredictable even a few weeks before its onset, and developed differently
than the central or eastern events with a sustained and forced weakening of the western
tropospheric free flow impinging on the subtropical Andes driving to a relaxation of the
southeast (SE) wind off the coast, which in turn may have warmed the eastern Pacific [20].

A transformation of the El Nifio teleconnections has occurred due to climate change
and the effect it may have had in the extremely dry conditions during 2015/16 than during
1982/83 and 1997/98. Such a transformation could arise from changes in the atmospheric
circulation of forced tropical wave trajectories [21], or from changes in the intensity and
length of rainfall from the equatorial Pacific during El Nifio events [22].

The occurrence of a coastal ENSO is not common; for example, previous similar event
occurred in 1925, that is, it occurred after 92 years and it is stated that its internal dynamics
coupled with the ITCZ region was largely the cause for the coastal El Nifio of 1925 in the
absence of significant external atmospheric forcing [20].

Ocean and atmospheric modeling experiments show that the combined effect of local
winds and equatorial Kelvin waves caused the extreme coastal El Nifio of 2017, amplified
by a positive feedback from Bjerknes that is very important to the extreme coastal ENSO of
2017. Additionally, pre-existing SST warming along the west coast of subtropical South
America also favored anomalous north winds. These wind anomalies were favorable for
the warming of the coasts south of the equator through weakened upwelling and wind-
evaporation-SST (WES) feedback, setting the stage for the dramatic growth of the extreme
coastal ENSO. Furthermore, extreme coastal ENSO frequency changes are independent of
future basin-scale changes [23].

After the occurrence of ENSO 2015/2016, the surface of the eastern Pacific Ocean
remained ~0.5 °C warmer than average, experiencing an additional 1.5 °C warming in a
series of one-week episodes of duration in the months of January, February and March
2017, which caused torrential rains along the west coast of South America. The behavior
of the ocean-atmosphere system during this event differs substantially from the canonical
dynamics of ENSO, and a dominant condition of external atmospheric forcing prevails, as
well as a sustained and forced weakening of the western tropospheric flow that affects the
subtropical Andes, leading to a relaxation of southeast (SE) winds off the coast, which in
turn may have warmed the eastern Pacific along weakening outcrops in a near-shore band
and decreasing evaporative cooling further offshore [24].

For this reason, this investigation seeks to understand the coastal ENSO and its
effects, since there is currently no precise information on the cause that generates it, as
well as the interaction with other similar meteorological phenomena that enhance its
effects. Knowledge of the occurrence of coastal ENSO would be of great importance for



Climate 2021, 9, 71

40f23

the prevention, planning, and management of agriculture, water resources, and natural
disasters. Thus, the objective of this study is to determine the occurrence of ENSO, but as a
variation defined as “2017 Coastal ENSO”. Therefore, our focus was mainly to analyze the
different types of oceanic indices to determine the occurrence of coastal ENSO.

2. Materials and Methods
2.1. Study Area

The study area corresponds to the north-west territorial portion of Peru, where
the coastal ENSO occurred during the months of January, February, and March of 2017
(Figure 1). During these months, the strong warming that developed in the Eastern Tropi-
cal Pacific Ocean (abnormal warmth) produced unusually intense rain storms in the area,
compared to the 1997-1998 and 1982-1983 ENSO events [25].
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Figure 1. Location of the study area.

2.2. Methodology

For the development of this study, the oceanic indices that define the occurrence of
ENSO have been taken into consideration. Data from different indices correspond to the
years 2016 and 2017 (January, February, and March) (Appendix A; Tables A1-A3), in order
to determine which of these indices is the most appropriate to define the occurrence of the
coastal ENSO. It is likewise with the implications of the ITCZ in the generation of rainfall.
In Figure 2 a diagram of the methodological procedure is show.
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Figure 2. Diagram of the methodological process.

2.2.1. ENSO Data and Index Analysis

For the ENSO 2017 analysis, data from the ENSO'’s regional indices have been used,
which is a standardized measure where the Equatorial Pacific is divided into regions, from
which the presence of El Nifio or La Nifia is deduced. To analyze the behavior of the
different types of ENSO index, polynomial equations have been used. The polynomial
equation can be expressed in Equation (1):

F(x) = anx" +ay_1x" 4+ asx® 4+ aox? +agx 4 ag (1)

where:

- ay, a,_1,and ag are real coefficients (numbers).

- a, is different than zero.

- The exponent 7 is a positive integer that represents the degree of the equation.
- xis the unknown variable to be found.

To determine the goodness of fit of each model, the coefficient of determination (R?)
was used, which ranges from 0 to 1. The closer its value is to 1, the greater the fit of the
model to the variable that is being explained. Conversely, the closer to zero, the less tight
(unreliable) the model will be. For the particular case of this investigation, seven indexes
were used, corresponding to the years 2016 and 2017 (years in which the ENSO Modoki
and the La Nifia (LNSO) Modoki were presented: The Modoki ENSO Index, the Trans Nifio
Index, the Oceanic Nifio Index, the Coastal Index (1 + 2), the Southern Oscillation Index,
and the Pacific Equatorial Regional Index. In the case of the Pacific Decadal Oscillation
(PDO) index, this has been evaluated from 1976 to 2019 (without calculating any equation)
to determine its correspondence with the occurrence of Nifio Modoki.

Modoki ENSO Index (MEI)

There have been ENSO events that are not part of the evolution of El Nifio, which
involve ocean-atmosphere coupled processes that during their evolution present a unique
pattern of tripolar pressure at sea level, analogous to the Southern Oscillation in the case of
El Nifio. Therefore, the total event is called “Modoki ENSO”, whose presence significantly
influences SST and precipitation in many parts of the world [1]. La Nifia Modoki events
are observed using the negative index of Modoki ENSO [1]. The data used are available at:
http:/ /www.jamstec.go.jp/frsgc/research/d1/iod /modoki_home.html.en (access time 21
July 2019). The equation to calculate the MEI Index is shown in Equation (2) [1]:

MEI = TSMAgox.a — 0.5* TSMAgox.5 — 0.5 * TSMApox.c )
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Trans Nifio Index (TNI)

The TNI index is the one that best represents the occurrence of coastal ENSO. The data
used are available at: www.esrl.noaa.gov/psd/data/climateindices/List/#TNI (accessed
on 21 July 2019). The TNI index measures the gradient of SST anomalies between the
Central and Eastern Equatorial Pacific. When the SST gradient is particularly large (for
example, positive anomalies in the ENSO 4 Region and negative anomalies in the ENSO 1
+ 2 Regions).

Oceanic Nifio Index (ONI)

The Oceanic Nifio Index (ONI) is the standard that the National Oceanic and Atmo-
spheric Administration (NOAA) uses to identify warm (El Nifio) and cold (La Nifa) events
in the Tropical Pacific Ocean. The ONI Index uses the same region as the Nifio 3.4 Index.
El Nifio 3.4 is negatively correlated with the Southern Oscillation Index (SOI) detailed
further down, that is, when the mean SST in the Pacific is high, the SOl is generally low.
The data from the ONI Index have been used to determine its correlation with the presence
of coastal ENSO. The ONI data are available at: https://www.esrl.noaa.gov/psd/gcos_
wgsp/Timeseries/Data/nino34.long.data (accessed on 21 July 2019).

ONI index values are normalized according to a statistical series for a single fixed
base period of 30 years. There will be multiple-centered 30-year base periods that will be
used to define the ocean index (as a deviation from the average or “anomaly”). The NOAA
considers El Nifio conditions to be present when the ONI index is +0.5 or higher, indicating
warmer than normal. When the ONI index is —0.5 or lower, it indicates that the region
is colder than normal and suggests the occurrence of La Nifia. The methodology for the
reconstruction of the SST is described in [26].

Coastal Index (CI)

The location of this index is in the northwestern part of Peru. The data used are
available at: https:/ /www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Data/nino12.long.
anom.data. (accessed on 21 July 2019). This index corresponds to the averaged area of
SST of 0°-10° S and 90°-80° W, covering to the north coast of Peru. Values are calculated
as the three-month running mean of the SST anomaly obtained in real time from NOAA
Extended Reconstructed SST, minus the 1981-2010 climatology.

Southern Oscillation Index (SOI)

Data from the SOI have been used to determine its correlation with the presence of
coastal ENSO. SOI data are available at: https:/ /www.cpc.ncep.noaa.gov/data/indices/soi
(accessed on 22 July 2019). The SOI or barometric difference is a standardization based on
the differences in sea level pressure observed between Tahiti and Darwin (places in the
southeast Pacific such as Easter Island, Darwin in Australia, or Jakarta in Indonesia). Its
calculation can be performed using Equation (3).

Py — Py
sO1 = 10- 4 __"dife 3)
SD(Pdif)

where:

Pyjr = (Tahiti average sea level pressure for a month) — (Darwin average sea level pressure
for one month)

Pyifp= Long-term average of Py for the month in question

SD (Pdi f) = Long-term standard deviation for the month in question

SOI ranges from —35 to +35, and it is calculated based on months and periods of one year.
Negative SOI values indicate episodes of the El Nifio phenomenon, while positive SOI
values indicate episodes of La Nifia.
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Pacific Decadal Oscillation (PDO) Index

As with the previous cases, data from the PDO index have been used to determine if
there is any relationship with the occurrence of coastal ENSO. The data are available at:
http:/ /jisao.washington.edu/pdo/img/v1v2PDOComp.png (accessed on 22 July 2019).
This oscillation has also been called the Pacific Interdecadal Oscillation (PIO) [27] and the
North Pacific Oscillation (NPO) [28], for the explanation of this index in the present study;,
the term PDO, which is a fluctuation (climatic variability) that resembles ENSO, will be
taken with a little more emphasis on the extratropical signal and longer time scales in the
Pacific Ocean.

This index does not define the occurrence of ENSO. The generation of this interdecadal
oscillation can affect the strength and frequency of El Nifio and La Nifia. These indices have
long periods of occurrence that lasts from 20 to 30 years in the cold or warm phases, much
longer than the El Nifio Oscillation. ENSO substantially influences the tropical climate,
while the PDO affects the North Pacific and the North American continent [27].

The physical mechanisms of PDO are not well understood; reference [29] indicate
that PDO modulations are linked to the atmospheric response of tropical SST anomalies,
manifested in the local Hadley circulation and the Walker local circulation in low latitudes,
and the Rossby wave train in the extratropics, including the Pacific-North American Pattern
(PNA) in the northern hemisphere.

Pacific Regional Equatorial Index (PREI)

The oceanic indices developed and currently used do not define the presence of a
coastal ENSO. For this reason, the creation of another index called the Pacific Regional
Equatorial Index (PREI) has been proposed in this study, using the set of data from the
ENSO Regions 4, 3.4, 3 and 142, whose standardization will allow to define or interpret
Coastal ENSO in an optimal way. The data are available at: https://www.esrl.noaa.gov/
psd/gcos_wgsp/Timeseries/Data (accessed on 22 July 2019).

2.2.2. Data and Analysis of the Inter-Tropical Convergence Zone (ITCZ)

The ITCZ was another of the factor that caused the extreme rains in northern Peru
in 2017. The ITCZ is a band or convective band of low pressures that is not uniform or
continuous located in the equatorial zone that ranges approximately between 5° S and
12° N during July-November, and 5° N-5° S during January to May. It is influenced by
the trade winds from the southeast and northeast due to high temperatures; air masses
are forced to rise causing abundant cloudiness and heavy rainfall, some accompanied by
electrical discharges. Its thickness varies from one site to another, as does its behavior in
maritime and continental areas [30,31].

Likewise, satellite images from the Weather Channel (WC) have been used to carry out
a qualitative analysis and for comparison to determine the displacement of cloud masses
from the ITCZ to the South American continent. The strong convective activity in the ITCZ
led to the formation of cloud systems of great vertical development, causing intense rains
to the interior of the Ecuadorian and Peruvian coasts [32]. Satellite images were taken for
the month of March, the month in which the highest rainfall occurred. In these images, the
evolution and displacement of cloud masses were observed, allowing an indirect estimate
of rainfall. Images can be obtained from the link: https://weather.com/maps/satellite/
southamerica-weather-map (accessed on 22 July 2019).

3. Results
3.1. Polynomial Equations and Correlation Coefficients of Each Index

Polynomial equations and R? values from data analysis for each index are shown in
Table 1. The coefficient of determination, denoted R? reflects the goodness of fit of a model
to the variable to be explained. Table 2 shows pros and cons of the different oceanic indices
treated in the present study. The PREI and ONI indexes were those with best fits, being the
SOI index the least.


http://jisao.washington.edu/pdo/img/v1v2PDOComp.png
http://jisao.washington.edu/pdo/img/v1v2PDOComp.png
https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Data
https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Data
https://weather.com/maps/satellite/southamerica-weather-map
https://weather.com/maps/satellite/southamerica-weather-map
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Table 1. Polynomial equations and R? values for each analyzed index.

Index Polynomial Equation R2
MEI Y =7 x 1077x5 — 0.0001x* + 0.0053x3 — 0.0684x2 + 0.2232x + 0.0856 0.90
Y: SST value
X: It is the period corresponding to the months
TNI Y =1 x 107°x% — 0.0004x* — 0.0045x3 + 0.173x% — 0.933x — 0.7016 0.95
ONI Y =2 x 1075x5 — 0.0015x* + 0.0316x3 — 0.2472x2 + 0.2189x + 2.4981 0.99
CI Y =2 x 1075x5 — 0.0013x* + 0.0234x3 — 0.1496x2 + 0.0336x + 1.722 0.89
SOl Y = —0.0003x° + 0.0187x* — 0.3732x3 + 2.7439x2 — 3.1877x — 19.397 0.64
PREI Y = 0.5175x2 — 3.3805x + 31.018 0.99

X: It is a sequential period representing regions 4, 3.4, 3 and 1 + 2

Table 2. Comparison of the pros and cons of ocean indices.

Index Pros Cons

It is used to determine El Nifio Modoki,
MEI that is, it only determines SST anomalies in
the equatorial Central Pacific.
It is used to characterize both the evolution It does not specifically designed to

It does not specifically designed to
determine Coastal ENSO

NI of the El Nifio or La Nifia event determine the Coastal ENSO

ONI Is NOAA'’s primary indicator for Not specifically designed to determine
monitoring Canonical El Nifio and La Nifia ~ Coastal ENSO

I It is useful, when a Canonical ENSO is It does not specifically designed to

presented determine the Coastal ENSO

SOl It is useful for determining El Nifio and La It is the least suitable for determining the
Nifa episodes presence of Coastal ENSO

. . It is required to differentiate between the
PREI It allows to define or interpret the Coastal presen%e of a Canonical ENSO from the

ENSO in an optimal way presence of a La Nifia Modoki “LNSO”

The value of the coefficient of determination R? = 0.99 obtained in the case of the
PREI index is the result of using the polynomial equation of the order “2” and the value of
R? = 0.99 indicates that the model fits the data, that is, the differences between the observed
values and the calculated values are small and not biased. This reflects the quality and
goodness of fit of the model. In the next sections, a detailed analysis of each index is
provided.

The data used correspond to the years 2016 and 2017, with the exception of the PREI
index, which only uses the data for the month of January 2017.

3.1.1. Modoki ENSO Index (MEI)

In 2016 (January through March), an increase in the sea surface temperature of 0.30 °C
was observed, indicating the occurrence of Modoki ENSO. Later on, sea temperatures
decreased to values as low as —0.60 °C in 2017 (January through March), leading LNSO
(Figure 3). Surprisingly, this large-scale oscillation from warmer to colder SST and in the
same central Equatorial zone of the Pacific Ocean clearly defines the presence of Modoki
ENSO and Modoki LNSO, whose process and sequence will also serve to define the
presence of coastal ENSO.
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Figure 3. Time series of the MEI index, showing the presence of 2016’s Modoki ENSO and 2017’s
Modoki LNSO.

3.1.2. Trans ENSO Index (TNI)

The results define the oscillations of the temperature anomalies quite well (Figure 4).
There was an increase in sea temperature with a positive anomaly of 1.3 °C in 2017 (January
through March). This index regularly represents the occurrence of coastal ENSO.

TNI INDEX
COASTAL ENSO 2017
2
1.5 Coastal ENSO
1 "-‘.’ .
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v 0.5 // { \\
% 0 ’ \\
= 12345675}'9 10 11|12 45\\6789101112
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< / \ i
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Figure 4. Time series of the Trans ENSO Index (TNI), for the years 2016 and 2017. In 2017, a positive
phase was observed, indicating the presence of coastal ENSO.

3.1.3. Oceanic ENSO Index (ONT)

This index uses data from Region 3.4 (central Pacific zone) to define the ENSO and
LNSO, and it is currently being used by NOAA. There was an increase in temperature
of 2.5 °C during 2016 (January through March). In this same year (September through
august), there was a decrease in temperature with an ONI value of —0.7 °C, indicating the
presence of Modoki LNSO (Figure 5). This index adequately represents the presence of
Modoki ENSO.
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Figure 5. Oceanic ENSO Index (ONI) values, for the years 2016 and 2017. In the first months of 2016,
high values (2.5 °C) were observed, indicating the presence of Modoki ENSO, although it had no
incidence in northern Peru. For the first months of 2017, low values were observed, indicating the
presence of Modoki LNSO.

3.1.4. Coastal Index (CI) (Region 1+2)

As can be seen from Figure 6, an average increase of SST of 1.5 °C and, therefore, this
index does not contribute to establish the presence of coastal ENSO.

1+2 INDEX
Coastal ENSO 2017

Coastal EINSO

4(5|6(7|18|9(10]11|12| 1 5|16 \A|8|9|10(11|12

Anomaly °C
o

January 2016 January 2017

Figure 6. Time series of the year 2016 and 2017 using the 1 + 2 index. An increase in SST is observed
in both years and in 2017 (March). Therefore, it does not contribute appropriately to establish the
present of coastal ENSO.

3.1.5. Southern Oscillation Index (SOI)

The SOl is based on atmospheric pressure. Figure 7 illustrates data corresponding to
the months of January to March (2016 and 2017). In 2016, negative values were presented,
which is consistent with the presence of warm water, defining the presence of ENSO. For
the year 2017 (months from January to March), it can be observed that SOI has an average
value of “0”, i.e., in a neutral position. Therefore, the information provided by SOI is
neither useful nor recommended for determining coastal ENSO.
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Figure 7. Southern Oscillation Index (SOI) showing the presence of 2016’s Modoki ENSO, but it is
also observed that for the year 2017, it does not adequately define the presence of Modoki LNSO.

3.1.6. Pacific Decadal Oscillation (PDO) Index

This index has been used to investigate the influence of the PDO on the occurrence of
2016’s Modoki ENSO and 2017’s coastal ENSO. Data have been taken from 1976 to 2018,
where positive and negative phases can be observed; the longest positive phase was from
1976 to 1988 (12 years), from this date the cycles of both positive and negative phases have
had a minor cyclicality of between 4 to 6 years. During the positive phase of 2013-2018,
there was a maximum average temperature increase of the order of 1.6 °C (highest peak
presented in 2015-2016), coinciding with the generation of ENSO Modoki (Figure 8).

INDEX PDO
Positive Negative Positive Negative Positive Negative Positive
phase phase phase phase phase phase phase
Modoki
ENSO
985 990 995 2000 2005 2010 2015 2020
Years

Figure 8. Time series of the phase change in the Pacific Decadal Oscillation (PDO), from 1976-2018. The values are annual
averages of the anomalies. Positive phases indicate warm years and negative phases indicate cool years.
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3.1.7. Pacific Regional Equatorial Index (PREI)

Based on the analyzes carried out of the different indices that define the different types
of occurrence of ENSQO, an index has been defined consisting of the set of data from regions
4, 3.4, 3 and 1+2, which allows us to identify the coastal ENSO for each month and using
the corresponding second degree polynomial equation. This index is the one that best
represents the evolution of ENSO, in terms of the coastal ENSO. Figure 9 shows a graph
of the occurrence of Modoki LNSO and coastal ENSO, during the months of January to
March of 2017. In this study we only analyze the behavior of the ENSO Modoki and Nifia
Modoki (2016-2017) and for the months of January to March, (months where the ENSO
phenomenon generally occurs); therefore, we do not intend to generalize for other periods.

a) MODOKI LNSO - COASTAL ENSO
February-2017
30
29
%) Coastal
ENSO
Q
2 . Modoki
§ - B NSO | __~
= =)
(]
=
26
25
4 34 3 1+2
ENSO Regions, Equatorial Pacific
b Modoki
) LNSO

Figure 9. (a) PREI index, conjunction of regions 4, 3.4, 3, and 1 + 2. The curve shows the presence of
Modoki LNSO in the central region (3.4 and 3). On the right margin the eastern region (1 + 2), coastal
ENSO is shown. (b) Map of the Pacific Equatorial Region, showing the location of the Modoki LNSO
and the coastal ENSO.

3.1.8. La Nifia Modoki (LNSO) and Coastal ENSO Analysis

For the month of January of 2017 (Figure 10a), in region 3.4 and 3, a low value of the
SST (25 °C) is observed, indicating the presence of Modoki LNSO and region 1+ 2 also
presents a low SST value (25.8 °C). For the month of February 2017 (Figure 10b) in regions
3.4 and 3, a slight increase in SST (26.8 °C) was observed and an increase in SST (27.9 °C)
in regions 1 + 2, indicating the presence of coastal ENSO. For the month of March of 2017
(Figure 10c), it can be observed that the temperature had an increase of (28.7 °C) in region
1 + 2, also indicating the presence of coastal ENSO.



Climate 2021, 9, 71

13 of 23

Temperature °C
o ~ o ~
o ~ oo =]

~
o

d

MODOKI LNSO
January-2017

34

MODOKI LNSO MODOKI LNSO
February-2017 March-2017

~
o

~

o

~
=
¢
.
\
\
\

~
=

_______

Temperature °C
’
’
1
Temperature °C

~
o
~
=y

~
o
~
o

3 112 4 34 3 142 4 34 3 142

ENSO Regions, Equatorial Pacific ENSO Regions, Equatorial Pacific ENSO Regions, Equatorial Pacific

b c

Figure 10. Pacific Regional Equatorial Index (PREI). (a) January 2017, in regions 3.4 and 3, a low value of the SST (25 °C)
is observed, which indicates the presence of the Modoki LNSO and the region 1 + 2, also presents a low value of the SST
(25.8 °C). (b) February 2017, in regions 3.4 and 3, a slight increase in SST (26.8 C) is observed, but in region 1 + 2 a greater
increase in SST (27.9 °C) is observed, indicating the presence coastal ENSO. (¢) March 2017, in region 1 + 2, an increase in
SST (28.7 °C) was observed, in relation to the month of February and presenting the greatest effects of the Coastal ENSO.

In 2017 (Figure 10), if we focus on the values of the region 1 + 2, a sequential SST
increase can be observed during the months of January, February, and March (of 25.8, 27.9,
and 28.7, respectively) and this elevation of the SST in zone 1 + 2 represented the occurrence
of coastal ENSO in the northern zone of Peru. Using together all the indices of the Central
Pacific Region, better information is obtained to define the Modoki LNSO and, therefore,
determine the occurrence of coastal ENSO, the reason for this study.

3.1.9. Demonstration of the Use of the PREI Index

Projection of TSM values (zone 1 + 2) for the months of February and March 2017
To determine the polynomial equation, the SST data (regions 4, 3.2, 3, 1 + 2) corre-
sponding to the month of January have been used, obtaining the following equation:

Y = 0.5175x% — 3.3805x + 31.018 (4)

where:

Y = SST value
X = Variable considered as a period that represents the oceanic regions (4, 3.4, 3 and 1 + 2)

3.1.10. Projection for the Month of February

Taking the observed temperature values for the month of January and considering
the value of X = 5, the projection for the month of February of zone 1 + 2 is obtained. The
value obtained is 27.05 °C, which would indicate the increase in SST, and compared to the
observed value of 27.76 °C, there is a relative difference of —0.71 (Table 3) (Figure 11).
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Table 3. Observed data for the month of January and the projected value for zone 1 + 2 (months

February and March).
Region Period “X” ObserveYd (]Snuary) Calculatid (]c'.smuary) Residues °C

4 1 28.18 28.16 —0.02
34 2 26.25 26.33 0.08
3 3 25.61 25.53 —0.08

1+2 4 25.75 25.78 0.03

Observed (February) Projected (February)
1+2 5 27.76 27.05 —0.71
Observed (March) Projected (March)
1+2 6 28.52 29.37 0.84

29
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25

Temperature °C

24

23

Observed and projected curve for
february 2017

4 3.4 3

ENSO Regions - Region prediction (1+2)

——— Observed values

1+2
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Figure 11. Example of the sea surface temperature (SST) projection for zone 1 + 2 (Nifio Costero) for
the month of February.

3.1.11. Projection for the Month of March

Considering the value of X = 6, we have the projection for the month of March. The
value obtained is 29.37 °C, the high value of which would indicate a greater increase in SST,
which compared to the observed value of 28.52 °C has a difference of 0.84 °C, which would
also indicate an adequate approximation and the usefulness of the equation for predictive
purposes (Table 3) (Figure 12)
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Figure 12. Example of the SST projection for zone 1 + 2 (Nifio Costero) for the month of March.

3.2. Spatial-Temporal Distribution of the ITCZ

In addition to the effects generated by the occurrence of the coastal ENSO, there have
also been additional effects from the ITCZ, an area in which convergence between the air
masses of the northern and southern hemispheres has been generated. The position of the
ITCZ is normally located in the equatorial zone, but it moved further to the south (border
area between Brazil and Peru), generating the heavy rainfall that occurred in the country.

A qualitative observation and comparison analysis have been carried out using the
images provided by the Weather Channel (WC). In these images, the displacement of cloud
masses from ITCZ can be observed. The satellite images for the month of March 2017
(Figure 13a—d) show masses of clouds moving over the north of Brazil and towards the
Peruvian territory (central and northern part of Peru). The analysis of these cloud bands
shows a connection of a cyclonic circulation with the presence of precipitation, further
increasing the precipitation generated by coastal ENSO.

When ENSO occurs, all equatorial convection moves to the east, changing the position
of the atmospheric circulation (Walker cell), creating a descending cell over the Atlantic
Ocean, and depending on the intensity there may be inhibition in the formation of clouds
and consequently the deficiency of rainfall in the ITCZ region [33] In the case of coastal
ENSO, there have been thermodynamic patterns or teleconnections of atmospheric cir-
culation (high pressure areas) over the tropical region (equatorial Pacific basin towards
the equatorial Atlantic basin), and in the same way the trade winds have contributed to
displace the band of clouds from the ITCZ to the northeastern part of Brazil and reaching
areas of Peruvian territory.
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Figure 13. Map of the Inter-Tropical Convergence Zone (ITCZ) bands of heavy rainfall and their displacement in the upper

part of South America, and their implications for the Peruvian territory, during the month of March; (a) March 17, (b) March
18, (c) March 23, and (d) March 24 Reprinted with permission from ref. [34]. Copyright 2017 The Weather Channel.

4. Discussion

In the present study, two main sources that generated heavy rainfall in Peru are
proposed. First, the generation of a type of ENSO called “Coastal ENSO”; and second,
cloud bands generated in the ITCZ. Next, we develop the explanation and discussion about
the generation process of the type of ENSO identified in northern Peru.

4.1. Types of ENSO

In recent years, other types of ENSO have been investigated and identified, such as
Modoki ENSO, Modoki LNSO, and coastal events, whose occurrence is not very common
and also brings different consequences. Therefore, the understanding of these different
types of ENSO has a greater degree of complexity when trying to predict their occurrence
and, as a consequence, government responses may be inadequate due to contradictory
forecast reports and errors in decision making.

4.2. Definition of Coastal ENSO

A preliminary study carried out by Ramirez [35] mentions that the definition of
ENSO was a problem that generated uncertainty and affected the perception of risk and
the responses were further complicated by the fact that some regions within Peru were
experiencing drought prior to the onset of coastal ENSO. These authors also stated that this
“surprise” event developed rapidly and without warning and had catastrophic effects in
northern Peru (an ENSO that was not documented since 1925), in addition to contradictory
forecast reports (USA and PERU).

Takahashi [36] proposed to classify ENSO into two types: “Global” (e.g., 1982-1983
and 1997-1998) and “Coastal” (e.g., 1925 and 2017). As can be seen, not much literature
exist on the occurrence of coastal ENSO in Peru. Similarly, studies carried out by the
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Multisectoral Commission in charge of the National Study of the”El Nifio” Phenomenon
ENEFEN [11], Heureux et al. [37], and Ramirez [35] proposed to distinguish coastal ENSO
from the warm ENSO phase, operationally defining it as “El Nifio Costero” based on the
seasonal anomaly (SST) of the ENSO 1 + 2 region, the authors also mention that coastal
ENSO requires a more in-depth study in terms of its mechanisms and forecast. In the
present investigation, based on the analysis carried out, the authors also coincide with the
name of “El Nifio Costero”, mainly due to its form of generation and occurrence.

4.3. 2015-2016 ENSO

The extreme ENSOs that occurred in Peru are only based on the 1982-1983 and 1997-
1998 events. The occurrence of the 2017 coastal ENSO, with different characteristics was
preceded by the occurrence of the 2015-2016 ENSO (the first extreme El Nifio of the 21st
century) [23], which generated many environmental disasters and dramatic impacts on
a scale that are consistent with what is expected for an extreme ENSO. However, their
occurrence showed different characteristics in relation to the last episodes, confusing
previous understanding of an extreme ENSO.

4.4. Oceanic Indexes

There are different types of ocean index that have the purpose of observing the
occurrence of ENSO, which have not always been effective when predicting the generation
of an ENSO event. Each agency examines a wide range of oceanic and atmospheric
anomalies to report their updates internationally. The 3.4 ENSO Region, located in the
central Equatorial zone of the Pacific Ocean, is perhaps the most common measurement of
ENSQ, because this region is strongly coupled with the overlying atmosphere and global
teleconnections [24]. However, this ENSO 3.4 index did not allow researchers to foresee
the occurrence of the 2017 event.

4.5. Analysis of the Different Ocean Indices and Creation of the PREI Index

An analysis of the different existing oceanic indices has been carried out in the present
investigation, such as Modoki ENSO Index (MEI), Trans ENSO Index (TNI), Oceanic
ENSO Index (ONI), Coastal 1 + 2 Index (CI), Southern Oscillation Index (SOI), and Pacific
Decadal Index (PDO), in order to determine which of these indices are the most suitable
for monitoring and determining the occurrence of an extreme coastal ENSO. From the
results of these analyses, it has been determined that these indices do not have an effective
application to specify the occurrence of a coastal ENSO such as that which occurred in 2017.
For this reason, a new index called the Pacific Regional Equatorial Index (PREI) has been
developed in this investigation to specifically determine a coastal ENSO.

4.6. Causes of Coastal ENSO Generation

In relation to the causes that generate a coastal ENSO, few studies have been carried
out such as that by Takahashi [36], who proposed that the occurrence of coastal ENSO is due
to the north winds, which has a crucial role for its development. Likewise, a study carried
out by Peng [38] refers that the descending Kelvin waves caused by strong westerly winds
over the Equatorial Pacific, together with the anomalous coastal winds from the north,
contribute to the formation of the extreme coastal ENSO. Similarly, Peng [38] concluded
that the combined effect of local winds and Equatorial Kelvin waves caused the 2017
extreme coastal ENSO. Likewise, Garreaud [18] mentions that the cause was a sustained
and forced weakening of the western tropospheric flow that impinges on the subtropical
Andes and leads to a relaxation of the southeastern winds off the coast, which in turn may
have warmed the eastern Pacific, along the weakening of the outcrops in a near-shore band
and decreased evaporative cooling farther from shore.

In this study, the authors differ with the previous explanations, since according to the
analysis and results obtained, it has been determined that the occurrence of a coastal ENSO
is due to a process of succession of events (Modoki ENSO and Modoki LNSO). In such a
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way we postulate that the Pacific Decade Oscillation (PDO) in its positive phase (Figure 8),
has given rise to coupled ocean-atmosphere processes generating ENSO Modoki and La
Nifia MODOKI, and the coastal ENSO is a sub-process of La Nifia Modoki. the 2017’s
Modoki LNSO-lower part (Figure 9).

Takahashi [36] studied the coastal event of 1925, suggesting a possibility that the
concurrent LNSO conditions in central Pacific could be in favor of atmospheric convection
off Peru, reducing atmospheric stability. In this study, the authors partially agree with this
hypothesis, changing the term LNSO to Modoki LNSO, since this type of event was the
one that generated the coastal ENSO. Given these assertions, we go on to explain some of
the causes that generated the Modoki events.

4.7. Causes of the Generation of Modoki ENSO/Modoki LNSO

In a study carried out by Ashok [1], the authors state that the Modoki El Nifio involves
coupled ocean-atmosphere processes that include a unique tripolar sea pressure level
pattern, analogous to the Southern Oscillation in the case of El Nifio and state that the
weakening of the equatorial east winds are related to the zonal weakening of the sea surface
temperature gradient that leads to a greater flattening of the thermocline, and that this
could be a cause of the more frequent and persistent occurrence of the ENSO Modoki event.

Similarly, Behera and Yamagata [39] mention that Modoki El Nifio/Modoki La Nifia
have a coupled ocean-atmosphere variability in the tropical Pacific Ocean and that the
SST anomalies are coupled with a double cell in the Walker anomalous circulation, with
upward movement in the central parts and downward movement on both sides of the
basin of the tropical Pacific Ocean. Furthermore, they consider that Modoki events are not
seasonally locked into a single seasonal cycle like El Nifio/La Nifia events.

Likewise, Lestari et al. [40] concluded that after an extreme phenomenon of El Nifio
2015-2016, a Modoki La Nifia event occurred, which had a short duration and was associ-
ated with a pattern of SST anomalies in the Indo-Pacific region, with a strengthening of
easterly winds in the central tropical Pacific Ocean. The cooling (warming) of SST activated
the zone of divergence (convergence) and the downward (upward) atmospheric motion
and suppressed (enhanced) convective process in the central tropical Pacific Ocean region.

In the present study on the generation of Modoki El Nifio, we agree with the afore-
mentioned authors regarding the explanation of the process, which is due to the ocean-
atmosphere coupled process that included a unique tripolar sea pressure level pattern, as
well as the greater flattening of the thermocline and that do not present a seasonal cycle
like canonical El Nifio events.

As in the El Nifio Modoki generation, the Nifia Modoki involves processes of the At-
mospheric Ocean in the tropical Pacific Ocean coupled to two cells of the Walker circulation
and defining a tripolar pattern; that is, two upward movements (one at the end of region 4,
and another in region 1+2) and one downward movement in the middle (regions 3.4 and
3) (Figure 9). This process and the temperature differences of the SST, can be observed in
February 2017 (taken as a median); that is, at the extremes of the ENSO Regions (4 and
1+2) there are high SST values (28.03 °C and 27.8 °C) and in the middle part of the ENSO
Regions (3.4 and 3) there are low values (26.8 °C) (Figure 9).

4.8. Decadal Cause

Other studies carried out on the generation of Modoki El Nifio explain that they are
generated by PDO, such as that carried out by Weng [41], who state that SST gradients
result in a two-cell Walker circulation anomalous over the tropical Pacific, with a humid
region in the central Pacific and that Modoki El Nifio has a large decennial bottom (PDO),
while canonical El Nifio is dominated by interannual variability.

Li [42] mentions that, in addition to the atmosphere-ocean coupling on intra-seasonal
and inter-annual time scales, inter-decennial PDO variations and longer time scales can play
an important role (and sometimes a crucial role) in determining the intensity of El Nifio.
Likewise, Dong [29] indicate that PDO modulations are linked to atmospheric responses
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and tropical SST anomalies, manifested in the local Hadley and Walker circulations in
low latitudes, and the Rossby Wave Train in the extra-tropics, including the Pacific North
American pattern (PNA) in the northern hemisphere.

Likewise, Diaz et al. [43] argue that, in regional climates around the world, there
have been important changes on a 10-year scale in the general pattern of SST and in the
general atmospheric circulation, pointing to the complex interaction between the Canonical
ENSO system. Similarly, Magee [44] states that PDO can modulate the genesis of tropical
cyclones (TC) during ENSO and Modoki ENSO events, in favor of northeast/southwest
modulations typical of positive/negative PDO events, and that Modoki ENSO provides
an important piece of the puzzle in understanding where and when the genesis of TC
can occur.

In this study, we agree with the assertions mentioned by the previous authors in
relation to the fact that the PDO generates the Modoki ENSO. Nevertheless, according
to our analysis (from the years 1976-2018), where positive and negative phases can be
observed, the longest positive phase was from 1976 to 1988 (12 years), from this date the
cycles of both positive and negative phases have had a minor cyclicality of between 4
to 6 years. A positive phase began in 2013, reaching its highest peak (annual anomaly
of 1.5 °C) in the years 2015-2016, dates during which Modoki El Nifio was generated or
appeared (Figure 8).

Due to the action of the PDO, the surface winds change, generating anomalous wind
patterns to propel the ocean in the mid-latitude of the Pacific Ocean. The coastal ENSO is a
sub-process of La Nifia Modoki, that is, it is a consequence of another larger event (PDO)
and also deserves a more in-depth investigation which is beyond the scope of this study. In
Figure 8, the behavior of the oscillation of the PDO Index can be observed as explained.

The El Nifio Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO)
are large-scale climatic phenomena that affect atmospheric and oceanic teleconnections
and, therefore, trigger meteorological phenomena at different temporal and spatial scales,
both in tropical and extratropical regions. During 11 years (2007-2017) the influence of
ENSO events (Canonical and Modoki- in their El Nifio, La Nifia and Neutral modes) and
PDO phases (cold and warm) on meteorological conditions was analyzed [45].

ENSO teleconnections may depend on the phases of the PDO and the characteristics
of warming over the central and eastern tropical Pacific, furthermore, the strength of
ENSO teleconnections appears to depend on patterns of SST anomalies over the pacific
tropical [46].

The frequency and strength of ENSO Modoki events have increased considerably
since previous decades (1970-2010), resulting in the need to review climate impacts of
varying magnitude from ENSO Modoki, and like ENSO Canonical, ENSO Modoki it also
induces a considerable impact in the North Pacific (Atlantic) region [47].

4.9. Analysis in the Generation of an Anticyclone

Rodriguez et al. [19] proposed that the probable cause of the anomalous storms
generated by the 2017 ENSO is related to the combination of an especially intense wet
season over the Central Andes, related to a deep and long-lasting anticyclone located
adjacent to the Chilean coast, and the unusual development of warm water off the coast
of Peru from El Nifio Region 1 + 2. What was explained in the previous study is partially
compatible with the occurrence of the ITCZ proposed in this investigation. According to
the analysis carried out, we propose that the presence of coastal ENSO in the ITCZ would
have generated areas of low pressure, favoring the formation and rise of large masses of
humid air, turning into extensive clouds that produced the heavy rainfall in the central
and northern areas of Peru. The position of the ITCZ had a variability and moved more
towards the southwest of South America (January to March).
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4.10. Climate Variability-ENSO

The incidence of climate variability in the generation of ENSO is not yet clear, given the
existing complexity of the planet’s ocean-atmosphere interaction, and only some theories
are mentioned in this regard. Tsonis [48], for example, mentions that climate change
and ENSO converge in the conclusion that changes in ENSO statistics occur in response
to fluctuations in climate (temperature), and the discovery of a correlation between the
frequency of El Nifio recurrence and temperature change. Similarly, another study carried
out by Chowdhury [33], in which they used regional climate models to evaluate future
variability of ENSO, indicate that ENSO is correlated with both global and regional climate
change scenarios, and that the temperature will continue to increase. In addition to
the changing climate, the interannual variability of ENSO would further compound the
problems.

4.11. Limitations of Data and Methods

In the present study we have carried out an evaluation of the oceanic indices to
determine the most appropriate index and to be able to determine a coastal ENSO We
are only evaluating two years (2016-2017), because they are the years in which ENSO
Modoki, Nifia Modoki and “2017 Coastal ENSO” and according to available bibliographic
information on coastal ENSO in Peru, there are only two events, a coastal event that
occurred in 1925 and the last coastal event in 2017, so there is not much information to
make a future evolution or prediction of a coastal ENSO. However, in the case of the PDO
index we are evaluating from 1976 to 2018 because we postulate that it could be the cause
in the generation of the coastal ENSO.

5. Conclusions

According to the results obtained in this study, the heavy rainfall that occurred in
the northern part of Peru has been caused by the presence of a special type of ENSO,
called “Coastal El Ninio” (El Nifio Costero), as well as the formation of extensive masses
of humid air generated in the ITCZ and, therefore, Peru would be affected by three types
of meteorological phenomena (in relation to rainfall extremes): the “Canonical El Nifio”,
the “Coastal El Nifio”, and the ITCZ. It has also been observed that the occurrence of the
“Coastal El Nifio” is directly related to the occurrence of El Nifio Modoki and this, in turn,
with the positive phase of the PDO.

To determine the generation and occurrence of “Coastal El Nifio”, different ocean
indices have been analyzed, of which the index that best adapts is the index developed
by the authors, called “PREI”, through which the probable increases in temperature can
be monitored of zone 1+2 that may occur during the months of January to March of a
given year and allowing proper management of disaster related to the occurrence of a
coastal ENSO. Future research is proposed related to the systematization of the best types
of indices that can predict the occurrence of an ENSO, as well as atmospheric modeling
to predict and differentiate types of ENSO (Canonical and Modoki) and their variants.
Likewise, research is suggested on the behavior of PDO and its probable influence on the
generation of “El Nifio Modoki”.
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Appendix A

Table A1. Indices Values, from 2016 to 2017.

Ocean Indices

Year Month
TNI°C ONI °C CI SOI
2016 Jan —1.63 2.5 1.82 -19.7
Feb —1.80 2.2 1.09 —-19.7
Mar —-1.95 1.7 1.10 —04.7
Apr —1.98 1.0 0.29 -22.0
May —-1.76 0.5 0.45 02.8
Jun —1.44 0.0 0.52 05.8
Jul —-0.97 —-0.3 —0.06 04.2
Aug —0.51 —0.6 0.19 05.3
Sep —-0.10 -0.7 0.25 13.5
Oct 0.32 —0.7 —0.03 —-04.3
Nov 0.69 —-0.7 —0.08 —00.7
Dec 1.10 -0.6 0.02 02.6
2017 Jan 1.45 —-0.3 0.33 01.3
Feb 1.47 —-0.1 0.92 —-02.2
Mar 1.23 0.1 1.56 05.1
Apr 0.59 0.3 0.49 —06.3
May —-0.27 0.4 0.25 00.5
Jun -1.15 0.4 0.20 —-10.4
Jul —1.58 0.2 —0.46 08.1
Aug —-1.93 —-0.1 —-0.76 03.3
Sep -1.85 -04 —1.28 06.9
Oct —1.74 -0.7 —-1.32 09.1
Nov —1.55 —-0.9 —1.44 11.8
Dec —1.26 -1.0 —1.54 —01.4

Source: NOAA, Climate Prediction Center (CPC); www.esrl.noaa.gov/psd/data/climateindices/List/#TNI.
https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Data/nino34.long.data; https:/ /www.esrl.noaa.gov/
psd/gcos_wgsp/Timeseries/Data/nino12.long.anom.data; https:/ /www.cpc.ncep.noaa.gov/data/indices /soi
(accessed on 21 July 2019).

Table A2. MEI Index data, during the years 2016 and 2017.

ANO MES BOX_A BOX_B BOX_C MEI

2016 1 1.35 1.94 0.35 0.20
2 1.21 1.29 0.34 0.40
3 111 1.33 0.53 0.18
4 0.94 0.77 0.55 0.28
5 0.74 0.71 0.70 0.03
6 0.65 0.74 0.87 —0.16
7 0.50 0.41 0.90 —0.16
8 0.31 0.27 0.90 —0.27
9 0.22 0.56 0.96 —0.54
10 0.02 0.30 0.93 —0.60
11 0.05 0.37 0.81 —0.54
12 0.14 0.29 0.71 —0.36

2017 1 0.18 0.64 0.76 —0.51
2 0.23 1.08 0.53 —0.58
3 0.18 1.12 0.60 —0.68
4 0.36 0.81 0.53 —0.32
5 0.43 0.58 0.63 -0.17
6 0.51 0.26 0.64 0.06
7 0.52 0.09 0.72 0.11
8 0.43 -0.12 0.90 0.04
9 0.23 —0.69 0.73 0.21
10 0.20 —0.63 0.71 0.16
11 0.08 —0.81 0.63 0.17
12 —0.08 —0.86 0.76 —0.03

Source: Japan agency for marine-earth science and technology; http://www.jamstec.go.jp/frsgc/research/d1
/iod/modoki_home.html.en (accessed on 21 July 2019).
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Table A3. PDO Index data, during the years 2000 to 2017.

ANO ENE FEB MAR ABR MAY JUN JUL AGO SET OCT NOV DIC PROM
2000 -2.0 -0.8 0.29 0.35 —-0.1 —-04 -0.7 -1.2 —1.24 -1.3 —0.53 0.52 —-0.59
2001 0.6 0.29 0.45 -0.3 -0.3 -05 -1.3 -0.8 —-1.37 —-14 —1.26 -0.9 —0.56
2002 0.27 —0.6 —-04 -0.3 —0.6 —-04 -0.3 0.6 0.43 0.42 1.51 2.1 0.22
2003 2.09 1.75 1.51 1.18 0.89 0.68 0.96 0.88 0.01 0.83 0.52 0.33 0.97
2004 0.43 0.48 0.61 0.57 0.88 0.04 0.44 0.85 0.75 -0.1 —0.63 -0.2 0.35
2005 0.44 0.81 1.36 1.03 1.86 1.17 0.66 0.25 —0.46 -13 —-15 0.2 0.38
2006 1.03 0.66 0.05 0.4 0.48 1.04 0.35 -0.7 —0.94 -0.1 —0.22 0.14 0.19
2007 0.01 0.04 -04 0.16 —-0.1 0.09 0.78 0.5 —-0.36 —-1.5 —1.08 —0.6 —0.20
2008 -1 -0.8 -0.7 -15 —-14 -13 17 -17 —1.55 -1.8 —1.25 -0.9 —-1.29
2009 —-14 -1.6 -1.6 -1.7 —-0.9 -0.3 -0.5 0.09 0.52 0.27 -04 0.08 —0.61
2010 0.83 0.82 0.44 0.78 0.62 -0.2 —-1.1 -1.3 —1.61 —-1.1 —0.82 -1.2 —-0.31
2011 —-0.9 -0.8 -0.7 —-04 —04 —-0.7 -19 -17 —1.79 -13 —2.33 -1.8 —1.23
2012 —-14 -0.9 —-1.1 -0.3 -1.3 -0.9 -15 -1.9 —-2.21 -0.8 —0.59 —-0.5 -1.10
2013 —-0.1 —-04 —-0.6 -0.2 0.08 -0.8 -1.3 -1 —0.48 -0.9 —0.11 —-04 —0.52
2014 0.3 0.38 0.97 1.13 1.8 0.82 0.7 0.67 1.08 1.49 1.72 251 1.13
2015 2.45 2.3 2 1.44 1.2 1.54 1.84 1.56 1.94 1.47 0.86 1.01 1.63
2016 1.53 1.75 24 2.62 2.35 2.03 1.25 0.52 0.45 0.56 1.88 1.17 1.54
2017 0.77 0.7 0.74 1.12 0.88 0.79 0.1 0.09 0.32 0.05 0.15 0.5 0.52
Source: http://jisao.washington.edu/pdo/img/v1v2PDOComp.png (accessed on 21 July 2019).

References

1.  Ashok, K; Behera, S.K; Rao, S.A.; Weng, H.; Yamagata, T. El Nifio Modoki and its possible teleconnection. J. Geophys. Res. Ocean.
2007, 112. [CrossRef]

2. Reyes, S. Introduccion a la Meteorologia, El Nifio-Oscilacion del Su, 1st ed.; Universidad Autonoma de Baja California: Baja California,
Mexico, 2001.

3.  Lau, N.C; Nath, M.]J. Impact of ENSO on SST variability in the North Pacific and North Atlantic: Seasonal dependence and role
of extratropical sea-air coupling. J. Clim. 2001, 14, 2846-2866. [CrossRef]

4. Wang, B.; Wu, R;; Li, T. Atmosphere-warm ocean interaction and its impacts on Asian-Australian monsoon variation. J. Clim.
2003, 16, 1195-1211. [CrossRef]

5. Thomson, M.C.; Abayomi, K.; Barnston, A.G.; Levy, M.; Dilley, M. Hazards of widespread use of erythromycin for preterm
prelabour rupture of membranes El Nifio and drought in southern Africa Cause of death among passengers on the Titanic Bridges
to Iran For personal use. Only reproduce with permission from The Lancet Pu. Lancet 2003, 361, 1994-1995.

6. Contreras, A.; Martinez, F; Regalado, F; Vasquez, K. Impacto del Fenémeno del Nifo a la Economia Peruana. 2017, p. 16.
Available online: http://perueconomics.org/wp-content/uploads/2014/01/WP-97.pdf (accessed on 13 September 2020).

7. Ropelewski, C.F; Halpert, M.S. Global and Regional Scale Precipitation Patterns Associated with the El Nifio/Southern Oscillation.
Mon. Weather Rev. 1987, 115, 1606-1626. [CrossRef]

8. Philander, S.G.H. El Nifio Southern Oscillation phenomena. Nature 1983, 302, 295-301. [CrossRef]

9. Cane, M.A.S.E. Zebiak, A Model El Nifio-Southern Oscillation. Mon. Weather Rev. 1987, 115, 15.

10. Paul, S.; Schopf, M.].S. Vacillations in a Coupled Ocean-Atmosphere Model. ]. Amospheric Sci. 1987, 45, 15.

11.  ENFEN. Estudio Nacional del Fenémeno “El Nifio”. 2017. Available online: http:/ /enfen.gob.pe/ (accessed on 27 August 2020).

12. SENAMHI. Informe Meteoroldgico. 2015. Available online: https:/ /www.senamhi.gob.pe/?p=aviso-meteorologico-detalle&a=
2015&b=0058&c=022&d=SENA (accessed on 27 August 2020).

13. CAF Banco de Desarrollo de América Latina. 2000. Available online: https://www.caf.com/es/sobre-caf/ (accessed on 27
August 2020).

14. SENAMHI. Boletin Informativo Monitoreo del Fenémeno “El Nifio/La Nifia”. 2017. Available online: https://www.senambhi.
gob.pe/load/file/02216SENA-51.pdf (accessed on 27 August 2020).

15.  Sulca, J.; Takahashi, K.; Espinoza, ].C.; Vuille, M.; Lavado-Casimiro, W. Impacts of different ENSO flavors and tropical Pacific
convection variability (ITCZ, SPCZ) on austral summer rainfall in South America, with a focus on Peru. Int. J. Climatol. 2018, 38,
420-435. [CrossRef]

16. Taylor, M.H.; Wolff, M.; Mendo, J.; Yamashiro, C. Changes in trophic flow structure of Independence Bay (Peru) over an ENSO
cycle. Prog. Oceanogr. 2008, 79, 336-351. [CrossRef]

17.  NOAA National Oceanic and Atmospheric Administration. 2017. Available online: https://www.noaa.gov/ (accessed on 27
August 2020).

18. Garreaud, R.D. A plausible atmospheric trigger for the 2017 coastal El Nifio. Int. . Climatol. 2018, 38, €1296—e1302. [CrossRef]

19. Rodriguez-Morata, C.; Diaz, H.E; Ballesteros-Canovas, J.A.; Rohrer, M.; Stoffel, M. The anomalous 2017 coastal El Nifio event in

Peru. Clim. Dyn. 2019, 52, 5605-5622. [CrossRef]


http://jisao.washington.edu/pdo/img/v1v2PDOComp.png
http://doi.org/10.1029/2006JC003798
http://doi.org/10.1175/1520-0442(2001)014&lt;2846:IOEOSV&gt;2.0.CO;2
http://doi.org/10.1175/1520-0442(2003)16&lt;1195:AOIAII&gt;2.0.CO;2
http://perueconomics.org/wp-content/uploads/2014/01/WP-97.pdf
http://doi.org/10.1175/1520-0493(1987)115&lt;1606:GARSPP&gt;2.0.CO;2
http://doi.org/10.1038/302295a0
http://enfen.gob.pe/
https://www.senamhi.gob.pe/?p=aviso-meteorologico-detalle&a=2015&b=005&c=022&d=SENA
https://www.senamhi.gob.pe/?p=aviso-meteorologico-detalle&a=2015&b=005&c=022&d=SENA
https://www.caf.com/es/sobre-caf/
https://www.senamhi.gob.pe/load/file/02216SENA-51.pdf
https://www.senamhi.gob.pe/load/file/02216SENA-51.pdf
http://doi.org/10.1002/joc.5185
http://doi.org/10.1016/j.pocean.2008.10.006
https://www.noaa.gov/
http://doi.org/10.1002/joc.5426
http://doi.org/10.1007/s00382-018-4466-y

Climate 2021, 9, 71 23 0f 23

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.
37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

Takahashi, K.; Martinez, A.G. The very strong coastal El Nifio in 1925 in the far-eastern Pacific. Clim. Dyn. 2019, 52, 7389-7415.
[CrossRef]

Meehl, G.A.; Teng, H. Multi-model changes in El Nifio teleconnections over North America in a future warmer climate. Clim.
Dyn. 2007, 29, 779-790. [CrossRef]

Kug, ].S.; Jin, EF; An, S.I. Two types of El Nino events: Cold tongue EI Nifio and warm pool El Nifo. J. Clim. 2009, 22, 1499-1515.
[CrossRef]

Blunden, J.; Arndt, D.S. State of the Climate in 2015. Bull. Am. Meteorol. Soc. 2016, 93, 282. [CrossRef]

Bamston, A.G.; Chelliah, M.; Goldenberg, S.B. Documentation of a highly enso-related sst region in the equatorial pacific:
Research note. Atmos. Ocean 1997, 35, 367-383. [CrossRef]

Colas, F; Capet, X.; McWilliams, ].C.; Shchepetkin, A. 1997-1998 El Nifio off Peru: A numerical study. Prog. Oceanogr. 2008, 79,
138-155. [CrossRef]

Huang, B.; Thorne, PW.; Banzon, V.E; Boyer, T.; Chepurin, G.; Lawrimore, ].H.; Menne, M.].; Smith, TM.; Vose, R.S.; Zhang, H-M.
Extended reconstructed Sea surface temperature, Version 5 (ERSSTv5): Upgrades, validations, and intercomparisons. J. Clim.
2017, 30, 8179-8205. [CrossRef]

Power, S.; Casey, T.; Folland, C.; Colman, A.; Mehta, V. Inter-decadal modulation of the impact of ENSO on Australia. Clim. Dyn.
1999, 15, 319-324. [CrossRef]

Gershunov, A.; Barnett, T.P. Interdecadal Modulation of ENSO Teleconnections. Bull. Am. Meteorol. Soc. 1998, 79, 2715-2725.
[CrossRef]

Dong, B.; Dai, A.; Vuille, M.; Timm, O.E. Asymmetric modulation of ENSO teleconnections by the interdecadal Pacific oscillation.
J. Clim. 2018, 31, 7337-7361. [CrossRef]

Waliser, D.E.; Gautier, C. A satellite-derived climatology of the ITCZ. ]. Clim. 1993, 6, 2162-2174. [CrossRef]

Nobre, P; Shukla, J. Variations of sea surface temperature, wind stress, and rainfall over the tropical Atlantic and South America.
J. Clim. 1996, 9, 2464-2479. [CrossRef]

Pacheco, H.; Montilla, A.; Méndez, W.; Delgado, M.H.; Zambrano, D. Causes and consequences of the extraordinary rainfall of
2017 on the Ecuadorian coast: The case of the province of Manabi. Bol. Investig. Mar. Costeras 2019, 48, 45-70. [CrossRef]
Chowdhury, M.R.; Ndiaye, O. Climate change and variability impacts on the forests of Bangladesh—a diagnostic discussion based
on CMIP5 GCMs and ENSO. Int. J. Climatol. 2017, 37, 4768-4782. [CrossRef]

Channel, T.W. The Weather Channel. 2017. Available online: https://weather.com/es-PE/tiempo/mapas/interactive/1/56ae2f1
4da2603f93bf9a43126caldba6b16814154b6f2d2{87c2ef6bfcb080b4 (accessed on 23 March 2017).

Ramirez, 1.].; Briones, F. Understanding the El Nifio Costero of 2017: The Definition Problem and Challenges of Climate
Forecasting and Disaster Responses. Int. |. Disaster Risk Sci. 2017, 8, 489-492. [CrossRef]

Takahashi Guevara, K. Fisica del Fenomeno El Nifio “Costero”. Bol. Tec. IPG 2017, 4, 4-8.

L'Heureux, M.L.; Takahashi, K.; Watkins, A.B.; Barnston, A.G.; Becker, E.J.; Di Liberto, T.E.; Gamble, F.; Gottschalck, J.; Halpert,
M.S.; Huang, B.; et al. Observing and predicting the 2015/16 El Nifio. Bull. Am. Meteorol. Soc. 2017, 98, 7. [CrossRef]

Peng, Q.; Xie, S.P.; Wang, D.; Zheng, X.T.; Zhang, H. Coupled ocean-atmosphere dynamics of the 2017 extreme coastal El Nifio.
Nat. Commun. 2019, 10, 1-10. [CrossRef]

Behera, S.; Yamagata, T. Climate Dynamics of ENSO Modoki Phenomenon. Clim. Sci. 2018. [CrossRef]

Lestari, D.O.; Sutriyono, E.; Kadir, S.; Iskandar, I. Impact of 2016 weak La Nifia Modoki event over the Indonesian region. Int. |.
Geomate 2019, 17, 156-162. [CrossRef]

Weng, H.; Ashok, K.; Behera, S.K; Rao, S.A.; Yamagata, T. Impacts of recent El Nifio Modoki on dry/wet conditions in the Pacific
rim during boreal summer. Clim. Dyn. 2007, 29, 113-129. [CrossRef]

Li, X.; Hu, Z.Z.; Huang, B. Contributions of atmosphere-ocean interaction and low-frequency variation to intensity of strong El
Nifio events since 1979. J. Clim. 2019, 32, 1381-1394. [CrossRef]

Diaz, H.E; Hoerling, M.P.; Eischeid, ] K. Enso variability, teleconnections and climate change. Int. J. Climatol. 2001, 21, 1845-1862.
[CrossRef]

Magee, A.D.; Verdon-Kidd, D.C.; Diamond, H.J.; Kiem, A.S. Influence of ENSO, ENSO Modoki, and the IPO on tropical
cyclogenesis: A spatial analysis of the southwest Pacific region. Int. J. Climatol. 2017, 37, 1118-1137. [CrossRef]

Francisco, A.S.; Netto, S.A. El Nifio-Southern Oscillations and Pacific Decadal Oscillation as Drivers of the Decadal Dynamics of
Benthic Macrofauna in Two Subtropical Estuaries (Southern Brazil). Ecosystems 2020, 23, 1380-1394. [CrossRef]

Gamelin, B.L.; Carvalho, L.M.V,; Kayano, M. The combined influence of ENSO and PDO on the spring UTLS ozone variability in
South America. Clim. Dyn. 2020, 55, 1539-1562. [CrossRef]

Dogar, M.M.; Kucharski, E; Sato, T.; Mehmood, S.; Ali, S.; Gong, Z.; Das, D.; Arraut, J]. Towards understanding the global and
regional climatic impacts of Modoki magnitude. Glob. Planet. Chang. 2019, 172, 223-241. [CrossRef]

Tsonis, A.A.; Hunt, A.G.; Elsner, ].B. On the relation between ENSO and global climate change. Meteorol. Atmos. Phys. 2003, 84,
229-242. [CrossRef]


http://doi.org/10.1007/s00382-017-3702-1
http://doi.org/10.1007/s00382-007-0268-3
http://doi.org/10.1175/2008JCLI2624.1
http://doi.org/10.1175/2016BAMSStateoftheClimate.1
http://doi.org/10.1080/07055900.1997.9649597
http://doi.org/10.1016/j.pocean.2008.10.015
http://doi.org/10.1175/JCLI-D-16-0836.1
http://doi.org/10.1007/s003820050284
http://doi.org/10.1175/1520-0477(1998)079&lt;2715:IMOET&gt;2.0.CO;2
http://doi.org/10.1175/JCLI-D-17-0663.1
http://doi.org/10.1175/1520-0442(1993)006&lt;2162:ASDCOT&gt;2.0.CO;2
http://doi.org/10.1175/1520-0442(1996)009&lt;2464:VOSSTW&gt;2.0.CO;2
http://doi.org/10.25268/bimc.invemar.2019.48.2.766
http://doi.org/10.1002/joc.5120
https://weather.com/es-PE/tiempo/mapas/interactive/l/56ae2f14da2603f93bf9a43126ca1dba616814154b6f2d2f87c2ef6bfcb080b4
https://weather.com/es-PE/tiempo/mapas/interactive/l/56ae2f14da2603f93bf9a43126ca1dba616814154b6f2d2f87c2ef6bfcb080b4
http://doi.org/10.1007/s13753-017-0151-8
http://doi.org/10.1175/BAMS-D-16-0009.1
http://doi.org/10.1038/s41467-018-08258-8
http://doi.org/10.1093/acrefore/9780190228620.013.612
http://doi.org/10.21660/2019.61.8256
http://doi.org/10.1007/s00382-007-0234-0
http://doi.org/10.1175/JCLI-D-18-0209.1
http://doi.org/10.1002/joc.631
http://doi.org/10.1002/joc.5070
http://doi.org/10.1007/s10021-019-00475-6
http://doi.org/10.1007/s00382-020-05340-0
http://doi.org/10.1016/j.gloplacha.2018.10.004
http://doi.org/10.1007/s00703-003-0001-7

	Introduction 
	The Effects of the El Niño Southern Oscillation (ENSO) in Peru 
	Development of the Coastal ENSO-2017 in Peru 

	Materials and Methods 
	Study Area 
	Methodology 
	ENSO Data and Index Analysis 
	Data and Analysis of the Inter-Tropical Convergence Zone (ITCZ) 


	Results 
	Polynomial Equations and Correlation Coefficients of Each Index 
	Modoki ENSO Index (MEI) 
	Trans ENSO Index (TNI) 
	Oceanic ENSO Index (ONI) 
	Coastal Index (CI) (Region 1+2) 
	Southern Oscillation Index (SOI) 
	Pacific Decadal Oscillation (PDO) Index 
	Pacific Regional Equatorial Index (PREI) 
	La Niña Modoki (LNSO) and Coastal ENSO Analysis 
	Demonstration of the Use of the PREI Index 
	Projection for the Month of February 
	Projection for the Month of March 

	Spatial-Temporal Distribution of the ITCZ 

	Discussion 
	Types of ENSO 
	Definition of Coastal ENSO 
	2015–2016 ENSO 
	Oceanic Indexes 
	Analysis of the Different Ocean Indices and Creation of the PREI Index 
	Causes of Coastal ENSO Generation 
	Causes of the Generation of Modoki ENSO/Modoki LNSO 
	Decadal Cause 
	Analysis in the Generation of an Anticyclone 
	Climate Variability-ENSO 
	Limitations of Data and Methods 

	Conclusions 
	
	References

