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Abstract

We investigated the influence of the El Niño-Southern Oscillation (ENSO) on

inter-annual precipitation variability in the far-eastern Pacific (FEP) and north-

ern South America (NSA) using an approach based on phase synchronization

(PS). First, we carried out a detailed analysis of observational data to define the

inter-annual variability, eliminate the seasonal residual frequencies in hydro-

climatic anomalies, and assess the statistical significance of PS. Additionally,

we characterized the seasonality of regional patterns of sea surface tempera-

ture, surface pressure levels, low-level winds and precipitation anomalies asso-

ciated with the ENSO states. We found that the positive (negative)

precipitation anomalies experienced in the FEP and NSA differ from those pre-

viously reported in the literature. In particular, the Guianas (northeastern

Amazon) and the Caribbean constitute two regions with negative (positive)

rainfall anomalies during El Niño (La Niña), separated by a zone of non-

significant anomalies along the Orinoco Low-level Jet corridor. Moreover, we

showed that the ENSO signal is phase-locked with inter-annual rainfall and

low-level wind variability in most of the study regions. Furthermore, we found

consistency in the PS between the Central and Eastern Pacific El Niño indices

and hydroclimatic anomalies over the Pacific. However, some areas exhibited

PS, although they did not show significant precipitation anomalies, suggesting

that the influence of ENSO on tropical climatology manifests not only in terms
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of the magnitude of anomalies but also in terms of the phases only. Our

approach advances the understanding of climatic anomalies in tropical regions

and provides new insights into the non-linear interactions between ENSO and

hydroclimatic processes in tropical Americas.
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1 | INTRODUCTION

El Niño—Southern Oscillation (ENSO) is one of the main
drivers of Earth's climate at inter-annual time scales. It is
composed of El Niño (EN, oceanic component) and the
Southern Oscillation (SO, atmospheric component). EN
refers to the warm anomalous sea surface temperature
(SST) of the central and eastern tropical Pacific Ocean,
which produces a deepening of the oceanic's thermocline,
concomitant with the weakening and (sometimes) rever-
sal of the trade winds and displacement of the core of
convection from the western to the central and eastern
regions of the tropical Pacific. The SO is a stationary
wave that produces an atmospheric pressure see-saw
between the western and eastern equatorial Pacific
(Bjerknes, 1969; Philander, 1983; Sarachik & Cane, 2010).
Canonically, ENSO presents two states known as EN and
La Niña (LN), which are associated with warm and cool
SST anomalies over the central tropical Pacific Ocean,
respectively (Chen et al., 2019; Timmermann
et al., 2018). Several studies have shown that ENSO states
are related to severe hydroclimatic events with important
socioeconomic, environmental and ecological impacts
around the world (Cai et al., 2020; McPhaden
et al., 2010). Both, warm or cold ENSO events may have
flavours, like the mild warm and strong cold events in
the Central Pacific (CP) or strong warm events in the
Eastern Pacific (EP) related to diverse precipitation
anomalies around the globe (Freund et al., 2019; Geng
et al., 2022; Takahashi et al., 2011).

Northern South America (NSA) experiences hydro-
meteorological anomalies induced by the perturbations
in the tropical Pacific SST, the Walker circulation and
Rossby wave-train atmospheric circulation (Cai
et al., 2020; Rojo & Mesa, 2020; Wang et al., 2021). Dur-
ing EN (LN), NSA experiences a decrease (increase) in
precipitation while the far-eastern Pacific (FEP) Ocean
experiences an increase (decrease) in precipitation
(Glantz & Ramirez, 2020), NSA experiences higher anom-
alies over the west coasts of Ecuador and Peru (flood-
ings), and lower precipitation anomalies in Colombia
(droughts), which in turn are opposite during LN

(Capotondi et al., 2015; Mason & Goddard, 2001;
Ropelewski & Halpert, 1987; Sanabria et al., 2018; Taka-
hashi & Martínez, 2019), EP EN events are related to a
southward shift of the Intertropical Convergence Zone
(ITCZ), which in turn favours intense rainfall in the east-
ern Pacific, while during CP, dryer conditions prevail in
Ecuador and Peru (Cai et al., 2020; Capotondi
et al., 2015; Sulca et al., 2018).

Wiedermann et al. (2021) found that for EP EN events
there is a reduction of precipitation over NSA while there
is no evidence of alterations during CP EN. For LN, there
is increased precipitation for both, EP and CP events.
Furthermore, the Walker circulation anomalies during
ENSO are linked with the anomalous wet/dry conditions
over the Amazon basin (Kousky et al., 1984; Marengo &
Hastenrath, 1993; Neelin & Su, 2005; Yoon &
Zeng, 2010), during EN (LN) subsidence (ascend)
branches are situated over the Amazon basin (Friedman
et al., 2021; Panisset et al., 2018; Satyamurty et al., 2013).
Moreover, the recent studies by Sulca (2021) and Builes-
Jaramillo et al. (2023) propose that Walker circulation
changes during CP, EP and ENSO fast transitions may
induce precipitation and moisture transport anomalies
contrasting with canonical ENSO events.

The hydroclimatic variability of NSA and FEP is
influenced by a suite of quasi-periodic processes acting
on a wide range of diurnal to multi-decadal timescales,
with ENSO being the most important at the inter-annual
timescales (Arias et al., 2021; Glantz & Ramirez, 2020;
Poveda et al., 2011; Rasmussen & Wallace, 1983; Shimizu
et al., 2017; Tedeschi & Collins, 2016). In addition, there
is a large body of literature on the changes associated
with ENSO on climatic features, such as the low-level jets
(LLJ) of the NSA. For example, (i) the Caribbean LLJ
(CLLJ) has a different relationship with ENSO during its
active seasons (JJA and DJF). During DJF, a weak
(strong) easterly CLLJ corresponds to warm (cold) SST
anomalies in the tropical eastern and central Pacific,
whereas in JJA, a strong (weak) easterly CLLJ is associ-
ated with warm (cold) SST anomalies in the tropical
Pacific (Wang, 2007); (ii) The ChocoJet, which is active
during SON, is associated with an reduction (increase) in
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precipitation over western Colombia during EN
(LN) (Poveda & Mesa, 2000; Yepes et al., 2019) and
(iii) The Orinoco LLJ (OLLJ), which is active during DJF
and during EN (LN), the mean wind vertical profiles
(and the intensity of the diurnal cycle) decreased
(increased) up to 24% (15%) (Builes-Jaramillo
et al., 2022a, 2022b). Although there have been advances
in our understanding of the relationships between ENSO
and precipitation in the NSA and FEP, questions remain
and we are still far from a robust understanding of the
impacts, inter-basin climate interactions and possible
consequences in the context of climate change (Cai
et al., 2020).

Pikovsky et al. (2001) define synchronization as an
adjustment of rhythms of oscillating objects due to their
weak interaction. Diverse types of synchronization are
known, such as frequency synchronization (FS), phase
synchronization (PS), identical synchronization (IS), gen-
eralized synchronization (GS) and lag synchronization
(LS) (Brown & Kocarev, 2000). In particular, PS implies
FS but FS does not imply PS. In addition, the PS
approach does not include either the interrelation
between the amplitudes or control mechanisms, such as
amplitude modulation (AM); however, adequate charac-
terization, quantification, and explanation of the phases
are valuable even if the amplitude interrelations are not
well known (von Storch et al., 1995). Moreover, the exis-
tence of a phase relation implies the possibility to predict
the phases of precipitation at inter-annual timescales
through ENSO (Schiff et al., 1996). In the last decades,
synchronization between ENSO and other processes on
different temporal scales has been intensively studied
(e.g., annual cycle, low-level jets, Hadley and Walker
cells, and Inter-tropical Convergence Zone or ITZC) over
the tropical Pacific Ocean (Díaz & Villegas, 2022; Jajcay
et al., 2018; Maraun & Kurths, 2005; Mokhov et al., 2011;
Salas et al., 2020; Singh et al., 2020; Stein et al., 2011,
2014; Yang et al., 2023; Yun et al., 2021). This will allow
improvements in the diagnosis, understanding, and man-
agement of water resources for socioeconomic, environ-
mental and ecological purposes.

For NSA and FEP, previous studies have demon-
strated the impacts of ENSO on their hydro-climatic vari-
ability at interannual timescales using linear and non-
linear approaches (Andreoli & Kayano, 2005; Bedoya-
Soto et al., 2019; Grimm & Tedeschi, 2009; Poveda
et al., 2011, 2020; Takahashi & Martínez, 2019; Waylen &
Poveda, 2002; Yoon & Zeng, 2010). However, very few
studies have investigated these relationships using syn-
chronization approaches. Salas et al. (2020) investigated
GS between the ENSO signal and hydro-climatic vari-
ables in Colombia as well as GS between the moisture
transported by low-level jets and precipitation at inter-

annual time scales. This work sheds light on the GS fea-
tures between precipitation and the canonical states of
ENSO (LN and EN) over Colombia but does not include
the regional context and seasonal characterization of
such GS patterns. Furthermore, Díaz and Villegas (2022)
use wavelet coherence to study the impacts of EN on the
reduction of water supply in Colombia, and they found
coherence between ENSO indices and precipitation dur-
ing ENSO events that had a high impact on the reduction
of water supply in the country, but they also found dis-
crepancies in the phase differences of the climatic vari-
ables analysed. Moreover, Yun et al. (2021) studied
whether interannual SST anomalies can also cause syn-
chronized spatial shifts of Hadley and Walker circula-
tions. They found that these two circulations exhibit a
phase-synchronized spatial shift only during EN events
(not during LN), which coincide with a cross-equatorial
northwesterly low-level flow that diverges from an area
of anomalous drying in the western North Pacific and
converges towards a region with anomalous moistening
in the southern central Pacific.

The purpose of this study is: (i) to characterize the
seasonal regional patterns of hydro-climatic anomalies in
the NSA and FEP during LN and EN, (ii) to provide evi-
dence of PS between the ENSO signal in the tropical
Pacific Ocean and the inter-annual variability of rainfall
in the NSA and FEP; (iii) to investigate the Phase Differ-
ence between the ENSO signal in the tropical Pacific
Ocean and rainfall over the NSA and FEP during both
states of ENSO, (iv) to quantify the PS between Low-level
jet winds and precipitation during ENSO and (v) to study
the PS between precipitation and the CP and EP indices
of ENSO.

2 | REGION OF STUDY

The region of study is defined by the coordinates
180� W–30� W; 10� S–20� N, which includes the Niño 3.4
region (170� W–120� W; 5� S–5� N) over the tropical
Pacific Ocean. Over continental territory, the region of
study includes Central America and northern South
America (Figure 1). We focus our interest on various
zones: (i) the Caribbean region (CAR), which covers the
Caribbean Sea and the northernmost part of continental
Colombia (80� W–65� W; 5� N–18� N); (ii) the Guianas
region (GUI), which is located over the Guianas region
and the northeastern Amazon river basin and the east-
ernmost part of the Orinoco river basin (65� W–50� W;
8� S–5� N); (iii) the far-eastern Pacific (FEP) (105� W–
80� W and 5� S–5� N) (Jauregui & Takahashi, 2018; Taka-
hashi & Martínez, 2019). Moreover, we analyse PS over
the zones associated with the three Low-level jets:(i) The
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Caribbean LLJ (CLLJ) (12.5–17.5� N, 80–70� W)
(Wang, 2007); (ii) The Choco LLJ (ChocoJet) (2–8� N,
82–77.5� W) (Mejía et al., 2021; Poveda & Mesa, 2000;
Yepes et al., 2019) and (iii) The Orinoco LLJ (OLLJ) (6–
10� N, 70–65� W) (Builes-Jaramillo et al., 2022a, 2022b;
Jiménez-S�anchez et al., 2020).

3 | DATA SETS

3.1 | ENSO indices

To analyse the canonical ENSO, we use the Oceanic Niño
Index (ONI), which is used by the US Climate Prediction
Center to identify EN (LN) events based on the require-
ment of sea surface temperature for at least five running
three-month seasons to an average above +0.5�C (below
−0.5�C) in the central Pacific (the Niño 3.4 region)
(Kousky & Higgins, 2007).

To study the different types of EN, we use the three
indices proposed by Sullivan et al. (2016) to represent
the Central Pacific (CP) EN, Eastern Pacific (EP) EN
and Mixed-type EN. They are based on the SST in the
Niño 3 and Niño 4 regions, which are the areas with
maximum SST warm anomalies of the CP and EP EN,
and are defined as (i) CP = Niño4normalized—0.5 *
Niño3normalized; (ii) EP = Niño3normalized—0.5 *
Niño4normalized and (iii) Mixed-type = EP + CP ’
Niño3.4normalized, where Niño3normalized, Niño4nor-
malized and Niño3.4normalized denote normalized SSTs
anomalies in the Niño3 (5� S–5� N, 150� W–90� W), Niño4
(5� S–5� N, 160� W–150� W), and Niño3.4 (5� S–5� N,
170� W–120� W) regions, respectively (Sullivan et al., 2016).

3.2 | Atmospheric reanalysis ERA5

We use data from the ERA5 atmospheric reanalysis
(Hersbach et al., 2019), which provides estimates of atmo-
spheric, land, oceanic, and climatic variables. The ERA5
data cover the Earth on a 30 km grid and it resolves the
atmosphere using 137 levels, from the surface up to a

height of 80 km. In this work, we use the following vari-
ables at monthly resolution: monthly sea level pressure,
surface level pressure (over the continent), sea surface
temperature as well as zonal and meridional wind speeds
at 925 hPa and 850 hPa. These data sets are used over the
area 120� E–0� W; 30� S–40� N (available at https://cds.
climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-
single-levels-monthly-means).

3.3 | Global precipitation climatology
project

The global precipitation climatology project (GPCP)
monthly analysis consists of a merger of various satellite-
based estimates over both ocean and land, combined with
precipitation gauge analyses over land from the global
precipitation climatology centre (GPCC). Satellite-based
estimates are a combination of passive microwave esti-
mates over the ocean, passive microwave estimates over
land, and estimates from IR or microwave sounders, con-
tributing to higher latitudes. The GPCP offers a homoge-
neous monthly precipitation product, a 2.5� global grid
that spans from 1979 to the present (Adler et al., 2018;
Huffman et al., 1997). Data are available on the website
https://psl.noaa.gov/data/gridded/data.gpcp.html (accessed
21 February 2022).

3.4 | CPC merged analysis of
precipitation

The CPC merged analysis of precipitation (CMAP) pro-
vides monthly averaged precipitation rate values obtained
from five types of satellite estimates (GPI, OPI, SSM/I
scattering, SSM/I emission and MSU) and gauge data.
This dataset has two files: (i) precipitation estimates that
only include satellite estimates and gauge data, and
(ii) an enhanced file that also includes blended NCEP/
NCAR Reanalysis Precipitation values. CMAP data are
on a 2.5 × 2.5� latitude/longitude grid and span from
1979 to the present (Xie & Arkin, 1997). It is important to

FIGURE 1 Region of study: (cyan box) the Niño 3.4 region, (dashed black line) Far-eastern Pacific (FEP) zone, (black box) the

Caribbean region or CAR, (magenta box) the Guianas region or GUI, (blue boxes) zones associated with low-level jets. [Colour figure can be

viewed at wileyonlinelibrary.com]
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clarify that these data are comparable (but should not be
confused with) to similar combined analyses by Huffman
et al. (1997). Data are available on the website https://psl.
noaa.gov/data/gridded/data.cmap.html (accessed
21 February 2022).

4 | METHODS

4.1 | Decomposition method

Diverse techniques exist for decomposing time series into
elementary patterns of behaviour, such as trends, oscilla-
tions and noise (Ghil et al., 2002). The empirical mode
decomposition (EMD) method has become a common
and powerful tool for geophysical time-series analysis
(Huang et al., 1998; Huang & Wu, 2008; Wu et al., 2008).
EMD is useful for decomposing a nonlinear and nonsta-
tionary time series into a set of Intrinsic Mode Functions
(IMFs), which are extracted through an iterative, adap-
tive and temporally local procedure that does not force
the data to prescribed waves as traditional decomposition
methods (e.g., sinusoidal waves or wavelets) (Ghil
et al., 2002). However, the EMD method has a shortcom-
ing, as it is often not straightforward to associate physical
variability modes with IMFs because each IMF contains
information in different frequency bands (Rato
et al., 2008; Wu et al., 2008). To address this ‘mode mix-
ing’ problem, Wu and Huang (2009) proposed EEMD,
which allows the decomposition of the original time
series into a set of IMFs exhibiting scale-consistent oscil-
lation features. The work of Salas et al. (2022) includes a
brief summary of EMD and EEMD methods.

In this work, we use the EEMD method that is an
alternative approach to define climate anomalies based
on the so-called modulated annual cycle (MAC) (Wu
et al., 2008). For the scope of this work, we are interested
only in studying low-frequency bands whose periods are
above seasonal and annual variability. Then, we use
EEMD to remove all variability associated with the
intra-annual and seasonal time scales to exclusively ana-
lyse the inter-annual variability with periods higher than
1 year.

Finally, we use the statistical test proposed by Ahdes-
mäki et al. (2005) as a robust method for detecting peri-
odicities in a time series. This method is a rank-based,
non-parametric spectral estimator that extends the
approach by Pearson et al. (2003) and it is almost insensi-
tive to errors and inconsistencies in the data, such as out-
liers, missing values, short time series and non-linear
distortions. Hence, we use this method to guarantee that
after decomposing the climatic time series into different
frequency bands using EEMD, the decomposed signal

has no significant seasonal, intra-annual, or high-
frequency residual variability. Moreover, we include the
95% confidence intervals to test that peaks in the periodo-
grams are distinct from the null hypothesis of a red-noise
(Liu et al., 2012). To this end, we compute the periodo-
gram for 1000 independent realizations of a red noise
based on an AR(1) stochastic process and then, we take
the set of periodogram computations and quantify the
95th quantile, which provides the critical values for
the periodogram calculated from observed data. If the
periodogram of the data is greater than the critical value
at a particular frequency, then the spectrum is said to be
statistically different from red noise at a significance level
of 0.05 (Matyasovszky, 2013). These procedures are
important because nonlinear techniques can be biased by
the presence of seasonal residual frequencies in the
anomalies (Lange et al., 2018; Salas et al., 2020).

4.2 | Composite analysis

We use a composite analysis method to study the rela-
tionships between climatic variables (surface pressures,
zonal and meridional wind speeds, surface temperatures
and precipitation) during the ENSO states (Boschat
et al., 2016; Terray et al., 2003; Xie et al., 2017). The pro-
cedure can be summarized as follows: (i) we define the
EN and LN states using the ONI index; (ii) we isolate
the climatic variables for events previously defined,
which constitute the key times; (iii) we isolate the cli-
matic variables and compute the average for all key times
and (iv) we use the Terray test (Terray et al., 2003) to ver-
ify whether there is a significant difference between the
average for the states of ENSO and the Neutral
conditions.

4.3 | Phase synchronization

Phase synchronization is a phenomenon in which two or
more oscillating systems become coupled and their
phases align over time. This means that the peaks and
troughs of their oscillations occur at the same time,
which can happen in a wide range of physical systems
(Pikovsky et al., 2001; Strogatz, 2003). The generalized
phase difference (GPD) method was derived to identify
phase synchronization based on the physical properties
of coupled oscillatory systems (Rosenblum et al., 2001).
In practice, according to Pikovsky et al. (2001), the pres-
ence of a horizontal plateau in the phase difference ver-
sus time diagram is the simplest way to evidence
synchronization. In general, for two time series x tð Þ and
y tð Þ, their instantaneous phases ϕx tð Þ and ϕy tð Þ, can be
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estimated using the analytic signal method expressed as
(Gabor, 1910; Panter, 1965),

Zx tð Þ=x tð Þ+ i~x tð Þ=AH
x tð ÞeiϕH

x tð Þ, ð1Þ

where ~x is the Hilbert transform (HT) of x tð Þ defined as,

~x tð Þ= 1
π
p:v:

Z ∞

−∞

x t0ð Þ
t− t0

dt0, ð2Þ

where p.v denotes Cauchy's principal value.
From Zx tð Þ it is possible to calculate the instanta-

neous phase ϕx tð Þ as,

ϕH
x tð Þ=arctan

Im Zxð Þ
Re Zxð Þ , ð3Þ

The instantaneous phase of y tð Þ, ϕy tð Þ, can be calcu-
lated using a similar procedure. It is worth noting that
HT is a non-parametric method and that the estimation
of ϕx tð Þ and ϕy tð Þ based on the analytic signal
(Equation 1) is comparable with a technique based on
wavelets (Quyen et al., 1999).

Finally, denoting ϕH
x tð Þ=ϕx and ϕH

y tð Þ=ϕy, the GPD
can be expressed as,

ϕn,m=nϕx−mϕy, ð4Þ

which in turn allows defining that n :m phase locking
appears if,

jϕn,m−s j<c, ð5Þ

where c<2π and s is the average phase between the two
time series x tð Þ and y tð Þ (Rosenblum et al., 2001). How-
ever, for noisy oscillators, non-stationary processes, or
time series with oscillations at several frequency bands,
the phase difference ϕn,m can be unbounded due to phase
jumps. This means that synchronization is not necessar-
ily evidenced as a continuous plateau in the phase differ-
ence versus time diagram and the condition (Equation 5)
is not valid anymore. Notwithstanding, if the probability
mass distribution of the cyclic relative phase

Φn,m=ϕn,mmod 2πð Þ, ð6Þ

has a dominating peak around a preferential value it
indicates phase synchronization in a statistical sense
(Rosenblum et al., 2001). A stable phase locking in a ratio
n :m means n cycles of the oscillator x and m cycles of
the oscillator y. Furthermore, Φ1,1 near to 0 or 2π means
that signals are in phase, values around π=2 means that

signals are in quadrature, and Φ1,1 near to π means
that signals are anti-phased.

On the one hand, the GPD method has the following
advantages: (i) phase analysis allows, by means of ϕn,m

plots, tracing transitions between qualitatively different
regimes that are due to non-stationarity in the parameters
of interacting systems and/or coupling, and (ii) it is possible
to apply this method even to very short records. On the
other hand, the method has disadvantages such as (i) the
synchronous regimes of order different from n :m show no
synchrony, (ii) there are no straightforward methods to
determine the integers n and m; thus, they need to be iden-
tified by trial and error or expert knowledge and (iii) if the
noise is relatively strong, this method becomes ineffective
and may even be misleading (Pikovsky et al., 2001).

We aim to investigate the PS characteristics between
ENSO (System 1) and the inter-annual variability of pre-
cipitation over the NSA and FEP (System 2). Our goal is
to characterize and quantify the seasonal and spatial PS
patterns between both systems during EN and
LN. Hypothetically, we consider that ENSO is the driving
system and that precipitation is the response system (the
influenced system).

4.3.1 | Strength of phase synchronization

Among several n:m synchronization indices that have
been proposed in the literature (e.g., Rosenblum
et al., 2001), we use the strength of PS defined as,

χn,m= ei nϕx−mϕyð ÞD E���
���, ð7Þ

The notation �h i denotes temporal averaging. The
index χt varies from 0 to 1, χ=0 indicates that the phases
of the two time series are completely independent,
whereas χ=1 indicates perfect phase synchronization
(Rosenblum et al., 2001; Stein et al., 2014). Then, to ana-
lyse the evolution of χ throughout the year, we calculate
χ for each season.

Our study requires the implementation of a statistical
test to assess the significance of the PS values between
systems X and Y . In our case, X represents the ENSO sys-
tem and Y denotes the climatic variables in the study
region. We consider the original system X and a repre-
sentative number of possible states of the system Y ,
which represent independent copies of the underlying
system, the so-called synthetic time series (STS), or surro-
gates. To construct the STS from system Y , we use per-
mutations of the data points of the original time series Y
while carefully preserving the seasonality of the time
series. That is, we permute the data points in separate
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subsets for each month. For example, we took all data
points for January and shuffled them randomly; after
repeating this for all months, we reconstructed a syn-
thetic time series.

The null hypothesis is that each STS is an indepen-
dent realization of system Y , corresponding to a different
initial condition or possible time series of the same sys-
tem. To test the statistical significance of the strength of
PS, χ, among X and Y , we generate 500 STSs of the Y sys-
tem and obtain a test distribution of χ calculated with the
observations of the system X and each STS of Y . Finally,
we constructed the upper 95% confidence interval based
on the 95th percentile of the test distribution. Then,
when values fall outside the confidence band represent
the ones where the null hypothesis is rejected, or that the
system X is in PS with system Y .

5 | RESULTS AND DISCUSSION

5.1 | Climatic anomalies in the region
of study

Figure 2 illustrates the sea surface temperature anomalies
(SSTA) and surface pressure anomalies (SPAs) over NSA

and FEP. During EN (LN) events, the central Pacific
Ocean (the Niño 3.4 region) shows positive (negative)
SSTAs while SPAs are negative (positive) (Bjerknes, 1969;
Gill, 1980; Lindzen & Nigam, 1987; Wang & Picaut, 2004).
Figure 2 (left column) shows a consistent weakening of
the Walker circulation pattern during EN, characterized
by warmer waters in the centre Pacific and deep convec-
tion in this region (negative SPAs), coinciding with a
downward (or weakened) wind branch of the Walker cell
over NSA that suppresses convection (positive SPAs)
(Lau & Yang, 2015; Wang et al., 2017). In contrast,
Figure 2 (right column) shows consistent strengthening of
the Bjerkness feedback, exhibiting warmer waters, convec-
tion in the west (negative SPAs), and increased sea surface
pressures in the central Pacific. This feature leads to a dee-
per thermocline in the west and a shallower thermocline
in the east (Lau & Yang, 2015; Wang et al., 2017). Particu-
larly over inland NSA, during EN (LN), the Caribbean
exhibits positive (negative) anomalies of SST in DJF and
MAM with predominant negative SPAs. In addition, dur-
ing EN (LN), the Tropical North Atlantic (TNA) exhibits
high positive (negative) SSTAs in MAM with predominant
negative SPAs. These seasonal features cannot be
explained entirely in terms of the Walker circulation as we
discuss below.

FIGURE 2 Composite of sea surface temperature anomalies (SSTA) and surface pressure anomalies (SPAs) over the NSA and FEP. (left

column) EN. (right column) LN. Positive (negative) SPAs are marked by a solid (dashed) black line. The green box marks the region of study

(180� W–30� W;10� S–20� N), the cyan box the Niño 3.4 region (170� W–120� W;5� S–5� N) and the blue box the Far-eastern Pacific (FEP)

zone (105� W–80� W and 5� S–5� N). [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 3 shows the standardized rainfall anomalies in
the study region. During EN (LN), the FEP exhibits posi-
tive (negative) rainfall anomalies for all seasons (being
higher in MAM and JJA). These negative (positive)
anomalies in precipitation are associated with the weak-
ening (strengthening) of Walker circulation in the Cen-
tral Pacific, which in turn enhances (suppresses)
convection and produces negative (positive) SPAs, as we
explained previously. Over the continental NSA, Central
America, and the Caribbean, precipitation exhibits nega-
tive (positive) anomalies for all seasons (being higher in
MAM and JJA). The understanding of these negative
(positive) anomalies in precipitation over NSA remains
incomplete, and previous works have linked them to a
variety of mechanisms and processes at different spatial
and temporal scales. These include the influence of
ENSO on the low-level jets (Caribbean, Orinoco, Choco),
the impact of Walker circulation, and the connections
between large-scale circulation and regional hydrocli-
matic processes, among others (Arias et al., 2021; Builes-
Jaramillo et al., 2023; Cer�on et al., 2021; Marengo &
Hastenrath, 1993; Poveda et al., 2011, 2020; Salas
et al., 2020; Yoon & Zeng, 2010).

These contrasting rainfall anomalies during the ENSO
states in the FEP and NSA zones had been reported previ-
ously in several works (Glantz & Ramirez, 2020; Mason &
Goddard, 2001; Ropelewski & Halpert, 1987). We point out

two further interesting results: (i) the Pacific Ocean shows
significant rainfall anomalies during both states of ENSO
for a latitudinal band located around the 120� W–130� W
while the FEP does not show significant rainfall anomalies,
and (ii) NSA exhibits significant rainfall anomalies over the
two predominant zones that we denote as CAR and GUI.
This result contrasts with those presented by Ropelewski
and Halpert (1987); Mason and Goddard (2001); Glantz and
Ramirez (2020) because they have shown the rainfall anom-
alies over NSA as a continuous area. Here, we find signifi-
cant rainfall anomalies in CAR and GUI, whereas rainfall
anomalies over the corridor of the Orinoco low-level Jet
(Builes-Jaramillo et al., 2022a, 2022b) are not significant.
Similar results were found for rainfall anomalies using the
CMAP data (see Supplementary Material; Figure 3).

5.2 | Strength of phase synchronization
between SSTs in the tropical Pacific Ocean
and precipitation

5.2.1 | Analysis for the canonical ENSO
states

Figure 4 presents phase relationships between the ONI
index and inter-annual precipitation in the tropical
Pacific Ocean (the Niño 3.4 region). The time series of

FIGURE 3 Standardized precipitation anomalies over the far eastern Pacific and northern South America according to GPCP. (left)

Anomalies during EN. (right) Anomalies during LN. (Dots) zones where the change in precipitation anomalies is significant at the 0.05 level.

[Colour figure can be viewed at wileyonlinelibrary.com]
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precipitation is obtained by spatially averaging the
monthly precipitation fields (GPCP). Figure 4a shows
the time series of the ONI index with red and blue denot-
ing the occurrence of EN and LN events during the
period 1979–2020, while Figure 4b provides its periodo-
gram. Figure 4c shows the standardized time series (for
the ONI index and precipitation at inter-annual time-
scales), and Figure 4d the periodograms for both ONI
and precipitation in order to visualize the spectral com-
position of both signals, these periodograms show the
95% confidence intervals, which indicate that signals do
not contain significant annual and intra-annual variabil-
ity. Finally, Figure 4e shows the phase difference versus
time diagram, Φ1,1 tð Þ, while Figure 4f presents the proba-
bility mass distribution of the cyclic relative phases,
which has preferential values around Φ1,1 tð Þ≈ 0 or 2π.
This result evidences that the SSTs and inter-annual pre-
cipitation are synchronized almost 80% of the time over
the Niño 3.4 region, but with some periods of desynchro-
nization such as March 1994–March 1995, July 2004–July
2008 and August 2018–December 2020. An analogous
analysis was carried out for the CAR and GUI zones (see
Supplementary Material; Figures 1 and 2). The CAR zone
exhibits a preferential peak of Φ1,1 around π, which
occurs approximately 60% of the time while GUI shows a
less prominent peak of Φ1,1 around π, which occurs 40%

of time. We point out that both CAR and GUI regions
exhibit these preferential peak in Φ1,1 in the periods
September 1986–July 1994, September 1994–July 2002
and July 2007–July 2016.

Figure 5 shows the strength of PS for the region of
study for seasons DJF, MAM, JJA and SON. In general,
we found that during both states of ENSO, the ONI index
exhibits high PS with precipitation at inter-annual time-
scales in the Niño 3.4 region as well as the CAR and GUI
zones. In terms of seasonality, during EN, PS is higher
over the central Pacific in MAM and JJA, while over the
CAR and GUI, it does not give a clear seasonal behaviour
although PS is significant for all seasons. In contrast, dur-
ing La Niña, PS is higher over the central Pacific zone
with significant values for all seasons, while PS is higher
in the CAR and GUI zones mainly in JJA. Moreover, the
FEP zone does not show significant PS, which agrees
with the weak linear relationship between the SST Niño
3.4 index and rainfall found by Jauregui and Takaha-
shi (2018).

An interesting result is that while many regions with
significant PS also experience significant precipitation
anomalies, there are regions where significant PS occurs
without corresponding precipitation anomalies, and vice
versa. This suggests that ENSO may influence inter-
annual precipitation variability in certain regions
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primarily in terms of phases rather than amplitudes
(e.g., the CAR region in MAM during EN). This result
opens new questions about the relationship between
ENSO and precipitation, which may not be fully captured
through composite analysis. Similar results were found
for rainfall anomalies using the CMAP data (see Supple-
mentary Material; Figure 3). Moreover, we obtain analo-
gous results of PS between precipitation at inter-annual
timescales and anomalies of SST in the Niño 3.4 region
filtered using EEMD (see Supplementary Material; Fig-
ures 6 and 7). In general, we found spatial patterns simi-
lar to those found seasonally for the PS using a long-term
approach for the periods of preferential peak in the prob-
ability mass of Φ1,1 (preferential values in the phase dif-
ference versus time diagram). However, precipitation
anomalies do not show significant differences because
both LN and EN events occur during such synchrony
periods (not shown). Hence, the seasonal synchroniza-
tion approach take relevance to investigate PS patterns as
well as precipitation anomalies.

Our findings on phase synchronization patterns and
precipitation anomalies during EN correspond to certain
regions highlighted by Yun et al. (2021), particularly in
the central Pacific, where positive precipitation anoma-
lies occur during winter and spring. However, their focus
is primarily on precipitation anomalies associated with
shifts in the Walker and Hadley cells. Yun et al. (2021)

propose that the shifts in the Walker and Hadley cells are
not adequately captured by common ENSO indices such
as the Niño 3 region. This disparity suggests that our
research addresses distinct inquiries, leading to different
results. Additionally, investigating the effects of Walker-
Hadley synchronization on the precipitation of NSA and
FEP falls outside the scope of our study.

5.2.2 | Analysis for different phases and
types of ENSO

In general, there is a higher phase synchronization
between the EP EN index and precipitation over the
study region for all seasons (Figure 6). According to Tim-
mermann et al. (2018), a large eastward shift of Pacific
convection occurs during EP EN, which could be associ-
ated with the higher synchronization patterns found over
FEP. This result agrees with previous evidence that pre-
cipitation anomalies for EP EN are higher than those
experienced for CP EN for all seasons (Cai et al., 2020;
Sullivan et al., 2016). The warmer (cooler) FEP waters
during EP (CP) EN are related to a southward (north-
ward) migration of the eastern Pacific ITCZ (Capotondi
et al., 2015; Huaman & Schumacher, 2018; Zheng
et al., 2014), which could be related to a greater PS near
FEP and south (north) of the equator. Rainfall anomalies

FIGURE 5 Strength of phase synchronization (χ1,1) between ONI and GPCP precipitation over the far-eastern Pacific and northern

South America. (left column) EN. (right column) LN. (dots) Zones where precipitation anomalies are significant at the significance level of

0.05. (purple) Zones where χ is significant at 0.05. [Colour figure can be viewed at wileyonlinelibrary.com]
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during CP and EP EN types in NSA are due to the anom-
alous displacement of the Walker Cell (Cai et al., 2020;
Hu et al., 2016; Sulca et al., 2024; Tedeschi &
Collins, 2016). For CP EN, there is dryness (negative pre-
cipitation anomalies) over NSA due to anomalous sink-
ing motion and divergent moisture transport. During EP
EN, this motion moves towards the northern Amazon
Basin, allowing for positive anomalies over FEP and the
coasts of Peru and Ecuador (Andreoli et al., 2017).
According to Gushchina et al. (2020), there is a weak
response to the CP EN signal in terms of dryness indices
over the tropical surface when compared with the
response during the EP EN. Those studies are consistent
with our findings for precipitation (see Figure 4; Supple-
mentary Material). Furthermore, the previous literature
suggest that for EP EN, a higher impact on precipitation
can be expected over the coasts of Colombia, Ecuador
and Peru, resulting in higher anomalies than those expe-
rienced during CP EN. Notwithstanding, the tropical
Andes regions exhibit particularities that deserve further
research in terms phase synchronization, which are out
of the scope of this work. In this sense, Segura et al.
(2019) shows that precipitation in the southern tropical
Andes (20� S–8� S) is primarily influenced by sea surface
temperature (SST) variability over the central Pacific.
However, in the transition Andes (8� S–5� S), this SST
variability (e.g., February–April during EN and LN) is
not the primary factor. Dry events in the transition Andes
are associated with an intensification of the eastern
branch of the Walker cell, while wet events are linked to
increased convection over the equatorial Amazon
(Segura et al., 2019).

Moreover, Figure 6 evidences that the magnitude of
the strength of PS increases progressively from CP EN
χ ≈ 0:4ð Þ, EP EN χ ≈ 0:6ð Þ and the Mixed-type EN
χ ≈ 0:8ð Þ, respectively. In addition, the areas of PS are less
extensive for CP EN and larger for the Mixed-type EN. In
this sense, the PS method enables us to unveil these pat-
terns over the study region, which coincide with those
reported in the literature (Andreoli et al., 2017;
Gushchina et al., 2020; Takahashi & Martínez, 2019).
Furthermore, for these CP and EP EN some regions of
significant precipitation anomalies do not show
significant PS.

5.3 | Strength of phase synchronization
between SSTs in the tropical Pacific Ocean
and low-level winds

Figure 7 shows the seasonal strength of PS between ONI
and zonal wind speeds at 925 hPa. We found that during
EN and LN, the ONI index is phase-locked with zonal
wind speeds in most of the zones where precipitation also
exhibits PS (Figure 5). In this sense, PS is stronger over
the Niño 3.4 region, in the zones where a higher coinci-
dence with precipitation can be expected for EP EN (see
Figure 6). Additionally, those PS patterns resemble those
discovered for zonal wind velocities at 850 hPa (not
shown).

We found that during EN and LN in JJA and DJF, the
winds are phase-locked with ONI over the area of
the CLLJ, over the Caribbean Sea, the Andean region of
Colombia, Central America and the tropical Pacific

FIGURE 6 Strength of phase synchronization (χ1,1) between GPCP precipitation and the Indices for different types of EN. (left column)

CP EN, (centre column) EP EN, (left column) Mixed-type EN. (purple) Zones where χ is significant at 0.05. [Colour figure can be viewed at

wileyonlinelibrary.com]
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Ocean around latitude 5� N. During these seasons, the
increase (decrease) of the CLLJ winds is related to
the increase (decrease) of wind divergences over these
regions resulting in less (more) precipitation than normal
(Wang, 2007) (see Figure 3). In addition, wind speeds at
925 hPa are phase-locked with ONI also for seasons
when the CLLJ is not in its maximum activity. In con-
trast, CLLJ winds and precipitation are phase-locked
mainly during EN over the Caribbean and the Andes
mountains of Colombia whereas during LN such PS only
is evidenced in JJA (see Figure 5; Supplementary
Material).

For the OLLJ in DJF (its season of activity), we found
that during EN and LN, there is PS between ONI and
OLLJ winds at the entrance of the OLLJ. However, over
the corridor of the OLLJ, there is no evidence of PS for
both ENSO states. Furthermore, we found that during
EN and LN, the OLLJ winds are not PS with precipitation
in the Orinoco plains of Colombia. These results can be
explained because during EN (LN) the OLLJ winds
decrease (increase) their frequency of occurrence, and
there is a decrease (increase) in the water vapour flux
over the corridor of the OLLJ. Particularly, in the OLLJ
corridor, precipitation slightly decreases for both ENSO
states without a clear pattern of alteration (Builes-
Jaramillo et al., 2022a, 2022b).

For the ChocoJet in SON (its season of activity), we
found that during EN (LN), the ChocoJet winds are in PS
with ONI. We also found coherence with our analysis of
PS between ChocoJet winds and precipitation (see
Figure 5; Supplementary Material). These results can be
explained because during EN (LN) the ChocoJet winds
decrease (increase) and this behaviour has been associ-
ated with a decrease (increase) of precipitation over the
western Colombian Pacific (Poveda et al., 2011; Poveda &
Mesa, 2000; Yepes et al., 2019).

5.4 | Phase differences

Figure 8 shows the seasonal phase difference ϕ1,1

between the phases of the ONI index and precipitation
during EN and LN. This phase difference only makes
sense in zones where the strength of PS is significant
(hatched areas in the Figure 8) according to Section 4.3
because PS occurs only when the phase difference
exhibits a dominating peak around a preferential value.
During EN for all seasons, Figure 8 (left column) shows
that STAs and precipitation are in-phase (ϕ1,1 near to
0 or 2π) over the Niño 3.4 region. Furthermore, CAR
exhibits a phase difference (ϕ1,1 ranging from π=2 to π)
that suggest a transition between quadrature and anti-

FIGURE 7 Strength of phase synchronization (χ1,1) between ONI and zonal wind speed anomalies at 925 hPa from ERA5 atmospheric

reanalysis. (left column) EN. (right column) LN. (vectors) zones where anomalies of zonal winds are significant at the significance level of

0.05. (red boxes) areas associated with Low-level jets. (purple) Zones where χ is significant at 0.05. [Colour figure can be viewed at

wileyonlinelibrary.com]
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phased behaviour. Moreover, GUI shows that signals are
anti-phased (ϕ1,1 near to π). During LN, Figure 8 (right
column) exhibits phase difference patterns analogous to
those observed during EN. Notwithstanding, the phase
difference patterns for LN show higher variability than
for EN. Similar results were found for phase differences
using the CMAP data (not shown).

6 | FINAL REMARKS AND
FUTURE WORK

By means of phase synchronization techniques and com-
posite analysis, we have found that seasonal anomalies of
climatic variables in the FEP and NSA during EN and
LN states are consistent with those provided by the body
of the literature. Notwithstanding, we found important
particularities over the NSA patterns of surface tempera-
tures and surface pressure. In particular, the Caribbean
(CAR zone) and the Guianas (GUI zone) exhibit interest-
ing features. During EN, STAs are positive for all seasons
and coincide with negative SPAs. During LN, STAs are
positive in JJA and SON but negative in DJF and MAM;
for this state of ENSO, SPAs are predominantly negative.
In terms of seasonal precipitation anomalies, we found
that all seasons exhibit significant changes during both
states of ENSO. In particular, the central tropical Pacific

(the Niño 3.4 region), CAR and GUI zones exhibit higher
significant anomalies of precipitation. During EN (LN),
the Niño 3.4 region experiences positive (negative) anom-
alies, while the CAR and GUI zones exhibit negative
(positive) ones. These results had been reported by Rope-
lewski and Halpert (1987), Mason and Goddard (2001),
Glantz and Ramirez (2020), although none of these works
emphasized that NSA does not show significant changes
in precipitation anomalies in the corridor of the Orinoco
low-level jet. These results coincide with results reported
by Jones (2019) but contrast with finding presented in
other works (Builes-Jaramillo et al., 2022a, 2022b;
Salas, 2020). Furthermore, the tropical Pacific Ocean pre-
sents a band of significant precipitation anomalies during
the states of ENSO around the longitude 105� W–130� W
and latitudes 5� N–20� N. These features deserve future
research. When analysing the PS between precipitation
and the CP and EP EN indices, the strength of phase-
locking is more evident for the EP EN in all seasons,
showing also the synchronization in the areas where the
ITCZ is reported to migrate during this non-canonical
ENSO events. These particular results show the capability
of the PS technique to unveil the response of precipita-
tion to CP and EP as found previously (Andreoli
et al., 2017; Capotondi et al., 2015; Sullivan et al., 2016;
Tedeschi & Collins, 2016). Moreover, our results showed
that the magnitude of the strength of PS increases

FIGURE 8 Phase difference between the phases of the ONI index and precipitation during ENSO over the far-eastern Pacific and

northern South America. (left column) EN. (right column) LN. (dots) Zones where anomalies of precipitation are significant. (hatched)

Zones where the strength of PS is significant. [Colour figure can be viewed at wileyonlinelibrary.com]
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progressively from CP EN, EP EN and the mixed-type
EN, respectively.

Most regions with significant PS correspond to areas
exhibiting significant changes in precipitation anomalies.
However, in the Orinoco and northern Amazon River
basins, significant PS occurs without significant changes
in precipitation anomalies. This result allows us to
hypothesize that while the ENSO signal may be associ-
ated with precipitation phases in some regions, it might
not affect precipitation in terms of amplitude. This
insight prompts new research avenues into the influence
of ENSO states on precipitation, as classical composite
analysis mainly focuses on anomaly patterns in terms of
magnitudes, leaving the timing of climate variables rela-
tively understudied. Furthermore, we study PS between
LLJ winds at 925 hPa and precipitation. In particular, we
use zonal winds in regions associated with the CLLJ, the
OLLJ, and the ChocoJet. Our results confirm that during
EN, the phases of the CLLJ winds (JJA and DJF) are
related to a decrease in precipitation in the region,
whereas during LN, there is no evidence of PS
(Wang, 2007). The OLLJ winds do not exhibit PS with
precipitation in the Orinoco region for either state of
ENSO. The ChocoJet winds show PS with precipitation
over western Colombia for both states of ENSO, which
can be associated with the increase (decrease) in Choco-
Jet winds during LN (EN) and the increase (decrease) in
precipitation over western Colombia (Poveda &
Mesa, 2000). Finally, some PS spatial patterns for precipi-
tation and low-level winds at 925 hPa are coincident over
the LLJ regions, these results suggest phase synchrony
between low-level winds and precipitation, relationship
that have been mentioned using other approaches for
each LLJ case by Wang (2007); Poveda and Mesa (2000);
Builes-Jaramillo et al. (2022a, 2022b).

Our analysis of PS aligns with findings widely
reported in the literature regarding inter-annual time
scales. However, PS offers a distinct perspective on the
influence of ENSO on rainfall variability in the FEP and
NSA regions. Given its non-linear nature, the PS method
facilitates quantifying relationships between oscillatory
processes across diverse time scales, such as the interann-
ual variability of ENSO and the annual precipitation
cycle, and the inter-annual variability of ENSO and the
Pacific decadal oscillation (PDO). In this sense, this work
opens new questions for future work: (i) Stein et al.
(2014) proposed an ENSO seasonal synchronization the-
ory but, what are the patterns of PS between the inter-
annual variability of ENSO in the tropical Pacific Ocean
and the annual variability of precipitation over the FEP
and NSA?; (ii) Is there a significant PS between the PDO
and ENSO in the FEP and NSA? Do they offer new infor-
mation about the climate anomalies in FEP and NSA?

(Rojas-Murillo et al., 2021); (iii) Our results evidenced
that over the Pacific Ocean, North Atlantic Ocean, and
Southeastern Brazil, there is PS but not necessarily a
change in the magnitude of the precipitation anomalies,
remaining the questions: Which are the timing features
or non-direct pathways through other processes of the
hydroclimatic variables in this region during ENSO?;
Does desynchronization occur during ENSO transitions
from Neutral to EN or Neutral to LN? How are PS pat-
terns during the ENSO transitions? Further research is
needed about the phase synchronization features during
the ENSO transitions (Builes-Jaramillo et al., 2023);
(iv) What is the influence of the Walker-Hadley synchro-
nization on precipitation of NSA and FEP?; (v) How
could change synchronization patterns on ENSO under
climate change? Recent literature suggests that ENSO tel-
econnections could vary substantially under the influence
of global warming (Alizadeh, 2024) and (vi) How are the
patterns of synchronization between the Amazon convec-
tion and precipitation in the tropical Andes? Segura et al.
(2019) found relationships between those processes but a
synchronization approach is an open topic.
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