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Synchronization and interdependence between the cycles of
Colombia’s hydroclimatology and El Nino-Southern Oscillation

Abstract

Hydroclimatology of Colombia is highly influenced by El Nifio - Southern Oscillation (ENSO),
which conditions the hydrological response over Colombia, increasing (decreasing) rainfall
and streamflows during La Nina (El Nino) depending on the location in the country. This
dissertation presents an approach based on synchronization techniques to study the inter-
dependence between ENSO and hydrological variables in Colombia. To that end, we use
synchronization techniques such as: Phase synchronization (PS) that is based on the physi-
cal properties of weakly coupled periodic oscillators, and Generalized Synchronization (GS)
that is based on properties of recurrence of non-linear dynamical systems. Furthermore, we
quantify interannual hydroclimatic anomalies (HyAns) using diverse methods to evaluate
the sensitivity of linear and non-linear interdependence quantifiers. Our main findings re-
veal that: (1) we need of quantifying the uncertainty of HyAns in terms of magnitude, sign,
timing, and phase of ENSO, because HyAns methods induce an important error source and
bias on the interdependence analysis and modeling of climate time series; (2) We find that
the positive (negative) HyAns experienced in the Pacific, the Caribbean and the Andean
regions of Colombia, during La Nina (El Nino), are phase-locked with the ENSO. Moreover,
we provide evidence that the ENSO signal is phase-locked with the annual cycle of rainfall
in some regions of Colombia. Furthermore, other macro-climatic processes also show signif-
icant PS such as the Pacific Decadal Oscillation (PDO) and the North Atlantic Oscillation
(NAO); (3) The Caribbean, the CHOCO and the Orinoco Low-Level Jets (LLJs), and the
Cross-Equatorial Flow (CEF) constitute an interdependence mechanism and contribute to
explain hydrological anomalies in Colombia during the phases of ENSO. During La Nina (El
Nifo), GS is strong (weak) for the Caribbean and the CHOCO LLJs whereas GS is moderate
(strong) for the Orinoco LLJ. Moreover, moisture advection by the Caribbean and CHOCO
LLJs exhibit synchrony with HyAns at 0 to 2 (2 to 4) month-lags over north-western Colom-
bia and the Orinoco LLJ moisture advection synchonizes with HyAns at similar month-lags
over the Amazon region of Colombia. This work provides new evidence on the non-linear
interactions between hydro-climatic processes in Colombia and ENSO, and constitute an
unexplored approach to the understanding of climatic anomalies in tropical South America.
Keywords: Hydrology, Climatology, El Nino - Southern Oscillation (ENSO), Rainfall,
Streamflows, Anomalies, Phase Synchronization, Generalized Synchronization.



Sincronizacion e interdependencia entre los ciclos de la
hidroclimatologia de Colombia y El Nino-Oscilacion del Sur

Resumen

La hidroclimatologia de Colombia esta fuertemente influenciada por El Nino - Oscilacién
del Sur (ENSO), el cudl condiciona la respuesta hidrolégica en Colombia, incrementando
(disminuyendo) la lluvia y los caudales durante La Nifia (El Nifio) segtin la regién de Colom-
bia. Esta disertacién presenta un enfoque basado en técnicas de sincronizacion para estudiar
la interdependencia entre ENSO y las variables hidrolégicas en Colombia. Para tal fin, us-
amos técnicas de sincronizacién tales como: Sincronizacién de Fases (PS) que esta basada en
propiedades fisicas de osciladores periodicos debilmente acoplados, y Sincronizacién General-
izada (GS) que estd basada en propiedades de recurrencia de sistemas dindmicos no-lineales.
Ademds, cuantificamos las anomalies hidrocliméticas a escala interanual (HyAns) usando
diversos métodos para evaluar la sensibilidad de los cuantificadores de interdependencia lin-
eales y no-lineales. Nuestros principales hallazgos revelan que: (1) Es necesario cuantificar
la incertidumbre de las HyAns en términos de la magnitud, signo, momento de ocurrencia
y fase de ENSO porque los métodos HyAns inducen una importante fuente de error y sesgo
para el andlisis de interdependencia y modelacién de series climéticas; (2) Encontramos que
las anomalias positivas (negativas) en las regiones Pacifico, Caribe, y Andes de Colombia,
durante La Nina (El Nifio), estdn enfasadas con el ENSO. Ademads, presentamos evidencia
que la senial de ENSO esta enfasada con el ciclo anual de la lluvia en algunas regiones de
Colombia. Adicionalmente, otros procesos macroclimaticos también exhiben sincronizacion
de fase significativa tales como la Oscilacién Decadal de Pacifico (PDO) y la Oscilacién del
Atlantico Norte (NAO); (3) La adveccién de humedad por las corrientes de Chorro de bajo
nivel del Caribe, CHOCO y Orinoco, asi como el Flujo Cruzado Ecuatorial (CEF) consti-
tuyen mecanismos de interdependencia y contribuyen a explicar las anomalias hidrolégicas
en Colombia durante las fases de ENSO. Durante La Nina (El Nifio), GS es fuerte (débil)
para las corrientes del Caribe y CHOCO mientras GS is moderada (fuerte) para la corriente
del Orinoco. Ademas, la adveccién de humedad por las corrientes del Caribe y CHOCO ex-
hiben sincronizacién con las anomalias con 0 a 2 (2 a 4) meses de rezago sobre el noroccidente
Colombiano y la adveccion de humedad por la corriente del Orinoco se sincroniza con las
anomalias de lluvia con tiempos de rezago similares sobre la region amazénica de Colombia.
Este trabajo proporciona nueva evidencia sobre las interaciones no-lineales entre los procesos
hidroclimaticos en Colombia y ENSO, y ademas constituye un enfoque inexplorado para el
entendimiento de las anomalias climaticas en el norte de Sur America

Palabras Clave: Hidrologia, Climatologia, El Nino - Oscilacién del Sur, Lluvia, Caudales,
Anomalias, Sincronizacién de Fases, Sincronizacion Generalizada.
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1. Introduction

Northern South America is a highly relevant region to study hydro-climatic processes, their
interrelations and their socio-economical, environmental and ecological impacts [Poveda
and Mesa(1997), Coelho et. al.(2002), Grimm et al.(2009), Poveda et al.(2011), Andreoli et
al.(2017), Bedoya-Soto et. al.(2018)]. In particular, the continental territory of Colombia
is located in the northwestern corner of South America and it is influenced by a suite of
hydro-climatic processes from diurnal to inter-annual timescales [Poveda et al.(2004)]. The
hydro-climatic variability of Colombia is influenced by climatic processes occurring in the
tropical Pacific Ocean, the Atlantic Ocean and land-atmosphere-ocean feedbacks in conjunc-
tion with the orographic influence of the Andean mountains [Poveda and Mesa(1997), Poveda
et al.(2005), Bedoya-Soto and Poveda(2017)]. The occurrence of both phases of ENSO at
interannual timescales are associated with anomalies of diverse hydro-climatic variables and
processes, depending on the location in the country [Poveda and Mesa(1997), Poveda et
al.(2001), Poveda et al.(2011), Bedoya-Soto et. al.(2018)]. In general, according to the lit-
erature, negative anomalies in rainfall, river flows, soil moisture and vegetation activity are
witnessed during the warm phase (El Nifo), and the opposite during La Nifia in most of the
country [Poveda and Mesa(1997), Poveda et al.(2001), Poveda et al.(2011), Bedoya-Soto et.
al.(2018)].

This dissertation is a novel approach in order to reveal new insights regarding the impacts
of ENSO on northern South America. To that end, we use a set of non-linear methods
because the complex dynamics of the relation between ENSO and Colombian rainfall makes
hard the whole picture and also because traditional approaches are based on linear methods
(composites and linear correlations). In this sense, previous works that have investigated the
influence of ENSO on Colombian hydro-climatology can be classified in two large groups:
(1) the physical mechanisms that explain the impact of Pacific Oceanic-Atmospheric dynam-
ics over Colombia ( [Poveda and Mesa(1997), Poveda and Mesa(1999), Poveda et al.(2001),
Poveda et al.(2011), Poveda et al.(2014), Munoz et al.(2017), Jaramillo et al.(2017), Hoyos et
al.(2017)]; among others) and, (2) the statistical characterization and modeling of hydro-
climatic variables, under ENSO influence, using linear and non-linear techniques ( [Carvajal
et al.(1998), Poveda et al.(2003), Hurtado and Poveda(2009), Carmona and Poveda(2014)],
among others). It is remarkable emphasize that although not only ENSO has influence over
hydro-climatic variables of Colombia, it is a key component to understand the Colombian
water cycle dynamics. Then, although there is evidence of the interdependence between
hydro-climatic variables of Colombia and the Pacific ocean-atmospheric dynamics at ENSO
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timescales [Poveda et al.(2001), Poveda et al.(2011), Bedoya-Soto and Poveda(2017), Bedoya-
Soto et. al.(2018)], such interdependence has not been studied using an approach based
on the interaction between the oscillations under the assumption that physical phenom-
ena are generated by multiple oscillatory interacting systems or synchronization in the
sense of [Pikovsky et al.(2001)]. There are different methods to investigate synchronization,
based on recurrences [Marwan et al.(2007), Donner et al.(2010), Arnhold et al.(1999), Le Van
Quyen et al.(1999), Shiff et al.(1996)], phase differences [Rosenblum et al.(1997), Pikovsky
et al.(2001)], or the quasi-simultaneous appearance of events [Stolbova et al.(2014), Malik et
al.(2012), Rheinwalt et al.(2016), Agarwal et al.(2017)]. In particular, the phase differences
method has physical basis deduced from weakly coupled oscillators whereas the method
based on recurrences is deduced on properties of the non-linear dynamical systems.

In Chapter 2, we study the definition of the so-called hydro-climatic anomalies (HyAns)
because extracting the annual cycle of hydro-climatic data is a widely used procedure in
Geosciences such as Meteorology, Hydrology, and Climatology, among others and, although
diverse methodologies are used to filter out the seasonal cycle, little effort has been made
to assess the uncertainties implied in the estimation of HyAns. To advance in dealing with
this issue, it is necessary to compare diverse methods to estimate HyAns, which are based
on diverse reference ‘climatologies’ in order to investigate the differences and biases among
different HyAns methods (in terms of their sign, timing, and magnitude) as well as their
repercussions for linear and non-linear analysis and modeling of climate time series.

In Chapter 3, we investigate Phase Synchronization (PS) between the El Nino - Southern
Oscillation (ENSO) signal and the (inter-annual and annual) cycles of rainfall in Colombia.
To that end, we carry out a detailed data analysis in order to define the annual cycle (AC),
eliminating the seasonal residual frequencies in hydro-climatic anomalies (HyAns), assessing
the statistical significance of PS metrics, and checking the sensitivity of the PS metrics in
relation to diverse HyAns estimation methods. In this chapter, we characterize the seasonal
regional patterns of rainfall anomalies in relation to the ENSO’s states. We look for PS
between HyAns in the five natural regions of Colombia and the ENSO signal as well as the
PS between the AC of rainfall and the ENSO signal. Furthermore, we explore possible PS
between HyAns and other macro-climatic processes such as the Pacific Decadal Oscillation
(PDO) and the North Atlantic Oscillation (NAO), among others.

In Chapter 4, we use Recurrence Quantification Analysis (RQA) to study features of Gen-
eralized Synchronization (GS) between El Nino-Southern Oscillation (ENSO) and monthly
HyAns (rainfall and streamflows) in Colombia. To that end, we check the sensitivity of the
RQA concerning diverse HyAns estimation methods. In general, the GS and its sensitivity
to HyAns methods are quantified by means of time-lagged joint recurrence analysis. Then,
we link the GS results with the dynamics of some important physical mechanisms that mod-
ulate Colombia’s hydroclimatology, including the Caribbean, the CHOCO and the Orinoco
Low-Level Jets (LLJs), and the Cross-Equatorial Flow (CEF) over northwestern Amazonia
(southern Colombia). In this chapter, we characterize the zones of Colombian territory un-
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der the influence of mentioned moisture advection sources during the phases of ENSO and
possible physical basis behind the synchronization patterns.
Finally, Chapter 5 contains general conclusions and future work.

1.1. Some hydroclimatic features of the region of study

The continental territory of Colombia can be divided into five major natural regions (see Fig
2-1) with different hydro-climatological, geomorphological and bio-ecological characteristics
due to the influence of diverse geographical features and processes at different spatial and
temporal scales.

Some remarkable aspects of annual and inter-annual rainfall and streamflow variability in
those regions are influenced by ENSO as follows:

The Pacific region comprises 7% of the total Colombian territory. The Atrato and San
Juan rivers drain most of the region to the Caribbean Sea and the Pacific Ocean. The region
witness one of the the rainiest regions on Earth, which has been explained in terms of
land-ocean-atmosphere interactions enhanced by the Choco low-level jet (Choco Jet) [Poveda
and Mesa(2000), Mapes et al.(2003a), Mapes et al.(2003b), Warner et al.(2003), Bedoya-Soto
et. al.(2018)]. [Poveda and Mesa(2000)] found that zonal wind at 925 hPa penetrates into
western Colombia as a low-level westerly jet, located at 5°N. Those winds are almost absent
during February—March, attain its maximum core wind velocities during October-November
(6-8 m/s) and decrease onwards, which explain combined with the activity of Mesoscale Con-
vective Complexes the high annual precipitation in this region. The annual cycle of rainfall
is bimodal with the rainiest periods in March—April-May (MAM) and September—October—
November (SON) and, the minima rainy periods in December—January—February (DJF)
and June-July-August (JJA). This characterization was based on IDEAM and TRMM
datasets [Hoyos et al.(2017)]. However, the recent work by urrea shows that rainfall season-
ality in the Pacific region depends also on the location in the region. The central Pacific
region exhibits a non-seasonal annual cycle while, that in northern Pacific is unimodal, and in
southern Pacific is bimodal. In particular, during El Nino, the strength of CHOCO jet winds
diminish as a result of reduction of the temperature gradient between surface air tempera-
tures over the Pacific coast off Colombia and the Nino 142 zone. Such weakening of CHOCO
jet winds causes a reduction of moisture advection from Pacific to Colombia and contribute
to explain negative anomalies in rainfall during El Nino [Poveda and Mesa(1997), Poveda
and Mesa(2000), Rueda and Poveda(2006), Bedoya-Soto et. al.(2018)].

The Caribbean region constitutes 12% of the total Colombian territory. The western
Caribbean region exhibits a bimodal annual cycle with the rainiest periods in MAM and
SON, and the driest ones in JJA and DJF, whereas the eastern Caribbean region exhibits a
mixed seasonality [Urrea et al.(2018)]. This region is strongly influenced by the Caribbean
Low Level jet (CLLJ), whose easterly zonal wind at 925 hPa has a bimodal annual cycle,
with maxima in July and February, in response to the sea level pressure changes in the
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North Atlantic Subtropical High (NASH) [Wang(2007), Poveda et al.(2014)]. According
to [Hoyos et al.(2017)], the main influence of the CLLJ in the region occurs at the end
of the SON season, when the blocking effect of the CHOCO jet over the Tropical Pacific
is weakened and the southward component of low-level transport is intensified when the
ITCZ is in its southernmost position. Then, as a result, the low level transport that crosses
Central America deflects towards western Colombia, enhancing the convergence moisture in
this area in DJF [Hoyos et al.(2017)]. Notwithstanding, during La Nina, the easterly CLLJ
winds are weak (strong) in JJA (DJF), whereas during El Nifo, the easterly CLLJ winds
are strong (weak) in JJA (DJF) [Wang(2007)]. Hence, the CLLJ influence over northern
South America contributes to explain rainfall anomalies during ENSO over the Caribbean
basin and the nearest continental areas [ Wang(2007), Murios et al.(2008), Arias et al.(2015)].

The Andean region is delimited by the three branches of the Andes mountains, its area
constitutes 19% of the total Colombian territory. The Magdalena and Cauca constitute the
most important river basins draining river flows into the Caribbean Sea. Precipitation in this
region exhibits bimodal annual cycles with the rainiest periods in March—April-May (MAM)
and September—October-November (SON). In this region, the latitudinal migration of the
ITCZ and its interactions with topography play an important role in the annual distribution
of hydro-climatic variables, whose ACs spatially vary in agreement with the migration of the
ITCZ and other physical mechanisms [Poveda and Mesa(1997), Hoyos et al.(2017), Urrea et
al.(2018)]. At interannual time scales, precipitation and streamflows in this region exhibit
strong correlations with ENSO, overall with severe droughts during El Nino and severe floods
during La Nina [Poveda and Mesa(1997), Poveda et al.(2001), Poveda et al.(2011), Poveda
et al.(2015), Cordoba-Machado et al.(2015), Cordoba-Machado et al.(2014), Bedoya-Soto et.
al.(2018)]. The work by povedall on the relationship between the hydro-climatic anomalies
over the Andes of Colombia and their relation to ENSO, concludes that the ENSO’s effects
are phase-locked to the seasonal cycle, being stronger during December—January—February
(DJF) but weaker during March-April-May (MAM). Furthermore, such relation between
ENSO and the seasonal cycle is evidenced in rainfall, river discharges, soil moisture and, the
vegetation index (NDVI) as a surrogate of evapotranspiration [Poveda et al.(2011)].

The Orinoco region is a vast plain whose area constitutes 22% of the total Colombian
territory. The main rivers of its fluvial system are the Orinoco, Guaviare and Meta and its
hydro-climatology is strongly influenced by the Orinoco LLJ (also known as Corriente de los
Andes Orientales (CAO) or Low Level Jet in the Eastern Plains) [Montoya(2001), Torrealba
and Amador(2010), Jiménez-Sdnchez(2019)], whose strong northeasterly flux crosses through
the Orinoco and Amazon river basins. Such flux causes a localized weak moisture convergence
over this area, which conjointly with the slower latitudinal migration of the ITCZ explains
the unimodal annual cycle of precipitation with the rainiest and driest months in June and
January, respectively [Hoyos et al.(2017)]. The most important sources of moisture of this
region are the Atlantic Ocean, local recycling and terrestrial recycling from the Amazon
and Orinoco Basins [Poveda et al.(2014), Arias et al.(2015)]. In this region, hydro-climatic



1.1 Some hydroclimatic features of the region of study 5

variability can be influenced by the Cross-Equatorial winds, which have an annual cycle
with negative values (northern winds) between October and March with peak in December
and positive values (southern winds) between April and September, with peak in June. The
V-index for the Cross-Equatorial winds explains a high percentage of the seasonal variance
of precipitation (37%) in northern South America [Wang and Fu(2002)].

The Amazon region is located north of the Amazon Basin and south of the Colombian
territory. Its area constitutes 40% of the total Colombian territory. The main rivers of its
fluvial system are Amazonas, Caquetd, Putumayo, Guaviare, Apaporis and Vaupes and, the
moisture transport from the Amazon basin to Colombia induces temporal and spatial water
cycle variability [Poveda and Mesa(1997)]. The AC of precipitation is unimodal with maxima
in May [Hoyos et al.(2017)], and its main sources of moisture, as in the case of Orinoco, are
the Atlantic Ocean, local recycling and terrestrial recycling from the Amazon and Orinoco
Basins [Hoyos et al.(2017), Arias et al.(2015)]. In this region as well as in the Orinoco region,
the annual and inter-annual cycles of hydro-climatic variables are significantly influenced by
the Cross-Equatorial winds [Wang and Fu(2002)]. Notwithstanding, the literature does not
provide information regarding the response of the Cross-Equatorial winds during different
ENSO phases.
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2.1. Abstract

The implications of the estimation of inter-annual hydro-climatic anomalies (HyAns) need
careful consideration, but the importance of the process does not correspond with the usual
practice. For instance, common estimation techniques do not consider error sources or
induced biases in subsequent interdependency analysis with other time series or climatic
indices. Consequently, there is room for ambiguity in the physical interpretation of results.
To advance in dealing with this issue, we quantify rainfall anomalies over Colombia (in
terms of their sign, timing, and magnitude) and their interdependence with the El Nino -
Southern Oscillation (ENSO) as a paradigmatic case to illustrate the problems, to compare
different methods to define HyAns, and to infer recommendations. In general, we compare
five HyAns estimation methods that consider both constant and variable definitions of the
annual cycle. Next, we use the Pearson correlation analysis as well as the composite analysis
to investigate the influence of those Hy Ans methods on the analysis of time series. Our results
reveal significant differences among the Hy Ans methods regarding the influence of ENSO on
monthly precipitation in Colombia in terms of magnitude, timing, spatial patterns, spectral
properties, correlations, and probability distribution functions. This assessment study allows
us to conclude that the method to estimate inter-annual HyAns based on moving averages is
most adequate because of its (i) clear theoretical foundation, (77) non-constant annual cycle,
and (i11) adequate filtering of high-frequencies, among other criteria. Our identification of
the differences between the diverse HyAns methods reveals biases and error sources toward
the analysis and modeling of climate time series, which generate ambiguities for the physical
interpretation of results. Our study presents methods that can be used anywhere in the
world and evidences the need to tackle this fundamental but often overlooked problem. In
particular, we stress its importance in assessing ENSO’s effects on hydro-climatic processes.
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2.2. Introduction

The seasonal component is the strongest signal in the temporal dynamics of hydro-climatic
data. In order to investigate other signals and processes at different timescales, it is cus-
tomary to remove the seasonality to obtain the so-called hydro-climatic anomalies (HyAns).
This de-seasonalization is a widely used procedure in Geosciences and especially Meteo-
rology, Hydrology, and Climatology, among others [Fraedrich and Miller (1992), Chandler
(1992), Mason et al. (2001), Brohan et al.(2006), Hegerl et al.(2018)] and, although there are
diverse methodologies to filter out the seasonal cycle, comparably less effort has been made
to assess the uncertainties implied in the estimation of HyAns. In this sense, recent studies
have shown that the analysis of hydro-climatic time series requires careful pre-processing
steps to filter out the seasonal cycle in order to look for robust results and interpretations,
because minor differences in data pre-processing can produce contradictory or even spurious
results [Lange et al.(2018), Salas et al. (2020)].

To advance in dealing with this issue, we compare five widely used methods to estimate
HyAns, which are based on diverse reference ‘climatologies’: (i) the Traditional Annual
Cycle (TAC) or constant climatology, which use long-term monthly averages as the annual
cycle, which in turn assumes a constant response of the climate system to the periodic forcing
of the annual solar incident radiation (SIR), and does not consider the non-linear and non-
stationary responses of the climate system to the external forcing of SIR [Salas et al.(1980)],
(i) Fourier filtering of the annual cycle (hereafter Fourier), (7ii) filtering of the annual cycle
by Moving Averages (hereafter FAC), whose mathematical properties allow to filter out the
seasonal frequencies and their harmonics from the original climatic time series [Douglass
(2011), Douglass (2015)], (iv) Singular-Spectrum Analysis to extract the annual cycle (here-
after SSAC), which enables us to decompose a time series into its elementary patterns using
a Principal Component Analysis (PCA) in the vector space of delay coordinates. After this
decomposition, the elementary temporal patterns are distinguished into noise, semi-annual,
annual and inter-annual components [Vautard et al.(1992), Ghil (2002)], (iv) Subtraction
of the Modulated Annual Cycle (MAC), which is based on the Ensemble Empirical Mode
Decomposition (EEMD) technique. This method decomposes the signal into seasonal fre-
quencies and other oscillation modes [Huang et al.(1998), Wu and Huang(2009)]. Hence,
HyAns defined using the TAC and Fourier methods imply a constant climatology, whereas
to define HyAns using FAC, SSAC, and MAC a non-constant annual cycle is implied.

To carry out our comparative analysis among HyAns methods, we study interannual rainfall
anomalies during two extreme phases of ENSO (El Nifio and La Nina) over South America
because, despite the progress in understanding climate interactions in this region, uncertainty
remains regarding the robustness of the impacts [Cai et al.(2020)]. In particular, we focus
our research on the continental territory of Colombia, located in the northwestern corner of
South America (see Fig. 2-1). A suite of hydro-climatic processes from diurnal to inter-
annual timescales influence Colombia’s climate [Poveda et al.(2004)]. Besides, it is a highly
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relevant region where the hydro-climatic anomalies associated with ENSO produce strong
socio-economical, environmental and ecological impacts [Poveda and Mesa(1997), Coelho
et al.(2002), Grimm et al.(2009), Poveda et al.(2011), Andreoli et al.(2017), Bedoya-Soto
et. al.(2018), Poveda et al.(2020)]. The main controls of the hydro-climatic variability of
Colombia are processes occurring in the tropical Pacific Ocean, the Atlantic Ocean, and
land-atmosphere-ocean feedback in conjunction with the orographic influence of the Andean
mountains [Poveda and Mesa(1997), Poveda et al.(2005), Bedoya-Soto and Poveda(2017)].
During both phases of ENSO, there are characteristic hydroclimatic anomalies, depend-
ing on location in the country [Poveda and Mesa(1997), Poveda et al.(2001), Poveda et
al.(2011), Bedoya-Soto et. al.(2018)]. In general, negative anomalies in rainfall (decrease
in rainfall), river flows, soil moisture, and vegetation activity occur during the warm phase
(El Nino) and the opposite during La Nina. Hence, Colombia is an adequate and interesting
region to study how to characterize HyAns and investigate the differences and biases among
different methods to quantify HyAns and their implications for analysis and modeling of
climate time series.

Depending on the estimation method, temporal and spatial properties of HyAns could con-
siderably differ, leading to significantly different physical interpretations about the interan-
nual variability. Furthermore, some HyAns methods are widely accepted in climate sciences
research [Salas et al.(1980), Vautard et al.(1992)], although they lack physical justification,
especially given the non-linear character of the climate processes [Wu et al.(2008), Fedorov
et al.(2000), Thoning and Tans (1989)]. Hence, in order to quantify the differences between
HyAns methods, we compare the probability distributions of the HyAns estimations using
the k-sample tests, a powerful method based on likelihood ratio that improves the conven-
tional Kolmogorov-Smirnov, Cramér-von Mises and Anderson-Darling tests [Zhang and Wu
(2007)).

Moreover, we explore the influence of the studied HyAns methods through Pearson’s corre-
lations, a well-known and straightforward measure of linear association [Pearson (1895)].
Then, we quantify Pearson correlations between an index of ENSO in the tropical Pa-
cific Ocean, the Multivariate ENSO Index (MEI) [Wolter and Timlin (2011)], and rainfall
anomalies in Colombia using the five different HyAns methods. Furthermore, we investigate
whether the HyAns methods can induce significant differences in the composite analysis, a
frequently used tool to infer the relationships among different climate phenomena [Terray et
al. (2003), Boschat et al.(2016), Xie et al. (2017)] and we validate our results using parametric
and non-parametric tests [Nicholls (2001), Terray et al. (2003)]. As a complement, we discuss
the role of the scale factor and the reference climatology in the formal definition of climate
anomalies.

The purpose of this work is threefold: (i) to quantify and compare rainfall anomalies through-
out Colombia estimated by the five different HyAns methods, namely HyAns—TAC, HyAns—
Fourier, HyAns—FAC, HyAns-SSAC, and HyAns-MAC. (ii) To investigate the influence of
HyAns methods on the analysis of the mutual dependence between macro-climatic phenom-
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ena and hydrological time series. (iii) To recommend a HyAns method for practical purposes
based on essential criteria, such as firm theoretical foundation, variable climatology, and ad-
equate filtering of inter-annual frequencies.

This work is structured as follows: Section 2.3 describes the region of study and the precip-
itation data sets. Section 4.4 presents definitions of hydro-climatic anomalies using the five
methods described above, as well as comparison methods such as Pearson correlation, com-
posite analysis, and k-sample tests. Results are discussed in Section 4.5 and the conclusions
are drawn in Section 4.6.

2.3. Region of study

There are five regions in the continental territory of Colombia: Andes, Orinoco, Pacific,
Amazon, and the Caribbean. Each exhibits different hydro-climatological, geomorphological,
and bio-ecological characteristics due to the influence of diverse geographical characteristics
and climate processes [[GAC'(2002)]. Figure 2-1 shows the continental location of Colombia
as well as the five different regions.

2.3.1. Data
Colombian precipitation

e Dataset No. 1: We use data from a precipitation reanalysis performed by Hurtado-
Montoya and Mesa [Hurtado and Mesa(2014)], which produced monthly precipitation
fields for Colombia, spanning the period from 1975 to 2006, at a spatial resolution
of 5 minutes of arc, in the region 5°S-15°N and 80°W-65°W. Those authors used a
set of 2270 rain gauges from diverse institutions including Instituto de Hidrologia,
Meteorologia y Estudios Ambientales de Colombia (IDEAM), Empresas Publicas de
Medellin (EPM), Centro Nacional de Investigaciones del Café (CENICAFE) and The
Global Historical Climatology Network (GHCN). Besides, they also used satellite im-
ages from the Global Precipitation Climatology Project (GPCP)-V2, National Cen-
ters for Environmental Prediction (NCEP)/National Center for Atmospheric Research
(NCAR), Tropical Rainfall Measuring Mission (TRMM), and the Geostationary Satel-
lite System (GOES). Finally, the monthly precipitation fields resulted from an optimal
combination of the available data and the implementation of the PRISM model [Daly
et al. (2002)] for space interpolation, taking into account the topography of the Colom-
bian territory. This dataset is freely available through personal communication with
the authors [Hurtado and Mesa(2014)].

e Dataset No. 2: Climate Hazards Group InfraRed Precipitation with Station data
(CHIRPS) is a high resolution (0.05°), daily, pentad, and monthly quasi-global rainfall
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Figures 2-1.: Region of study. a) Continental context. b) National context including the

five major natural regions [I[GAC(2002)] (Andes, Orinoco, Pacific, Amazon
and Caribbean). Figure was created using the void-filled elevation (30 sec
DEM) raster obtained from the World Wildlife Fund HydroSHEDS project
[Lehner et al.(2008)], and used under the following license. This product
incorporates data from the HydroSHEDS database which is (¢ World Wildlife
Fund, Inc. (2006-2013) and has been used herein under license. WWF' has
not evaluated the data as altered and incorporated within, and therefore gives
no warranty regarding its accuracy, completeness, currency or suitability for
any particular purpose. Portions of the HydroSHEDS database incorporate
data which are the intellectual property rights of ©USGS (2006-2008), NASA
(2000-2005), ESRI (1992-1998), CIAT (2004-2006), UNEP-WCMC (1993),
WWF (2004), Commonwealth of Australia (2007), and Her Royal Majesty and
the British Crown and are used under license. The HydroSHEDS database
and more information are available at http://www.hydrosheds.org.

data set [Funk et al.(2015)]. It covers the 50°S-50°N latitudinal band (and all longi-
tudes), ranging from 1981 to near-present. The purpose of CHIRPS was to support

the United States Agency for International Development Famine Early Warning Sys-
tems Network (FEWS NET) [Funk et al.(2015)]. In this work, we use 0.05° spatial
resolution and the monthly time resolution from 1 January 1981 to 31 December 2018
over Colombia (5°S-15°N and 80°W-65°W).
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ENSO signal

To characterize the ENSO signal, we use the monthly Multivariate ENSO Index (MEI)
version 2.0 (MELv2) [Wolter and Timlin (1998), Wolter and Timlin (2011)]. Five vari-
ables enter into the definition of the index: sea level pressure, sea surface temperature,
surface zonal winds, surface meridional winds, and Outgoing Longwave Radiation (OLR).
The MEIv2 uses observations of OLR from NOAA Climate Data Record, whereas the orig-
inal MEI used observations based on the International Comprehensive Ocean-Atmosphere
Data Set (ICOADS) cloud cover fraction data. MEI is a more reliable estimator of the ENSO
state compared to other indices such as Nino3.4 (based only on sea surface temperatures) or
SOI (based on sea-level pressures) [Rasmusson and Carpener (1982), Trenberth and Stepa-
niak (2001)]. Values of the MEI index greater (lesser) than +0.5 (-0.5) define the occurrence
of El Nino (La Nifa) events, whereas the remaining periods are neutral. We classified the
information of precipitation according to El Niio and La Nina events. See details on the
classification of events per year at the webpage https://www.esrl.noaa.gov/psd/enso/mei.

O PN W

Jan80 Jan85 Jan90 Jan95 Jan00 Jan05 Jan10 Jan15

Figures 2-2.: Multivariate ENSO Index (MEI) version 2.0 (MEIv2) and the Oceanic Nifio
Index (ONI). (dashed red line) values above the 0.5 for warm (El Nifio) events.
(dashed blue line) values below the -0.5 for cold (La Nina) events.

Besides, we also use the Oceanic Nino Index (ONI), above the 4+0.5°C threshold for warm
(El Nino) events and at or below the -0.5°C anomaly for cold (La Nifia) events, in order to
verify the consistency of our results https://psl.noaa.gov/data/correlation/oni.data. Figure
2-2 shows the MEIv2 and ONI indices while Table 2-1 shows El Ninio and La Nina events
according to the mentioned criteria.

2.4. Methods

We use five methods to estimate hydro-climatic anomalies (HyAns), which depend on the
way the annual cycle is defined. In those methods, the main idea is to subtract the seasonal
components from data to filter out the effect of the external solar forcing, common to all
hydro-climatic time series, and define the intra-annual and inter-annual variability of the
processes [ Wu and Huang(2009)]. In this work, we calculate HyAns as,
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Tables 2-1.: El Nifio and La Nina events according to the classification mentioned in Section

2.3.1.
El Nino | La Nina
1976-77 1975-76
1977-78 1983-84
1979-80 1984-85
1982-83 1988-89
1986-87 1995-96
1987-88 1998-99
1991-92 1999-00
1994-95 2000-01
1997-98 | 2005-06
2002-03 | 2007-08
2004-05 2008-09
2006-07 | 2010-11
2009-10 | 2011-12
2014-15 2016-17
2015-16 | 2017-18
‘ X _Acv(J)
Y;J(]T) _ Aor v (2-1)
; op

where X, ; denotes the original data for year v at the time interval 7 (in our case 7=1
month). ACY) indicates the annual cycle (or seasonal component) estimated by the method
7. In this study, o7, the standard deviation of the original time series, is the scale factor.
Thus, in Eq. (2-1), the HyAns, Y, ,, are defined using the same scale factor and varying the
technique to estimate the seasonal component. After that, we classify HyAns according to
the extreme phases of ENSO (La Nifia and El Niflo), as mentioned in section 2.3.1.

2.4.1. Hydro-climatic anomalies using TAC (HyAns—TAC)

The most popular technique to extract the annual (and semi-annual) components from hydro-
climatic data is by monthly standardization. It is defined as,

X’UT - AT
Yor= ,A—H’ 7=1,2,...,12 months, v =1,2,...,n years. (2-2)

Or

Here, ji, and &, denote the estimates of the monthly mean (or Traditional Annual Cycle -
TAC) and the monthly standard deviation, respectively [Salas et al.(1980)]. Eq.2-2 assumes
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cycle-stationary and constant climatology [ Wu et al.(2008)]. Besides, it leaves aside the non-
linear character of the climate system, and therefore the response to a periodic incoming solar
radiation could not be perfectly periodic [Wu et al.(2008)]. Finally, it does not remove all
of the seasonal frequencies [Douglass (2015)].

This approach attempts to separate the forced and the free responses of the climate system.
Then, the TAC method looks for removing the part of the time series that is forced by cyclo-
stationary astronomical driving. Given that such forcing is cyclo-stationary, one assumes
that its variability is entirely predictable. Therefore, although this attempt is valuable in
predicting the unforced component, the assumption of a linear response might bias the
analysis, measures, and skills of prediction of models.

2.4.2. Hydro-climatic anomalies using Fourier transform
(HyAns—Fourier)

This well-known method for analysis of time series considers that a time series is the su-
perposition of oscillations of different frequencies. In this sense, a time series X, ; is given
by
N/2
Xor=a,+ Z acos(2m fit) + Brsin(2m fit) + &; t=1,23,....,N, (2-3)
k=1
where t denotes the time, f, = % denotes the frequency, & is the harmonic of the fundamental
frequency, and N is the number of observations [Hashyap and Ramachandra (1976)]. The

parameter o, = X, ; is the mean of the time series, and o and 3, are

N
2
a = > Xyrcos2nfit)  k=1,2,..,N/2, (2-4)
t=1
N
2
Bo= % 2 Xugsin@nfit) k=12, N/2. (2:5)
t=1

For k > N/2, one considers a variance spectrum by decomposing the variance of the process
into a number of frequency bands. The spectral density I, is the amount of variance per
frequency band f; defined as,

N
Iy = 5} [0} + Bi], (2-6)
and the angular frequency is,

2k
Wk:T k:1,2,...,M. (2-7)

The plot of wy vs. I is the spectrum. Its smooth representation is called Power Spectrum,
where prominent spikes indicate periodicity and important contribution to the variance of
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the process at frequencies close to the peak. The total area under the spectrum is equal to
the variance of the process.

Using the prominent spikes of the spectrum, one can detect the natural frequencies fj of the
series. Then one can test the significance of the periodicity following a procedure described
by [Hashyap and Ramachandra (1976)]. In our case, we need to test the significance of
periodicity at semiannual (6 months) and annual (12 months) timescales, separately. Hence,
we built each new time series Sy with significant seasonal periodicity as

Sy = 1+ agcos(wit) + Prsin(wyt), (2-8)

where k is the harmonic of the fundamental frequency at which data exhibit significant
periodicity (associated with frequencies of 6 and 12 months) and p is the mean of time
series. Finally, we define the HyAns as,
Xor— 38
YU,T = 7—k? (2_9)
or

where Y, ; are the anomalies calculated by subtracting the seasonal frequency bands from
the original time series and o7 denotes the scale factor.

2.4.3. Hydro-climatic anomalies using F-Filtering (HyAns—FAC)

A moving average is a method to filter out the seasonal component of hydro-climatic time
series from the inter-annual components [Douglass (2011), Douglass (2015)]. As first step,
we calculate X, ; = X, ; — p, it denoting the overall mean. After that, we apply a 12-month

filter to XU,T, such that if we represent the time series by {XU,T} , m = 11 for monthly
0

e
series, then a two-sided moving average of the time series is given by,
k—1

o7 Y Xpirep T=kk+1,. m—k (2-10)
j=—k

. 1
F(X,,) =

where F()A(W) is a filtered time series based on averages of the original time series, Xw, m+1
indicates the total number of months, and k£ is a positive integer. Note that the denominator,
2k, in Eq. (2-10) denotes the size of the average window (in our case k = 6, for a 12-month
average window). For the sub-indices, (7+7)* = (7+j)mod(m), and v* =v—1if 7+ 5 <0,
or v* =v+1if 7+ 7 > m, or v* = v in the other cases. The result is intended to be a
season-free signal and the anomalies for this method are

Y, = v (2-11)

~

where F(X, ;) is a low frequency signal without seasonal components. A high frequency
signal that contains the seasonal and intra-seasonal frequencies and its harmonics is X, ; —
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A

F(X, ). In Eq. 2-11, o7 is the standard deviation of X, ;. According to Douglass [Douglass
(2011), Douglass (2015)], this filter has two important mathematical properties: (1) it is
similar to a low-pass filter that allows frequencies lower than 1.0 cycle/yr to pass and, (2)
the Fourier transform of F(X,,) contains a factor H12(f) = sin(12xf)/sin(xf), which
has zeros at multiples of the frequency [Smith (1997)] f = (1/12) month™!. Thus, both
the components of F(Xw) whose frequencies are exactly f = (1/12) month™' and all its
harmonics are completely removed.

In this work, we use a 12-month filter that is also denoted as “6-1-5" where “1” is the
reference [Douglass (2011)]. Hence, we lost six data points at the beginning of the time
series and five at end of the time-series. That is, in Eq. (2-10), k = 6 and 7 > 6. It is
necessary to point out that the filtered signal F()A(UJ) is a displaced signal in relation to )A(U,T

but this can be corrected using lagged-cross Pearson correlations between F(Xw) and )A(m.

2.4.4. Hydro-climatic anomalies using Singular Spectrum Analysis
(HyAns-SSAC)

The basis of Singular-Spectrum Analysis (SSA) is the Principal Component Analysis (PCA)
in the vector space of delay coordinates for a time series [ Vautard et al.(1992)]. The classical
PCA is used with multi-channel time series and gives the principal axes of a sequence of
M-dimensional vectors x; (1 < i < N), by expanding it according to an orthonormal basis
(EF1<k<M).

M
Xij=>» afEF1<j<M, (2-12)
k=1

where the coefficients a¥ are the principal components and the vectors E¥ are the empirical
orthogonal functions. The vectors E¥ are the eigenvectors of the cross-covariance matrix
of the sequence (X;). For a scalar time series denoted by z;, 1 < i < M, an equivalent
expansion is

M
Ty =Y alEf 1< <M (2-13)
k=1

The analogy is made by augmenting the single time series x; into the multi-variate time
series X; = (%11, Tivo, ..., Tirnr). Therefore, there is no formal difference between Eqgs. 2-12
and 2-13 [Vautard et al.(1992), Ghil (2002)]. In the latter, M is the window length, chosen
by the user, in contrast with the classical PCA, where M is the fixed dimension of data
vectors. As we shall see, SSA allows extracting information embedded in the delay-coordinate
phase space by decomposing the sequence of augmented vectors into simple patterns of
behavior, which one can classify into trends, oscillatory patterns, and noise [Ghil (2002)]. A
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possible interpretation of SSA is a data-adaptive filter that decomposes the time series into
components that are statistically independent at zero lag, with no use of prescribed waves
(sines, cosines, or wavelets) as classical spectral analysis [ Vautard et al.(1992), Ghil (2002)].
In our case, we define )A(UJ = X, — i, p denoting the overall mean after SSA decomposition.
After SSA processing, we define the standardized anomalies as,

1/’v T = . ) (2_14>

where X;T is the reconstructed signal after SSA decomposition, with predominant frequen-
cies at inter-annual timescales. or is the scale factor, the standard deviation of X, ..

2.4.5. Hydro-climatic anomalies using MAC (HyAns—MAC)

Wu et al. [Wu et al.(2008)] propose a method to quantify time series anomalies based on
Ensemble Empirical Mode Decomposition (EEMD) and the so-called Modulated Annual Cy-
cle (MAC) [Wu and Huang(2009)]. This method consists of decomposing a signal in a set
of Intrinsic Mode Functions (IFM), associated with different frequency bands, and conse-
quently, to diverse physical oscillation modes. The IMF’s containing the seasonal frequencies
(i.e., annual and semiannual) constitute the MAC, subtracted from the original time series
to obtain the anomalies. The rationale of this method comes from properties of non-linear
dynamical systems, for which the response of a non-linear dynamical system, under an ex-
ternal periodical forcing, might not be perfectly periodic [Wu et al.(2008)]. Then, when the
(non-linear) Earth climate system is excited by the seasonal solar incident radiation (SIR),
most likely, such non-linearities prevent the response (the hydro-climatic variables) from
being perfectly periodic [Wu et al.(2008)].

The Empirical Mode Decomposition (EMD) is an adaptive time-frequency data analysis
method that does not require a priori functional basis because its basis functions are derived
adaptively from data. This property of EMD allows its application to non-linear and non-
stationary data. However, the adaptive advantage of EMD has as the price the difficulty of
laying a firm theoretical foundation [Huang and Shen (2005)]. A summary of EMD is [Huang
et al.(1998)]: (1) The extreme maximum and minimum values are identified in (), (2) the
maximal values are connected using a cubic spline to find an upper envelope, U, (t). A
similar procedure is carried out to the minimal values resulting a lower envelope, L, (%),
(3) the average value between U, (t) and Ly, (t) is calculated [i.e. U(t) = M],
(4) the time series U is subtracted from z(t) [i.e. d(t) = x(t) — U(t)], (5) the time series
d(t) is considered as the new z(t) and the steps 1-4 are repeated until finding a signal with
zero mean that constitutes the first IMF, (6) the IMF is subtracted from the original time
series z(t) and the procedure is repeated to obtain the next IMF, and (7) stop the iterative
process when d(t) has only a maximum or a minimum value, so it is not longer possible to
extract more functions using d(t).



2.4 Methods 17

However, after decomposing a signal into a set of IMFs by EMD, each IMF contains in-
formation at several frequency bands, making its physical interpretation difficult. To solve
that problem, [Wu and Huang(2009)] proposed the EEMD method. A summary is (1) add
a white noise series to the original data z(t), (2) apply the EMD method to z(t) with added
noise to find the IMFs, (3) repeat steps (1) and (2) several times and, (4) calculate the
(ensemble) mean for each IMF, until finding stable values of the IMF at an error level e.
According to Wu and Huang [Wu and Huang(2009)], EEMD uses statistical properties of
noise and the EMD method serves as a dyadic filter for various types of noise [Flandrin et
al. (2005), Wu and Huang (2004 )], to enable the EMD method as a dyadic filter bank for any
data. Then, the EEMD method largely eliminates the mode mixing problem and preserves
the physical uniqueness of decomposition. In brief, the EEMD method works because the
added white noise populates the whole time-frequency space uniformly with the constituting
components of different scales. Then, when one adds the signal to this uniformly distributed
white back-ground, its components are projected onto the reference scales established by the
white noise. Hence, each trial may produce very noisy results, each EMD decomposition of
the noise-added signal yields to IMFs, which contain information of the signal and the added
white noise. Notwithstanding, while the noise in each trial is different in separate trials, it
cancels out in the ensemble mean of enough trials. Therefore, as more and more trials go
into the ensemble, the only persistent part is the signal [Wu and Huang(2009)].

Finally, denoting X’;T the summation of IMFs with predominant frequencies at inter-annual
timescales, identified using Fourier spectral analysis (in our experiment), the standardized
anomalies are

-/

X’UT
K),T = —, (2_15>

or

where the Y, ;’s are the standardized anomalies and oy is the standard deviation of X,, ;.

2.4.6. Pearson Correlations and Composite Analysis

Pearson linear correlations [Pearson (1895)] and composite analysis [Terray et al.(2003),
Boschat et al.(2016)] are two well-know methods to infer association between climatic vari-
ables. On the one hand, the Pearson cross-correlation coefficient for a time-lag 7 quantifies
the linear association between two time-series. Let X7 and Y{ two time-series in the locations
i and j, then the 7-lag correlation coefficient rxy can be estimated as [Salas et al.(1980)],

rxy(7) = t=‘1 (Xt — py) (Y ‘ - MH.T) o (2-16)
[y (X = ) 200 (Vs — pi)?]

where 7 = 0,1,2,...,n. For i = j, eqn. (3-16) is the temporal autocorrelation function

(ACF).

On the other hand, the composite analysis is a tool to infer the relationships between different

climate phenomena [Terray et al. (2003), Boschat et al.(2016), Xie et al.(2017)]. In general,




18 2 On the definition of hydro-climatic anomalies

following Xie et al. [Xie et al.(2017)] to investigate the association between an index I and a
field variable F', at first, we try to define some events, usually defined in terms of the index
I. If I satisfies some criteria, the timings of those events constitute the key times. After
that, we isolate the signal in the variable F' corresponding to I by calculating the average of
Fin all key times. Finally, through statistical tests, we check whether there is a significant
connection between those two variables or not [Terray et al.(2003), Boschat et al.(2016), Xie
et al.(2017)]. In our experiment, we compare the average anomalies computed using the
five different HA methods listed above, for El Nino and La Nina, to those estimated for
neutral epochs (according to the classification described in section 2.3.1). Also, we test the
null hypothesis of difference on average anomalies using the commonly-applied (parametric)
Student’s t-test [Nicholls (2001)] and also using a non-parametric test proposed by Terray
et al. [Terray et al.(2003)].

2.4.7. k-sample tests based on likelihood ratio

In the vast set of methods to quantify differences between data sets, we select a powerful
goodness-of-fit k-sample test, based on the likelihood ratio, in order to determine significant
differences among probability distributions of rainfall anomalies obtained from the different
HyAns methods. Let us denote as K,(,Q and Y;(fi) the estimated anomalies through methods ¢
and k, respectively. Then, it is possible to test the null hypothesis that %(,Q and Yv(fi) belong
to the same probability distribution function using a two-sample test.

According to Zhang [Zhang and Wu (2007)], the new k-sample tests have two main advan-
tages to more traditional tests (Kolmogorov-Smirnov, Anderson-Darling and, Cramér-von
Mises). The first is that traditional tests are derived based on the chi-squared statistic (x?),
whereas the new k-sample tests use the likelihood-ratio statistic. The second is that tradi-
tional tests are sensitive to location differences among distributions and are comparably less
strong in detecting variations in shape, whereas k-sample tests are sensitive to both location
and shape [Zhang (2002), Zhang and Wu (2007)]. Finally, k-sample tests allow us to compare
the probability distribution functions from the complete data sets instead of using metrics
based on a unique statistic attributes such as mean absolute error (MAE), mean square error
(MSE), root mean square error (RMSE), Minkowski distances (L), among others. In this
work, Zx, Z4 and, Zc denote the new k-sample Kolmogorov-Smirnov, Anderson-Darling
and, Cramér-von Mises tests, respectively.

2.5. Results and Discussion

The following is a discussion about the spatial and temporal analysis of differences among
the five methods to estimate hydro-climatic anomalies.
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2.5.1. Spatial patterns of rainfall anomalies during ENSO at the
national scale

Overall, the Andes, Caribbean, and Pacific regions exhibit negative (positive) rainfall anoma-
lies during El Nino (La Nina). In contrast, the Amazon and Orinoco regions experience
positive (negative) rainfall anomalies during the warm (cold) phase of ENSO [Poveda et
al.(2011), Bedoya-Soto et. al.(2018), Cai et al.(2020), Salas et al.(2020)]. Figure 2-3 sug-
gests that the studied HyAns methods yield consistent results classifying anomalies in terms
of their sign during both phases of ENSO. However, Fig. 2-3 also evidences that the methods
are not consistent in the magnitude of rainfall anomalies although for all five HyAns meth-
ods we used the same scale factor. A couple of examples regarding the differences among
the HyAns methods are (1) during La Nina, the HyAns—-TAC, HyAns-Fourier, and HyAns—
MAC methods exhibit high-positive anomalies in the Pacific region, whereas HyAns-FAC
and HyAns—SSA show lower-positive anomalies in the same region (Fig. 2-3, top row); (2)
during El Nino, the HyAns—TAC, HyAns—Fourier, and HyAns—MAC methods exhibit high
negative rainfall anomalies over the Pacific and Andes regions, whereas the other methods
show lower negative rainfall anomalies (Fig. 2-4, bottom panels).

Furthermore, we compare the spatial patterns of rainfall anomalies over the continental
territory of Colombia using the five Hy Ans methods. To that end, we compare the cumulative
probability distribution functions (CDFs) of the anomaly fields using the k-sample tests
based on the likelihood ratio, at the 5% significance level. Our results indicate that: (1)
During El Nino (Fig. 2-5 a), 70% (30%) of the study region experiences negative (positive)
rainfall anomalies. All HyAns methods coincide with this feature. Moreover, the k-sample
tests indicate that CDF's of HyAns—TAC and HyAns—Fourier are statistically equal, whereas
the comparison among the CDFs of HyAns-FAC, HyAns—SSA and HyAns-MAC indicates
that those produce statistically different results; (2) During La Nina (Fig. 2-5 b), 70%
(30%) of the study region experiences positive (negative) rainfall anomalies, and all HyAns
methods show this characteristic. Also, the k-sample tests indicate that CDFs of HyAns—
TAC and HyAns—Fourier are statistically equal, whereas the statistical comparison among
HyAns-FAC, HyAns—SSA and HyAns-MAC indicates that their CDF's are dissimilar.

A similar analysis was done using Dataset No. 2 (CHIRPS), Fig. 2-4 shows a good consis-
tency with the results from Dataset No.1 over the regions that exhibit negative (positive)
rainfall anomalies during El Nifio (La Nina). Figure 2-5 (c-d) shows the CDFs for the
CHIRPS dataset. k-sample tests indicate that CDF's of HyAns methods based on a constant
annual cycle are similar (HyAns—TAC and HyAns—Fourier). In contrast, CDF’s of HyAns
methods based on a non-constant annual cycle differ from each other.

It is necessary to point out that the magnitude of rainfall anomalies could change significantly
depending on the dataset used and the phase of ENSO (e.g., see Figure 2-5b and Figure
2-5d). Furthermore, the classification of the ENSO events using the MEI and ONI indices
provide similar results in terms of the composite rainfall anomaly fields, which suggest that
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Figures 2-3.: Composite rainfall anomalies (HyAns) over Colombia (Dataset No. 1 —
Hurtado-Montoya and Mesa (2014)), during ENSO, estimated by the five
HyAns methods. (Top panels) HyAns during La Nina (LN). (Bottom panels)
HyAns during El Nifio (EN). (dark line) boundaries of the natural regions of
Colombia. (gray line) northern South America boundaries of countries.

differences come from the HyAns methods of estimation (see Supplementary Information,
Figures A-1 and A-2). It is remarkable that during El Nino (La Nina), k-sample tests
over regions exhibiting only negative (positive) anomalies indicate that HyAns-FAC and
HyAns-MAC have statistically similar CDFs. Our results reveal that composite HyAns
fields calculated by different methods have significant statistical differences, although, at
first glance, the differences seem to be minor.

2.5.2. Temporal patterns of rainfall anomalies during ENSO

First, we analyze the Cumulative Distribution Functions (CDFs) of monthly rainfall anoma-
lies averaged across the five regions of Colombia. These analyses evidence that: (1) During
La Nina (Fig. 2-6 top row), rainfall anomalies are 70% (30%) of the time positive (negative)
in the Pacific, Andean and Caribbean regions whereas in the other regions are 70% (30%)
of the time negative (positive); (2) During El Nino (Fig. 2-6 bottom row), rainfall anoma-
lies are 70% (30%) of the time negative (positive) in the Pacific, Andean and Caribbean,
whereas in the other regions are 70% (30%) of the time negative (positive). Moreover, for
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Figures 2-4.: Composite rainfall anomalies (HyAns) over Colombia (Dataset No. 2 —
CHIRPS), during ENSO, estimated by the five HyAns methods. (Top pan-
els) HyAns during La Nina (LN). (Bottom panels) HyAns during El Nino
(EN). (dark line) boundaries of the natural regions of Colombia. (gray line)
northern South America boundaries of countries.

both phases of ENSO, all k-sample tests at 0.05 significance level, suggest that CDFs of
HyAns-TAC and HyAns—Fourier are similar. In contrast, the CDFs of the other HyAns
methods are different to each other. Less rigorous k-sample tests, at the 0.10 significance
level, indicate that HyAns-FAC and HyAns-MAC are similar in most cases. Those results
show high sensibility in HyAns estimation depending on the method.

The autocorrelation functions (ACFs) in Fig 2-7 (top row) show that the HyAns-TAC
and HyAns—Fourier rainfall anomalies exhibit a fast-decaying ACF. In contrast, the other
HyAns methods show a slower decay. These mean that ACFs of HyAns methods based on
a non-constant annual cycle (HyAns—FAC, HyAns-SSA and HyAns—-MAC) are analogous.
In contrast, the ACF of HyAns methods based on a constant climatology (HyAns-TAC
and HyAns—Fourier) are different from those based on non-constant climatology. Regarding
the power spectral density (PSD), Fig. 2-7 (bottom row) shows that HyAns-TAC and
HyAns—Fourier are similar. Also, the PSDs exhibit significant differences among HyAns—
FAC, HyAns—MAC and HyAns—SSA. Using the statistical test to detect significant periodic
frequencies proposed by [Ahdesmdiki et al.(2005)], one can demonstrate that HyAns—TAC
and HyAns—Fourier leave significant residual frequencies at intra-annual and seasonal time
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Figures 2-5.: Cumulative Distribution Functions (CDFs) of composite rainfall anomalies
fields throughout the continental territory of Colombia, using diverse HyAns
methods, during the extreme phases of ENSO (El Nifio and La Nina). (a-b)
CDFs using Data set No. 1. (¢c-d) CDFs using Data set No. 2 — CHIRPS.

scales, these residuals help explain the fast-decaying of ACF for these methods.

Moreover, the HyAns—SSA method mixes modes of variability with significant frequencies
at intra-seasonal and seasonal time scales that are hard to link with physical processes (not
shown). Meanwhile, the HyAns—FAC and Hy Ans—MAC methods allow removing the seasonal
and intra-seasonal frequencies satisfactorily and contribute to attest to the reliability of the
filtering to define inter-annual variability.

2.5.3. Repercussions of HyAns methods on Pearson correlation
analysis between rainfall anomalies and the ENSO signal
The choice of the HyAns method has a substantial impact on the interdependence analysis

and modeling of climate time series. In order to illustrate this we study the association be-
tween ENSO and rainfall anomalies over Colombia using a linear correlation analysis, which
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Figures 2-6.: Cumulative Distribution Functions (CDFs) of monthly rainfall anomalies
(Dataset No. 2 —CHIRPS) averaged over the five regions of Colombia for
La Nina (top row) and El Nifio (bottom row). Each column denotes one of
the Colombian regions.

is a well-known model to quantify the possible association between variables. Moreover,
Pearson correlation has been used to investigate the relationship between ENSO indices
and different hydro-climatic variables over Colombia (rainfall, streamflows, temperatures,
vegetation indices, among others). Those investigations show significant linear correlations
among the tropical Pacific Ocean dynamics and the land-atmosphere-ocean variability over
northern South America [Poveda and Mesa(1997), Poveda et al.(2011), Cérdoba-Machado et
al.(2015), Cérdoba-Machado et al.(2014), Bedoya-Soto et. al.(2018)].

In our experiment, we quantify the Pearson correlation coefficient r, between the MEI index
and rainfall anomalies over Colombia and its statistical significance. To that end, we use
1200 monthly time series of rainfall, each one corresponding to a pixel of the rainfall fields
for Colombia, spanning the period from 1975 to 2006 [Hurtado and Mesa(2014)]. For each
time series, we estimate the anomalies using the HyAns methods based on constant and
non-constant annual cycles. Then, we calculate r between the series of rainfall anomalies
and the MEI index. Also, we test the null hypothesis of no relationship between the ob-
served phenomena. If the p-value is smaller than the significance level (default is 0.05), the
corresponding correlation is significant. In this sense, we find that significant r typically
correspond to values higher than 0.50 or lower than -0.50.

1.2
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Figures 2-7.: Auto-correlation Functions, ACFs (top row) and Periodograms (bottom row)
of monthly rainfall anomalies, spatially averaged over the five regions of
Colombia using diverse HyAns methods.

In general, our results evidence that the Pearson correlation coefficients do not exhibit signif-
icant differences concerning the HyAns methods, when we use time series without classifying
the data points according to the phases of ENSO. An explanation for those results is that
42% of the data points in the time series correspond to ENSO’s neutral phase. In contrast,
during the extreme phases of ENSO (El Nino and La Nina), maps of correlations exhibit
significant differences with the HyAns methods (Fig.2-8). In such cases, Pearson correla-
tions do not have a bias induced by neutral data points, where 41% (17%) of the data points
correspond to El Nino (La Nina).

In particular, our findings allow us to conclude that: (1) the Andean, Pacific, and Caribbean
regions of Colombia exhibit significant negative correlations, when we use the complete
time series, for all HyAns methods as reported in several previous works [Poveda and
Mesa(1997), Poveda et al.(2011)]. Furthermore, the Orinoco and Amazon regions show
mainly non-significant correlations, although the HyAns-FAC and HyAns-MAC methods
indicate some areas of positive significant r values (Fig.2-8 top row). (2) During El Nifo,
the r-map using HyAns—TAC, HyAns—Fourier and HyAns—SSA suggest strong correlations
across the Caribbean and western Colombia. In contrast, the r-map using HyAns—FAC and
HyAns-MAC show a vast area of high significant r-values covering the continental territory
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Figures 2-8.: Pearson Correlation, r, between the MEI index and rainfall anomalies over
Colombia using diverse HyAns methods, each column denotes a HA method.
(top row) 7 using complete time series without classification of data according
to the ENSO phases. (middle row) r for the data points classified as El Nifio
(EN) following the MEI index. (bottom row) r for the data points classified
as La Nina (LN) following the MEI index. (contour lines) Zones where the
Pearson Correlation Coefficient, r, is significant at 5%.

of Colombia in the Pacific, Caribbean, and Andean regions, including the Caribbean sea
zone in northern Colombia (Fig.2-8 middle row). (3) During La Nina, the HyAns methods
exhibit differences regarding the areas of r significance. r-maps using HyAns—TAC, HyAns—
Fourier, and HyAns-SSA indicate smaller correlated areas over the country than r-maps
using HyAns—FAC and HyAns—MAC. Besides, the r-map for most of the methods show high
r-values covering the country to the north of 5° N, whereas the r-map using HyAns—SSA
suggests a weak connection towards the Caribbean Sea (Fig.2-8 bottom row). (4) k-sample
tests for datasets of significant r-values suggest equality of CDFs between methods based on
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constant annual cycle as well as equality of CDFs among methods based on a non-constant
annual cycle. Furthermore, there is a non-equality of CDF's in other cases (CDFs not shown
here).

2.5.4. Implications of HyAns methods on Composite Analysis
considering the phases of ENSO

We carry out a composite analysis to verify how HyAns methods affect the areas of the sta-
tistical significance of the composite fields. To this end, we compare the average anomalies
for La Nina and El Nino phases in relation to the Neutral ones. We compare composite
using the t-test (parametric) and the Terray’s test (non-parametric). In general, our results
reveal that the HyAns computed by the FAC and MAC methods include areas of statistical
significance that the HyAns by TAC, Fourier, and SSA are not able to capture (see Figure
2-9). Results are similar for both statistical tests and data sets (see Supplementary Infor-
mation, Figures A-3 to A-6). Hence, these results show that the structure of composites can
change significantly and requires a careful analysis of sensitivity regarding the estimation of
anomalies. Boschat et al. [Boschat et al.(2016)] suggested that “the message contained in the
structure of composites may be quite misleading unless interpreted carefully, and that physical
hypotheses framed from these need rigorous tests with appropriate tools”. In this sense, our
analysis allows us to conclude that the definition of anomalies plays a fundamental role in
the adequate inference through composite analysis.

2.5.5. The role of the scale factor and the reference climatology on
traditional HyAns

At this point, it is worth mentioning that the scale factor affects the interpretation of Hy Ans.
For example, the American Meteorological Society (AMS) defines climate anomaly as “the
difference between the average climate over a period of several decades or more, and the
climate during a particular month or season” [AMS(2015)]. Such a definition implies that
the scale factor is unity. At the same time, some well-known climate indexes are standardized
(e.g., Southern Oscillation Index —SOI) and take as scale factor the standard deviation of
each month [NOAA(2018)], which are the so-called standardized anomalies. Even though
both cases consider constant climatology, the latter provides more information about the
magnitude of the anomalies because they are in terms of the dispersion.

Both definitions above use the original time series, subtracting a base value from it. As we
mentioned in 2.4.1, the monthly mean of data is the most used value. However, as discussed
by Kawale et al. [Kawale et al.(2011)], the true theoretical mean is unknown, and most
of the time, a short reference interval defines the reference climatology, typically, 30 years.
Sometimes a shorter reference period can produce spurious results [Kawale et al.(2011)].
Then, the official definition of climate anomaly is different from the standardized climate
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Figures 2-9.: Composite analysis for rainfall anomalies (Dataset No. 2; CHIRPS) showing
the zones where mean anomalies for La Nifia (top row) and El Nino (bottom
row) are statistically different to the mean anomalies for the neutral phases
of ENSO. (hatched lines) zones of statistically different mean values using the
Terray’s test [Terray et al.(2003)] at the 0.05 significance level.

anomaly that provides information on the magnitude of anomalies in terms of the dispersion
of climate processes. Furthermore, the reference period is a subjective criterion that does not
consider the non-stationarity and non-linear dynamics of Earth climate processes. Also, the
most used definition of climate anomalies does not consider the behavior of hydro-climatic
variables in response to climate change.

Our results evidence that HyAns methods based on constant and non-constant annual cycles
can be strongly affected by the scale factor selected. In particular, the HyAns—Fourier
method exhibits high anomaly values if the scale factor considers the seasonal dispersion of
the climate time series.

2.6. Concluding Remarks

We study spatial and temporal patterns of hydro-climatic anomalies at interannual timescales
throughout Colombia during ENSO’s extreme phases. To that end, we use diverse HyAns
methods that use constant and non-constant definitions of the seasonal variability or an-
nual cycle: Traditional Annual Cycle (TAC), Fourier filtering of the annual cycle (Fourier),

7789 HyAns(%)
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=50
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filtering of the annual cycle by Moving Averages (FAC), annual cycle extracted by Sin-
gular Spectrum Analysis (SSA), and Modulated Annual Cycle (MAC). Our results unveil
significant differences among time series of anomalies in terms of their: spatial patterns,
magnitude, residual seasonal frequencies, the presence of noise, autocorrelations functions,
spectral properties, and probability distribution functions.

Furthermore, we studied the influence of these HyAns methods to analyze interdependence
among climate time series. We explored the relationship between ENSO and rainfall anoma-
lies in Colombia using Pearson correlations. Our results evidence that the significant linear
correlations might vary depending on the HyAns method and the phases of ENSO. For the
composite analysis, our results allow us to conclude that the definition of anomalies plays
a fundamental role in the proper inference of physical linkages through composites. Fur-
thermore, the apparent minor differences in the HyAns estimation using diverse methods
induce a significant error source and bias on the correlation analysis and modeling of climate
time series. Moreover, these results evidence that data pre-processing for HyAns estimation
requires verification of the adequate filtering of seasonal frequencies because some methods
such as HyAns-TAC, HyAns—Fourier and HyAns—SSA do not remove satisfactorily such
frequencies inducing differences in HyAns estimation and correlation metrics.

From these comparisons, for estimation of hydroclimatic anomalies at inter-annual timescale,
we suggest using the filtering of the annual cycle using moving averages, here called Hy Ans—
FAC because it (i) has a firm mathematical foundation, (ii) considers a varying climatol-
ogy (annual cycle), (iii) adequately separates noise, intra-annual, seasonal and inter-annual
components with (iv) not-significant residual seasonal frequencies in HyAns, (v) generates
moderate extreme values of anomalies in comparison with the HyAns—SSA and HyAns—MAC
methods, (vi) its autocorrelation function is comparable with Hy Ans—SSA and HyAns—MAC,
and (vii) its computational cost is a one-tenth part of HyAns-SSA and hundreds of times
less than HyAns-MAC.

Also, our results point out the need to quantify the uncertainty of HyAns in terms of mag-
nitude, sign, timing, and phase of ENSO. It is also pertinent to revise the theoretical basis
behind the diverse Hy Ans methods, not necessarily supported on physical grounds. Likewise,
we discuss how the scale factor plays an essential role in the meaning of HyAns and how
the period of the reference climatology affects HyAns estimations. e.g., climate reference
varies depending on extreme phases of ENSO. On the other hand, HyAns can be affected
by the datasets used, and hence we recommend to use different datasets in order to provide
robustness to HyAns estimations.

Moreover, a large induced bias to correlation analysis of time series is a fundamental issue
for future research, which needs consideration related to sophisticated non-linear methods
reported in the literature. Likewise, it is essential to investigate the false “skill” in prediction
models, whose input data contain a significant cyclo-stationary forced component. Our
results evidence the need to tackle this fundamental overlooked problem regarding the effects
of ENSO in hydroclimatic processes.
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3. Regional rainfall anomalies in
Colombia and their association with
ENSO: A phase synchronization
approach

Herndn D. Salas, Germén Poveda, Oscar J. Mesa, and Jirgen Kurths

3.1. Abstract

We investigate Phase Synchronization (PS) between the El Nino - Southern Oscillation
(ENSO) signal and the (inter-annual and annual) cycles of rainfall in Colombia. To that
end, we carry out a detailed data analysis in order to define the annual cycle (AC), elimi-
nating the seasonal residual frequencies in hydro-climatic anomalies (HyAns), assessing the
statistical significance of PS metrics, and checking the sensitivity of the PS metrics in relation
to diverse HyAns estimation methods. Then, we characterize the seasonal regional patterns
of rainfall anomalies in relation to the ENSO’s states. We find that the positive (negative)
HyAns experienced in the Pacific, Caribbean and Andean regions of Colombia, during La
Nina (El Nifo), are phase-locked with the ENSO signal in the tropical Pacific Ocean, whereas
the negative (positive) HyAns experienced in the Orinoco and Amazon regions, during La
Nina (El Nino), do not show such phase-locking. Moreover, we provide evidence that the
ENSO signal is phase-locked with the AC of rainfall in some regions of Colombia, which
suggest that the AC plays an important role in the influence of ENSO on Colombian cli-
matology and opens new paths towards the understanding of non-linear feedbacks between
hydro-climatic processes. Our results show that, at inter-annual timescales, ENSO exhibits
the strongest phase-locking with the annual and inter-annual cycles of rainfall throughout
Colombia, although other macro-climatic processes also show significant PS such as the Pa-
cific Decadal Oscillation (PDO) and the North Atlantic Oscillation (NAO). Moreover, we
show that the highest positive (negative) rainfall anomalies over western Colombia coincide
with the strong (weak) PS between the ENSO and the PDO signals. This work provides new
evidence on the non-linear interactions between hydro-climatic processes in Colombia and
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ENSO, and constitute an unexplored approach to the understanding of climatic anomalies
in tropical South America.

3.2. Introduction

The hydro-climatic variability of Colombia is influenced by a suit of periodic and quasi-
periodic processes acting on a wide range of time scales such as: the diurnal cycle of solar
radiation and temperature (DC), tropical easterly waves (TEW), the Madden-Julian Os-
cillation (MJO), the annual cycle of solar radiation (AC), the Quasi-Biennal Oscillation
(QBO), the El Nino-Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO),
the North-Atlantic Oscillation (NAO) and, the Atlantic Multidecadal Oscillation (AMO)
[Poveda and Mesa(1997), Poveda et al.(2001), Poveda et al.(2002), Poveda et al.(2004), Poveda
et al.(2005), Poveda et al.(2011)]. In this work, we aim to explore the non-linear interactions
between the occurrence of ENSO over the tropical Pacific Ocean and the AC and rainfall
anomalies (HyAns) in Colombia based upon the following arguments and observations.
First, there is a tendency in the scientific literature to disregard the importance of the annual
cycle inherent in monthly the hydro-climate records, given that it explains the largest amount
of variability. The AC is taken for granted and therefore most analysis are focused on the
study of anomalies with respect to the annual cycle [Wu et al.(2008)]. Such an approach
assumes that the hydro-climate variables have a constant response to the periodic incoming
solar radiation (SR), disregarding the non-linear interactions of the Earth’s climate system,
while at the same time overlooking important interactions between the AC of hydro-climatic
processes and other climatic processes at inter-annual timescales.

Second, in Chapter 2 was evidenced that HyAns can be defined through different meth-
ods, among them: (%) the Traditional Annual Cycle or constant climatology (HyAns—TAC),
(7i) F-filtering of the Annual cycle by moving average (HyAns-FAC), (i) Annual cycle
extracted by Singular Spectrum Analysis (HyAns-SSAC) and, (iv) the Modulated Annual
Cycle, which is based on the EEMD technique. Furthermore, the quantification of interde-
pendence between climate time series during ENSO, at inter-annual timescales, can be biased
due to: (i) the presence of a seasonal significant residual in time series of anomalies, (ii) the
definition of constant or non-constant annual cycle, and (iii) the presence of high-frequencies
(intra-annual variability and noise) in HyAns time series (see Chapter 2). Moreover, HyAns
estimation techniques affect interdependence quantification, which leaves room for ambigu-
ity in the physical interpretation of results (see Chapter 2). Hence, we point out the need to
study the sensitivity of the linear and non-linear interdependence quantification techniques
in relation to diverse HyAns methods.

Third, ENSO is one of the main controlling mechanisms of Earth’s climate at inter-annual
time scales. It is a conjoint process between El Nino (EN, oceanic component) and the South-
ern Oscillation (SO, atmospheric component). El Nino refers to the anomalous warming of
the central and eastern waters of the tropical Pacific Ocean, which produces a deepening of
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the oceanic’s thermocline, concomitant with the weakening and (sometimes) reversal of the
trade winds and the 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 [Sarachik
and Cane(2010)]. Recent works by [Stein et al.(2011), Stein et al.(2014)] have provided evi-
dence of phase-locking between the AC of SSTs and the ENSO signal in the tropical Pacific
Ocean using synchronization techniques. However, no study has used a similar approach
to investigate the interrelations between ENSO and the AC of hydro-climatic variables in
other regions. i.e northern South America. In particular, during the ENSO cold (warm)
state, positive (negative) anomalies in rainfall and streamflows are experienced overall in
Colombia, those causing extreme hydro-climatic events with important socio-economical,
environmental and ecological impacts. Therefore, a better understanding of the influence
of ENSO on Colombian hydro-climatic variability is fundamental to improve the diagnosis,
modeling and forecasting of extreme hydro-climatic events [Poveda and Mesa(1997), Poveda
et al.(2001), Poveda et al.(2011)].

Fourth, solar radiation (SR) is a periodic forcing on the Earth’s non-linear climate system. In
response to such periodic forcing the hydro-climatic variables contain a strong annual cycle
(AC) signature which represents a high percentage of their variance. In the case of rainfall in
Colombia, the AC exhibits an uni-modal and bi-modal behavior depending on the location
in the country. For the most part, a bimodal annual cycle of rainfall is restricted to the
Andean region of Colombia, while unimodality is witnessed off the Andes, with maximum
rainfall associated with a shift of the ITCZ over Colombia [Poveda et al.(2015), Urrea et
al.(2018)]. Bi-modality can be explained by the periodic forcing of the incoming SR which
occurs twice each year, but uni-modality is observed also in areas where the periodic forcing of
SR occurs twice each year. According to [Hoyos et al.(2017)], the Intertropical Convergence
Zone (ITCZ) over the Orinoco and Amazon regions advances slower than over the rest of
the country producing a unimodal convergence of moisture which contributes to explain
the unimodaly in precipitation. Notwithstanding, physical processes involved in the AC of
rainfall have not been satisfactory explained [Urrea et al.(2018)].

Finally, there is evidence of the interdependence between hydro-climatic variables of Colom-
bia and the Pacific ocean-atmospheric dynamics at ENSO timescales [Poveda et al.(2001),
Waylen and Poveda(2002), Poveda et al.(2011), Bedoya-Soto and Poveda(2017), Bedoya-Soto
et. al.(2018)]. However, such interdependence has been studied by means of linear or non-
linear statistical tools, while ignoring the interaction between the oscillations under the as-
sumption that physical phenomena are generated by multiple oscillatory interacting systems
or synchronization in the sense of [Pikovsky et al.(2001)]. Diverse types of synchronization
are known, such as frequency synchronization (FS), phase synchronization (PS), identical
synchronization (IS), generalized synchronization (GS) and lag synchronization (LS) [Brown
and Kocarev(2000)]. In particular, for two oscillatory systems X and Y, PS (or phase-
locking) means that the instantaneous phases of X, ¢,(t), are related to the instantaneous
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phases of Y, ¢,(t). If |ny¢, — myd,| < ¢, where n, and m, are natural integers, and c is a
constant, both systems are in n, : m, PS. In contrast, F'S means a link between the frequen-
cies such that if |n,w, —m,w,| < ¢, where n, and m, are natural integers and, c is a constant,
both systems are in F'S. Thereafter, PS implies F'S 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), but the adequate characterization, quan-
tification and explanation of the phases is valuable even if the amplitude interrelations are
not well known [Von Storch et al.(1995)].

Hence, we aim to investigate the characteristics of PS between ENSO (system 1) and the
(annual and inter-annual) cycles of rainfall in Colombia (system 2). Our goal is to charac-
terize and quantify temporal and spatial PS patterns between both systems during La Nina
and El Nino. Hypothetically, we consider that ENSO is the driver system and that rainfall
in Colombia is the response system (the influenced system). To those ends, we use a set of
non-linear and non-stationary data analysis techniques such as Ensemble Empirical Mode
Decomposition (EEMD), Generalized Phase Difference (GPD), diverse HyAns estimation
methods and an index that provides a measure of the strength of phase synchronization
(SPS) between both systems. The existence of a phase relation implies the possibility to
predict the phases of the Colombian hydrology through ENSO [Shiff et al.(1996)].

The purpose of this study is manifold, in particular: (i) to characterize the seasonal regional
patterns of hydro-climatic anomalies in Colombia during El Nifio and La Nifia, (ii) to provide
evidence of PS between the ENSO signal in the tropical Pacific Ocean and the annual
and inter-annual variability of rainfall in the Colombia and, (iii) to investigate PS features
between diverse macro-climatic processes and rainfall in Colombia during ENSO. This will
allow improvements in diagnosis, understanding and management of water resources for
socio-economical, environmental and ecological purposes in Colombia.

This work is organized as follows: section 3.3 presents the region of study; the hydro-climatic
data sets are described in section 3.4, while the EEMD, GPD, SPS, and HyAns methods are
presented in section 4.4. Finally, our results are discussed in section 4.5 and the conclusions
are drawn in section 3.7.

3.3. Region of study

3.3.1. Natural regions of Colombia

As explained in Chapter 1, the continental territory of Colombia can be divided into five main
natural regions (Fig. 3-1) with different hydro-climatological, geomorphological and bio-
ecological characteristics due to the influence of diverse geographical features and processes
at different spatial and temporal scales.
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Figures 3-1.: Location of the region of study. (a) National context including the Colombian

Natural Regions [IGAC, 2002] and rain gauges from IDEAM. (b) Continental
context.

3.4. Data sets

3.4.1. SSTs in the tropical Pacific Ocean and the ENSO signal

We use the monthly Extended Reconstructed Sea Surface Temperatures (ERSSTV5) in the
Nino 3.4 region (5 N-5° S and 170-120° W) as well as Extreme Eastern Tropical Pacific SST
or the Nino 142 zone (0°-10°S and 90°W-80°W). Details in https://www.cpc.ncep.noaa.gov.
In addition, we use the monthly multivariate ENSO index (MEI) to classify the ENSO events,
as explained in Chapter 2. Precipitation records were classified according to El Nino and La
Nina months, as per the MEI definition. See details in Tables B-1 and B-2 (Suppl. Info.).

3.4.2. Colombian Precipitation datasets

Dataset 1:We use data from a reanalysis performed by [Hurtado and Mesa(2014)], which pro-
duced monthly precipitation fields for Colombia, spanning the period from 1975 to 2006, at a
spatial resolution of 5 minutes of arc, in the region 5°S—15°N and 80°W-65°W. [Hurtado and
Mesa(2014)] by using a set of 2270 rain gauges from diverse institutions including Instituto de
Hidrologia, Meteorologia y Estudios Ambientales de Colombia (IDEAM), Empresas Ptblicas
de Medellin (EPM), Centro Nacional de Investigaciones del Café (CENICAFE) and The
Global Historical Climatology Network (GHCN). In addition, they also used satellite images
from the Global Precipitation Climatology Project(GPCP)-V2, National Centers for Envi-
ronmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR), Tropical
Rainfall Measuring Mission (TRMM), and the Geostationary Satellite System (GOES). Fi-
nally, the monthly precipitation fields resulted from a combination of the available data and
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the implementation of the PRISM model in the Colombian territory (see details in [Hurtado
and Mesa(2014)]).

Dataset 2: We use a set of 937 rain gauges from IDEAM, at monthly timescale, having
record lengths of 40 years, for the period 1976-2015, with less than 10% missing values. The
geographical distribution of this data set is as follows: 38 time series for the Pacific, 631 in
the Andean, 228 in the Caribbean, 30 in the Orinoco, and 10 in the Amazon region.

3.4.3. Other Macro-climatic Indices

We included further macro-climatic indices data, which are related to processes differ-
ent from the ENSO system, namely: the Tropical Northern Atlantic Index (TNA),
which consist of anomaly of the average of the monthly SST from 5.5°N to 23.5°N and
15°W to 57.5°W [Enfield, et al.(1999)], the Tropical Southern Atlantic Index (TSA)
that contains the monthly average SST anomaly from Eq-20°S and 10°E-30°W [Enfield, et
al.(1999)], North Atlantic Oscillation (NAO) from NOAA Climate Prediction Cen-
ter (CPC), available in https://www.cpc.ncep.noaa.gov. Pacific Decadal Oscillation
(PDO), which is the leading PC of monthly SST anomalies in the North Pacific Ocean [Zhang
et al.(1997), Mantua(2002)], Atlantic multidecadal Oscillation (AMO), which is calcu-
lated using is the Kalplan SST over the northern Atlantic, 0 to 70°N [Enfield, et al.(2001)],
and Atlantic Meridional Mode (AMM), which is defined via applying the Maximum Co-
variance Analysis to SST and the zonal and meridional components of the 10m wind field
over the region (21°S-32°N, 74°W-15°E) [Chiang and Vimont(2004)].

These macro-climatic indices data were provided by NOAA Earth System Research Labo-
ratory, freely available on https://www.esrl.noaa.gov/psd/data/climateindices/list /.

3.4.4. Reanalysis

We use data from the ERA5 atmospheric reanalysis [Hersbach et al.(2019)], which provides
estimates of a large number of atmospheric, land and oceanic climate variables. The ERA5
data covers the Earth on a 30km grid and resolve the atmosphere using 137 levels from the
surface up to a height of 80km. In particular, we use a spatial domain over Colombia (10°S—
20°N and 85°W-50°W) for variables such as: monthly wind speed at pressure levels from
925hPa, vertically integrated moisture divergence, specific humidity, and vertical integrated
water vapour fluxes (northward/eastward).



3 Regional rainfall anomalies in Colombia and their association with
36 ENSO: A phase synchronization approach

3.5. Methods

3.5.1. Generalized Phase Difference (GPD)

Theoretically, the GPD method was derived basing on physical properties of coupled os-
cillatory systems [Rosenblum et al.(2001)] (details in Appendix A). In practice, according
to [Pikovsky et al.(2001)], the presence of a horizontal plateau in the phase difference vs.
time diagram is the simplest way to evidence synchronization. In general, for two time series
x(t) and y(t), their instantaneous phases ¢, (¢) and ¢, (t), can be estimated using the analytic
signal method expressed as [Gabor(1946), Panter(1965)],

Zo(t) = z(t) + iz(t) = A o7 O (3-1)

where Z is the Hilbert transform (HT) of z(¢) defined as,

() = %p.v. /_ = alt) 4y (3-2)

ottt

where p.v denotes the Cauchy’s principal value.
From Z,(t) it is possible to calculate the instantaneous phase ¢, (t) as,

m(Z,)
Re(Z,)’

(1) = arctan

. (3-3)
The instantaneous phase of y(t), ¢,(t), can be calculated using a similar procedure. It is
worth noting that HT is a non-parametric method and that the estimation of ¢, (t) and ¢, (t)
based on the analytic signal (Eq. 3-1) is comparable with a technique based on wavelets [Le
Van Quyen et al.(2001)].

Finally, denoting ¢ (t) = ¢, and gbf (t) = ¢, the GPD can be expressed as,

¢n,m = n(bx - m¢y7 (3-4)

which in turn allows defining that n : m phase locking appears if,
|Pnm — 8] <, (3-5)

where ¢ < 27 and s is the average phase between the two time series x(t) and y(t) [Rosen-
blum et al.(2001)]. However, for noisy oscillators or time series with oscillations at several
frequency bands, the phase difference ¢,, ,, is unbounded due to phase jumps and the condi-
tion (Eq. 3-5) is not valid anymore. Nevertheless, the probability mass distribution of the
cyclic relative phase

D, m = Ppmmod(27) (3-6)
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has a dominating peak around a preferential value indicating 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 z and m cycles of the oscillator y.

Hence, on the one hand, the GPD method has advantages such as: (1) the phase analysis
allows, by means of ¢, , plots, to trace transitions between qualitatively different regimes
that are due to nonstationarity in the parameters of interacting systems and /or coupling and,
(2) it is possible to apply this method even to very short records. On the other hand, the
method has disadvantages such as: (1) the synchronous regimes of order different from n : m
shows nonsynchrony, (2) there are no straightforward methods to determine the integers n
and m, so that they need to be identified by trial and error and, (3) if noise is relatively
strong, this method becomes ineffective and may even be misleading [Pikovsky et al.(2001)].

3.5.2. Synchronization metrics
Strength of Phase Synchronization (SPS)

Although several n:m synchronization indices have been proposed in the literature (e.g.
[Rosenblum et al.(2001)]), we use an index as measure of phase synchronization defined as,

Ye = }<€i(n¢m—m¢y)>t‘ (3-7)

The notation (-) indicates temporal averaging. The index y, varies from 0 to 1, x = 0
indicates that the phases of the two time series are completely independent, while y = 1
indicates perfect phase synchronization [Rosenblum et al.(2001), Stein et al.(2014)].

In order to analyze the evolution of x throughout the year, we calculate the long-term average
of x for each quarter.

3.5.3. Phase-Lag estimator

In classical time series analysis, the cross-correlation function is a well known linear technique
to quantify the time-lag association between two time series. In phase synchronization
analysis, lag synchronization occurs, when the phases of two interacting systems nearly
coincide if one is shifted in time. To quantify the lag, we propose a function based on SPS
as,

X(r) = [ )] (38)

where 7 is the time-lag and ¢, ,, (7) is the phase difference between the instantaneous phases
¢.(t — 1) and ¢,(t), i.e. the GPD defined as ¢y, (1) = neg,(t — 7) — me,(t), being z the
ENSO signal and y a hydrological variable. The index x(7) also varies from 0 to 1, with
X(7) = 0 indicating non-synchronization and x(7) = 1 perfect phase synchronization.



3 Regional rainfall anomalies in Colombia and their association with
38 ENSO: A phase synchronization approach

3.5.4. Decomposition method

In the literature have been reported diverse techniques to decompose time series into its
elementary patterns of behavior such as trends, oscillatory patterns, and noise [Ghil et
al.(2001)]. In Chapter 2 was heightened the need for appropriate procedures of deseasonal-
ization of time series. In such a work, the authors propose the F-filtering of the annual cycle
(FAC) by moving averages (hereafter HyAns—-FAC) as an adequate method to filter out the
seasonal frequencies and their harmonics from the original climatic time series. Notwith-
standing, the HyAns-FAC method allows decomposing a time series into two frequency
bands: (i) noise, intra-annual and seasonal components and (i) inter-annual frequencies.
Here, we require a technique that allow us to decompose climate time series, at least, into
three frequency bands: (i) seasonal components (or annual cycle), (ii) inter-annual variabil-
ity, and (%) intra-annual variability (high-frequency band) and noise. Hence, the EEMD
method meets mentioned requirements and furthermore it has four similar properties to the
HyAns-FAC method (see Chapter 2): (i) non-constant annual cycle, (ii) adequate separa-
tion of high and inter-annual frequencies, (i) no-significant residual seasonal frequencies
in anomalies and, (7v) the magnitude of extreme values of anomalies in a middle range
compared with the other HyAns methods.

The EMD method has become a common and powerful tool in geophysical time series analysis
[Huang et al.(1998), Wu et al.(2008), Huang and Wu(2008), Wang et al.(2015)]. EMD is useful
to decompose non-linear and non-stationary time series into a set of Intrinsic Mode Functions
(IMFs), which are extracted through an iterative, adaptive and temporally local procedure
that does not force the data z(t) to prescribed waves as traditional decomposition methods
(e.i. sinusoidal waves or wavelets) [Ghil et al.(2001)]. However, the EMD method has a
problem, it is not easy to associate physical variability modes to the IMF's because each IMF
contains information in different frequency bands [ Wu et al.(2008), Rato et al.(2008)]. To face
up this “mode mixing” problem, [Wu and Huang(2005), Wu and Huang(2009)] proposed the
EEMD allowing to decompose the original time series data, x(t), into a set of IMF's exhibiting
scale-consistent oscillation features. A brief summary of EMD and EEMD is presented in
Appendix B.

3.5.5. Significance Tests

In this study, we apply two different statistical significance tests. The first significance test
was proposed by [Ahdesmdki, et al.(2005)] as a robust method for detection of periodicities
in time series. In our case, such a method allows us to guarantee that after decomposing of
the hydrological time series into different frequency bands using EEMD: (i) the frequency
band containing information at inter-annual timescales (hydro-climatic anomalies or HyAns)
has no-significant seasonal residual and, (i) the frequency band containing information at
seasonal timescales (annual cycle) is adequately separated from the noise and inter-annual
frequency bands. This procedure is necessary because the PS technique can be highly biased
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by the presence of seasonal residual frequencies in anomalies (not shown here).

The second significance test is necessary to determine if the synchronization metrics are sta-
tistically significant. That means, we need to check if the strength of phase synchronization
(see section 3.5.2) between X (the ENSO signal) and Y (the hydrological variable in Colom-
bia) is a robust result. Hence, we develop a significance test for Phase Synchronization based
on permutations, which is presented next.

Significance test for Phase Synchronization

Our study requires implementing a statistical test for the hypothesis of Phase Synchroniza-
tion (PS) between the systems X and Y. In our case, X represents the ENSO system and
Y (7) denotes the hydro-climatic variables in Colombia, at defined time lags, 7. Then, we
consider the original system X and a representative number of possible states of the system
Y, which represent independent copies of the underlying system, so-called here synthetic
time series (STS). For the construction of the STS from the system Y, we use permutations
of the data points of the original time series Y but being careful to preserve the seasonality
of the time series. That is, we permute data points in separate subsets for each month. e.g.
we took all data points for January and put them randomly, after doing that for all months,
we reconstruct a synthetic time series.

The null hypothesis is that each STS is an independent realization of the system Y, corre-
sponding to a different initial condition or to a possible time series of the same system. To
test the statistical significance of the strength of PS, x(7), among X and Y (7), we generate
such 500 STSs of the Y system and obtain a test distribution of x(7) calculated with the
observations of the system X and each one of the STS of Y. Finally, we construct the upper
95% confidence interval (CI) based on the respective 95th percentile of the test distribution.
The lags at which values fall outside the confidence band represent the ones where the null
hypothesis is rejected, or that the system X is in PS with the system Y, i.e. they are phase
dependent at that particular lag 7.

3.5.6. On the sensitivity of PS metrics in relation to diverse HyAns
methods

Methods to estimate hydro-climatic anomalies (HyAns) have differences among them and
therefore induce high-biases and error sources toward the interdependence analysis and mod-
eling of climate time series. Moreover, such differences could generate ambiguities for the
physical interpretation of results (see Chapter 2). Hence, we verify the sensitivity of PS
metrics using the four HyAns methods assessed in Chapter 2, namely: (i) the Traditional
Annual Cycle or constant climatology (HyAns—TAC), (i1) F-filtering of the Annual cycle by
moving average (HyAns—FAC), (i) Annual cycle extracted by Singular Spectrum Analysis
or Singular-Spectrum Annual Cycle (HyAns—-SSAC) and, (iv) the Modulated Annual Cycle



3 Regional rainfall anomalies in Colombia and their association with
40 ENSO: A phase synchronization approach

or variable climatology, which is based on the EEMD technique. This PS analysis allows
us to assess how sensitive or robust is our PS approach in relation to diverse methods to
estimate HyAns.

3.5.7. PS between other Macro-climatic Indices and hydro-climatic
anomalies in Colombia

Colombia’s hydro-climatology can be influenced by processes that occur in other zones of the
tropical Pacific Ocean (e.g. Nino 14-2) or low-frequency processes such as PDO. Likewise,
Colombia’s hydro-climatic variability is also influenced by macro-climatic processes that
occur in the Atlantic Ocean, different from the ENSO system [Poveda and Mesa(1997),
Poveda et al.(2001), Poveda et al.(2002), Poveda et al.(2004), Poveda et al.(2005), Poveda et
al.(2011)]. Hence, we quantify PS using other macro-climatic indices such as TNA, TSA,
NAO, AMO, AMM, and CAR. These cited works argue that such processes are related
to hydro-climatic variability of Colombia, although such interdependence is still far from
being understood in terms how the other macro-climatic processes influence anomalies over
Colombia during ENSO. In this work, we quantify PS between HyAns in Colombia and other
macro-climatic indices considering La Nina and El Nino epochs in order to shed light on non-
linear spatio-temporal patterns of interdependence and their relationship with HyAns over
Colombia.

3.6. Results and Discussion

3.6.1. PS between SST3.4 and rainfall in Colombia using raw data

We start analyzing phase relationships between SST in the tropical Pacific Ocean (ERSST3.4
containing its annual cycle) and the precipitation over Colombia (containing its annual cycle).
The time series of precipitation are obtained by spatially averaging the monthly precipitation
fields (Data set No. 1) separately for the five geographical regions of Colombia as shown in
the Fig. 3-1. With the purpose of comparing the original data, without extracting frequency
bands, time series are standardized by subtracting the long-term average (grand-mean) and
dividing by the long-term standard deviation (grand-standard deviation). Note that this
standardization does not remove the annual cycle (AC).

Therefore, we use GPD and SPS to quantify PS between SST3.4 and precipitation over
Colombia. Figure 3-2 (panel a) shows the time series of the MEI index and its periodogram
(panel b) with different colors denoting the occurrence of El Nino and La Nina events during
the period 1975-2006. In addition, Fig. 3-2 (panel c¢) shows the standardized time series and
their periodograms (panel d) to visualize the spectral composition of both signals. Finally,
Fig. 3-2 (panel e) evidence the presence of preferential values in the phase difference vs. time
diagram, ®;;(¢), while Fig. 3-2 (panel f) evidences that the probability mass distribution
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Figures 3-2.: Results of Phase difference ®;; between SST3.4 (including its AC) and the
long-term mean monthly precipitation (including its AC) for the Andean re-
gion of Colombia using the data set No. 1. (a) MEI index. (b) Periodogram
of the MEI index (original time series). (c) Standardized time-series (with-
out removing the annual cycle). (d) Periodograms of the time series. (e)
Cylindrical representation of ®; ;. (f) relative frequency distribution of @ ;.

of the cyclic relative phases has preferential values around ®;; ~ 1.57 to 27 (September to
February), indicating PS in a statistical sense, as we explained in section 3.5.1.

In general, Figure 3-3 shows the strength of PS, x, between SST3.4 in the tropical Pacific and
average precipitation for the five regions of Colombia, with a phase ratio 1:1 given that the
predominant signal in both time series is the AC. Fig 3-3 (a-e) demonstrates x as a function
of time-lag 7 = 1,2, ..., 12 months, where x(7) is calculated using ¢, ,,,(7) = no.(t — 7) —
mey(t), being = the SST3.4 and y the precipitation time series (Details in 3.5.3). Our results
evidence that PS is weak (x < 0.40) when the data are not classified according to the regimes
of ENSO (El Nifio and La Nina). In contrast, rainfall in the Pacific, Caribbean, Andean, and
Orinoco regions exhibit stronger PS during La Nina than during El Nino. During La Nina,
PS uncover a 2 months-lag, whereas during El Nifio such time lag between the signals is
not evident. Moreover, the Amazon region evidences a slightly stronger PS during La Nina
than during El Nino, with 2 months-lag, which is not so clear as in the other regions. Figure
3-4 (Data set No. 1) shows the strength of PS, x, as a moving-PS index between SST3.4
and average rainfall throughout each region (including their ACs). Our results evidence
that the strongest El Nino events (1982-1983;1987-1988;1991-1992;1997-1998) exhibit weak
PS, whereas La Nina events (1975-1976;1984-1985;1988-1989;1995-1996;1998-1999) exhibit
strong PS. Analogous results were found for the rainfall dataset No. 2 (see the Suppl.
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Figures 3-3.: Strength of phase synchronization, x, between ERSST3.4 and long-term mean
regional precipitation (both time series containing their annual cycles), using
the Data set No. 1, with ®;;. (a-e) x as a function of lag 7 (in months) for
El Nifo and La Nina. (f-j) [right axis| x for El Nifio and La Nina with 7 = 2.
left axis] Average precipitation.

Info.). However, at this point, it is not possible to differentiate PS features between the
El Nino events occurred in Eastern Pacific, Central Pacific or Mixed events, following the
classification used by [Andreoli et al.(2017)].

Our analysis using raw data indicate three main results: (i) PS is weak, x < 0.40, when
the data are not classified according to the states of ENSO (Nina and El Nifo) for 7 =
1,...,12 months-lag, (ii) PS is strong during La Nina, y ~ 0.80, for 7 = 2, ..., 4 months-lag,
exhibiting higher values for the Pacific, Caribbean, Andean, and, Orinoco regions, whereas
the Amazon region exhibits moderate PS, y ~ 0.60, for 7 = 1,2 months-lag, which suggest
a lag-synchronization during La Nina, and (i7) during El Nino, the phase-lag function does
not show a clear time-lag between the signals and there is no clear evidence of PS.

It is worth noticing that the PS results in Fig. 3-3 are calculated by spatially averaging of the
monthly rainfall fields (Data set No. 1) for the five geographical regions of Colombia. Hence,
the spatial averaging smooths the data and might hide slight phase differences among time
series into the same natural region. Notwithstanding, we show clear differences in PS results
regarding the states of ENSO although, at this point, it is hard to link such results with
the annual cycle of rainfall in Colombia, the influence of ENSO on hydrological variables or
the physical mechanisms behind PS. However, from our results discussed some remarkable
questions arise:

e How significant is the ENSO signal in the original (raw) time series (which contain
their annual cycles) regarding the states of ENSO (La Nina and El Nino)?

e Results indicate differences between data depending on whether they are classified by
the states of ENSO. Is there PS between ENSO variability and rainfall anomalies over
Colombia during all the ENSO states?

e [s there PS between the annual cycle of the hydrological variables in Colombia and the
ENSO signal?
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Figures 3-4.: Strength of phase synchronization between ERSST3.4 and long-term mean
regional precipitation (both time series containing their annual cycles), using
the Data set No. 1, with ®, ;. [left axis] Multivariate ENSO index indicating
periods El Nifio, La Nina, and Neutral. [right axis| Strength of PS, x.

e [s there any relationship between the Colombian zones that exhibit PS and the sign
and magnitude of hydro-climatic anomalies?

In the next sections, we face up the above-mentioned questions and discuss our results in
relation to physical mechanisms that control the annual cycle of rainfall and their anomalies
during the warm and cold states of ENSO.

3.6.2. PS between SST3.4 and HyAns in Colombia at inter-annual
timescales

Data pre-processing

In general, to quantify PS between the ENSO signal and the AC and HyAns in Colombia
requires the following series of steps: (i) to define representative time series for the regions
of Colombia, e.g. time series of rainfall or anomalies averaged over each natural region, (i)
to standardize the data (without subtract the seasonal variability), (i) to filter out data in
order to define the MAC, high-frequencies and noise of the hydro-climatic variables as well
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Tables 3-1.: Percentage of the total variance, o2, explained by the MAC; Total
Anomalies, A7 (in relation to MAC); Low-Frequency Anomalies, A;p, and
High-Frequency Anomalies,Agr. Dataset No. 1.

Region | % 0> MAC | % 0 Ay | % 0 Apr | % 0® App
Andean 85.16 14.84 6.87 7.96
Caribbean 85.77 14.23 5.10 9.13
Pacific 72.63 27.37 16.27 11.10
Orinoco 92.66 7.34 1.59 5.74
Amazon 72.82 27.18 8.67 18.52

as their anomalies in relation to the MAC as explained by [Wu et al.(2008)], (iv) to test
the significance of frequencies at seasonal timescales in the anomaly time series as stated
by [Ahdesmdki, et al.(2005)] and, (v) to test the significance of the PS metrics (see section
3.5.5). The detailed steps behind our PS analysis are described in Suppl. Info (Section B.1).
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Figures 3-5.: Time series of rainfall and its standardized anomalies in the Andean region
(Data set No. 1), example for a 5 years record length. a) Original averaged
time series and its MAC. b) Rainfall anomalies after subtracting MAC or
total anomalies, A7 and low-frequency anomalies or anomalies at inter-annual
scales, Arp.

Herein, we define high-frequency anomalies, Agr as anomalies in frequency bands below 12
months, and low-frequency anomalies, A that corresponds to anomalies in frequency bands
above 12 months. In turn, the total anomalies A7 which are defined as the sum of Agzr and
Arr. Fig. B-2 illustrates the difference between the original time series and MAC as well as
the difference between Ar and App. Furthermore, we verify the spectral characteristics of
the original data, MAC, and Ay for the time series of rainfall over each region (see Suppl.
Info., Figs. B-1 to B-3)

In general, the MAC in relation to the total variance, o7, constitutes (82.0%) [72.0% —93.0%]
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and A7 constitutes (18.0%) [7.3% — 27.4%]. In turn, Axr constitutes (8.0%) [1.6% — 16.3%),
whereas App represents (10%) [5.7% — 18.5%)] (see details in Table B-2). Hereafter, we study
the regional behavior of Ay in Colombia and their association with ENSO.

Regional rainfall anomaly patterns

In Chapter 2 we show rainfall anomalies throughout Colombia considering the states of
ENSO and using diverse methods to estimate hydro-climatic anomalies (HyAns). In gen-
eral, Chapter 2 confirms that the Pacific, Andean and Caribbean regions exhibit negative
(positive) rainfall anomalies during El Nifo (La Nina) [Poveda and Mesa(1997), Poveda et
al.(2001), Poveda et al.(2011), Bedoya-Soto et. al.(2018)]. Additionally, that work shows
that Orinoco and Amazon regions exhibit positive (negative) rainfall anomalies during El
Nino (La Nina). Hence, rainfall anomalies in the Pacific, Andean and Caribbean regions are
opposite to those experienced in the Orinoco and Amazon regions during the warm and cold
states of ENSO.
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Figures 3-6.: Seasonal average composite rainfall anomalies (HyAns) over Colombia, during
ENSO (Data set No. 1). (Top panels) HyAns during La Nifna (A.y). (Bottom
panels) HyAns during El Nifio (Agy).

Here, we present the seasonal rainfall anomaly patterns in relation to ENSO. During La
Nina, Fig. 3-6 (top row) evidences that the Pacific, Andean and Caribbean regions exhibit
their highest positive rainfall anomalies during JJA and SON, whereas the Orinoco and
Amazon regions exhibit their highest negative rainfall anomalies during DJF. During El
Nino, Fig. 3-6 (bottom row) negative rainfall anomalies predominate throughout the year
in the Pacific, Andean and Caribbean regions showing their maxima during DJF, which is the
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unique quarter where the complete continental territory of Colombia experiences negative
rainfall anomalies. On the other hand, the Orinoco and Amazon regions exhibit positive
rainfall anomalies during JJA, SON and MAM. Quarters that exhibit less impact by ENSO
are MAM (SON) during La Nina (El Nino). Analogous results were found using the rainfall
Data set No. 2 (see Fig. B-8 in Suppl. Info.).

During La Nina (El Nifio), positive (negative) rainfall anomalies in the Pacific region can
be explained in terms of the increasing (decreasing) moisture advection of the CHOCO jet as
a result of increase (decrease) of the temperature gradient between surface air temperatures
over the Pacific coast off Colombia and El Nino 142 zone during JJA and SON [Poveda
and Mesa(2000), Rueda and Poveda(2006)]. Analogously, in the Caribbean region, pos-
itive (negative) rainfall anomalies could be explained through the influence of the CLLJ
wind anomalies during ENSO. [Wang(2007)] and [Martin and Schumacher(2011)] showed
that during JJA, rainfall in the Caribbean (including the Caribbean region of Colombia)
exhibits significant correlations with the CLLJ index. Moreover, it is postulated that the
CLLJ induces changes in moisture flux divergence in the Caribbean, which enhance convec-
tion and increase rainfall [Martin and Schumacher(2011)]. Furthermore, during La Nifa,
the easterly CLLJ winds are weak (strong) in JJA (DJF), whereas during El Nino, the
easterly CLLJ winds are strong (weak) in JJA (DJF) [Wang(2007)]. [Arias et al.(2015)]
mentioned that the weakening (strengthening) of the CLLJ winds is associated with in-
creasing (decreasing) rainfall anomalies over northern Colombia. Hence, based on Gill’s
theory the weakening (strengthening) of the CLLJ winds is related to the increase (de-
crease) of the SST temperature in the Caribbean sea that subsequently increase (decrease)
evaporation, increase (decrease) moisture convergence, and increase (decrease) rainfall in
that zone [Wang(2007), Martin and Schumacher(2011), Arias et al.(2015)]. On the other
hand, rainfall anomalies in the Andean region can be explained by the conjoint influence
hydro-climatic processes of the Pacific and Caribbean regions, as well as by the land-surface
atmosphere feedback, which manifest themselves in the fundamental role of local recycling
moisture processes in the Magdalena and Cauca river basins [Poveda et al.(2014), Arias et
al.(2015)]. In the Orinoco and Amazon regions, rainfall anomalies could obey to anomalies
in the Orinoco LLJ which transport moisture from the Atlantic Ocean and subsequently, to
induced-changes in local hydrological processes and terrestrial recycling from Amazon and
Orinoco river basins [Spracklen et al.(2012), Poveda et al.(2014), Arias et al.(2015), Hoyos
et al.(2017), Jiménez-Sdnchez(2019)]. However, the dynamics of the Orinoco LLJ at inter-
annual timescales and its influence on HyAns of the Orinoco and Amazon regions during
ENSO constitutes an understudied topic, which is necessary to improve our knowledge on
the HyAns of these regions under the ENSO influence. It is worth remarking that low-level
jet anomalies are not the unique mechanisms influencing HyAns over Colombia but consti-
tute an important mechanism of moisture transport and flux moisture divergence dynamics.
Finally, HyAns in the Orinoco and Amazon also are influenced by the Cross-Equatorial
winds [Wang and Fu(2002)] during ENSO, which also needs further research in order to
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advance in the understanding of HyAns of these regions.

3.6.3. Composites of hydro-climatic variables from ERAb5 during ENSO

We carry out a composite analysis using ERAb data, at a monthly resolution for the period
1979-2018, in order to verify the atmospheric conditions over northern South America and
their relationships with rainfall anomalies over Colombia during the states of ENSO. In
general, it is possible to confirm some aspects previously mentioned in section 3.6.2. During
El Nifo (La Nino) the SSTs over the far-eastern tropical Pacific are warmer (colder), Suppl.
Info. Figures B-9 and B-10, while surface winds are weaker (stronger) (see Fig. 3-7).

Al
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Figures 3-7.: Composite of anomalies of the surface winds magnitude at 100m (A - ||@]])

during El Nino. (arrows) climatology of winds during El Nino for the period
1979-2018 using ERAS.

Furthermore, during mentioned warm (cold) states of ENSO, the mean vertical integrated
moisture divergences (mvimd) exhibit positive (negative) anomalies (see Fig. 3-8), which
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coincide with negative (positive) rainfall anomalies over the Andean, Pacific, and Caribbean
regions of Colombia as well as over the Caribbean sea (northern Colombia) as shown in
Fig. 3-9. During El Nino (La Nina), DJF (SON) experiences the highest negative (positive)
rainfall anomalies.

Latitude

Longitude

Figures 3-8.: Composite of mean vertical integrated moisture divergence (Amuvimd) during
El Nifio. (arrows) climatology of winds during El Nino for the period 1979-
2018 using ERAbS.

Moreover, we analyze the volumetric soil water anomalies (VSW) during the states of ENSO.
Our results evidence that during El Nifio (La Nina), the VSW experiences negative (positive)
anomalies. Those results confirm that ENSO impacts the soil water dynamics, which is a key
component to advance in the understanding of land-atmosphere interactions over northern
South America [Cai et al.(2020), Poveda and Mesa(2000), Bedoya-Soto and Poveda(2017),
Bedoya-Soto et. al.(2018), Poveda et al.(2020)).

Figures 3-7, 3-8, 3-9, and 3-10 show only the results during EI Nino. An analogous analysis
was done for La Nina, which is can be seen in the Supp. Info. Figures B-11, B-12, B-13,
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Figures 3-9.: Composite of rainfall anomalies (APrec) during El Nino. (arrows) climatol-
ogy of winds during El Nino for the period 1979-2018 using ERAb5.

and B-14.

PS between the ENSO signal and rainfall anomalies over Colombia

In this section, we quantify PS between SST3.4 anomalies and rainfall anomalies in Colom-
bia. In addition, we calculate Pearson correlations between ENSO and HyAns in order
to revise the ability of linear (Pearson) and non-linear techniques (PS) to capture spatio-
temporal patterns of interdependence. This approach will allow us (i) reviewing possible
physical mechanisms reported in the literature, (ii) comparing linear and non-linear quanti-
fiers of interdependence, and (7ii) hypothesize other possible processes that influence positive
(negative) rainfall anomalies during La Nina (El Nino) in the regions of Colombia.

Fig. 3-11 (a-e) shows the strength of PS between SST3.4 anomalies in the tropical Pacific
and rainfall anomalies in Colombia, as a function of time-lag 7, x(7), using a phase ratio 1:1
(Data set No. 1). In this case, we use the time series of rainfall anomalies based on average
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Figures 3-10.: Composite of volumetric soil water anomalies (AVSW) during El Nifo. (ar-
rows) climatology of winds during El Ninio for the period 1979-2018 using
ERA5.

rainfall over each Colombian region. Our results uncover strong PS (highly statistically
significant) in the Pacific, Andean and Caribbean regions, whereas the Orinoco and Amazon
regions do not exhibit clear PS (PS is not statistically significant). Furthermore, regions
with significant values show stronger PS during La Nina than during El Nino. Moreover,
during El Nino, we find lag-synchronization with 2-5 months-lag whereas during La Nina
lag-synchronization is not evidenced. Similar results were found for the rainfall data set No.
2 (see Suppl. Info., Fig. B-15).

In addition, Fig. 3-12 shows the seasonal strength of PS, x, between SST3.4 anomalies and
HyAns in Colombia during the cold (top row) and warm (bottom row) ENSO’s states. our
results reveal that, during La Nina, the Pacific and Andean regions as well as a vast area
over the Caribbean sea exhibit the strongest PS in JJA and SON, with geographic areas
of significant PS that coincide with the seasons and localities of maximal positive rainfall
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Figures 3-11.: Strength of phase synchronization, y, between the SST3.4 anomalies and
the standardized rainfall anomalies, A;r. (Data set No. 1; 1976-2006) with
®, ;. (a-e) x as a function of lag 7 (in months) during El Nifio and La Nina
for each region of Colombia.

anomalies. During El Nino, the Pacific, Caribbean, and Andean regions as well as the
Caribbean sea show moderate PS, with the largest geographic area of significant PS during
DJF, which coincide with the season and localities of maxim negative rainfall anomalies.

The Orinoco and Amazon regions show non-significant PS during ENSO.

As a complement, Fig. 3-13 shows the seasonal Pearson correlations, r, between SST3.4
anomalies and HyAns during La Nina (top row) and El Nifio (bottom row). Our results evi-
dence that the r-values exhibit patterns of linear interdependence, which are not in agreement
with the spatial patterns of seasonal rainfall anomalies over Colombia. To illustrate this,
please see the spatial patterns of r during El Nino (Fig. 3-13, bottom row) in relation to
rainfall anomalies over Colombia (Fig. 3-6, bottom row). It is worth to remark that, for
the case of Colombia, the spatial patterns of Pearson correlation are highly sensitive to the
method used to define Hyans in relation to the ENSO’s states (see Chapter 2).

On the other hand, as explained in previous sections, the strength of PS, x, exhibits high
values when the phase differences, ®,,,,, between two time series have a dominating peak
around a preferential value in the relative frequency distribution of ®,,,,. Then, only if
Xn.m has significant values it makes sense to interpret the mean value of ®,, ,,,, which can be
understood as a time-lag between time series. Hence, Fig. 3-14 shows the average (®; ;)
with overlapped hatched contours where (xi.1) is statistically significant. In our case, a
phase difference of % approximates to 1 month lag. Then, Fig. 3-14 (top row) evidences
that, at inter-annual time scales, during La Nina, for all quarters, SST3.4 anomalies in the
tropical Pacific Ocean lead rainfall anomalies in the Pacific, Caribbean and Andean regions
from 1 to 3 months lag. In contrast, during El Nino, JJA and SON, SST3.4 anomalies lead
rainfall anomalies from 3 to 5 months lag. These results show that, during El Nino, rainfall
anomalies exhibit a time-lag longer than during La Nina in relation to anomalies in the
tropical Pacific ocean.

Summarizing, we found the following remarkable results: (i) strong (moderate) PS patterns
in the Pacific, Caribbean and Andean regions were observed since the raw PS analysis
(section 3.6.1, Fig. 3-3), which was done using rainfall time series averaged over each
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Figures 3-12.: Strength of phase synchronization between the standardized rainfall anoma-
lies over Colombia (Data set No.1) and SST3.4 anomalies during ENSO.
(top row) La Nina, (x); . (bottom row) El Nifio, (x)zy. Phase ratio @ ;.
The hatching contour lines indicate zones where x is significant at 5%.
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Figures 3-13.: Pearson correlations, r, between the standardized rainfall anomalies over
Colombia and SST3.4 anomalies during ENSO. (top row) La Nina, (r); .
(bottom row) El Nifio, (r),. Contour lines denote zones where 7 is signif-
icant at 5%.
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Figures 3-14.: Composite of average Phase Differences, (®; ), between rainfall anomalies
over Colombia and SST3.4 anomalies (Data set No. 1). (top row) La Nina.
(bottom row) El Nifio. A phase difference (®1,) ~ % approximates to 1
month-lag. The hatched contours indicate zones where x;; is significant at

5%.

region, (ii) the Generalized Phase Difference (GPD) technique helps to identify the spatial
seasonal patterns of hydrological anomalies in Colombia in relation to the states of ENSO
(La Nina and El Nino), whereas the linear Pearson correlation is not able to capture such
patterns, and (%ii) the Pacific, Andean and Caribbean regions are strongly (moderately)
phase-locked with the tropical Pacific dynamics during La Nina (EI Nifo) in coherence with
positive (negative) rainfall anomalies experienced in these regions. Hence, our PS results
support the hypothesis of coupling between Colombian’s climatology and the tropical Pacific
Ocean dynamics in the mentioned regions, whereas the Orinoco and Amazon regions do not
show PS with tropical Pacific Ocean variability. As discussed in section 3.6.2, PS results
can be explained by a reduction (increase) of moisture advection from the CHOCO jet
influencing the Pacific region [Poveda and Mesa(2000), Rueda and Poveda(2006), Poveda et
al.(2014)] and by the strengthening (weakening) of CLLJ winds [ Wang(2007)], which could
inhibit (intensify) convection and rainfall in the Caribbean region [Arias et al.(2015)]. In
the Andean region, the influence of the Caribbean and Pacific regions together with to the
local hydrological processes enhanced by the large scale rivers basins and the orography
of the Andean mountains helps to explain PS results associated to ENSO [Poveda and
Mesa(1997), Poveda et al.(2001), Poveda et al.(2011), Poveda et al.(2014), Arias et al.(2015)].
Moreover, our results do not contradict the hypothesis that in the Orinoco and Amazon
regions, the inter-annual dynamics of climate processes during ENSO are controlled by the
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Atlantic Ocean dynamics [Poveda et al.(2014), Arias et al.(2015), Hoyos et al.(2017)].
Finally, our results uncover a link between the spatial PS patterns and rainfall anomalies
during ENSO. Furthermore, it is well known that PS in non-linear oscillatory systems is
defined as the appearance of a certain relation between the phases of interacting systems (or
between the phase of a system and that of an external force), while the amplitudes can remain
non-correlated [Rosenblum et al.(2001)]. On the other hand, generalized synchronization
(GS) emerges when the state of the driven system is completely determined by the state of
the driving system, i.e. the phases and amplitudes of both systems are correlated |[Pikovsky
et al.(2001)]. Hence, GS between ENSO and HyAns in Colombian regions that exhibit
statistically significant PS is an open topic for further research.

Assessing PS between ENSQO and rainfall anomalies in Colombia using diverse HyAns
methods

We quantify PS using the four HyAns methods explained in Chapter 2, named: HyAns—
TAC, HyAns-FAC, HyAns-SSAC, and HyAns-MAC (see section 3.5.6). The main objective
is verifying how sensitive is the Generalized Phase Difference technique and the Strength of
Phase Synchronization metric (hereafter PS metrics) in relation to diverse HyAns methods.
To that end, we select the quarters that exhibit the strongest PS between SST3.4 and
HyAns in Colombia, during La Nifa and El Nino (i.e. JJA and DJF, respectively). Fig.
3-15 shows the PS in relation to the HyAns methods mentioned. Our results evidence
that the strength of PS for the HyAns-FAC and HyAns—-MAC methods are analogous, both
methods exhibiting strong (moderate) PS during La Nina (El Nino) in JJA (DJF). PS metrics
show similar results for HyAns—FAC and HyAns—MAC methods, for all quarters during La
Nina and El Nino epochs. In contrast, PS metrics using the HyAns—TAC and HyAns—
SSAC methods show significant differences with HyAns-FAC and HyAns-MAC. According
to Chapter 2, HyAns—FAC and HyAns—-MAC have some common properties, among them:
(i) non-constant annual cycle, (7i) adequate separation of high and inter-annual frequencies,
(#i) non-significant residual seasonal frequencies in anomalies and, (iv) the magnitude of
extreme values of anomalies in a middle range compared with the other HyAns methods.
On the other hand, HyAns-TAC and HyAns-SSAC do not meet the previously mentioned
requirements for the case of rainfall anomalies over Colombia, which induce biases to results
for quantification of interdependence by means linear and non-linear techniques.

3.6.4. PS analysis between ENSO and the AC of rainfall in Colombia

We quantify the strength of PS between the MEI signal (having only inter-annual frequency
components) and the modulated annual cycle (MAC) of precipitation throughout Colombia.
Fig. 3-16a shows the MEI index and the states of ENSO (El Nifo, La Nifia, and Neutral).
Fig. 3-16b gives the cylindrical representation of the phase differences between the time
series, ®;o. In this case, we do not classify data according to the states of ENSO then,
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Figures 3-15.: Strength of Phase Synchronization, y, between the SST3.4 anomalies and

rainfall anomalies throughout Colombia, using the HyAns methods: HyAns—
TAC, HyAns—-FAC, HyAns-SSAC, HyAns—-MAC for the quarters that ex-
hibit the strongest PS during ENSO. Data set No. 1, period 1976-2006,
phase ratio ®; ;. (top row) x for JJA during La Nina. (bottom row) x for
DJF during El Nino.

the almost uniform relative frequency distribution of ®; 5 can be explained by the presence
of data from the diverse states of ENSO. However, Figure 3-16 (panels ¢ and d) evidences
that the probability mass distribution of ®.5 is not perfectly phase-locked during El Nino
(Fig. 3-16c¢) and La Nina (Fig. 3-16d) but certain phase differences are more probable
than others. This behavior suggest some synchrony between the ENSO events and the AC
of rainfall in Colombia.

Fig. 3-17(a-e) shows the strength of PS between ENSO (SST3.4 anomalies) and the AC
of rainfall throughout Colombia (Data set No. 1). We use as time series the monthly
precipitation fields (and time series from rain gauges) spatially averaged over each region.
Then, it is possible that such procedure smoothes the data and hides slight phase differences
among time series. In general, PS is stronger during La Nina and El Nino than during the
neutral ENSO’s state. Furthermore, PS during El Nino is stronger than during La Nina.
Moreover, our results suggest a non-lagged synchronization because the PS-function, x(7),
does not show prominent peaks for a specific time-lag 7 £ 0. These results provide evidence
that the inter-annual variability of ENSO is strongly phase-locked with the AC of rainfall
over Colombia, particularly during El Nino and La Nifia. Analogous results were found using
the Data set No. 2 (not shown).
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Figures 3-16.: Cylindrical representation of phase difference ¢, o between the MEI index

and the annual cycle of rainfall in the Andean region (Data set No. 2). (a)
MEI index. (b) [left] ¢ using all record length data and [right] relative
frequency distribution (c) [left] ¢1o for El Niflo state and [right] relative
frequency distribution. (d)[left] ¢;o for La Nina state and [right] relative
frequency distribution.

Furthermore, we calculate the strength of PS, x, between ENSO and the AC of rainfall
using the two datasets available over Colombia in order to investigate spatial patterns of PS
during La Nina and El Nino states. In general, Fig. 3-18 shows that in vast areas of the
Colombian territory, the MAC of rainfall is strongly phase-locked with ENSO. Furthermore,
the phase-locking patterns change depending on the season and the state of ENSO. During
La Nina, Fig. 3-18 (top row) demonstrates strong PS, throughout the year, over the
Caribbean sea, and the Caribbean and Orinoco regions. The northern Andean region
exhibits significant PS during SON and DJF, whereas the southern Andean does not exhibit
PS along the year. The central Pacific region exhibit PS in SON and DJF, while the Pacific
region exhibit strong-PS during SON and the north Pacific coast of western Colombia shows
strong-PS in DJF and MAM. Finally, a vast area in the Amazon region shows strong-PS
during MAM and JJA. During El Nino, Fig. 3-18 (bottom row) shows strong PS in most
of the Colombia territory along the year, except in southern Amazon and the south-western
Colombian frontier with Ecuador in SON and DJF. During JJA a distinctive feature of
non-P§S crosses Colombian territory from the north-eastern Caribbean coast to the southern
Pacific coast of Colombia (passing by the northern Andean region and the central Pacific
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Figures 3-17.: Strength of phase synchronization, y, between the SST3.4 anomalies and
the MAC of rainfall throughout regions of Colombia (Data set No. 1; 1975-
2006) with ®; 5. (a-e) x as a function of lag 7 (in months) for El Nino and
La Nina.

region). Further research is necessary in order to interpret these PS patterns in relation to
the main mechanisms that determine the annual cycle of rainfall in such diverse regions.
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Figures 3-18.: Strength of phase synchronization, (x), between the SST3.4 anomalies and
the modulated annual cycle (MAC) of precipitation over Colombia consid-
ering ENSO. Phase ratio ®; 5, Data set No. 1. (top row) La Nifia (x); -
(bottom row) El Nifio (x) ;. The hatched contours indicate zones where x
is significant at 5%.

As in section 3.6.3, the average Phase Differences, (®; 2), make sense only in areas where x1 o
is statistically significant. Fig. 3-19 shows that although y has similar strong-PS patterns
between the ENSO signal and the AC of rainfall over most of the Colombian territory, the
(®y9) patterns change depending on the quarter and the ENSO state. During MAM and
SON, when the ITCZ passes over central Colombia [Hoyos et al.(2017)], (®;2) shows similar
results for both La Nifia and El Nifio. In particular, (®;5) exhibits a wave-like propagation
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from the Orinoco region in direction to north and south, whose values are lower during
MAM than during SON. In contrast, during La Nina and El Nino, in the boreal winter
(DJF), when the ITCZ is located in its southernmost position [Hoyos et al.(2017)], (®;.)
exhibits a wave-like propagation, which increases from the Caribbean Sea to the central
Orinoco region. Finally, during La Nina, in the boreal summer (JJA) when the ITCZ is
located in its northernmost position, the phase differences are lower over the Caribbean Sea
and higher over the northern Andean, Orinoco and Amazon regions. During El Nino, the
(P4 9) values are higher over all Colombian territory than during La Nina.

In this sense, [Stein et al.(2014)] studied synchronization between ENSO and the annual
cycle over the tropical Pacific Ocean. They investigated two possible mechanisms behind
such synchronization feature, namely: (i) frequency locking of ENSO to periodic forcing by
the annual cycle, or (ii) the effect of the seasonally varying background state of the equatorial
Pacific on ENSO’s coupled stability. As conclusions, their results indicated that the annual
modulation of the coupled stability of the equatorial Pacific ocean-atmosphere system is by
far the more likely mechanism generating the synchronization between ENSO and the annual
cycle. In our case of study, at this point, PS between ENSO and the annual cycle of rainfall
in Colombia cannot be associated with physical mechanisms behind the found PS patterns.
However, the findings by [Stein et al.(2014)] allow us to hypothesize as a possible physical
mechanism the annual modulation of the land-ocean-atmosphere interactions over northern
tropical South America, which enhance or reduce the impact of ENSO on this regions. This
hypothesis deserves further research.

3.6.5. PS between other macro-climatic indices and HyAns in
Colombia

We quantify PS between rainfall anomalies throughout Colombia and other macro-climatic
indices, such as: TNA, NAO, TSA, PDO, CAR, QBO, N12, AMO and AMM (see sections
3.4.3 and 3.5.7). To that end, we classify rainfall anomalies in Colombia and the macro-
climatic time series, by considering La Nifia and El Nino epochs as mentioned in Chapter 1.
In addition, we filtered out the macro-climatic indices using EEMD in order to guarantee that
time series preserve only the inter-annual frequency bands (see section B.1 and the Suppl.
Info. B). Fig. 3-20 shows x11 between the PDO index and rainfall anomalies in Colombia
during ENSO (Data set No. 1). During La Nina in JJA, the PDO exhibits the strongest
PS with rainfall anomalies over the Caribbean sea and the Caribbean, Andean, and Pacific
regions. Furthermore, these regions coincide with zones of strong phase-locking between
negative SST3.4 anomalies and rainfall anomalies (see Fig. 3-12 top row). Moreover, those
areas of PS coincide with the Colombian regions that exhibit the highest positive rainfall
anomalies (see Fig. 3-6 top row). During El Nino in JJA, SON, and MAM, the PDO also
exhibits moderate PS with rainfall anomalies over the mentioned regions.

At this point, we hypothesize that some extreme positive (negative) anomalies over Colombia,
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during La Nina (EI Nino), are enhanced by the conjoint effect of the PDO and the ENSO
states. According to [Mantua(2001)], PDO primarily affects the North Pacific region but its
effects can be felt also near the equator. Conversely, ENSO primarily affects the climate of
lower latitudes, but its secondary effects are felt in the North Pacific. Furthermore, a positive
(negative), or warm (cold) state of the PDO produces climate and circulation patterns that
are similar to El Nino (La Nina) [Gershunov and Barnett(1998)]. Moreover, the climate
signal of El Nino is likely to be stronger when the PDO is highly positive and conversely,
the climate signal of La Nina will be stronger when the PDO is highly negative [Gershunov
and Barnett(1998)].

To investigate our hypothesis, we quantify the strength of PS, y, between the PDO index
and SST3.4 anomalies as a moving PS-index using a 24-months window-length. In addition,
we compare such moving PS-index with the rainfall anomalies averaged over each Colombian
region in relation to the ENSO states according to the MEI index. For the Pacific region,
Fig 3-21a shows the MEI index and the ENSO states: La Nina, El Nino and Neutral.
Fig 3-21b gives the PDO index and the SST3.4 anomalies. Fig 3-21c (right axis) shows
the moving PS-index between PDO and SST3.4 anomalies whereas Fig 3-21c (left axis)
shows the rainfall anomalies. Note that during El Nino events (1982-1983, 1987-1988, and
1997-1998) the PDO-index exhibits positive values, while SST3.4 shows warm anomalies.
At the same time, the moving PS-index exhibits weak PS, while Colombian Pacific rainfall
experiments negative anomalies. Conversely, during La Nina events (1988-1989, 1998-1999,
and 1999-2000) the PDO-index exhibits negative values while SST3.4 shows cold anomalies.
At the same time, the moving PS-index shows strong PS while Colombian Pacific rainfall
experiments positive anomalies.

Analogously, we quantify PS between rainfall anomalies in Colombia and NAO during ENSO
(see Fig. 3-22). Our results suggest that, during La Nina in JJA, NAO is strongly phase-
locked with anomalies over the Andean and Caribbean regions. In this sense, [Wang(2007)]
statedthat the Caribbean LLJ is phase-locked with the NAO. In addition, he argued that
both the CLLJ and NAO are related to the NASH [Wang(2007)]. Hence, a strong (weak)
NASH is associated with strengthening (weakening) of the easterly CLLJ and also corre-
sponds to the positive (negative) phase of the NAO [Wang(2007)]. As a complement, the
work by [Arias et al.(2015)] showed a significant linear correlation between the CLLJ and
rainfall anomalies in Colombia. Neither [Wang(2007)] nor [Arias et al.(2015)] discussed dif-
ferences of phase-locking and correlations in relation to the states of ENSO, which deserve
future research. Notwithstanding, these results support the hypothesis that CLLJ wind
anomalies during La Nina could contribute to explain positive rainfall anomalies over the
Andean and Caribbean regions of Colombia.

Finally, the macro-climatic indices TNA, TSA, CAR, QBO, AMO, and AMM also exhibit
areas of significant-PS with rainfall anomalies over Colombia (see Suppl. Info., Figs. B-17

and B-22). In particular, AMO is phase-locked with rainfall anomalies over the Amazon
and Orinoco regions during El Nifio and La Nina (see Suppl. Info., Fig. B-16). Also, TNA
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shows phase-locking with rainfall anomalies over vast Colombian areas (see Suppl. Info.,
Fig. B-17). For the other macro-climatic indices, PS areas are smaller than those found for
SST3.4 anomalies, the PDO and, the NAO signal. Furthermore, PS between HyAns and
SST anomalies in the N12 zone as well as PS between HyAns and the MEI index provide
similar results to those found for PS between HyAns and SST3.4 (see Suppl. Info., Figs.
B-19).

3.7. Conclusions and future work

In this study, we have found five main results:

First, we present an unexplored approach based on Phase Synchronization (PS) techniques
in order to investigate non-linear interactions between the ENSO signal in the tropical Pacific
Ocean and the (annual and inter-annual) variability of rainfall over Colombia. To that end,
we use the Generalized Phase Difference (GPD) technique as well as an index that provides
a measure of the strength of PS. Our results show that the PS technique allows identifying
seasonal spatial patterns of interdependence in relation to the extreme states of ENSO.
However, for climate research purposes, the PS analysis must be accompanied by a rigorous
data analysis in order to define adequately the annual cycle (AC), eliminate the seasonal
residual frequencies in hydro-climatic anomalies, and assess the statistical significance of PS
metrics. Moreover, we show that the PS technique is a robust method in relation to the
different HyAns estimation methods, the HyAns-FAC and HyAns-MAC methods provide
similar PS-results. This can be explained because the mentioned HyAns methods consider
a non-constant annual cycle and it is possible to guarantee time series of anomalies with
non-significant seasonal residual frequencies, which allow us avoid error sources and biases
in quantification of PS.

Second, we study the seasonal regional rainfall anomaly patterns throughout Colombia dur-
ing La Nina and El Nino. Our results evidence that, during La Nina (El Nino), the Pacific,
Caribbean and Andean regions experiment positive (negative) rainfall anomalies, whereas
the Orinoco and Amazon regions exhibit negative (positive) ones. During La Nina (El Nino),
the Pacific, Caribbean, and Andean regions exhibit the highest positive (negative) anoma-
lies in JJA (DJF) while the Orinoco and Amazon experiment the highest negative (positive)
anomalies in DJF (JJA). Based on the literature, we discussed that such rainfall anoma-
lies during ENSO can be explained by the influence of several concomitant hydro-climatic
processes and mechanisms, among them: the three Low-Level jets surrounding Colombia
(the Choco LLJ, the Caribbean LLJ, and the Orinoco LLJ), the Cross-Equatorial winds,
land-surface atmosphere feedback (e.g. local recycling moisture in large river basins), other
macro-climatic processes that are phase-locked with the ENSO signal (e.g. such as the
PDO and the NAO), and the complex interactions between processes that occur at different
timescales (e.g. ENSO signal in the tropical Pacific and the annual cycle of rainfall in Colom-
bia). However, we also point out the need of further research on the LLJs anomalies and
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the cross-equatorial wind anomalies during ENSO. Moreover, further research on the phys-
ical mechanisms behind the influence of other macro-climatic processes on hydro-climatic
processes over Colombia is necessary.

Third, our findings reveal that the ENSO signal is strongly (moderately) phase-locked with
rainfall anomalies over some Colombian regions during La Nina (El Nino). In particular,
the PS analysis evidences that the significant seasonal spatial patterns of PS coincide with
the seasonal spatial patterns of positive (negative) rainfall anomalies in the Pacific, Andean,
and Caribbean regions during La Nina (El Nino). In the Orinoco and Amazon regions,
rainfall anomalies do not exhibit significant PS with ENSO. Hence, our results support the
hypothesis that rainfall anomalies in the Pacific, Andean and Caribbean regions are mainly
influenced by the tropical Pacific Ocean dynamics, whereas rainfall anomalies in the Amazon
and Orinoco regions are controlled by the Atlantic Ocean dynamics. Furthermore, we found
that SST anomalies in the tropical Pacific ocean lead rainfall anomalies in Colombia with
3 to 5 months-lag during El Nino and 1 to 3 months-lag during La Nina. Moreover, the
mentioned relationship between the PS patterns between ENSO and HyAns in Colombia
point out the need of future research on the existence of Generalized Synchronization.

Fourth, we provide evidence of PS between the ENSO signal in the tropical Pacific Ocean and
the modulated annual cycle (MAC) of rainfall over some regions of Colombia, which opens
new paths towards the understanding of the non-linear feedback between the inter-annual
variability of ENSO and the MAC of the hydro-climatic processes in Colombia. Although, at
this point, it is not possible to provide a satisfactory physical explanation of such non-linear
interdependence between ENSO and MAC. These results allow us hypothesizing as a possible
physical mechanism, the annual modulation of the land-ocean-atmosphere interactions over
northern tropical South America, which enhances or reduces the impact of ENSO on this
regions. Future investigation on this topic is necessary.

Finally, we quantify PS between different macro-climatic indices and rainfall anomalies in
Colombia. Our results reveal that the PDO signal and HyAns in Colombia are phase-locked.
Such PS exhibits seasonal spatial patterns that are similar to those found for PS between
the ENSO signal and HyAns over some regions. In this sense, we hypothesize that some
extreme events of positive (negative) anomalies over Colombia, during La Nina (El Nino),
are enhanced by the conjoint effect of the PDO and the ENSO states. Our analysis over the
Pacific region of Colombia supports this hypothesis. In addition, we quantify PS between
the NAO signal and HyAns in Colombia. In this sense, we found that during La Nina, in
the boreal summer (JJA), HyAns in the Caribbean and Andean regions exhibit strong PS
with NAO. Hence, a possible mechanism responsible for such phase-locking is the influence
of the Caribbean LLJ winds anomalies on rainfall over the Caribbean and Andean regions of
Colombia. In addition, we showed that other macro-climatic indices are phase-locked with
rainfall anomalies, which suggest that several macro-climatic processes influence conjointly
the hydro-climatology of Colombia. Moreover, such PS patterns from other macro-climatic
indices also change depending on the ENSQO’s states.
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3.9. Appendix A:Phase Synchronization: Theoretical basis

According to [Rosenblum et al.(2001)], a stable limit cycle in the phase space is the main
characteristic of stable periodic self-sustained oscillators. Then, the dynamics of a phase
point on this cycle can be denoted as,

do
i
where w, = 27/T,, and T, is the period of the oscillation. On the other hand, if two
oscillators are weakly coupled, it is possible to neglect variations of amplitudes to obtain

W, (3-9)

equations describing their phase dynamics such as,

% = wi + €g1(¢1, P2) ; % = w2 + €92(¢2, $1) (3-10)

where the coupling terms g, and g, are 2m-periodic in both arguments, and € is the coupling
coefficient.

Hence, as the interaction between the oscillators essentially effects the evolution of their
phases if the frequencies w; and wy are in resonance, i.e. if for some integers n and m,
nw; = mws [Rosenblum et al.(2001)].

Then, in the first approximation, the Fourier expansion of the functions ¢g; and gs contains
slowly varying terms ~ n¢; —meo, and under such assumption the generalized phase difference
can be defined as,

D, (t) = ngr(t) — mos(t), (3-11)
Subtracting Eq.(3-10) and keeping only the resonance terms, we get
d®,,

dt7 = nwy — mwy + €G(D,, 4,) (3-12)

where G(+) is 2m-periodic. In addition, Eq. (3-12) is a one-dimensional ordinary differential
equation that admits two types of solutions: fixed points or periodic rotations of ®,, ,,,. The
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stable fixed point corresponds to perfect phase locking, when ®,, ,, = const. The periodic
rotations describe quasi-periodic motion with two incommensurate frequencies in the system
presented in Eq. (3-10) [Rosenblum et al.(2001)].

Finally, considering a small coupling in the Eq. (3-10), it is possible neglect the non-resonant
terms. With non-resonant terms, the condition of synchronization of periodic oscillators
should be generally written as a phase locking condition,

|ng1(t) — mes(t) — d| = const., (3-13)

where § is some (average) phase shift, or as a frequency entrainment condition,

nfdy = mlly, (3-14)
where

dgr2
Qo ~ : 3-15
(92 (315

It is worth mentioning that in the synchronized state the phase difference is generally not
constant but oscillates around 9.

3.10. Appendix B: Decomposition methods based on EMD

3.10.1. Empirical Mode Decomposition (EMD)

[Huang et al.(1998), Huang et al.(1999)] proposed that a time series, z(t), can be expressed

as,

w(t) =) () +¢ (3-16)
j

where ¢; correspond to the IMFs, and ¢ the residual of data. The procedure can be sum-
marized as follows [Huang et al.(1998)]: (1) The extreme maximum and minimum values
are identified in z(t), (2) the maximal values are connected using a cubic spline to find
an upper envelope, Upq.(t). A similar procedure is carried out to the minimal values to
find a lower envelope, L, (t), (3) the mean value between U,,q,(t) and L,,;,(t) is estimated
[U(t) = M], (4) the time series U is substrated of z(t) [d(t) = x(t)—U(t)], (5) the
time series d(t) is considered as the new x () and then steps 1-4 are repeated until finding a
signal with zero mean that is the first IMF, (6) The IMF is subtracted from the original time
series z(t) and the procedure is repeated to obtain the next IMF, and (7) stop the iterative
process when d(t) has only one maximum or one minimum value, so that it is not possible
to extract more IMFs using d(t).
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3.10.2. Ensemble EMD (EEMD)

As mentioned above, [Wu and Huang(2005), Wu and Huang(2009)] proposed the EEMD as
a modified version of the EMD method to solve the “mode mixing” problem. The procedure
can be summarized as follows: (1) add white noise series to the original data z(t), (2) apply
the EMD method to x(¢) with added noise to find the IMFs, (3) repeat steps (1) and (2)
several times and, (4) calculate the (ensemble) mean for each IMF, until finding stable values
of the IMF for a given error level e.

Finally, the added noise series cancel out each other and the mean IMFs remains within the
natural dyadic filter windows significantly reducing the chance of mode mixing and preserving
the dyadic property [Flandrin et al.(2004), Wu and Huang(2005), Wu and Huang(2009), Wu
et al.(2008)]. This method is counter-intuitive because it uses multiple noise realizations
added to a single time series to mimic a scenario of multiple trials of observations which

are averaged for the corresponding IMFs allowing to extract scale-consistent signals [ Wu et
al.(2008)].
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4.1. Abstract

We use Recurrence Quantification Analysis (RQA) to study features of Generalized Syn-
chronization (GS) between El Nino-Southern Oscillation (ENSO) and monthly hydrological
anomalies (HyAns) of rainfall and streamflows in Colombia. To that end, we check the
sensitivity of the RQA concerning diverse HyAns estimation methods, which constitutes a
fundamental procedure for any climatological analysis at inter-annual timescales. In general,
the GS and its sensitivity to HyAns methods are quantified by means of time-lagged joint
recurrence analysis. Then, we link the GS results with the dynamics of major physical mech-
anisms that modulate Colombia’s hydroclimatology, including the Caribbean, the CHOCO
and the Orinoco Low-Level Jets (LLJs), and the Cross-Equatorial Flow (CEF) over north-
western Amazonia (southern Colombia). Our findings show that RQA exhibits significant
differences depending on the HyAns methods. GS results are similar for the Hy Ans methods
with variable annual cycle but the time-lags seem to be sensitive. On the other hand, our
results make evident that HyAns in the Pacific, Caribbean and Andean regions of Colombia
exhibit strong (weak) GS with the ENSO signal during La Nina (El Nifo), when hydro-
logical anomalies are positive (negative). Results from the GS analysis allow us to identify
spatial patterns of non-linear dependence between ENSO and the Colombian’s climatol-
ogy. The mentioned moisture transport sources constitute the interdependence mechanism
and contribute to explain hydrological anomalies in Colombia during the phases of ENSO.
During La Nina (El Nifo), GS is strong (weak) for the Caribbean and the CHOCO LLJs
whereas GS is moderate (strong) for the Orinoco LLJ. Moreover, moisture advection by
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the Caribbean and CHOCO LLJs exhibit synchrony with HyAns at 0 to 2 (2 to 4) month-
lags over north-western Colombia and the Orinoco LLJ moisture advection synchonizes with
HyAns at similar month-lags over the Amazon region of Colombia. Furthermore, our results
suggest a strong (weak) GS between negative (positive) Sea Surface Temperatures (SST)
anomalies in the Eastern Pacific and rainfall anomalies in Colombia. In contrast, GS is
strong (weak) for positive (negative) SST anomalies in the Central Pacific. Our GS results
contribute to advance our understanding on the regional effects of both phases of ENSO in
Colombia, whose socio-economical, environmental and ecological impacts cannot be over-
stated. This work provides a novel approach that reveals new insights into the impact of
ENSO on northern South America.

4.2. Introduction

Synchronization is a well-known phenomenon that occurs when different oscillatory systems
adjust the time scales of their oscillations due to mutual interaction [Pikovsky et al.(2001),
Balanov et al.(2009)]. Diverse types of synchronization can be determined, such as frequency
synchronization (FS), phase synchronization (PS), identical synchronization (IS), generalized
synchronization (GS) and lag synchronization (LS) [Brown and Kocarev(2000)]. Particularly,
GS emerges when the state of the driven system is completely determined by the state of
the driving system [rulkov(1995)]. Hence, for two signals = and y that have a functional link
y ~ f(x), GS techniques help to identify their synchronization or interrelationships even
when their amplitudes behave differently. Diverse methods have been proposed to study
synchronization such as those based on recurrences [Schiff et al.(1996), Arnhold et al.(1999),
Le Van Quyen et al.(1999), Quiroga et al.(2002), Zbilut et al.(2006), Marwan et al.(2007)],
phase differences [Rosenblum et al.(1997), Tass et al.(1998), Pikovsky et al.(2001), Rosenblum
et al.(2001)], and quasi-simultaneous appearance of events [Stolbova et al.(2014), Malik et
al.(2012), Rheinwalt et al.(2016), Agarwal et al.(2017)]. In particular, the method based on
recurrences (recurrence plots and RQA) is based on properties from the non-linear dynamical
systems such as the Poincaré Recurrence Theorem [Poincaré(1890)] and the Takens’ theorem
regarding the artificial reconstruction of strange attractors [ Takens(1981), Sauer et al.(1991)].
In the last two decades, methods based on recurrences have proven to be very useful in dif-
ferent areas such as earth sciences, engineering, and applied physics, among others [Marwan
et al.(2007), Marwan(2008), Webber(2014)]. Specifically, join recurrence plots (JRPs) have
been used to study simultaneous recurrences and the detection of generalized synchronization
in different systems [Romano et al.(2004)]. Recently, RQA has proved to be useful in diverse
areas such as economy, physiology, earth sciences, astrophysics, and engineering [Marwan et
al.(2007), Webber(2014)]. In particular, RQA has been used to investigate complex synchro-
nization scenarios between coupled chaotic oscillators [Feldhoff et al.(2013)], emergence of GS
in networks of structurally different time-delay systems [Senthilkumar et al.(2013), Suresh et
al.(2016)], and precursors and synchronization of components of the tectonic system [Hobbs
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and Ord(2018)], among others. The oscillatory nature of diverse hydroclimate phenomena
is well known, such as those associated with the annual cycle of insolation (12 months), and
the quasi-periodic El Nifio-Southern Oscillation (3-4 years), which constitutes the most im-
portant modulator of interannual climate variability worldwide [Sarachik and Cane(2010)].
In turn, ENSO itself exhibits phase-locking with the annual cycle [Stein et al.(2011)], and
affects the annual cycle of hydroclimatic variability in tropical South America and else-
where [Sarachik and Cane(2010)]. Thus, GS and RQA provide powerful theoretical and
quantitative frameworks to understand the non-linear interaction between ENSO and hy-
droclimatic processes in the region.

As far as we know, RQA has not been used to test the sensitivity of different methods to
estimate hydro-climatic anomalies at interannual timescales (hereafter HyAns). In Chapter
2, we demonstrated that HyAns exhibit significant differences in terms of magnitude, timing,
and sign, depending on the estimation method. Furthermore, we also demonstrated that lin-
ear and non-linear quantifiers of dependence can be significantly affected by how HyAns are
defined (see Chapters 2 and 3). Then, in this work, we test the sensitivity of the GS metrics
using the four HyAns methods assessed in Chapters 2 and 3, namely: (i) the Traditional
Annual Cycle or constant climatology (HyAns—TAC), (i) F-filtering of the Annual cycle by
moving averages (HyAns-FAC), (i) Annual cycle extracted by Singular Spectrum Analysis
or Singular-Spectrum Annual Cycle (HyAns-SSAC) and, (iv) the Modulated Annual Cy-
cle or variable climatology (HyAns—-MAC). We also aim to provide advances regarding the
robustness of the GS quantifiers based on recurrences for climate analysis at inter-annual
timescales.

4.2.1. ENSO effects on hydro-climatology of Colombia

Colombia experiences positive (negative) anomalies in rainfall and streamflows, during the
cold (warm) phase of ENSO, whose magnitude and timing vary across the main geographic
regions of the country (Caribbean, Andes, Pacific, Orinoco and Amazon) [Arias et al.(2015),
Poveda and Mesa(1997), Poveda et al.(2001), Waylen and Poveda(2002), Poveda et al.(2010),
Bedoya-Soto and Poveda(2017), Bedoya-Soto et. al.(2018)]. Associated with those anomalies,
there are extreme hydro-meteorological events of important socio-economical, environmental
and ecological impacts. As such, the GS provides a new framework to further understand
the impacts on ENSO on the hydroclimatology of Colombia, and the physical mechanisms
responsible for such anomalies using a non-linear dynamical systems approach based on re-
currences [Marwan et al.(2007)]. In general, we investigate GS between hydrological records
of monthly series of rainfall and streamflows in Colombia and diverse variables related to
moisture transport mechanisms influencing the Colombian hydrology during the extreme
phases of ENSO. In particular, our GS-analysis is carried out at inter-annual timescales



4 Generalized Synchronization between ENSO and hydrological variables
70 in Colombia: A recurrence quantification approach

considering the extreme phases of ENSO (La Nina and El Nino) separately. Three main
moisture-ladden Low-Level Jets are considered as major mechanisms associated with hy-
droclimatic anomalies in Colombia, namely: (i) the Caribbean LLJ [Wang(2007)], (ii) the
Chorro del Occidente Colombiano (hereafter CHOCO LLJ) [Poveda and Mesa(2000), Yepes
et al.(2019)], and (%ii) the Orinoco LLJ [Jiménez-Sdnchez(2019)] also known as the East-
ern Andean LLJ or Corriente de los Andes Orientales (CAO) [Montoya(2001), Torrealba
and Amador(2010)] (hereafter Orinoco LLJ). Furthermore, we also consider (iv) the Cross-
Equatorial Flow (CEF) [ Wang and Fu(2002)] as a possible mechanism of meridional moisture
transport from the Amazon River basin to the Colombian territory. Additionally, in order
to contrast our analysis with the available literature, we consider the SST gradient between
the Pacific Ocean off the Colombian coast and the El Nino 142 zone, which makes part of
the physical mechanism behind the CHOCO LLJ dynamics [Poveda and Mesa(2000)].

Also, we study the emergence of GS between two different types of ENSO and the Colom-
bian hydrology, given that several recent works have shown that major SST warming has
occurred frequently in the central Pacific (hereinafter CP El Nifo), notably different from the
eastern Pacific warming pattern during canonical El Nino events [Sullivan et al.(2016), An-
dreoli et al.(2017), Ashok and Yamagata (2007), Ashok and Yamagata (2009)] (hereinafter
EP El Nino). Moreover, the CP El Nifio exerts distinct socio-economical, environmental
and ecological impacts around the globe [Sullivan et al.(2016), Andreoli et al.(2017), Ashok
and Yamagata (2007), Ashok and Yamagata (2009)]. [Andreoli et al.(2017)] stated that the
different SST anomaly patterns in the tropical Pacific affect the large-scale (Walker circula-
tion and troposferic Rossby waves) and local atmospheric circulation patterns over northern
South America producing different anomaly precipitation patterns. In particular, few works
have studied the influence of the different types of El Nifio events on Colombian’s hydroclima-
tology [Cordoba-Machado et al.(2015), Cordoba-Machado et al.(2014), Navarro-Monterroza et
al. (2019), Serna et al. (2018)]. Those works indicate that SST anomalies on the Eastern
Pacific (EP) and the Central Pacific (CP) ocean are related with positive or negative hydro-
logic anomalies in the country depending on the location. At this point, there is not a clear
consensus on the relationship between the different SST anomalies in the tropical Pacific
and its influence on the hydrologic response in Colombia. Recently, [Sullivan et al.(2016)]
proposed robusts indices for the EP El Nino, CP El Nino, and the Mixed-type EI Nino,
which are based on the normalized SST anomalies in the Nifio3, Nino4, and Nino3.4 areas
of the tropical Pacific Ocean, respectively. Therefore, we aim to quantify GS using those
indices to infer clues on the influence of the different types of ENSO on Colombia hydrology.

4.2.2. Objectives

The objectives of this work are manifold: (i) To quantify non-linear inter-dependencies
between the ENSO signal and the anomalies of hydrological variables in Colombia using
the GS approach based on RQA; (ii) To assess the sensitivity of the GS-metrics based on
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RQA using diverse methods used to define hydro-climatic anomalies; (iii) To evaluate the
impact of ENSO on the Colombian hydrology though its effect on the sources of moisture
that feed the water cycle dynamics over Colombia; (iv) To calculate GS between different
types of El Nino indices (Central Pacific, Eastern Pacific, and Mixed) and the Colombian
hydrology; and (v) To examine by means of GS metrics the propagation of the ENSO signals
over Colombia.

To achieve the mentioned objectives we revise and characterize hydrological anomalies over
Colombia during the phases of ENSO. Besides, a quantification of the linear and non-linear
associations among the different variables seems necessary to elucidate new insights and ex-
planations. In particular, we look for evidences about the influence of the aforementioned
moisture sources on Colombian hydrology during ENSO. To that end, we consider the be-
havior of the moisture advection through the Caribbean, CHOCO, and Orinoco LLJs as
well as the CEF during the phases of ENSO. Furthermore, our physical interpretation of GS
results are based on Gill’s theory [Gill (1980)] that states that weakening (strengthening)
of the low-level winds is related to the increase (decrease) of the SSTs, which subsequently
increase (decrease) of evaporation, increase (decrease) of moisture convergence, and increase
(decrease) of rainfall in some regions [Wang(2007), Martin and Schumacher(2011), Arias et
al.(2015)].

This work is outlined as follows: Section 4.3 describes the datasets and the region of study.
Section 4.4 presents the RQA, the GS-index, the statistical tests for RQA. Results are
discussed in Section 4.5 and the final remarks are drawn in Section 4.6.

4.3. Data and region of study

We use monthly rainfall and streamflows series from the five major regions of Colombia:
Caribbean, Andes, Pacific, Orinoco and Amazon. Fig. 4-1 shows six macro-climatic zones,
namely: Nino3.4 and Ninol42 in the tropical Pacific Ocean, as well as the zones related to
the Caribbean, CHOCO, and Orinoco LLJs, and the Cross Equatorial Flow (CEF). Details
are provided in sections 4.3.1, 4.3.3, and 4.3.4.

4.3.1. The ENSO signal
Classification of the ENSO events

To classify the ENSO events, we use the monthly Multivariate ENSO Index (MEI) [Wolter
and Timlin (1998)], which is based on six variables over the tropical Pacific: sea-level pres-
sure, zonal and meridional surface wind components, sea and air surface temperatures, and
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Figures 4-1.: Macro-climatic zones associated with the Colombian hydrology.

total cloud fraction. It is considered to be a more reliable estimator of the ENSO state
compared to other indexes such as Nino3.4 (based solely on sea surface temperatures) or
the Southern Oscillation Index (SOI), which is based on sea-level pressures [Rasmusson and
Carpener (1982), Trenberth and Stepaniak (2001)]. Values of the MEI index greater (lesser)
than 4+0.5 (-0.5) define the occurrence of El Nifo (La Nina) events, whereas the remaining
periods will be referred to as neutral. The information of precipitation and streamflows was
classified according to El Nino and La Nina months, following the classification previously
described.

Sea Surface Temperatures in the tropical Pacific Ocean — El Nifio 3.4 zone (SST3.4)

We use the monthly Extended Reconstructed Sea Surface Temperatures (ERSSTv5) in the
El Nifio 3.4 region (hereafter SST3.4), in the area 5° N-5° S and 170-120° W. Details in
https://www.cpc.ncep.noaa.gov. The mentioned SST3.4 time series was filtered using a 12-
month moving average filter to extract the inter-annual variability. Then, we calculate the
GS index between SST3.4 and rainfall and streamflows series in Colombia.

Indices for different types of El Niiio

A recent study proposed three simple indices to represent the EP El Nino, CP El Nino, and
the mixed type of El Nifio (Mixed-type), which can be used for understanding, prediction,
and impact assessment [Sullivan et al.(2016)]. In general, those indices are based on the SST
in the Nino3 and Nifno 4 regions, which coincide with the areas that exhibit maximum SST
warm anomalies of the EP and CP El Nino, respectively [Sullivan et al.(2016)]. Indices for
EP type, CP type, and Mixed-type El Nino are calculated as [Sullivan et al.(2016)]:

e EP = Nino3normalized - 0.5 * Nino4normalized,

e CP = Nino4normalized - 0.5 * Nino3normalized,
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e Mixed-type = EP + CP ~ Nino3.4normalized,

where Nino3dnormalized, Nino4normalized, and Nino3.4normalized denote the normalized
SSTs anomalies in the Nino3 (5°S-5°N, 150°W-90°W), Nino4 (5°S-5°N, 160°W-150°W),
and Nifno3.4 (5°S-5°N, 170°W-120°W) regions, respectively [Sullivan et al.(2016)].

Fig. 4-2 shows the MEI index and its classification in La Nina, El Nino, and Neutral as
explained in section 4.3.1. Furthermore, Fig. 4-2a shows the EP El Nino index, Fig. 4-
2b shows the CP El Nino index and, Fig. 4-2c¢ shows the Mixed-type El Nino as defined
by [Sullivan et al.(2016)].

(a) Eastern Pacific El Nifio Index
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Figures 4-2.: Indices for different types of El Nifo in the period 1975-2006: (left axis) MEI
index denoting La Nina (blue), El Nino (red) and Neutral (green) phases of
ENSO. (right axis- black line) Eastern Pacific (EP) type (top row), Central
Pacific (CP) type (middle row), and Mixed-type(bottom row).

4.3.2. Colombian hydrology
Precipitation

e Dataset 1: We use data from a reanalysis of Colombian rainfall performed by [Hurtado
and Mesa(2014)], which produced monthly precipitation fields, spanning the period
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from 1975 to 2006, at a spatial resolution of 5 minutes of arc, in the region 5°S-
15°N and 80°W-65°W. Those authors used a set of 2270 rain gauges from diverse
institutions including Instituto de Hidrologia, Meteorologia y Estudios Ambientales de
Colombia (IDEAM), Empresas Publicas de Medellin (EPM), Centro Nacional de In-
vestigaciones del Café (CENICAFE) and The Global Historical Climatology Network
(GHCN). In addition, they also used satellite information from the Global Precipita-
tion Climatology Project(GPCP)-V2, National Centers for Environmental Prediction
(NCEP)/National Center for Atmospheric Research (NCAR), Tropical Rainfall Mea-
suring Mission (TRMM), and the Geostationary Satellite System (GOES). Finally,
the monthly precipitation fields resulted from a combination of the available data and
the implementation of the PRISM model over the Colombian territory. The resulting
data set is freely available upon request to one the authors (O. J. M) [Hurtado and
Mesa(2014)].

e Dataset 2: We also use data from a set of 937 rain gauges from IDEAM, at monthly
resolution, having record lengths of 40 years, for the period 1976-2015, with less than
10% missing records. The geographical distribution of this data set is as follows: 38
time series in the Pacific, 631 in the Andes, 228 in the Caribbean, 30 in the Orinoco,
and 10 in the Amazon region. See Fig. 4-3b.

Streamflows

We use monthly average streamflows data from seven IDEAM’s river gauging stations having
common record lengths of 38 years, from 1976 to 2013 (see Table S1 in the Supp. Info).
Furthermore, we use a set of 18 time series from XM (url: www.xm.com.co), at monthly
time-scale, with record lengths 40 years from 1976-2015 (see Table S2 in the Supp. Info).
Most river gauging stations are located in the Andean region, whereas long-term data in the
Orinoco and Amazon regions are not available. See Fig. 4-3a.

Table B-1 details the sample size used to quantify dependency among diverse variables for
each dataset. The samples were defined once each month is classified as El Nino, La Nina,
and Neutral according to the MEI index (details in section 4.3.1).

Tables 4-1.: Sample size of monthly anomalies according to the phases of ENSO for each

dataset.
Total monthly data points
Datasets Period | El Nino | La Nina | Neutral
Hurtado & Mesa (2014) | 1975-2006 158 65 161
IDEAM-Precipitation | 1976-2015 193 85 202
IDEAM-Streamflows | 1976-2013 176 85 195
XM-Streamflows 1976-2015 193 85 202
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Figures 4-3.: National context including the Colombian Natural Regions as well as the
streamflows and rainfall gauges. a) Streamflow gauges. b) Raingauges.

4.3.3. Moisture Advection through Low-Level Jets

In order to investigate the influence of the Low Levels Jets (LLJs) as rainfall-generating
moisture transport mechanisms and therefore as physical mechanisms behind the emergence
of GS, we use data from the NCEP/NCAR Reanalysis Project [Kalnay et al.(1996)]. Mois-
ture advection is calculated as the product between the monthly mean zonal winds and the
monthly mean specific humidity at 925 hPa. In particular, moisture advection is calculated
over the following geographic zones, which are associated with the three LLJs surrounding
Colombia, namely: (i) The Caribbean LLJ moisture advection is calculated over the region
12.5°N-17.5°N, 80°W-70°W. This region is selected based on the work by [Wang(2007)],
who studied the variability of the Caribbean LLJ; (ii) The CHOCO LLJ moisture advection
is quantified over the region 2°N—8°N, 82°W-77.5°W. This region was used in study [Poveda
and Mesa(2000)], which deals with the characterization and influence of the CHOCO LLJ
on ocean-land-atmosphere interactions over the far eastern Pacific; and (iii) The Orinoco
LLJ moisture advection is calculated over the region 6°N-10°N, 70°W-65°W. This region
is located over the vast Llanos (plains) region over the Colombia-Venezuela border and, se-
lected according to previous works [Montoya(2001), Jiménez-Sdnchez(2019), Torrealba and
Amador(2010)].

In particular, the CHOCO LLJ dynamics is related to the SST gradient in the far eastern
tropical Pacific. That is, the surface air temperature gradient between the Pacific Ocean
off the Colombian coast (2°N-8°N, 77.5°W-82°W) and the El Nifio 142 region (10°S-0°,
90°W-80°W) from the sea level to 925 hPa [Poveda and Mesa(2000)]. Hence, we calculate
the SST gradient between both zones and its association with rainfall and streamflows in
Colombia using the GS metrics. We will contrast the GS results obtained between ENSO
and the Colombian hydrology (rainfall and streamflows) with those obtained between LLJs
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and the Colombian hydrology to infer similarities and differences.

4.3.4. The Amazonian Cross-Equatorial Flow

The Cross-Equatorial Flow can be related to the hydrological dynamics over eastern and
southeastern Colombia (Orinoco and Amazon regions) and the northern-most Amazon basin
[Wang and Fu(2002)]. Hence, as in the previous section, we estimate the moisture advection
as the product between the mean meridional winds and the mean specific humidity at 925
hPa, using data from the NCEP/NCAR Reanalysis Project [Kalnay et al.(1996)], over the
region 5°S-5°N, 65°W-75°W [Wang and Fu(2002)].

4.4. Methods

4.4.1. Generalized synchronization using the Recurrence Quantification
Analysis

Recurrence in phase space is a fundamental property of diverse types of dynamical systems
[Marwan et al.(2007)]. This recurrence behavior can be characterized and quantified by
means of the so-called Recurrence Plot (RP), which is a modern tool of non-linear data
analysis that allows to visualise and quantify properties of higher-dimensional phase space
trajectories [Eckmann et al.(1987)]. The construction of the RP from a time series, x;,
requires the representation of the m-dimensional phase space of the system X. For single
time series, z;, it is necessary to reconstruct the dynamics using the time delay embedding
technique as [Packard et al.(1980), Takens(1981)],

;i: (l'iyxi-i-wa ) xier(mfl)) ) ZZG R™ (4'1)

where m is the embedding dimension and w is the time delay. The false nearest neighbors
(FNN) is the most used method to quantify m, whereas the Auto- Information Function
(AIF) is commonly used to quantify the time-delay [Marwan et al.(2007), Fraser and Swin-
ney(1986), Kantz and Schreiber(2004), Marwan(2011)]. Once m and w have been estimated,
the RP is calculated using the pair-wise proximity test to obtain the recurrence of X for the
times i and j as,

!
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where N is the number of data points, N' = N — (m — 1)w is the dimension of phase space
vectors, € is the threshold to the proximity between the phase space vectors. According to
the literature, e must be selected as a few percent (not larger than 10 %) of the maximum
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phase space diameter [ Webber(2014), Mindlin and Gilmore(1992), Zbilut and Webber(1992)].
||z; — a?;|| is the spatial distance between vectors in phase space. || - || denotes any norm in
phase space (e.g., Manhattan, Euclidean, or maximum norm) [Webber(2014)], and ©(:) is
the Heaviside function such as ©(z) = {1 | 2 > 0;0 | x < 0} [Marwan et al.(2007)]. The plot
of the recurrence binary matrix R* provides the RP. Then, the probability that one system
recurs to a certain state 7 is equal to the column-average of the recurrence matrix [Marwan

et al.(2007)].

N/
— 1
() = 57 > B (4-3)
j=1

On the other hand, the Joint Recurrence plot (JRP) is used to study the possible influ-
ence between two different physical systems, constituting a measure of their simultaneous
recurrence. The joint recurrence matriz is defined as the Hadamard product of the RPs of
the single RPs of systems X and Y [Marwan et al.(2007), Romano et al.(2004), Marwan et
al.(2013)],

— — — —
JRYY = 0(e— |7 — Z,|1) x O(e— ||¥: — ) (4-4)

Hence, the probability of finding a simultaneous recurrence at time ¢ in both systems X and
Y is equal to the column-average of the JR*Y matrix [Marwan et al.(2013)],

N
P(zz‘, Zz) = % Z JR?,(]’Y (4-5)
j=1

The same procedure can be carried out considering the relationship between the system X
and the time lagged system Y (7). Then, if both systems X and the time lagged Y(7) are
independent, p(;i, §i+7) = p(ﬁi)p(§i+7). In contrast, if both systems are in GS, we expect
approximately the same recurrences, p(zi, §i+7) ~ p(;z) A p(§i+T).

The computation of the recurrence matrices is most appropriate using a fixed amount of
nearest neighbors, N, for each column in the matrix than a fixed threshold [Marwan et
al.(2007), Arnhold et al.(1999)]. This corresponds to the original definition of RP [Eckmann
et al.(1987)]. Therefore, according to [Marwan et al.(2007)], p(z;) and p(ZHT) are equal and

fixed by N,,. i.e. p(i) = p(ZHT) = N,,/N. Taking the recurrence rate (RR) as RR = N,,/N,

. p(;iv :UH-T)
S(r)==—"Fn (4-6)

where S(7) is a time series with values ranging between 0.0 and 1.0, and 7 is a time-lag
between timeseries z; and ;. [Marwan et al.(2007)]. Consequently, it is possible to define a
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global index for GS based on the average joint probability of recurrence (hereafter GS-index)
by choosing the maximum value of S(7) and normalizing it [Marwan et al.(2007)],

S(t) — RR

1— RR (4-7)

GS = max,
where GS ranges from 0 (independent) to 1 (correlated). In order to avoid potential pitfalls
in RQA, our procedures are based on pivotal literature on recurrences [Marwan et al.(2007),
Marwan(2011), Webber(2014)].

4.4.2. Significance tests

The existence of GS between the systems X(¢) and Y (¢ + 7) requires a statistical test to
verify the significance of the GS-index at time-lag 7. Consequently, it is possible to test the
significance of the GS-index based on the joint recurrence matrix between the trajectory in
phase space of the original system X (ENSO in our case) and a representative number of
phase space trajectories of the system Y (precipitation and streamflows in our case), which
are independent copies of the underlying system Y (also called twin surrogates —TS) [Thiel
et. al.(2006), Thiel et. al.(2008)]. This ensures surrogates that are uncorrelated or not
synchronized with each other. Then, TS are phase space trajectories sharing the same
neighborhood up to the threshold € such that Ri{(k = Rfk, k=1,...,N'. In this work, TS are
constructed using the algorithm by [Thiel et. al.(2006), Thiel et. al.(2008)], which is included
in the CRP Toolbox for MATLAB provided by TOCSY, available at http://tocsy.agnld.uni-
potsdam.de [Marwan et al.(2007)].

The null hypothesis is that each TS is an independent trajectory of the system, corresponding
to different initial conditions. In this work, we test the significance of the GS-index between
X and Y (7) using 100 TS of the Y system (hydrological variables). i.e. to calculate the GS-
index for each pair of X and the TS and obtain their distribution. Finally, we compare the
GS-index for the original time series z(t) and y(¢) with the 95th percentile (95% confidence
boundary) of the test distribution. The time-lags 7 where the GS-index, GS(7), takes
values out the confidence band imply values for which the null hypothesis is rejected. i.e.
the systems X and Y are significantly dependent. In order to test for the null hypothesis,
we carry out a multiple testing procedure following the Sidak-Bonferonni equations [Holm
(1979), Abdi(2007)], and perform 5 independent tests limiting the risk of making at least one
Type I error to an overall value of a[PF] = 0.05 (PF means alpha per family of tests) and
then we use o[ PT] ~ 0.01 (PT means alpha per test).

4.4.3. Joint Probability of Recurrences during ENSO

Taking into account that precipitation and streamflows exhibit different kind of anomalies
depending on the ENSO phase (warm or cold), we quantify the probability of joint recurrence,
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p(7,, g,), at time ¢ (Eq. 4-5) for the cold (La Nina) and warm (El Nifio) phases of ENSO
separately. After that, we calculate the joint recurrence matriz (Eq. 4-4) and then p(?, ?
(7)), where 7 is the time-lag. Then, we look for the columns in the JRP that correspond to
the classification of ENSO phases as per the MEI index (section 4.3.1). Finally, we calculate

p(7;, yz) during La Nifia and El Nifio conditions.

For the different types of El Nino indices (EP, CP and Mixed-type), we carry out a similar

procedure. We quantify the probability of joint recurrence, p(z Z_/)Z), for each index using
all data and also periods as per the MEI classification, separately.

4.4.4. Sensitivity of the GS metrics to diverse HyAns methods

Diverse methods commonly used to estimate hydro-climatic anomalies (HyAns) exhibit dif-
ferences that may induce strong biases and error sources toward the interdependence anal-
ysis and modeling of climate time series (see Chapter 2). Such differences may generate
ambiguities for the physical interpretation of results (see Chapter 2), and thus the need to
consider the uncertainty in HyAns estimation and its consequences for quantification of in-
terdependence using linear and non-linear techniques. In this sense, in Chapter 3 we showed
that phase synchronization metrics based on Generalized Phase Differences [Rosenblum et
al.(2001)] are sensitive to seasonal-residual frequencies in time series of anomalies.

Hence, we verify the sensitivity of GS metrics based on RQA using the four HyAns methods
assessed in Chapters 2 and 3, namely: (i) the Traditional Annual Cycle or constant clima-
tology (HyAns-TAC), (ii) F-filtering of the Annual cycle by moving average (HyAns-FAC),
(7i) Annual cycle extracted by Singular Spectrum Analysis or Singular-Spectrum Annual
Cycle (HyAns-SSAC) and, (iv) the Modulated Annual Cycle or variable climatology. In
this way, we evaluate the robustness of our GS approach in relation to the diverse HyAns
estimation methods.

As mentioned in Chapter 2, the HyAns—FAC method is appropriate for climatological pur-
poses owing to the following properties: (i) a firm mathematical foundation, (ii) a varying
climatology (annual cycle), (iii) an adequate separation of noise, intra-annual, seasonal and
inter-annual components, since (iv) it does not leave significant residual seasonal frequencies
in HyAns, (v) its extreme values are in a middle range in comparison with the HyAns-SSAC
and HyAns-MAC methods, (vi) its autocorrelation function is comparable with HyAns—
SSAC and HyAns—-MAC, and (vii) its computational cost is one-tenth of HyAns—SSAC and
hundredths times less than HyAns-MAC.
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4.5. Results and discussion

4.5.1. Rainfall anomalies in Colombia and their association with ENSO
by means of Pearson correlations

First, we quantify rainfall anomalies over Colombia considering both phases of ENSO (El
Nino and La Nina), as explained in section 4.3.1. Rainfall anomalies were calculated using a
F-Filtering of the annual cycle by moving averages, which filters out adequately the seasonal
signal [Douglass (2011), Douglass (2015)]. Fig. C-11 shows that during La Nina, Colom-
bia experiences wetter (drier) than normal periods in the Pacific, Andean and Caribbean
(Orinoco and Amazon) regions. In contrast, during El Nifio, Colombia evidences drier (wet-
ter) than normal periods in the Pacific, Andean and Caribbean (Orinoco and Amazon)
regions. On the other hand, Fig. C-11 shows that, during La Nina (El Nino), the Orinoco
and Amazon regions exhibit negative (positive) rainfall anomalies throughout the year. It is
worth noting that the influence of both phases of ENSO on streamflows in the Amazon region
of Colombia does not show a clear-cut pattern of positive or negative anomalies [Arango-Ruda
and Poveda(2018)]. Hence, ENSO’s influence on rainfall anomalies in Colombia depends on
the phase of ENSO (La Nina or El Nino) and the region of the country.

Second, we quantify the linear association between SST anomalies in the tropical Pacific and
rainfall anomalies over Colombia during ENSO using Pearson correlations, r. We calculate
r using the complete monthly time series to capture the big picture. Fig. 4-5 suggests that
positive (negative) rainfall anomalies over the Pacific, the Andean and the Caribbean regions
are significantly correlated with negative (positive) SST anomalies in the tropical Pacific
Ocean. Furthermore, the spatial patterns of statistical significance of r are in agreement
with the spatial patterns of positive (negative) rainfall anomalies in Colombia during ENSO
(see Fig. C-11). However, it is worth noting that correlation patterns between SST3.4
anomalies and rainfall anomalies could differ during the phases of ENSO, and that Pearson
correlations only quantify the linear association. This points out the need to explore non-
linear techniques to quantify the dependence between hydrological anomalies in Colombia
and the ENSO signal considering La Nina and El Nino phases.

4.5.2. Moisture Advection Anomalies by LLJs during ENSO

Low-Level Jets (LLJs) are important rainfall-formation mechanisms and their non-linear in-
terdependence with hydroclimatology requires an adequate characterization of moisture ad-
vection anomalies [Bonner (1968), Stensrud (1996), Gimeno et al. (2016), Hoyos et al.(2017)].
To that end, we characterize the annual cycle of moisture advection anomalies by the
Caribbean LLJ, the CHOCO LLJ, and the Orinoco LLJ as well as by the Cross-Equatorial
Flow (CEF) during the phases of ENSO. To this end, we use data from the NCEP/NCAR
Reanalysis Project [Kalnay et al.(1996)] and calculate moisture advection as the product
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Figures 4-4.: Seasonal average rainfall anomalies (HyAns) in Colombia during ENSO. Data
set No. 1. Rainfall anomalies were calculated using F-Filtering of the annual
cycle by moving averages, which is previously mentioned as the HyAns—-FAC
method. (gray line) northern South American coast line. (black line) Borders
of the Colombia’s natural regions.

between the mean zonal or meridional winds and the mean specific humidity at 925 hPa
averaged over the geographic areas described in section 4.3.3. We estimate moisture ad-
vection anomalies in such a way that positive or negative anomalies represent increase or
decrease of moisture advection, respectively. Furthermore, after an exhaustive verification
of NCEP/NCAR 925 hPa data in the period 1970-2015, the moisture advection by the
Caribbean and the Orinoco LLJs have a predominant easterly direction whereas the mois-
ture advection by the CHOCO LLJ exhibits a clear-cut westerly direction during 80% of
time. Likewise, the CEF exhibits dominant northerly (southerly) moisture advection from
October to March (April to September).

Fig. 4-6a shows that the Caribbean LLJ exhibits positive (negative) zonal moisture ad-
vection anomalies during El Nino (La Nina) for the period from May to November, with
a peak in July for both positive and negative cases, which coincides with the variation
of Caribbean LLJ winds during June-July-August (JJA) and December-January-February
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Figures 4-5.: Pearson correlation, r, between rainfall anomalies in Colombia and SST3.4
anomalies. (dashed gray line) nothern South American coast line. (black line)
Borders denote Colombia’s natural regions. The hatched areas indicate that
r is significant at 5%. The significance levels are calculated considering the
Effective Degrees of Freedom due to autocorrelation in timeseries [Afyouni et

al. (2019)]

(DJF) [ Wang(2007), Martin and Schumacher(2011)]. In particular, this result coincides with
the observation that during La Nina, the easterly Caribbean LLJ winds are weak (strong)
in JJA (DJF), whereas during El Nino, the easterly Caribbean LLJ winds are strong (weak)
in JJA (DJF) [Wang(2007)]. Furthermore, Fig. 4-6b shows that zonal moisture advection
anomalies by the CHOCO LLJ are positive (negative) during La Nina (El Nino) from July
to December. These results are consistent with those reported by [Poveda and Mesa(2000)].
Moreover, Fig. 4-6¢ shows that moisture advection anomalies by the Orinoco LLJ are pos-
itive (negative) during El Nino (La Nina) in JJA. Finally, Fig. 4-6d shows that the CEF
exhibits positive (negative) moisture advection anomalies during La Nina (El Nifo) from
April to October for the southerly winds, whereas the CEF exhibits negative (positive)
during La Nifia (El Nifo) from November to March for the northerly winds.

The annual cycles of moisture advection anomalies, as well as the annual cycle of hydrological
anomalies during ENSO, are important information sources for the interpretation of results
of non-linear metrics such as GS. In the following sections, we will revisit these findings in
order to interpret the GS results from a physical point of view.

4.5.3. Time Delay and Embedding Dimension

Detection of GS using the recurrence quantification analysis (RQA) requires to adequately
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Figures 4-6.: Annual cycle of standardized moisture advection anomalies during ENSO
using data from the NCEP/NCAR Reanalysis Project for the period 1970-
2015. (a) Zonal moisture advection by the Caribbean LLJ. (b) Zonal mois-
ture advection anomalies by the CHOCO LLJ. (c¢) Zonal moisture advection
anomalies by the Orinoco LLJ. (d) Meridional moisture advection by the
Cross-Equatorial Flow.

select the time delay, w, and the embedding dimension, m. The time delay, w, for each time
series is calculated as the time that the auto information function (AIF) takes to decay to 1/e
of its value at zero lag (see section 4.4.1). Figure 4-7 (panel a) shows that all the time series
exhibit an exponential decay until a time delay w &~ 8 months. The embedding dimension,
m, is calculated using the false nearest neighbors (FNN). Figure 4-7 (panel b) shows that
according to FNN an appropriate embedding dimension for all time series is m = 2.

Hereafter, all analyses are carried out using the fixed amount of nearest neighbors (FAN)
whereas the significance tests are based on 100 twin surrogates. On the other hand, in this

work, the threshold of proximity between the phase space vectors was selected as € = 10%
according to Refs. [Webber(2014), Mindlin and Gilmore(1992), Zbilut and Webber(1992)].
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Figures 4-7.: Estimation of the time delay and the embedding dimension for monthly pre-
cipitation averaged over the natural regions of Colombia (from data set No.
1) and MEI index. (a) Time delay, w, using the auto-information function
(AIF). (b) Embedding dimension, m, using false nearest neighbors (FNN).

4.5.4. Sensitivity of the GS-metrics regarding diverse HyAns methods

We use a time series of rainfall anomalies for the Andean region (monthly precipitation
spatially averaged over the Andean region) and quantify the GS-index using the four HyAns
methods: HyAns-TAC, HyAns-FAC, HyAns-SSAC, and HyAns—MAC (see Chapter 2 and
section 4.4.4). To that end, we select sample data classified according to El Nifo and La
Nina months, as per the MEI definition (see section 4.3.1). Fig. 4-8 shows the GS-index for
the mentioned Hy Ans methods. In general, our findings reveal that the HyAns—TAC method
exhibits the lowest GS values in relation to the other methods, during both La Nina and El
Nino. This behavior can be explained by the presence of noise, intra-annual and significant-
residual seasonal frequencies in anomalies, when those are estimated using HyAns-TAC (see
Chapter 2). Hence, we consider that the HyAns—TAC method is not reliable for the RQA
and purposes of this study.

In addition, Fig. 4-8 shows the GS-index between the ENSO signal and rainfall anomalies
using diverse HyAns methods. In general, the GS-index exhibits higher values during La
Nina than during El Nifio, for the HyAns—FAC, HyAns—-SSAC and HyAns—MAC methods. In
this sense, [Poveda and Mesa(1996), Poveda and Mesa(1997)] showed that the ratio between
hydrological anomalies and the long-term mean is higher during La Nina than during El
Nino. In agreement with this finding, we showed in Chapter 3 that the strength of phase
synchronization index between rainfall anomalies and the ENSO signal also is stronger during
La Nina than during El Nino.

In terms of the time-lag between the ENSO signal and rainfall anomalies over the Andean
region of Colombia, Fig. 4-8 shows that during La Nina, the HyAns—FAC, HyAns-SSAC,
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and HyAns—MAC methods suggest a 2 to 4 months-lag whereas, during El Nino, the HyAns—
FAC and HyAns-SSAC methods show a 4 to 6 months-lag. Furthermore, the HyAns-FAC
and HyAns—MAC methods show time-lag differences during El Nino. As a conclusion, the
magnitude of the GS-index is not highly sensitive to the diverse HyAns methods whereas
the time-lag between time series could be affected by the HyAns methods.

Hereafter, time series are filtered using the F-filtering of the annual cycle by a moving aver-
age procedure (HyAns—FAC) in order to remove the intra-annual, semi-annual and annual
frequency bands. Furthermore, we verify that the time series only contain information at
inter-annual timescales using the test by [Ahdesmdki, et al.(2005)].

Generalized Synchronization Index during La Nifia
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Figures 4-8.: Generalized synchronization index (GS-index) between the ENSO signal (MEI
index) and monthly rainfall anomalies in the Andean region estimated using
the four HyAns methods: HyAns—TAC, HyAns—-FAC, HyAns—SSAC, HyAns—
MAC. (top row) La Nifa and (bottom row) El Nino. Period 1976-2015. 7
denotes the time lag. (dashed black lines) 95% confidence boundaries.

4.5.5. GS between SST3.4 anomalies and hydrological anomalies in
Colombia

As a first step, we quantify GS between SST3.4 anomalies and rainfall and streamflows
anomalies over Colombia. In general, Fig. 4-9 evidences that rainfall anomalies are in GS
with SST anomalies in the central tropical Pacific. In particular, the GS calculation using all
data points, regardless of ENSO phases, leads to lower GS-values but whose significant values
are consistent with the results considering the Neutral, La Nina, and El Nino. Furthermore,
our findings show that the GS is strong (weak) during La Nina where rainfall exhibits positive



4 Generalized Synchronization between ENSO and hydrological variables
86 in Colombia: A recurrence quantification approach

(negative) anomalies. The lowest GS values are shown in the Neutral condition. During
La Nina, the GS occurs mainly over western Colombia, that is the northern and western
Andean region as well as the Pacific and the Caribbean regions. In turn, mentioned regions
exhibit positive rainfall anomalies. Note that the Amazon region also exhibits significant
GS but, during this cold phase of ENSO, rainfall anomalies are negative. During El Nino,
the GS is significant mainly over the Pacific and the Andean regions where rainfall exhibits
negative anomalies. At this point, our results confirm the influence of both ENSO phases
over Colombia [Poveda and Mesa(1997), Poveda et al.(2010)]. Moreover, our findings confirm
that those regions exhibiting strong (weak) phase synchronization during La Nina (El Nino)
also exhibit GS (see Chapter 3). Hence, the systems (ENSO and rainfall in some regions of
Colombia) exhibit a functional relationship.
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Figures 4-9.: Generalized Synchronization Index between SST3.4 anomalies and rainfall
anomalies in Colombia, Data set No. 1, period 1975-2006. The hatched
contours indicates zones where the GS is significant at 5%.

On the other hand, streamflows are the hydrological response to interactions, at catchment
scale, between landscape characteristics (soils, vegetation, geology, the topology of drainage
networks, hydraulic properties, etc) and climate and weather events [Troch et al.(2013)]. In
addition, the catchment plays a filtering role to the high frequency nature of precipitation
in association with evapotranspiration and soil moisture dynamics [Andrés-Doménech et
al.(2015)]. In this sense, it is to be expected that marked long-term patterns of precipitation
appear also in long-term characteristics of streamflows. Fig. 4-10 shows the GS index
between SST3.4 anomalies and streamflow anomalies. Our results are consistent with those
found for rainfall anomalies. First, our findings demonstrate that using all data points,
regardless of ENSO phases, leads to lower GS-values. Furthermore, the GS index is higher
during La Nina than during El Nino. In particular, streamflow anomalies exhibiting strong
GS are located in the Caribbean region and the north-western Andean region. These results
could be associated with the GS-patterns between rainfall anomalies and moisture advection

from the Caribbean and CHOCO LLJs discussed next.
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Figures 4-10.: Generalized Synchronization Index between SST3.4 anomalies and river flow
anomalies from the IDEAM and XM datasets, period 1976-2013.

4.5.6. GS between the moisture advection by Low-Level Jets and
rainfall in Colombia

o GS between the Caribbean LLJ moisture advection anomalies and rainfall
anomalies

Fig. 4-11 shows the GS-index between the moisture advection of the aforementioned
low-level jets (LLJ) and rainfall anomalies throughout Colombia, the columns denote
the GS-results considering all data and the different samples for the phases of ENSO
(Neutral, La Nina and El Nino). Fig. 4-11 (top row) shows the GS-index between
the moisture advection by the Caribbean LLJ and rainfall anomalies in Colombia.
Our results reveal that rainfall anomalies over the Caribbean, the northern-Pacific,
and the northern-Andean regions are related to moisture advection by the Caribbean
LLJ. In particular, during La Nina, the GS-index exhibits the strongest values and
the largest area, whereas during El Nino the GS-values and area of influence are
smaller. These findings are in support of the Caribbean LLJ influence on the hy-
pothesis that the Caribbean LLJ influence the hydro-climatic response over northern
South America and, particularly, over northern Colombia [Wang(2007), Martin and
Schumacher(2011), Arias et al.(2015)]. Furthermore, these results confirm the influ-
ence of the Caribbean LLJ anomalies during ENSO on the positive (negative) rainfall
anomalies over northern Colombia. [ Wang(2007)] and [Martin and Schumacher(2011)]
showed that during JJA, rainfall in the Caribbean (including the Caribbean region
of Colombia) exhibits significant correlations with the Caribbean LLJ index. More-
over, it is postulated that the Caribbean LLJ induces changes in moisture flux di-
vergence in the Caribbean, which enhance convection and increase rainfall [Martin
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and Schumacher(2011)]. In this sense, weakening (strengthening) of the Caribbean
LLJ winds is associated with increasing (decreasing) rainfall anomalies over northern
Colombia [Arias et al.(2015)]. Coherently, our findings reveal that positive rainfall
anomalies during La Nina coincide with negative moisture advection by the Caribbean
LLJ from May to November, which is evidenced as moderate GS. In contrast, our
results show that negative rainfall anomalies during El Nino exhibit weak GS (see
Fig. C-11 and Fig. 4-6a). These results can be explained because the Caribbean
LLJ has an opposite relationship with ENSO in the boreal winter and summer. Dur-
ing the winter a weak (strong) easterly Caribbean LLJ corresponds to warm (cold)
SST anomalies in the tropical Pacific, whereas during the summer a strong (weak)
easterly Caribbean LLJ is associated with warm (cold) SST anomalies in the tropical
Pacific [Wang(2007)]. Furthermore, during El Nino, the Caribbean and Central Amer-
ica region experiences less precipitation in July-August, suggesting that Caribbean LLJ
may modulate precipitation anomalies [Munoz et al. (2007)].

On the other hand, Fig. 4-12 (top row) shows the maximum time-lags in areas of sig-
nificant GS between moisture advection anomalies by the Caribbean LLJ and rainfall
anomalies during the ENSO phases. During La Nina and Neutral phases, synchrony
between the Caribbean LLJ moisture anomalies and rainfall anomalies in northern
Colombia corresponds to time-lags between 0 and 2 months. During El Nino, such syn-
chrony over northern Colombia occurs at time-lags between 0 and 4 months, suggesting
that during El Nino, the time-lag between the Caribbean LLJ moisture anomalies and
rainfall anomalies could be longer than during La Nina.

GS between the CHOCO LLJ moisture advection anomalies and rainfall

anomalies

Fig. 4-11 (middle row) shows the GS-index between moisture advection by the
CHOCO LLJ and rainfall anomalies in Colombia. Results evidence that rainfall
anomalies over the entire tropical Pacific, the southern Caribbean, and the west-
ern Andean regions can be associated with moisture advection by the CHOCO LLJ.
During La Nina and Neutral phases, the GS values are higher than during El Nino
epochs (in most of places). Furthermore, the GS-significant-areas are larger during
the Neutral and El Nifio than during La Nina epochs. [Poveda et al.(2010), Rueda and
Poveda(2006), Poveda and Mesa(2000)] argue that positive (negative) rainfall anoma-
lies in western Colombia during La Nina (El Nino) can be explained in terms of the
increasing (decreasing) moisture advection of the CHOCO LLJ as a result of the in-
crease (decrease) in the temperature gradient between surface air temperatures over
the Pacific coast off Colombia and El Nino 142 zone during June-July-August and
September-October-November. During La Nina, positive rainfall anomalies coincide
with positive moisture advection anomalies by the CHOCO LLJ, both signals ex-
hibiting prominent peaks in the same period, which is reflected as strong GS over
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Figures 4-11.: Generalized Synchronization Index between the moisture advection of the

low level jets and rainfall anomalies throughout Colombia. (top row)
Caribbean LLJ. (middle row) CHOCO LLJ. (bottom row) Orinoco LLJ.
Dataset No.1, period 1975-2006. The hatched contours indicates zones where
the GS is significant at 5%.

northwestern Colombia (see Fig. 4-6b; Supp. Info. Fig. C-12; Fig.4-11, middle row,
third column, La Nina). In contrast, during El Nino, GS between negative rainfall
anomalies and negative moisture advection by the CHOCO LLJ is weak, although GS
is also significant (see Fig.4-11, middle row, last column, El Nifo). Additionally, we
also calculate GS between the sea surface temperature gradient in the previously men-
tioned regions and rainfall anomalies in Colombia. Our findings confirm the influence
of the far-eastern Pacific SST gradient on rainfall anomalies on western Colombia and
are consistent with those shown for GS between the CHOCO LLJ and SST3.4 (see
Supp. Info. Fig. C-1).

On the other hand, Fig. 4-12 (middle row) shows the maximum time-lags in areas of
significant GS between moisture advection anomalies by the CHOCO LLJ and rainfall
anomalies during the ENSO phases. During La Nina and Neutral phases, synchrony



4 Generalized Synchronization between ENSO and hydrological variables
90 in Colombia: A recurrence quantification approach

between rainfall anomalies and the CHOCO LLJ moisture anomalies in north-western
Colombia corresponds to time-lags between 0 and 2 months. During El Nifio, such syn-
chrony over north-western Colombia occurs at time-lags between 2 and 6 months, sug-
gesting that during El Nino, the time-lag between the CHOCO LLJ moisture anomalies
and rainfall anomalies could be longer than during La Nina.

Time-lags between the moisture advection by the Caribbean LLJ and rainfall anomalies
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Figures 4-12.: Time-lags between the moisture advection by the low level jets and rainfall
anomalies throughout Colombia. (top row) Caribbean LLJ. (middle row)
CHOCO LLJ. (bottom row) Orinoco LLJ. Dataset No.1, period 1975-2006.
White indicates zones where GS is not significant at 5%.

e GS between the Orinoco LLJ moisture advection anomalies and rainfall
anomalies

Fig. 4-11 (bottom row) shows the GS-index between moisture advection anomalies by
the Orinoco LLJ and rainfall anomalies in Colombia. Our GS-analysis suggests that
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such positive (negative) moisture advection influences the positive (negative) hydro-
climatic anomalies in the Colombian Amazon region during El Nino (La Nina), GS
is moderate (strong) and the areas are larger (smaller). In contrast, these GS results
can not be easily associated with rainfall anomalies in the Orinoco region (see Fig.
C-11 and Fig. 4-6¢). Hence, these findings point out the need of further research
regarding the response of the Orinoco LLJ to ENSO’s phases in order to advance the
understanding of hydro-climatic anomalies of these regions. Note that the Pacific coast
exhibits significant GS, which need to be further investigated. Fig. 4-12 (bottom row)
shows the maximum time-lags in areas of significant GS between moisture advection
anomalies by the Orinoco LLJ and rainfall anomalies during the ENSO phases. Re-
sults suggest a simultaneous relation between moisture by the Orinoco LLJ and rainfall
anomalies over the Amazon region. During La Nina and Neutral phases, synchrony be-
tween rainfall anomalies and the Orinoco LLJ moisture anomalies in southern Colombia
(Amazon region) corresponds to time-lags between 0 and 2 months. During El Nifo,
such synchrony occurs at time-lags between 2 and 4 months, suggesting that during
El Nifno, the time-lag between the Orinoco moisture anomalies and rainfall anomalies
could be longer than during La Nina.

4.5.7. GS between the Cross-Equatorial Flow and rainfall in Colombia

Fig. 4-13 (top row) shows the GS-index between moisture advection by the Cross-Equatorial
Flow (CEF) and rainfall anomalies in Colombia. Our results evidence that rainfall anomalies
in the Amazon region are related to the meridional moisture advection by the CEF. Hence,
our results support those presented by [Wang and Fu(2002)] regarding the influence of the
CEF over hydro-climatology of the northern Amazon River basin (southern Colombia).
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Figures 4-13.: Generalized Synchronization Index between the moisture advection by the
Cross-Equatorial Flow and rainfall anomalies. Dataset No.1, period 1975-

2006. The hatched contours indicate zones where the GS is significant at
5%.
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In addition, our findings show that the GS-significant-areas are larger (smaller) during El
Nino (La Nina) as well as the GS is strong (weak) during La Nina (El Nino). In particular,
the GS results reveal a connection between the Amazon region of Colombia (north-western
most Amazon River basin) and the western Colombia Pacific coast. This result supports the
recent works on aerial rivers connecting Amazonia and the Colombian Pacific [Sakamoto et
al.(2011)], as well as the existence of an Atmosphere-Land Bridge between the Pacific and the
tropical North Atlantic through the Amazon River basin [Garcia-Serrano et al.(2017), Builes
et al.(2018)]. In this sense, Fig. C-11 does not show a clear annual cycle of rainfall anomalies
in these regions (see also Fig. C-12in Supp. Info.). Nonetheless, Fig. 4-6d evidences positive
(negative) southerly moisture advection anomalies by the CEF during La Nina (El Nino)
in the austral winter as well as negative (positive) northerly moisture advection anomalies
by the CEF during La Nina (El Nino) in the austral summer. This results provide new
insights on the influence of the Orinoco LLJ and the CEF winds over the Amazon region as
modulators of rainfall anomalies during ENSO. The influence of the Orinoco LLJ seems to
be stronger than the influence of the CEF over the Amazon region of Colombia (see 4-11
bottom row). Moreover, our results suggest that the influence of the CEF is stronger in
the Pacific region (western Colombia) than in the Amazon region of Colombia. However,
further research is needed regarding the CEF dynamics during ENSO and its influence on
the Orinoco and Amazon regions of Colombia. At this point, there is not clear evidence on
the influence of the CEF over the Orinoco region. Additionally, the analysis of time-lags do
not show clear patterns (see Suppl. Info. Fig. C-2, top row).

4.5.8. GS between indices for different types of ENSO and hydrologic
anomalies in Colombia

Fig. 4-14 (left column) shows GS between the different types of El Nifio indices and rainfall
anomalies in Colombia using all data. These results suggest that the three indices exhibit GS
with rainfall anomalies over the Caribbean, the Pacific, and the Andean regions whereas the
Orinoco and the Amazon regions do not exhibit such interdependence. Furthermore, these
results agree with those shown in Chapter 3, which stated that rainfall anomalies are phase-
locked with SST anomalies in the Caribbean, the Pacific, and Andean regions, whereas the
Orinoco and the Amazon regions do not exhibit such phase-locking. Hence, our GS results
suggest that rainfall anomalies in some regions of Colombia (the driven system) are mainly
determined by ENSO (the driving system).

Additionally, we quantify GS between each index-type of ENSO and rainfall anomalies in
Colombia considering the ENSO phases. We aim to characterize the GS-patterns during
El Nino, La Nina and Neutral phases using the same reference periods than in previous
analysis as per MEI classification (see Fig. 4-2). Fig. 4-14 (top row) evidences that
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Figures 4-14.: Generalized Synchronization between indices for different types of ENSO and
rainfall anomalies throughout Colombia. (top row) Eastern Pacific (EP) El
Nino type. (middle row) Central Pacific (CP) El Nino type. (bottom row)
Mixed El Nino type. Dataset No.1, period 1975-2006. The hatched contours
indicates zones where the GS is significant at 5%.

the EP index exhibits a strong (weak) GS with rainfall anomalies in Colombia during La
Nina (El Nino) over vast (small) areas of the continental Colombian territory. Fig. 4-2a
shows that during La Nina (El Nino) phase the EP index shows negative (positive) SST
anomalies. This GS-result can be explained because cold (warm) SST anomalies over the
Eastern Pacific produces a higher (smaller) temperature gradient between the Pacific Ocean
off the Colombian coast and the El Nifo 142 region that increase (decrease) of the moisture
advection by the CHOCO LLJ [Poveda et al.(2010), Poveda and Mesa(2000)].

In contrast, Fig. 4-14 (middle row) evidences that the CP index exhibits a strong (weak)
GS with rainfall anomalies during El Nifo (La Nifia) phase over vast areas of the continental
Colombian territory. Fig. 4-2a evidences that during El Nino (La Nina) the EP index
shows positive (negative) SST anomalies that are higher (smaller) than those experienced in
the Central Pacific (Fig. 4-2a). Hence, we hypothesize that cooling (warming) of SSTs in
the far eastern tropical Pacific are more associated with higher positive (negative) rainfall
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anomalies in Colombia than the cooling (warming) of SSTs in the central Pacific. The cooling
(warming) of SSTs in the Central Pacific seems to modulate rainfall anomalies in Colombia
in different ways given that the increase (decrease) of SSTs in the central tropical Pacific are
sandwiched by anomalous cooling (warming) over the eastern and western tropical Pacific,
which influences the far-eastern tropical Pacific (the Pacific Ocean off the Colombian coast)
and the Caribbean sea [Ashok and Yamagata (2007), Ashok and Yamagata (2009), Weng
et al. (2009)]. Hence, the characteristics of such anomalous cooling (warming) over the
eastern and western portions of the Central Pacific affect the SST gradients between the
Pacific Ocean off the Colombian coast and the El Nino 142 as well as the response in the
Caribbean sea, which affects the hydro-climatic response over Colombia. This result is in
agreement with the study of Navarro-Monterroza et al. [Navarro-Monterroza et al. (2019)]
regarding different effects of CP and EP El Ninos on rainfall anomalies in Colombia.

A similar procedure was carried out to quantify GS between the Mixed-type El Nifo indices
and rainfall anomalies in Colombia. Fig. 4-14 (bottom row) evidences that the Mixed-type
El Niflo index exhibits strong (weak) GS with rainfall anomalies during La Nifia (El Nifio)
in the Caribbean, the Andean and Pacific regions. These results are comparable with the
GS-patterns between the SST3.4 anomalies and rainfall anomalies (see Fig. 4-9) as expected
because both, the Mixed-type El Nino Index and SST3.4 anomalies, are calculated over the
same tropical Pacific zone (Nifno3.4).

We analyzed time-lags between the different types of El Nifio indices and hydrological (rain-
fall and streamflows) anomalies in Colombia but our results do not show clear evidence of
synchrony or temporal propagation of spatial patterns (see Suppl. Info. Figs. C-7 to C-10).

4.6. Final remarks and future work

We use Recurrence Quantification Analysis (RQA) with the aim to study features of Gen-
eralized Synchronization (GS) between ENSO and the hydrological anomalies (rainfall and
streamflows) over Colombia, taking into account the uncertainty in the non-linear recurrence
metrics induced by the different methods to estimate hydro-climatic anomalies (HyAns). Our
results suggest that the GS quantifier based on RQA can be significantly affected when
anomalies are defined on a constant climatology (HyAns-TAC method). On the other
hand, the GS-metric exhibits similar magnitude for the HyAns methods that consider a
non-constant annual cycle (HyAns-FAC, HyAns-SSAC, and HyAns—-MAC), whereas the
time-lags between signals could be sensitive to the HyAns method used.

Our findings allow us to conclude that the hydrology of Colombia exhibits GS with ENSO.
Moreover, the physical mechanisms associated with such GS could be different for each region
of Colombia. Our results reveal that advection of moisture by the studied Low-Level Jets
(LLJs) and the Cross-Equatorial Flow are part of the physical mechanisms influencing the
hydrological anomalies in Colombia during ENSO.

We identified that GS-patterns between advection of moisture by each of the three LLJs
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and hydrology change, in terms of magnitude and spatial distribution, depending on the
phase of ENSO (La Nina and El Nino). In this sense, there are three main results, which
advance our understanding about the hydrological anomalies in Colombia at interannual
timescales: (i) rainfall anomalies in the Caribbean, northern-Pacific, and northern-Andean
regions are mostly related with moisture advection by the Caribbean LLJ. During La Nina
(El Nino), rainfall and streamflows in these regions exhibit positive (negative) anomalies,
and GS is strong (weak) with the largest (smallest) areas of significant correlation; (i)
rainfall anomalies in the entire Pacific region, the southern Caribbean region, and the western
Andean region can be associated with the advection of moisture by the CHOCO LLJ. During
La Nina (El Nino), hydrological variables experiment positive (negative) anomalies and, GS
is strong (weak) whereas the significant spatial GS-areas are small (large); (7) rainfall
anomalies in the Colombian Amazon region are correlated with the advection of moisture by
the Orinoco LLJ. During La Nina (El Nino), the Amazon and Orinoco regions experience
negative (positive) hydrological anomalies but only the Amazon region shows weak (strong)
GS.

We provide evidence of propagation patterns over Colombia regarding the influence of the
LLJs and CEF over the studied hydrological anomalies: (i) During La Nina, the Caribbean
LLJ moisture anomalies exhibit synchrony with rainfall anomalies in northern Colombia
at 0-2 months lags. During El Nino, the Caribbean LLJ moisture advection leads rainfall
anomalies at 2-4 months lags. During Neutral and La Nina conditions, time-lags are similar.
(i) During La Nina, the CHOCO LLJ moisture anomalies exhibit synchrony with rainfall
anomalies over north-western Colombia at 0-2 months lags. During El Nino, CHOCO LLJ
moisture anomalies lead rainfall anomalies at 2-4 months lags. During Neutral and La
Nina, time-lags are similar; (i77) the Orinoco LLJ exhibits synchrony with rainfall anomalies
over the Amazon region (not so over the Orinoco region); (iv) north-western Colombia (the
Caribbean region and the northern Pacific region) experiences a conjoint influence of the
Caribbean LLJ and the CHOCO LLJ.

We also study the GS between the moisture advection by the Cross-Equatorial Flow (CEF)
and rainfall anomalies in Colombia. Our results indicate that rainfall anomalies in the
Colombian Amazon region are correlated to the CEF. During La Nina (El Nino), GS is
strong (weak) whereas the GS spatial patterns are small (large). It is remarkable that our
GS results reveal a connection between the Amazon region of Colombia (west-northernmost
Amazon River basin) and the western Colombian Pacific coast. This result can be associated
with aerial rivers connecting the Pacific and the Amazon River basin, which had been stated
in several previous works [Sakamoto et al.(2011), Poveda et al.(2014), Builes et al.(2018)]. In
particular, the Orinoco LLJ exhibits stronger GS in the Amazon region of Colombia than
the CEF and the analysis of time-lags do not show clear synchronous evolution of signals,
which requieres more research.

We quantify GS between three indices for the different types of El Nino (EP and CP) and
hydrological variables in Colombia. Our results suggest a strong (weak) GS between negative
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(positive) SST anomalies in the Eastern Pacific and rainfall anomalies in Colombia. In
contrast, our results exhibit a strong (weak) GS between positive (negative) SST anomalies
in the Central Pacific and rainfall anomalies. These findings evidence a different influence
of the types of ENSO on hydrologic anomalies in Colombia. Further research is needed
regarding the effects of the different types of El Nino on physical mechanisms influencing
Colombian hydro-climatology.

This work uses a novel approach that reveals new insights regarding the impacts of ENSO
given the non-linear nature of the GS method. First-order approximation of the relation
between ENSO and Colombian rainfall anomalies seems to be linear, but it is hardly the
whole picture. From our analysis, we can conclude that non-linearity is also important al-
though probably there are other ways to go deeper into this relation but this first step is
an important contribution. In particular, our findings contribute to explain the hydrological
anomalies over Colombia in terms of diverse physical mechanisms of moisture transport dur-
ing ENSO. Furthermore, we take into account the uncertainty in the analysis with respect
to different ways to define anomalies, which is a fundamental procedure to avoid biases in
the interpretation of results for climatological purposes at inter-annual timescales. Notwith-
standing, further research is needed regarding the seasonal spatio-temporal patterns of GS at
inter-annual timescales, the differences in results considering the different flavors of ENSO,
and the differences in the estimation of time-lags in relation to the HyAns methods.
Further research is needed regarding the effects of the different types of El Nifio on physical
mechanisms influencing Colombian hydro-climatology, e.g. How do the different types of
ENSO affect the dynamics of low-levels jets surrounding Colombia? How do the different
types of ENSO affect the dynamics of the Cross-Equatorial Flow from the Amazon River
Basin? How do the different types of ENSO affect diverse land surface-atmosphere inter-
actions at continental, regional and local scales?” How do synchronization patterns change
with seasons? These topics are outside the scope of this investigation and need to be further
investigated.
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5. General conclusions and Future work

5.1. General conclusions

e The accuracy of the estimation of hydro-climatic anomalies (HyAns) is commonly
taken for granted and constitutes an important source of error and bias for subsequent
interdependency analysis with other time series or climatic indexes and, consequently
there is room for ambiguity in the physical interpretation of results. In Chapter 2,
we presented diverse methods to define anomalies and then, we quantified Pearson
correlations between ENSO and rainfall anomalies in Colombia. We showed that cor-
relation patterns can change significantly in terms of the sign, magnitude, and timing,
depending on the phase of ENSO, and the location in the country. Hence, we took this
result into account for subsequent non-linear interdependence analysis using synchro-
nization techniques (Chapters 3 and 4), this in order to check the sensitivity of such
synchronization techniques to the HyAns methods.

e We investigate Phase Synchronization (PS) between the El Nino - Southern Oscillation
(ENSO) signal and the (inter-annual and annual) cycles of rainfall in Colombia. Our
findings show that the positive (negative) HyAns experienced in the Pacific, Caribbean
and Andean regions of Colombia, during La Nino (El Nifio), are phase-locked with the
ENSO signal in the tropical Pacific Ocean, whereas the negative (positive) HyAns
experienced in the Orinoco and Amazon regions, during La Nina (El Nino), do not
show such phase-locking. Moreover, our results evidence that, at inter-annual time
scales, during La Nina, for all quarters, SST3.4 anomalies in the tropical Pacific Ocean
lead rainfall anomalies in the Pacific, Caribbean and Andean regions from 1 to 3
months lag whereas, during El Nino, for JJA and SON, SST3.4 anomalies lead rainfall
anomalies from 3 to 5 months lag. These results show that, during El Nino, rainfall
anomalies exhibit a time-lag longer than during La Nina in relation to anomalies in
the tropical Pacific ocean.

e We quantify Phase Synchronization (PS) between the El Nifo - Southern Oscillation
(ENSO) signal and the annual cycle of rainfall in Colombia. We provide evidence that
the ENSO signal is phase-locked with the AC of rainfall in some regions of Colom-
bia, which suggest that the AC plays an important role in the influence of ENSO
on Colombian climatology and opens new paths towards the understanding of non-
linear feedbacks between hydro-climatic processes. In particular, these links between
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the inter-annual variability of ENSO and the annual cycle of rainfall over Colombia is
possible because of the non-linear basis of the synchonization approach.

e At inter-annual timescales, ENSO exhibits the strongest phase-locking with the annual
and inter-annual cycles of rainfall throughout Colombia, although other macro-climatic
processes also show significant PS such as the Pacific Decadal Oscillation (PDO) and
the North Atlantic Oscillation (NAO). Moreover, we suggest that the highest positive
(negative) rainfall anomalies over western Colombia coincide with the strong (weak)
PS between the ENSO and the PDO signals.

e We investigate Generalized Synchronization (GS) between the El Nifo-Southern Os-
cillation (ENSO) signal and rainfall anomalies in Colombia. We link the GS results
with the dynamics of some physical mechanisms that modulate Colombia’s hydro-
climatology, including the Caribbean, the CHOCO and the Orinoco Low-Level Jets
(LLJs), and the Cross-Equatorial Flow (CEF). Our results confirm those results found
using PS, HyAns in the Pacific, Caribbean and Andean regions of Colombia exhibit
strong (weak) GS with the ENSO signal during La Nina (El Nino), where hydrological
anomalies are positive (negative).

e The GS analysis allows us to identify spatial patterns of non-linear dependence between
ENSO and the Colombian’s climatology. The mentioned moisture transport sources
(LLJs and the CEF) constitute the interdependence mechanism and contribute to
explain hydrological anomalies in Colombia during the phases of ENSO. During La
Nina (El Nifio), GS is strong (weak) for the Caribbean and the CHOCO LLJs whereas
GS is moderate (strong) for the Orinoco LLJ. Moreover, moisture advection by the
Caribbean and CHOCO LLJs exhibit synchrony with HyAns at 0 to 2 (2 to 4) month-
lags over north-western Colombia and the Orinoco LLJ moisture advection synchonizes
with HyAns at similar month-lags over the Amazon region of Colombia.

e This work uses a novel approach that reveals new insights regarding the impacts of
ENSO given the non-linear nature of the PS and GS methods. First-order approxi-
mation of the relation between ENSO and Colombian rainfall anomalies seems to be
linear, but it is hardly the whole picture. From our analysis, we can conclude that
non-linearity is also important although probably there are other ways to go deeper
into this relation but this first step is an important contribution.

5.2. Future work

This dissertation opens important research paths that deserve to be investigated in the
future, such as:
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e We reviewed the concept of climatic anomaly’ evidencing that linear and non-linear
methods to quantify interdependence are affected by how we define anomalies (i.e. the
method used to subtract the annual cycle signal). Hence, it is necessary to look total
solutions using raw data (without extracting the annual cycle) or quantify the sensi-
tivity and uncertainty of interdependence metrics in relation to the different ways to
define anomalies. Some future applications of the uncertainty in anomalies estimation
can be: (1) assessing of the false skills in forecasting models (i.e. changes in forecasting
through ARIMA models in relation to diverse anomalies methods), (2) identification
of general circulation models (GCMs) that show similar variability modes at annual
or/and inter-annual scales (i.e. Earth’s localities where a group of GCMs show analo-
gous inter-annual variability in association to ENSO or other macroclimatic processes
—in terms of sign, timing, and magnitude— for different anomaly methods).

e Our findings evidence that synchronization methods allow revealing that the links
among the oscillatory processes play a fundamental role behind the complex hydro-
climatic feedbacks. In this sense, it is necessary to implement synchronization tech-
niques using time series derived from a Principal Oscillation Patterns (POPs) analy-
sis [Von Storch et al.(1995)], which have a firm theoretical basis that allows reducing
multiple time series into their main oscillatory signals that could be useful for predic-
tion purposes.

e Our results show that phase and generalized synchronization techniques have a firm
theoretical basis from physical properties of weakly coupled oscillators and non-linear
dynamics systems, respectively. Hence, such techniques can be used to quantify non-
linear interdependence between oscillatory processes that occur at different time scales
(e.g. the interannual variability of ENSO and the annual cycle of Colombia’s hydro-
climatology). From this point of view, the synchronization framework can be useful to
investigate the physical basis behind to scaling properties of hydroclimatic processes.
This because synchronization can be thought as a sample space reducing process and,
a process that reduces degrees of freedom is a system synchronized. Once a system is
synchronized, there will not be much of scaling be visible in the statistics (pers. comm.
with Thurner, S.).

e [Bedoya-Soto et al.(2019)] shown that the diurnal cycle of rainfall over Medellin’s
Valley, Central Andes of Colombia, changes with the annual cycle. It is interesting
to investigate how the diurnal and annual cycles are connected. However, it is not
possible to quantify the interdependence between the diurnal and the annual cycles
using the synchronization techniques presented in this work. As we mentioned, phase-
locking emerges if there is a relationship between oscillations with relatively small
natural integers. For this case, for each annual cycle (AC) there are 365 diurnal
cycles (DC), it is not possible to study this phase relationship directly using the PS
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technique based on phase differences. However, it is important to investigate if there is
a phase-locking scaling property that links the DC and the AC. In this sense, further
research could study PS between the DC and the 5-10 day variability associated with
the Tropical Easterly Waves (TEWSs). Then, to explore PS between the 5-10 days
and the 30-60 day variability associated with the Madden-Julian Oscillation (MJO).
Finally, it is possible to look for PS features between the 30-60 day variability and the
semi-annual (6 months) and annual (12 months) variability. The mentioned procedure
outlines a way to address the connection between diurnal to annual variability using
PS techniques.

e Until now, the literature does not provide a satisfactory explanation regarding the
occurrence of different types of ENSO events. In this sense, synchronization techniques
could be useful to study the synchronization patterns over the Tropical Pacific Ocean
between SST anomalies and wind anomalies. This synchronization approach could
provide new clues on the genesis of different flavors of ENSO.

e Synchronization techniques allow studying the non-linear interdependence between
processes that occur at different time scales. Recent works by [Stein et al.(2011), Stein
et al.(2014)] and this dissertation show some synchronization features between the
ENSO and the annual cycle variability. Other cases deserve to be studied in the future
such as (1) synchronization between the MJO and the ENSO variability over the trop-
ical Pacific Ocean, (2) synchronization between the PDO signal and the ENSO signal
and, (3) synchronization between the ENSO variability and the inter-annual variability
over the Atlantic Ocean (i.e. NAO or AMO).

e This work points out the need to study the Orinoco LLJ anomalies and their rela-
tionship with the hydro-climatic response over the Orinoco and Amazon regions of
Colombia during ENSO.

e During La Nina (El Nino), the Andean region does not exhibit PS between SST3.4
anomalies and the annual cycle of precipitation in this region during the boreal sum-
mer. Hence, further research is needed regarding the role of topography on the phase
synchronization features.
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