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“Papá sabe bien,
perdi una batalla ...
Tarda en llegar, pero al final,
al final, hay recompensas”

Gustavo Cerati

“Somewhere, something incredible is waiting to be discovered.”

Carl Sagan
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Some sources of hydroclimate and renewable energy
variability in tropical South America

Abstract

Tropical South America (SAm) has significant physical and biological resources.
SAm’s hydroclimate variability influences its ecosystems, hydropower, and food
and water security, yet the mechanisms controlling these variations are not com-
pletely understood. This thesis investigates how a chain of physical processes, in-
duced by ocean–atmospheric modes, modulate SAm’s hydroclimatic variability and
the potential solar and wind energy. It also explores how external aerosol forcing
influences the mechanisms and afterwards SAm’s rainfall.

Chapter 2 examines how Atlantic modes of variability influence SAm’s Evapo-
transpiration, a key variable for the carbon cycle. Using reanalysis and satellite data,
our study identifies how the Atlantic Meridional Mode (AMM) and the Atlantic
Niño (Atl3) affect the regional atmospheric circulation and other variables in the
chain. Results show that the impacts of the modes are seasonally and geographically
different. The AMM-related anomalies of soil moisture, radiation and evapotranspi-
ration migrate from eastern South America during austral autumn toward western
Orinoco by austral spring. These impacts are caused by meridional wind anomalies.
The Atl3 exerts more localised impacts in the Guianas and eastern Orinoco through
changes in pressure and trade winds. The Atlantic modes alter the water and energy
cycles in different regions compared to El Niño–Southern Oscillation (ENSO).

Chapter 3 focuses on the implications of the altered chain for solar and wind
energy production. Considering climate variability into energy planning and stor-
age strategies is relevant to achieve the energy transition to a decarbonised world.
We use composites and partial correlations to investigate how ENSO, AMM, and
Atl3 influence wind and solar capacity factors across three energy hubs: the North
Caribbean, Eastern Brazil, and the Andes (Peru/Bolivia). ENSO-induced sea level
pressure anomalies, which modify winds, moisture divergence and radiation, while
Atlantic variability generates cross-equatorial wind and cloud anomalies that im-
pact the energy hubs. Our study also investigates the complementarity between the
two renewable sources. It found limited complementarity between wind and solar
energy at interannual scales.

Chapter 4 addresses long-term hydroclimatic variability by comparing the im-
pacts of anthropogenic and volcanic aerosols on the chain of processes and on SAm’s
rainfall. Using historical reanalyses, observations, and a paleo-reanalysis, the study
shows that anthropogenic aerosols progressively reduced the interhemispheric tem-
perature gradient, displacing the Hadley circulation southward and also rainfall.
In contrast, volcanic aerosols are primarily associated with an overall reduction in
rainfall, with some eruptions linked to meridional displacements of precipitation.

Our results can lead to better predictions of droughts, floods, and renewable en-
ergy variability. They can help build or strengthen early-warning systems and sup-
port adaptation strategies in a region highly vulnerable to extreme weather events.
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Introduction

1.1 Tropical South America, its natural resources and their
sustainable use

South America (SAm) has significant physical, social and biological resources, all un-
der pressure from global trade and influenced by climate. The Orinoco, the Amazon
basin, together with the Andes mountain range, hold several biodiversity hotspots,
the largest rainforest (an essential carbon sink), and the most voluminous river in
the world (hydropower is the primary renewable energy source). Moreover, new
breadbasket regions have recently consolidated across SAm since many people make
their livelihoods through export-oriented production of soybean, rice, avocados, cof-
fee and cacao (FAO, 2025; Zeigler & Truitt Nakata, 2014). All these environmental
and socio-economic systems are impacted by the hydroclimate variability of tropical
SAm, which consists of features at intra- and inter-annual scales.

The annual hydroclimatic cycle of SAm is associated with the Intertropical Con-
vergence Zone (ITCZ), which also exhibits interannual and decadal variability (Arias
et al., 2021; Garreaud et al., 2009). The ITCZ migrates following the solar annual cy-
cle, placing itself in the tropical south from December to January (DJF, the initial
letters of the months), and in the tropical north from June to August (JJA), with
some regional exceptions (e.g. northeastern Brazil). The moisture feeding the ITCZ
mainly originates from neighbouring oceans and is transported by the tropical east-
erly winds and westerlies close to northwestern SAm (Poveda et al., 2014). The ITCZ
determine the timing of the rainy and dry seasons, the annual cycle of evapotranspi-
ration, and thus shapes the dynamics of ecosystems, agriculture and energy supply.
Hence, the Amazon forest dynamics are associated with the ITCZ annual cycle, dy-
namics that provide a cooling effect which influences climate globally (making it a
climate tipping point, Armstrong McKay et al., 2022). Approximately 357 million
people live near the ITCZ in SAm, underscoring the relevance of understanding its
variability for water, food and energy security.

Seasonal climate variability phenomena modulate weather across SAm for weeks
and months, influencing extreme hydrometeorological events. South Americans
are vulnerable to these events that might disrupt their first socio-economic sector
activities, energy production and demand, and their public health (Castellanos et
al., 2023). Climate variability might severely affect SAm’s breadbasket regions and
threaten sustainable agriculture as it influences deforestation dynamics through mod-
ulating dry and flammable conditions (Feron et al., 2024; Vogel et al., 2019). Weather
also constrains SAm’s plant and crop phenology, thereby affecting crop yields and
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food security (Ummenhofer & Meehl, 2017), while also affecting the Amazon’s car-
bon cycle through impacts on primary productivity (Zhao & Running, 2010). Ex-
treme events such as flash floods pose recurrent risks to South American lives, liveli-
hoods, and infrastructure (Merz et al., 2021). Prolonged and strong rainy seasons
(recurrent weather) saturate soil moisture earlier than usual, increasing the proba-
bility of slow-onset floods, creating similar risks (A. Mishra et al., 2022). Drought –
particularly hydrological drought – is a slow-onset phenomenon which consolidates
after prolonged precipitation deficiency (several months or a season); evapotranspi-
ration variability also plays a role in its development (A. K. Mishra & Singh, 2010;
Van Loon, 2015). Moreover, rainfall variability constrains SAm’s hydropower pro-
duction, often pressuring countries to rely on more expensive fossil fuels (Gonzalez-
Salazar & Poganietz, 2021). Weather also impacts wind speed and solar radiation,
the main local controllers of renewable energy production (Engeland et al., 2017).
The increased solar radiation is an unexpected benefit of droughts from an energy
management perspective. As solar and wind energy continue to expand within the
energy matrix, accounting for climate variability becomes critical to ensure a reli-
able and decarbonised energy supply across SAm (Bustos et al., 2017). All the afore-
mentioned dynamics evidence the need and relevance of studying the sources and
impacts of climate variability in SAm.

Is it possible to explain some share of the South American tropical hydroclimate
and its potential renewable energy variability? Which are the influencers or drivers
of that variability? In this thesis, we study possible sources of climate variability
and its impacts on SAm’s evapotranspiration (chapter 2), solar and wind energy
variability (chapter 3), and the influence that external aerosol forcing might impose
on the mechanisms that modulate rainfall variability (chapter 4).

1.2 Sources of climate variability and their influence in trop-
ical South America

South American hydroclimate variability is influenced by several factors which orig-
inate from the unequal spatial distribution of energy. In tropical regions, including
tropical SAm, quasi-fluctuating ocean-atmospheric interactions are a major source
of variability at seasonal to interannual scales (also called variability modes; Cai et
al., 2019).

El Niño/Southern Oscillation (ENSO) is the most consequential mode world-
wide, characterised by 2 to 7 year interannual cycle in tropical Pacific sea surface
temperatures (SST)(Brönnimann, 2007; Timmermann et al., 2018). The warm El Niño
phase creates an atmospheric bridge from the Pacific, generating atmospheric subsi-
dence over eastern equatorial SAm that limits convection and rainfall; it also weak-
ens westerly low-level jets, moisture transport and rainfall (Cai et al., 2020; Poveda
et al., 2014). Whereas the cold La Niña phase strengthens the atmospheric circu-
lation, moisture transport and rainfall. ENSO also generates different impacts on
rainfall and temperature depending on the season analysed (Cai et al., 2020). The
internal ENSO dynamics create diversity among events, diversity related to zonal
shifts in the Walker circulation (Thual & Dewitte, 2023; I. N. Williams & Patricola,
2018). Other ocean-atmospheric modes in other basins have substantial covariability
with ENSO, e.g. the Indian Ocean Basin mode (Andrian et al., 2024; Cai et al., 2019;
Compo & Sardeshmukh, 2010).

Apart from ENSO, Atlantic ocean-atmospheric modes also modulate the hydro-
climate in different regions across SAm (Arias et al., 2020; Hoyos et al., 2019). The
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main Atlantic modes are the Atlantic Meridional mode (AMM) and the Atlantic
equatorial El Niño mode (Atl3), both influence rainfall via altered regional atmo-
spheric circulation (Fernandes et al., 2015; Rodrigues & McPhaden, 2014; Vallès-
Casanova et al., 2020). The aforementioned modes are connected with ENSO through
tropical and extratropical mechanisms, but they also have specific individual sea
level pressure (SLP) dynamics and thus their own mechanisms (García-Serrano et
al., 2017; Martín-Rey et al., 2014). The ocean-atmospheric modes can also have a
direct influence on specific weather events; for example, El Niño provokes strong
convection at the Peruvian coast, creating heavy rainfall and flash floods (Bayer et
al., 2014).

Other phenomena influence the South American hydroclimate at shorter scale,
such as the Madden-Julian Oscillations (MJO), Caribbean or African easterly waves,
among others (P. D. Williams et al., 2017). Some of these phenomena also operate
as fluctuations that have intra-annual or interannual cycles (Builes-Jaramillo et al.,
2025; Kim et al., 2018). Our research focuses on the impacts of tropical seasonal to
interannual ocean-atmospheric modes (hereafter also referred to as internal Earth
system drivers), and thus, we exclude the aforementioned short-scale phenomena
from our analyses.

All chapters in this dissertation consider the influence of either ENSO, the AMM
and/or the Atl3 modes. Each chapter studies a particular impact of the modes on
variables relevant to ecology or socio-economic sectors.

Other SST phenomena might exist at longer time scales, or the interannual modes
might be influenced by long-scale external systems, often called forced variability.
External forcings include variations in top-of-the-atmosphere solar radiation (the
"solar constant"), volcanic eruptions or anthropogenic activities (e.g. greenhouse
gases, aerosols or land cover changes; Brönnimann, 2015; Brönnimann et al., 2019;
Paik et al., 2020). Long-term SST phenomena, such as the Atlantic Multidecadal
Oscillation (AMO) and the Interdecadal Pacific Oscillation (IPO), operate on multi-
decadal scales within the subtropical and extratropical oceans (Henley et al., 2015;
Knight et al., 2006). Recently, some share of these multidecadal variability modes
was attributed to being influenced by external anthropogenic aerosols (He et al.,
2023; Qin et al., 2020)(see Sect. 1.3.3); this is still debated, as these oscillations also
display natural variability probably linked to tropical ocean dynamics (Henley et
al., 2015). Previous studies have also researched how anthropogenic forcing – green-
house gases and aerosols – modulate the mechanisms driving the hydroclimate of
SAm (Hua et al., 2019); however, other knowledge gaps must be addressed regard-
ing the role of volcanic aerosols. Moreover, the influence of these long-term SST
phenomena is associated with variations in the interhemispheric temperature gradi-
ent (IHTG; Friedman et al., 2020). The IHTG modulates the poleward redistribution
of energy through shifts in the meridional atmospheric circulation, i.e. the Hadley
cell and associated branches such as the ITCZ (Brönnimann et al., 2015; Schneider et
al., 2014). Consequently, tropical precipitation variability – including SAm’s rainfall
– is also linked to multidecadal and forced variability phenomena.
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FIGURE 1.1: Schematic figure of the chain of physical processes that
impact ecology and socio-economic variables. The chain starts at the
coupling between SST and SLP; external forcing elements, such as
aerosols, modulate the chain by influencing the radiation balance and

surface temperature.

1.3 Chain of physical processes - mechanisms

The ocean-atmospheric modes are expected to enforce variability through a chain of
progressive physical processes (Fig. 1.1), often referred to as a mechanism (Brönni-
mann, 2015). The chain begins with coupled SST and SLP anomalies, involving ex-
change of heat and moisture, convection, Gill-type responses, the wind-evaporation-
SST feedback, and Ekman pumping (Gill, 1980; Mahajan et al., 2009; Priyanka et al.,
2025). These coupled processes consolidate at seasonal scale since large-scale SST
patterns change slowly due to the ocean’s thermal inertia (Wang et al., 2013). The
SLP anomalies modify regional atmospheric circulation – i.e. anomalies of wind
direction and speed – triggering subsequent processes along the chain. Altered
winds modify the atmospheric moisture transport (VIMF), which then modulates
the variability of regional moisture flux divergence (MDiv). The latter influences
the local weather and is associated with other important variables for ecology and
socio-economic dynamics (e.g. precipitation, radiation, temperature, among others).

How do the changes in the chain impact evapotranspiration (a variable con-
nected to ecology, agriculture and heat)? How do they impact solar and wind en-
ergy? How might an external factor, such as aerosol forcing, influence the mecha-
nisms modulating the precipitation? In the following, we detail the steps down the
chain that impact the hydroclimatology and have other socio-economic impacts.

1.3.1 Processes modulating South America’s evapotranspiration

After the ocean-atmospheric modes seasonally change the VIMF, MDiv, clouds, rain-
fall and radiation (local weather), the chain continues with land-surface processes.
Precipitation then affects soil moisture, and afterwards, the soil moisture and the net
radiation locally control evapotranspiration (Fig. 1.1). This is described in chapter 2,
where our results show how the chain is also mediated by the climatological cycle of
the evapotranspiration regime (i.e. water- or energy-limited). The chapter focuses
on the seasonal to interannual effects of the AMM and Atl3 modes and how they
have conjoint impacts with ENSO on the evapotranspiration across South Amer-
ica. It also discusses plant physiological processes, partially considered in the used
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datasets, as well as other phenomena such as moisture recycling and the influence
of the AMO in the AMM as an Earth system driver of the chain.

1.3.2 Processes modulating South America’s potential wind and solar en-
ergy

Likewise, after the modes influence wind speed and local weather, the chain con-
tinues with the impacts on wind and solar energy production (Fig. 1.1). Chapter 3
examines the seasonal to interannual variability of both energy sources, focusing
on their links with ENSO and the AMM. The chapter also analyses the comple-
mentarity between both sources of energy, for long-term planning, and under the
influence of the interannual modes for energy management. Complementarity with
hydropower is briefly discussed. Furthermore, the chapter discusses how the un-
derstanding of these mechanisms can enhance energy forecasts, and also how the
multidecadal modes or phenomena at shorter time scales might also have impacts
on renewable energy production.

1.3.3 Aerosols influencing the ocean-atmospheric modes, global circula-
tion and precipitation in South America

The SST-related onset of the chain might also be forced by external factors – such as
aerosols – through altered surface radiation and temperature. Aerosols perturb the
energy cycle mainly through absorption and scattering of solar radiation (Li et al.,
2022), which then reduces the energy reaching the surface, energy uptake, and thus
the surface cools. These changes affect SSTs and SLP, which is the initial coupled
element of the chain (the coupled ocean-atmospheric modes; Fig. 1.1), and subse-
quently alter the mechanisms affecting the regional and global atmospheric circula-
tion (i.e. the Hadley cell). Hence, we study the effects of aerosols on the chain of
processes around SAm, looking at features of the ITCZ and the impacts on tropical
precipitation (chapter 4). We investigate the changes in VIMF, MDiv and precipi-
tation during two periods with high concentrations of aerosols in the troposphere
and stratosphere at the interannual and decadal scales. The chosen periods repre-
sent notable examples of stratospheric injections of volcanic aerosols and decadal
anthropogenic-related trends in tropospheric aerosols.

All chapters in our thesis consider the described chain of processes to understand
how SAm is affected. They look at how changes in individual chain components are
associated with specific impacts on the hydroclimatology, the renewable energy (as
a socio-economic impact), or the modulation of the chain by an external forcing. For
example, they all include how the altered VIMF influences weather and thus how the
modes are associated with impacts. The conceptual framework of the chain is both
a research outcome and a unifying structure across chapters, visually representing
the underlying physical mechanisms involved in the teleconnections.

1.4 Objective, questions, and outline of this thesis

The objective of this thesis is to identify the physical mechanisms that are associated
with some climate variability in tropical SAm, and some external forcing modulating
those mechanisms. We focus on the seasonal to interannual scale and on variables
associated with ecological and socio-economic impacts. With this objective, we in-
tend to answer specific questions related to the topics mentioned in sections 1.3.1,
1.3.2 and 1.3.3, and to partially answer the following broad question.
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Which phenomena and which related mechanisms explain some share of the
seasonal to interannual hydroclimate variability in tropical South America

and its potential solar and wind energy variability?

In chapter 2, we intend to tackle the following specific questions related to the
evapotranspiration variability:

• Where and in which season is the evapotranspiration dominated by a water-
or energy-limited regime?

• How do the Atlantic modes drive anomalous atmospheric circulation and in-
fluence the variability in local atmospheric conditions, and how do they then
affect the local controllers and thus affect evapotranspiration?

• Where do the dynamics and, thus, the impacts of the Atlantic modes overlap
with those of ENSO in time and space?

In chapter 3, we address the following specific questions associated with the solar
and wind energy variability in tropical SAm:

• Which ocean-atmospheric modes are associated with the inter-annual variabil-
ity of solar and wind energy at collocated high energy availability regions (en-
ergy hubs)?

• Which mechanisms influence the weather over the energy hubs and thus mod-
ulate the renewable energy production?

• In which seasons do both sources of renewables complement each other under
the influence of the ocean-atmospheric modes?

In chapter 4, we explore the following questions associated with the forced inter-
annual to decadal variability of precipitation in tropical SAm:

• In which regions did precipitation change in the early 19th and late 20th cen-
turies, associated with the high aerosol concentration?

• When did global changes in aerosol optical depth and surface temperature
manifest in the regional ocean-atmospheric modes?

• How did the altered elements of the chain modify the regional circulation, and
affected the subsequent elements of the chain around SAm (e.g. the VIMF and
the MDiv) and the precipitation?

After this introduction, the thesis is structured into the aforementioned three
main chapters. We restate the conclusions of the chapters and present further re-
search questions based on our conclusions in chapter 5.
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Abstract

Tropical South America’s hydroclimate is influenced by ocean-atmospheric vari-
ability modes (drivers of climate variability). It is still not known which physi-
cal mechanisms teleconnect the Atlantic modes of variability with South America’s
soil moisture, net radiation and terrestrial evaporation (evapotranspiration). Under-
standing these mechanisms is essential to predict the response of ecosystems. This
study uses composites of reanalysis and satellite data to identify the processes link-
ing land-surface anomalies and ocean-atmospheric modes. It estimates the control
soil moisture and net radiation impose on evapotranspiration (categorised as water-
or energy-limited regimes). It shows that these two local controllers of evapotranspi-
ration are influenced by the position of the Intertropical Convergence Zone (ITCZ).
However, the evapotranspiration anomalies are driven by the phase of each climate
mode which alter water and radiation availability. The Atlantic Meridional Mode
(AMM) generates cross-equatorial wind anomalies that affect moisture convergence,
which in turn modify the cloud cover, precipitation, soil moisture, radiation avail-
ability and hence evapotranspiration. The anomalies have important geographical
differences depending on the season analysed; they migrate from the east in Austral
autumn towards the central Amazon and western Orinoco in Austral spring. The
Atlantic Niño Equatorial mode (Atl3) affects evapotranspiration in the Guianas and
eastern Orinoco by means of pressure and trade wind variability, which in turn affect
local hydrometeorological conditions and evapotranspiration. Both Atlantic modes
mainly impact regions different from those impacted by El Niño/Southern Oscilla-
tion (ENSO), although northeast Brazil and the Guianas might experience overlap-
ping effects. Therefore, these ocean-atmospheric modes impact the water, energy
and carbon cycles; they might influence regional climate extremes (e.g. droughts
and floods), and are critical for achieving sustainable development goals (SDGs).
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2.1 Introduction

The hydroclimate of tropical South America is strongly influenced by ocean-atmospheric
variability modes (climate drivers), for instance, El Niño/Southern Oscillation (ENSO)
(Cai et al., 2020; Garreaud et al., 2009; Grimm & Zilli, 2009). Other sources of sea-
sonal variability stem from other ocean basins (e.g. the Atlantic, Indian Ocean,
etc), and at other temporal scales from Madden-Julian Oscillation or local features
like topography or land-atmosphere interactions (Cai et al., 2019; Pabón & Dorado,
2008). The modes cause impacts through atmospheric circulation anomalies and
hence drive local atmospheric conditions; the latter enforces hydrological variabil-
ity, which is evidenced by anomalies of precipitation, soil moisture (SM), surface
temperature, evapotranspiration and streamflow. The atmospheric anomalies might
also influence extreme events (e.g. droughts and floods)(Merz et al., 2021; Mishra &
Singh, 2010), and their consideration in long-term planning is critical for achieving
sustainable development.

Among the hydrological fluxes, terrestrial evaporation is key for water, energy
and carbon cycles (Wang & Dickinson, 2012). This flux mainly consists of evapora-
tion from soil, interception and plant transpiration (hereafter all jointly referred as
evapotranspiration - ET). Limitations in ET influence growth processes and hence
carbon uptake, previous studies have linked net primary or biome production vari-
ability to SM-atmosphere feedbacks and climate/earth system drivers, e.g. through
climate-driven droughts (Humphrey et al., 2021; Nemani et al., 2003; Zhao & Run-
ning, 2010). There is evidence that individual extreme weather events can coerce
plant phenology, for instance on flowering, leaf senescence and plant growth (Um-
menhofer & Meehl, 2017). Therefore, to predict ecosystem activity, it is essential
to identify the mechanisms of internal climate variability drivers that enforce a re-
sponse in ET. Moreover, estimating the response of ET to climate variability drivers
is also necessary to unravel the effects of climate change on hydrology (IPCC, 2021),
and to estimate irrigation requirements (Kaune et al., 2019).

In the following, we consider oceanic variability modes in the Pacific and At-
lantic as drivers of the climate variability in the Amazon and Orinoco basins (Lübbecke
et al., 2018). Some studies statistically looked at the Pacific and Atlantic joint effects
on precipitation (Gu & Adler, 2009; Ronchail et al., 2002). Others studied the interan-
nual changes in moisture transport dynamics – imposed by oceanic climatic drivers –
and their associated rainfall anomalies over South America (Hoyos et al., 2019; Ruiz-
Vásquez et al., 2024). Atlantic trade winds strength and the precipitation anomalies
are related to ocean variability modes such as: the Tropical North Atlantic mode
(TNA)(Arias et al., 2015, 2020; Enfield, 1996), the Atlantic Meridional Mode (AMM)
(Chiang et al., 2002; Drumond et al., 2014; Fernandes et al., 2015; Paccini et al., 2021;
Rodrigues & McPhaden, 2014) and the Atlantic Niño Equatorial mode (Atl3) (Ruiz-
Barradas et al., 2000; Torralba et al., 2015; Vallès-Casanova et al., 2020). The Atlantic
modes tend to be active and peak between the Austral autumn and spring – MAM,
JJA and SON (the initial letters of the months) – contrary to ENSO which peaks at the
end of the year (SON and D(0)JF(+1)). These Atlantic modes might have contributed
to northeast Brazil droughts and the Magdalena River floods in 2011-2012, as well
as the Amazon droughts in 2005 and 2010 (Lopes et al., 2016; Marengo & Espinoza,
2016). Although the Atlantic modes are associated with ENSO through atmospheric
bridges or extratropical pathways (Casselman et al., 2023; Compo & Sardeshmukh,
2010; García-Serrano et al., 2017; Martín-Rey et al., 2014), each of them has specific
regional impacts on sea-level pressure (SLP) and hence on atmospheric circulation.

However, the variability of evapotranspiration has received less attention than
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precipitation. Previous research has established SM and Net Radiation (Rn) as the
primary local controllers of ET (Hirschi et al., 2014; Seneviratne et al., 2010); conse-
quently, ET is classified into two regimes: water- or energy-limited. The annual cycle
and the location of the regimes are not known in South America and are important
for understanding ET variability. Some studies have statistically investigated the
teleconnections of ENSO (Le & Bae, 2020; Miralles et al., 2014; Moura et al., 2019)
or other climate drivers with the ET around the world (Martens et al., 2018), but the
physical causes for these connections are not known. Specifically, it is not known
how the interannual changes in moisture transport impact net radiation. In our pa-
per, we focus on the Atlantic modes, which have received less attention in the litera-
ture. Moisture recycling is another factor that can impact surface radiation, but pre-
vious studies have focused on its impact on regional and distant precipitation rather
than radiation (Staal et al., 2018; van der Ent & Savenije, 2011; Wang-Erlandsson et
al., 2018; Zemp et al., 2014). Other research has looked at the influence of Amazon
soil moisture memory on ET (Zanin et al., 2024) or how anomalous moisture trans-
port from the TNA affects SM and vegetation indices (Arias et al., 2020), but other
Atlantic modes have been overlooked.

Consequently, it is still not known how the variations in regional atmospheric
circulation – driven by the Atlantic modes – alter local continental atmospheric con-
ditions and afterwards affect net surface radiation and soil moisture, the two key
local controllers of ET. We refer to the latter as the physical mechanisms of the tele-
connection, which consist of a chain of progressive physical processes. Ecological
processes respond to the variability of hydrometeorological conditions (Eagleson,
2013); by understanding the mechanisms leading to that variability, the community
can increase the potential predictability of ecosystem activity. Therefore, this study
aims to investigate the physical causes of the link between the AMM and Atl3 with
ET in tropical South America, at seasonal scale. Other drivers (such as the Indian
Ocean Dipole mode, the Atlantic Multidecadal Oscillation (AMO), etc.) are excluded
from our study (see Sect. 2.3 and 2.5). Moisture recycling is only briefly discussed in
Sect. 2.5. We aim to answer the following questions:

1. Where and in which season is the evapotranspiration dominated by a water-
or energy-limited regime?

2. How do the Atlantic modes drive anomalous atmospheric circulation and in-
fluence the variability in local atmospheric conditions, and how do they then
affect the local controllers and thus affect evapotranspiration?

3. Where do the dynamics and, thus, the impacts of the Atlantic modes overlap
with those of ENSO in time and space?

2.2 Data

This study uses net radiation, soil moisture (SM) and ET, as well as atmospheric
circulation variables, such as SLP, winds, moisture transport, convergence and rain-
fall. We use those atmospheric variables because ocean-atmospheric modes drive
the regional atmospheric circulation, which afterwards influences the local ET con-
trollers. Sea Surface Temperature Anomalies (SSTAs) are used to identify the ocean-
atmospheric modes (Sect. 2.3). All datasets are downloaded at monthly time scale
and used between Dec-1979 and Nov-2020 (except for satellite-based soil moisture,
details in Sect. 2.2.2); they are aggregated at seasonal scale and analysed for each
season individually and synchronously. The aggregation method for all variables is
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TABLE 2.1: Overview of the datasets used in this study. ERA5 is de-
scribed in Hersbach et al. (2020), and ERA5-Land is in Muñoz-Sabater

et al. (2021) and ECMWF (2023)
.

Reanalysis Satellite

Variable Dataset
Spatial

resolution
Temporal
resolution

Dataset
Spatial

resolution
Temporal
resolution

Sea Level Pressure

ERA5 0.25°

Monthly - - -
Winds at 850 hPa Monthly - - -

Vertically Integrated
Water Vapor Flux

(VIMF)
Monthly - - -

Moisture Divergence
(MDiv)

Monthly - - -

Precipitation - - -
MSWEP v2.8

(Beck et al., 2019)
0.1° Monthly

Net Surface
Thermal Radiation

ERA5-Land 0.1°

Monthly
CLARA-A3 Cloud

Area Fraction
(Karlsson et al., 2023)

0.25° Monthly

Net Surface
Solar Radiation

Monthly

Soil Moisture (volumetric
water content 1st

soil layer)
Monthly

ESA-CCI-SM v08.1
(Gruber et al., 2019)

0.25°
Daily

(Aggregated to
Monthly)

Total Evaporation Monthly
GLEAM v3.8a

(Martens et al., 2017)
0.25° Monthly

Sea Surface ERSST v5 (Huang et al., 2017) 2° Monthly
Temperature Anomalies HadSST v4.0.1 (Kennedy et al., 2019) 5° Monthly

the average of the three monthly values, except for precipitation and ET, where we
use the sums (Duque-Gardeazabal, 2025).

Satellite and reanalysis data sources each have strengths and limitations. Satellite
data can provide some of the needed data mainly over land but moisture transport
is not available from this source. Reanalysis data are considered physically-based in-
terpolations of observations and provide atmospheric variables that satellites do not
directly acquire. Satellite-based datasets have difficulties in measuring soil moisture
over densely forested canopies (Beck et al., 2021). Errors in the root zone SM com-
promise the estimation of plant water stress and, thus, the skill of the ET estimate.
On the other hand, simulations of ET which ingest reanalysis outputs might inherit
their biases (Gebrechorkos et al., 2024; Valencia et al., 2023). Although the perfor-
mance of both data sources has improved in recent years (Beck et al., 2021; Xie et al.,
2024), their estimates remain uncertain, and confidence in their inter-annual dynam-
ics rests on the fact that the analysed signals are evident in independent datasets.
Therefore, we look for consistency in the dynamics of both sources of information;
we do not regrid and do not merge any datasets because we do not perform opera-
tions between them. We display the datasets conjointly when necessary and analyse
the dynamics unfolding in both data sources (Table 2.1).

We use SSTAs from the Extended Reconstructed SST version 5 (Huang et al.,
2017) – which is used as the primary dataset – and the Hadley Center Sea Ice and SST
version 4.0.1 (Kennedy et al., 2019). ERSST is at 2°, and HadSST is at 5° resolution.

2.2.1 Reanalysis

The European Center for Medium-range Weather Forecast (ECMWF) ERA5 reanal-
ysis provides information on atmospheric variables that influence the local con-
trollers of evapotranspiration and also relate to the dynamics of the coupled ocean-
atmospheric modes (Hersbach et al., 2020). Monthly time series of winds, Vertically
Integrated water vapour Flux (VIMF), mean SLP and vertically integrated Moisture
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flux Divergence (MDiv) are taken from it. All atmospheric variables from ERA5 have
0.25° spatial resolution.

ERA5-Land is a land-surface simulation operationally forced by ERA5, which in-
cludes detailed modules on infiltration, four-layer physically-based soil water stor-
age, plant water uptake, phenology and transpiration, and evaporation from soil
and canopy interception (ECMWF, 2023; Muñoz-Sabater et al., 2021). From it, we
download or derive the net surface radiation (Rn), the volumetric soil water content
in the first soil layer (hereafter soil moisture - SM) and the total evaporation (here-
after also referred to as evapotranspiration - ET). All variables from ERA5-Land have
0.1° resolution.

2.2.2 Satellite

This research uses the Multi-Source Weighted-Ensemble Precipitation v2.8 (MSWEP)
(Beck et al., 2019) with a spatial resolution of 0.1°. The dataset is created with rain
gauges, satellite and reanalysis data. MSWEP uses ERA5 rainfall estimates mainly
in the extratropics, whereas the ingested satellite data is given stronger weight in the
tropics.

In addition we use three satellite-based datasets: the European Space Agency Cli-
mate Change Initiative for Soil Moisture v08.1 (ESI-CCI-SM) (Gruber et al., 2019), to-
tal evaporation from the Global Land Evaporation Amsterdam Model v3.8a (GLEAM)
(Martens et al., 2017), and the EUMETSAT CLARA-A3 cloud area fraction as a proxy
for net radiation (Karlsson et al., 2023), all of them at 0.25° resolution. ESA-CCI-SM
was downloaded at daily resolution and transformed to monthly values by averag-
ing the days within each month as long as the month had at least four values; the
remaining spatial gaps were not filled and were excluded from calculations. GLEAM
uses a three-layer conceptual root zone soil module from which vegetation can ac-
cess water (which considers ESA-CCI-SM assimilation where available). It includes
a module for plant stress based on SM and vegetation phenology, and it also pro-
vides evaporation from interception and bare soil. GLEAM uses ERA5 radiation as
forcing.

Some eddy-covariance towers are located in the Amazon and other places in
South America; their measurements are –in general– after 2000. Baker et al. (2021)
managed to use records from one tower with 19 years of data (1999-2017) but high-
lighted teh fact that the data in the other towers were only available for a few years
(mainly between 1999 and 2006). Other global products based on FLUXNET tow-
ers, such as FLUXCOM (Jung et al., 2019), also have data after 2001. The short
time series constrains the possibility of registering several events to analyse the ef-
fect of the climate modes (few degrees of freedom). The performance of GLEAM
and ERA5-Land ET have been evaluated against eddy-covariance towers and have
found correlations of around 0.6 and 0.7 for the Evergreen Broadleaf Forest ecore-
gion, respectively (Muñoz-Sabater et al., 2021; Xie et al., 2024). Therefore, we choose
not to analyse eddy-covariance data and assume a fair performance of the other two
sources.

2.3 Methods

Climate modes and their atmospheric circulation anomalies are expected to impact
evapotranspiration through a chain of progressive physical processes. The processes
start with anomalies in atmospheric circulation (coupled with SSTA), and moisture
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transport (VIMF). Then, the latter changes moisture flux divergence (MDiv), affect-
ing cloud formation; which simultaneously influences precipitation and radiation
availability. Precipitation then affects soil moisture, and afterwards, the two local
controllers impact evapotranspiration. However, the impacts of the chain are also
mediated by the climatological cycle of the ET regime (water- or energy-limited).
Consequently, our research starts by determining the annual cycle of the ET regime
and of the local controllers (section 2.3.1). Then, we use composites to show how the
chain unfolds with its final impacts on ET (section 2.3.2). Finally, we study the joint
effects of the Atlantic modes and ENSO (section 2.3.3)(Duque-Gardeazabal, 2025).
Moisture recycling is discussed in section 2.5.

2.3.1 Determining the location and annual cycle of local ET controllers

This study explores the two main local controllers of ET (soil moisture and net ra-
diation) (Seneviratne et al., 2010), to afterwards search for the ocean-atmospheric
modes that drive those controllers. SM and net radiation are classified by the slope
of their multi-linear regression against evapotranspiration, using their seasonally
standardised anomalies. This analysis can suggest whether the ET anomalies are
associated with water availability or a radiation anomaly (ET regime). The multiple
linear regression is then expressed as:

ETij = aij ∗ SMij + bij ∗ Rnij + C (2.1)

where ET is the total evaporation, SM is the volumetric soil water content in the
first layer, Rn is the surface net radiation, i refers to a specific longitude and j refers
to a specific latitude. a and b are then the regression slope coefficients and C the
intercept.

2.3.2 Composites

This study uses composite analysis to exemplify the state of the atmosphere and the
land surface during the active phase of the Atlantic modes. The composites reveal
the physical processes/mechanisms that connect the variables.

Coupled ocean-atmospheric modes are identified with SSTA indices. The SSTA
are first detrended to exclude the effect of climate change from the analysis us-
ing a regression with de-seasonalised CO2 (R2 = 0.92, p < 0.001) (Thoning et al.,
1989); the CO2 concentration is used to consider its continuous change in the 20th
and 21st century and to avoid subtracting the internal variability. We performed
Principal Components Analysis over the detrended Atlantic SSTA and the resulting
loadings were compared with the literature review (Fernandes et al., 2015; Ruiz-
Barradas et al., 2000; Vallès-Casanova et al., 2020)(supplementary Figure S8). Cor-
relation analysis between the principal components and hydrological variables re-
vealed which modes possibly have an impact on South America (not shown). Other
climate modes, such as the Indian Ocean Dipole, the AMO, etc., unfold over basins
that are not close to our study area, and hence, they do not alter tropical South Amer-
ica’s atmospheric circulation. Consequently, we discard them from our analysis. We
define the Atlantic indices based on SSTA area-average boxes similar to the principal
component loadings of the Atlantic SSTs (Figure S8).

• The AMM monthly index is defined as the difference between the spatially
averaged tropical north Atlantic (TNA) SSTA [70°W-15°W]x[5°N-25°N] and
the tropical south Atlantic (TSA) [40°W-0°W]x[25°S-5°S]; the spatial definition
of the AMM comprises the TNA.
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• The Atl3 monthly index is identified as the spatial average of eastern equatorial
Atlantic SSTAs [20°W-0°]x[3°S-3°N].

To define the composite time steps, the phases of each mode are established
based on the indices. The positive and negative phases are identified when their
indices are above or below ±1 standard deviation, respectively, and otherwise are
defined as neutral phase. The latter is defined individually for each season (indices
time series in Figure S8). The asymmetric impacts of the modes are assessed by
adding both extreme phases (positive plus negative), allowing the recognition of the
different impacts exerted by each phase. The composite’s statistical significance is
assessed with the two-sample Student’s two-tailed T-test, testing positive or nega-
tive phase against the neutral. Regarding precipitation, half of the cell’s time series
have skewed distributions (Shapiro-Wilk test; not shown). Thus, the Mann-Whitney
U test is used instead. We did not find a significant correlation between evapotran-
spiration and CO2. Nevertheless, ET time series are detrended with a linear trend to
also exclude global warming (Zhang et al., 2016), before being used in the compos-
ites.

ENSO develops in the second semester and its peak season is DJF. On the other
hand, the AMM is more active from February onwards but might last until SON
(Yoon & Zeng, 2010), and the Atl3 is more active in JJA (Vallès-Casanova et al., 2020).
In DJF, the AMM-associated anomalies are evident over the Atlantic but its effect
over the continent is diluted (not shown). Therefore, we analyse the influence of the
Atlantic modes from March to September.

2.3.3 Conjoint effect with ENSO

We also perform grid-wise partial correlation analysis between the two Atlantic in-
dices, the El Niño Longitude Index (ELI)(Williams & Patricola, 2018), and evapo-
transpiration. The ELI considers the type of ENSO event (east or central Pacific).
The purpose of this analysis is to find those regions that are driven by an Atlantic
mode but might also have impacts from another mode when it is also active (i.e.
simultaneously controlling the analysis by the effect of ENSO and the other Atlantic
mode).

2.4 Results

2.4.1 Key local evapotranspiration controllers

The classification of the ET regime follows the migration of the Intertropical Con-
vergence Zone (ITCZ, located in the southern Amazon in DJF and over northern
Orinoco in JJA)(Fig. 2.1). The reason is associated with the heavy rainfall of the ITCZ
which saturates the soils and influences the locations of the energy-limited regime.
Panels (a) to (h) in Figure 2.1 show the slope coefficients of the regressions, which
are then ranked in panels (i) to (l). Values below 0 indicate that the other indepen-
dent variable is the main controller of ET. In MAM (Fig. 2.1a,e,i), the north-easterly
winds bring moisture from the Atlantic and produce convergence and rainfall over
the Amazon in such amounts that the soil saturates (and thus is above the soil’s wa-
ter field capacity), giving the conditions for energy-limited ET. However, the north
of the Orinoco basin still behaves like a water-limited environment. As the ITCZ
moves northward in JJA (Fig. 2.1b,f,j), the rainfall recharges SM, changing Orinoco’s
behaviour to energy-limited regime, whereas other regions transform from energy-
to water-limited regimes, such as northeast Brazil and the southern Amazon. The
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core of the Amazon rainforest is energy-limited throughout the year. In SON (Fig.
2.1c,g,k), the ITCZ begins to move southward, but the energy-limited regime is con-
centrated in the west of the Amazon. The east and southeast basins are still in a
water-limited regime. The Orinoco still behaves as energy-limited even though this
is the transition season from wet to dry. In DJF (Fig. 2.1d,h,l), the ET in the south-
ern Amazon depends on the available energy, as the ITCZ has reached its southern
continental location; above-average net radiation (Rn) would produce more ET. The
energy-limited regions correspond to those where SM is above the soil’s field capac-
ity (ECMWF, 2023)(not shown), and not all of the continent is primarily controlled
by variations in energy supply.

FIGURE 2.1: Classification of ERA5-Land evapotranspiration (ET)
controller based on regression coefficients for each season. (a-d) mul-
tiple linear regression slope coefficient for soil moisture (SM), (e-h)
slope coefficient for the net radiation (Rn) and (i-l) variable with the
highest significant linear slope coefficient (p ≤ 0.05). Panels are di-
vided by the seasons (a,e,i) for MAM, (b,f,j) for JJA, (c,g,k) for SON
and (d,h,l) for DJF. Black lines delineate the major river basins; the

same boundaries are used in the following figures.

2.4.2 Chain of physical processes between the Atlantic modes and conti-
nental evapotranspiration

This section shows the composites of the variables involved in the chain (see Section
2.3). The steps in the chain repeat as long as a mode is active. However, the impacts
have important geographical differences depending on the mode and the season
analysed.
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March - May (MAM) Austral Autumn

The Atlantic Meridional Mode (AMM) consists of a SST and SLP seesaw between
the Tropical North and South Atlantic, creating cross-equatorial wind anomalies (see
Figure S1 for SLP and 850 hPa winds composites). In Austral autumn, the positive
phase redirects and advects moist air northward, towards the Orinoco, where it pro-
vokes positive convergence and precipitation anomalies (Fig. 2.2a). The location of
the satellite precipitation and reanalysed convergence anomalies are consistent in
both datasets. The positive convergence creates more clouds that then reduce net
surface radiation (Fig. 2.2c). Soil moisture (SM) is impacted by the anomalous rain-
fall; Figure 2.2e shows that the SM anomalies in northern Orinoco are sensitive to the
AMM in positive phase. ESA-CCI-SM is available for this region and shows similar
dynamics (Fig. S2). The western and southern Amazon have SM anomalies lower
than a 2% absolute value, as it is the rainy season and the soil is near saturation.

The evapotranspiration is impacted afterwards. The Orinoco behaves as water-
limited (Fig. 2.1i) since this is the transition from dry to wet season, then the increase
in rainfall and SM causes above-average ET (Fig. 2.2g). Over northeast Brazil, the
positive phase produces divergence anomalies and less cloud cover (Fig. 2.2a and c).
The latter increases radiation but enforces higher evapotranspiration than average
due to the high SM availability above the soil’s field capacity which allows the region
to act as energy-limited (Fig. 2.1i and 2.2g). GLEAM independently shows similar
results over northern Orinoco – more extended increase in ET – but over northeast
Brazil the area with increased ET is smaller than in ERA5-Land and is surrounded
by negative anomalies (Fig. S3). We will examine the box area-averaged time series
in Figure 2.6.

In the negative phase, the AMM redirects the VIMF southward towards north-
east Brazil (Fig. 2.2b). The anomalous winds generate greater moisture convergence,
which reduces radiation and then ET over that region (Fig. 2.2b,d and h). Over the
northern Orinoco, the southward moisture advection causes a reduction in rainfall
and below-average SM, further limiting ET. The eastern Amazon evapotranspira-
tion is not affected in the same way as in the positive phase (asymmetry). However,
GLEAM estimates show that in northeast Brazil the impacted area is not as big as in
ERA5-Land and does not show ET anomalies where the ESA-CCI-SM was unable to
detect values (Fig. S2 and S3).

Comparing positive and negative phases, the mode shows asymmetric atmo-
spheric circulation, with the negative phase being stronger in magnitude for the
VIMF (Fig. S7). The latter causes a decrease in SM over the northeast Amazon
that is higher than the increase in the positive phase, considering absolute values.
Regarding ET, some regions are affected only in one phase of the mode, such as the
eastern Amazon and its river delta.

June - August (JJA) Austral Winter

The Atlantic Niño (Atl3) is characterised by a decrease in SLP and an increase in
SST over the equatorial east Atlantic that usually peaks in JJA (Fig. S1). It weakens
the trade winds through the Bjerknes feedback with effects on VIMF and precipita-
tion over the continent (Fig. 2.3a). SM and evapotranspiration are not extensively
impacted by the Atl3 positive phase as changes in radiation are barely visible (Fig.
2.3c, e and g). The Atl3 impacts are not clear in other seasons (SON and DJF) when
the AMM and ENSO exert a more discernible influence (not shown).

Conversely, stronger JJA trade winds increase Ekman pumping and mixing over
the Atlantic and manifest as colder SST (known as Atlantic Niña – Atl3 negative
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FIGURE 2.2: Anomaly composites of AMM in MAM for (a) VIMF (ar-
rows), MDiv (contours) and MSWEP precipitation (shading) anoma-
lies in the positive phase; positive MDiv anomalies are in red and
negative in blue every 3 kg/m2. VIMF is in kg/m/s and depicted in
purple when it is statistically significant at a 90% confidence level and
in grey otherwise. Right panels (b,d,f and h) are the same as left pan-
els (a,c,e and g) but for the negative phase. (c,d) ERA5-Land surface
net radiation (shading), and satellite CLARA cloud cover anomalies
(contours); positive cloud cover anomalies are in blue and negative in

red repeated every 4%. (continues in next page)
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(continued.)(e,f) Composites of ERA5-Land soil moisture anoma-
lies in saturation percentage (shadings), and MSWEP precipitation
anomalies (contours); positive precipitation anomalies are drawn in
aquamarine and negative in gold repeated every 100 mm. (g,h)
Composites of ERA5-Land evapotranspiration (shading), Rn anoma-
lies (contours, gold for positive and aquamarine for negative), and
SM anomalies (contours, blue for positive and red for negative); Rn
anomalies are repeated every 3 W/m2 and SM anomalies are repeated
every 5%. In every panel, black stippling depicts regions where the
shaded variable is significantly different from the neutral phase at a
95% confidence level. Boxed region: Northern Orinoco, also applies

for the negative phase.

phase). The strengthened easterly winds – and VIMF – create negative anomalies
of convergence and precipitation in an extended region over the East of the conti-
nent (Fig. 2.3b). However, greater MDiv and radiation increase ET over the east-
ern Orinoco and the Guianas due to the energy-limited environment, whereas over
northeast Brazil and the eastern Amazon the anomalies are negative as they behave
as water-limited and the SM is also lower-than-average (Fig. 2.1j and 2.3d,f,h). ESA-
CCI-SM is not available over the Guianas and partially over northeast Brazil (Fig. S2)
and then GLEAM shows a similar pattern to ERA5-Land, but the signal is weaker
over the eastern Orinoco, Amazon delta and northeast Brazil (Fig. S3). The negative
phase is more pronounced due to stronger anomalies in all three variables (Figure S7
for asymmetric conditions). The ET between the two phases is very asymmetric as
the eastern Orinoco and northeast Brazil are not affected in the positive phase, but
they are in the negative (Fig. 2.3g and h, and Fig. S7).

Regarding the Atlantic Meridional Mode (AMM)(Fig. 2.4), the impacted place
migrates depending on the season. In JJA, the positive phase redirects the VIMF
anomalies northward (Fig. S4). This enhances convergence over the Caribbean and
the divergence over the central Amazon and southern Orinoco (the latter having en-
hanced convergence in the previous season); hence, it reduces clouds and rainfall
over the continent (Fig. S4 a and c). The SM levels guarantee an energy-limited
environment in the northern Amazon (Fig. 2.1j), and the AMM-related divergence
generates above-average radiation, causing higher-than-average ET in the tropical
forest (Fig. 2.4c) but below-average over northeast Brazil. The places impacted mi-
grate westward compared to the previous season - MAM (Fig. 2.4a). In the southern
area, the combination of the dry season and below-average SM causes trees to take
up water probably just through their deep roots, generating water stress and re-
duced ET (see Sect. 2.5 Discussion). However, GLEAM estimates do not show any
significant anomaly in the Amazon where the availability of ESA-CCI-SM estimates
are scarce (Fig. S2 and S3). Both ET datasets show similar anomalies over the conti-
nental north coast.

In the JJA negative phase, southward moisture flux brings more rainfall to the
Orinoco but it is not clear over the Amazon, an asymmetric condition compared to
the positive phase (Fig. S4). Then, the AMM negative phase produces positive but
not significant SM and ET anomalies in the southeast (Fig. 2.4d), although ERA5 sug-
gests enhanced convergence (Fig. S4b). An important difference when comparing
JJA to MAM is the westward migration of the divergence anomalies from northeast
Brazil to the central Amazon and the effects on SM and ET (Fig. 2.4a and c).
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FIGURE 2.3: As in Figure 2.2 but for the Atlantic Niño Equatorial
Mode (Atl3) in June to August (JJA). Boxed region: the Guianas, also

applies for the negative phase.

September - November (SON) Austral Spring

For this season, the AMM-related anomalies migrate to the western Orinoco and
western Amazon since the rainfall is concentrated on the Andes’ eastern slope. The
reduction in VIMF and convergence in the positive phase lead to high radiation
anomalies that interact with the SM, causing above-average ET over the Orinoco
(Fig. 2.4e and S5a,c,e). This is generated by SM remaining high in the region, creating
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FIGURE 2.4: Anomalies of ERA5-Land ET (shadings) in the positive
and negative Atlantic Meridional Mode (AMM) phases, for seasons
(a,b) March-May, (c,d) June-August, (e,f) September-November. Pos-
itive phase in panels (a,c,e) and negative (b,d,f). Net surface radia-
tion anomalies are in contours (gold for positive and aquamarine for
negative), as well as soil moisture anomalies (contours, blue for pos-
itive and red for negative); radiation anomalies are repeated every
3 W/m2 and SM anomalies are repeated every 5%. Black stippling
depicts regions where the difference with the neutral phase is sta-
tistically significant at a 95% confidence level. Boxed regions: (a,b)
Northern Orinoco, (c,d) Central Amazon, (e,f) Western Orinoco, also
applies for the negative phase. Box-averaged time series for JJA and

SON in Figure S6.

an energy-limited environment although it is not the core of the rainy season and the
SM anomalies are less than 2% (Fig. 2.1k and Fig. S5e). Moreover, the positive phase
causes a decline in SM and ET over the water-limited southeast due to the reduction
in rainfall. There is no significant change in the central northern Amazon, just in the
west or the east.

In the negative phase, the AMM brings extra moisture more strongly than the
positive phase, although in both phases the southeastern Amazon is impacted (Fig.



2.4. Results 25

S5a,b and S7). In the latter region, the SM shows higher-than-average values(Fig.
S5e), which grant the land surface the extra moisture to increase ET in the water-
limited zone (Fig. 2.4f). Over the Orinoco, the reduced radiation causes less ET,
as well as over the western and northern Amazon (the latter region not affected in
the positive phase, asymmetry in Fig. S7). GLEAM shows similar results except for
the central Amazon, again a region where the satellite SM is not assimilated in the
model (Fig. S2 and S3).

The interactions between SM availability, plant water uptake and radiation lead
– in some cases – to above-average evapotranspiration during negative precipitation
anomalies (reduced moisture convergence and clouds). This behaviour is present in
energy-limited regimes, whereas in water-limited environments, negative moisture
convergence anomalies bring less rainfall and cause below-average evapotranspira-
tion.

2.4.3 Atlantic modes connection with ENSO and impacts on evapotran-
spiration

Both ENSO and the Atlantic modes are connected through tropical and extra-tropical
mechanisms, but each of them has effects on South American hydroclimate. Figures
2.5 and 2.6, separate the effects of each mode in the spatial and temporal dimensions,
respectively.

ENSO and AMM have impacts on ET at similar but also over different locations
depending on the analysed season. Figures 2.5(a,b,e,f) show the influence of both
modes on ET in northeast Brazil in MAM and in JJA, yet ENSO mainly impacts the
eastern Amazon and the AMM impacts the Orinoco (see Sect. 2.5 Discussion). ENSO
usually also induces droughts in the Amazon during El Niño events – mostly during
its peak season DJF – and causes heavy rainfall and floods during La Niña events.
Figure 2.5(c,d) show the spatial impact of the increased evapotranspiration during
ENSO-driven droughts and Figure 2.6(c,d) display the impacts on rainfall and ET
of specific events (e.g. 1983, 1992, 1997 and 2015). However, Figures 2.5(a,e) and
2.6(a,b) show that in the northern Orinoco the ENSO forcing might be superseded
by the meridional moisture advection induced by the AMM (e.g. 1983 – El Niño year
but higher rainfall and ET; 1985 and 1989 – La Niña year but drought). The corre-
lation of the AMM with rainfall is up to 0.64, and with SM and ET are up to 0.5, all
significant. Another period when the AMM superseded ENSO impacts was in 2010
during La Niña when the central Amazon experienced a prolonged drought (Fig.
2.5f and S6); the cause was the positive AMM event (see Sect. 2.5 Discussion). Note
also the reduction or increment of ET when SM changes (water-limited regime). For
season SON (Fig. 2.5 c and g), the AMM and ENSO tend to impact different regions:
ENSO being strong over the Guianas and the AMM over the west and southeast.

The Atl3 does not seem to strongly correlate with ET over the Guianas, and
the ENSO pattern for JJA is very similar to the Atl3 negative phase composites
(Fig. 2.5b,h and 2.3h). This indicates some overlapping dynamics between the two
modes, which are probably more associated with the atmospheric dynamics of El
Niño phase that has simultaneously unfolded with the Atl3 negative phase (Fig.
2.6c and d and Fig. S8). We discuss the latter in Section 2.5. Figure 2.6c and d show
the droughts over the northeast Amazon and Guianas during Atl3 negative events
with the corresponding increase in ET, which are also expected effects of El Niño
phase. The correlation of the Atl3 with the area-average ERA5-Land ET is -0.46 but
0.14 with GLEAM; the index correlates well with SM and also with rainfall. How-
ever, only some Atl3 positive events significantly reduced radiation and ET in the
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FIGURE 2.5: Partial correlation of ET from ERA5-Land with the main
tropical ocean modes in the Atlantic and Pacific. Panels a-d are the
correlations with ELI for each season, controlled by the two Atlantic
indices, e-g are the correlations with the AMM except for DJF, which
is controlled by ELI and Atl3, and panel h is the correlation with
the Atl3 controlling by ELI and the AMM. Just 95% confidence level
values are shown in colours. Boxed regions: Northern Orinoco and

Guianas, same as in Fig.2.2 and 2.3.

region (e.g. 1988, 1999 and 2008); other events kept ET close to the average (1987,
1998 and 2016).

2.5 Discussion

Much of the research has focused on precipitation variability rather than on evap-
otranspiration (Arias et al., 2021; Espinoza et al., 2011; Marengo & Espinoza, 2016;
Poveda et al., 2006). Regarding ET, Martens et al. (2018) used machine learning to
globally estimate the impacts of the AMM – and other modes – finding the increased
evapotranspiration over northeast Brazil in MAM and some cells in the central Ama-
zon in JJA. However, our research focused on the modes that alter the atmospheric
circulation close to the continent and constitute the physical mechanism causing the
teleconnection. Other investigations focused specifically on ENSO’s impact on Ama-
zon evapotranspiration and SM (Moura et al., 2019; Poveda et al., 2001). Specifically,
Moura et al. (2019) showed the anomalies of evapotranspiration for both the south-
ern Amazon’s rainy – DJF – and dry seasons during ENSO events, finding the in-
crease in the ET also shown in our correlation analysis in DJF. Our research focuses
on the interaction between the atmosphere and the land surface, finding that the
impacts migrate from the eastern Amazon to the western Orinoco and that impor-
tant asymmetries exist between phases. Hasler and Avissar (2007) found an increase
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FIGURE 2.6: (a,c) Area-average precipitation (bars) and SM standard-
ised anomalies time series (lines) for the same boxes in Figure 2.2
and 2.3, respectively; the Atlantic index time series is in black dashed
lines in standard deviation (right axis), and top points show ENSO
active periods (positive phase in red and negative in blue). (b,d) Area-
average evapotranspiration time series (greens), ERA5-Land net sur-
face radiation (orange), standardised Atlantic index (black dashed)
and ERA5-Land absolute SM in saturation percentage at the bottom
of the panel with coloured rectangles. For the same boxes of panels
(a) and (b). For all panels, Pearson correlations are calculated between
the variable – either precipitation, SM, Rn or ET – with the respective
Atlantic index, 95% confidence level is indicated with **. Boxed re-
gions: Northern Orinoco (a and b); Northeast Amazon and Guianas

(c and d).

in ET in the equatorial Amazon during the dry season related to radiation anoma-
lies, as found in our ERA5-Land composites. The retained SM above critical values
(soil’s field capacity), up to the next season, might cause positive evapotranspiration
anomalies during below-average precipitation and above-average radiation periods
(Zanin et al., 2024); this is evident in our results in the transition from the wet to the
dry season.

Differences between GLEAM and ERA5-Land stem from their formulation struc-
tures and assimilated data, which are then propagated to the composite analysis. In
forested areas, roots deeper than 1.5 m allow the water uptake from deep layers as
a survival mechanism (Jarvis, 1976; O’Connor et al., 2019; Roberts et al., 2005), the
main local controller of ET is most likely the incoming radiation but trees might still
feel water stress (Lian et al., 2024). The latter is partially considered in ERA5-Land
as the depth of the last layer is deeper than 1.5 m and plants withdraw soil moisture
root percentage-wise (ECMWF, 2023), whereas in GLEAM the depth of the three soil
layers is not specified and plants withdraw water from the wettest layers (Martens et
al., 2017). D’Acunha et al. (2024) found low ET rates in cropland and pasture sites in-
side the southeast Amazon rainforest compared to natural land use; the structure of
both datasets in our study considers the grasslands and the other land covers, with
some limitations. The influence of wind speed on evapotranspiration is not consid-
ered in GLEAM v3.8, and the soil module and plant physiology are more accurate
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in ERA5-Land. The impediment of assimilating SM due to the scarcity of ESA-CCI-
SM data in dense forest areas might compromise the uncertainty in GLEAM esti-
mates (Baker et al., 2021), e.g. over the northern Amazon and Delta, and over the
Guianas (Fig. 2.4d,e and 2.5d,e). Some studies have compared both datasets against
eddy-covariance towers and water-balance approaches and concluded that ERA5-
Land estimates are more realistic than GLEAM (Muñoz-Sabater et al., 2021; Xie et
al., 2024). The bias in ERA5’s rainfall might be diverted towards the streamflow
(Towner et al., 2021), rather than generating a bias on the SM and the ET. These limi-
tations are probably the main cause of the differences between the composites using
each dataset.

The variability of ET has implications for moisture-recycling, mainly for south-
eastern South America as pointed out by Drumond et al. (2014). Although moisture
recycling inside the Amazon comprises between 25% and 35% of rainfall, Dominguez
et al. (2022) discovered that it is a short-lifetime phenomenon strongly linked to the
diurnal cycle of advected moisture and convection; recycled moisture precipitates
quickly. Staal et al. (2018) measured the distance of transpired water before precip-
itating again over land, finding that for the particles transpired in the Amazon, the
distance is below or around 500 km (which is short compared to the size of the Ama-
zon basin). Our results show the places that affect the sources of that moisture recy-
cling due to the seasonal aggregated increments or reductions in ET. Makarieva et al.
(2023) determined the influence of ET on moisture convergence, which might poten-
tially influence radiation. It remains to be clarified to what extent moisture-recycling
influences radiation availability and soil moisture at other locations in South Amer-
ica; this is out of the scope of our research.

The AMM and the Atl3 are influenced by and also have feedback with ENSO (Cai
et al., 2019; García-Serrano et al., 2017; Martín-Rey et al., 2014). Our results show
that each mode impacts different regions, except for northeast Brazil and north-
ern Amazon where they overlap through El Niño enforcing convection inhibition
and the AMM producing meridional anomalous moisture advection (for instance, in
2010)(Arias et al., 2020; Chiang et al., 2002); these mechanisms then modify conver-
gence, rainfall, radiation availability and thus evapotranspiration. The AMM nega-
tive phase has been less recurrent in SON in the last decades associated with a posi-
tive phase of the Atlantic Multidecadal Oscillation (AMO)(general interhemispheric
temperature gradient) (Brönnimann et al., 2015; Friedman et al., 2020). The latter is
apparently related to the reduced aerosol forcing over the northern hemisphere and
its associated radiation scattering (He et al., 2023; Hua et al., 2019). The Atl3 negative
phase has co-occurred with the ENSO positive phase (El Niño)(Münnich & Neelin,
2005), whose impacts are evident in our composites and partial-correlation analysis.
ENSO causes downward atmospheric movement over the east of the Amazon that
hampers convection and precipitation (Cai et al., 2020); simultaneously, the strength-
ened easterlies – typical of the negative Atl3 – add to the moisture divergence over
the Guianas, undermining precipitation. However, the relationship between ENSO
and the Atl3 is inconsistent (Chang et al., 2006; Lübbecke & McPhaden, 2012). The
interactions between climate modes have implications for their continental impacts
(i.e. over the hydrological cycle).

Several ocean-atmospheric drivers have been identified as influences on the hy-
drometeorology of South America. Rodrigues and McPhaden (2014) analysed the
AMM effects on precipitation in northeast Brazil and the Amazon, while others fo-
cused on the decadal variations in precipitation and streamflow or the low atmo-
spheric dynamics (Fernandes et al., 2015; Lopes et al., 2016; Olmo et al., 2022). Our
research shows that the chain of events starts with the SSTA and SLP and transfers to
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VIMF, MDiv and precipitation, whose anomalies are linked to the variability in ET.
However, we also show that the AMM also affects the Orinoco basin in MAM, JJA
and might even extend into SON (Yoon & Zeng, 2010), over not just the Amazon and
precipitation but also over the SM and the evapotranspiration. There is agreement
in the comparison of the location of reanalysed convergence and satellite precipita-
tion; the rainfall anomalies influence the peak river flow, and our results agree with
the location of peak river flow reduction during TNA anomalies reported by Towner
et al. (2021) – decrease in central Amazon in the positive phase. Regarding the Atl3,
most of the studies have focused on its statistical relationship with continental pre-
cipitation anomalies (Gu & Adler, 2009; Torralba et al., 2015), and the atmospheric
dynamics of its development (Vallès-Casanova et al., 2020).

Although coupled ocean-atmospheric modes are important drivers at seasonal
time scale as shown here, other sources of variability at other scales – such as those
mentioned in Sect. 2.1 (Introduction) – influence precipitation and might also influ-
ence ET (Mariotti et al., 2018). They might affect the transition and migration of the
anomalies from one season to the following one. Phenomena with longer frequen-
cies, such as the AMO, have also been discussed here, but the impacts of all those
sources on ET deserve further research.

Our results are underpinned by the consistency between independent obser-
vations of land-surface and atmospheric variables whose robustness comes from
physically-based interpolations (reanalysis) or satellite-based observations. Limi-
tations arise from the dataset’s uncertainty and satellite retrievals; deforestation dy-
namics are also not included in the datasets. Nevertheless, the general circulation is
still well represented due to the assimilation of atmospheric pressure, and models
and measurements are as accurate as possible. Both sources of information show
similar impacts but with local differences mostly in densely forested areas where
physically based models like ERA5-Land might be more reliable. Longer time series
of eddy-covariance towers could help the community confirm the dynamics discov-
ered in our study. All in all, the datasets are accurate enough to analyse interannual
variability.

2.6 Conclusions

This research advances the current understanding of the physical mechanisms that
cause the interannual climate and land-surface variability in Tropical South Amer-
ica, focusing on soil moisture (SM), net radiation (Rn) and evapotranspiration (ET).
It elucidates the influence of the Atlantic SST modes on upwind conditions that im-
pact the Orinoco basin and not just northeast Brazil or the Amazon. Atlantic ocean-
atmospheric interactions drive moisture convergence anomalies, which in turn mod-
ify water and radiation availability, which then control the SM, the net radiation and
the ET anomalies. However, the chain of processes is modulated by the annual cycle
of the evapotranspiration regimen which is not completely energy-limited through-
out the tropical region and throughout the annual cycle. A summarising depiction
of the processes can be seen in Figure 2.7.

The Atlantic Niño Equatorial mode (Atl3) weakens the trade winds in JJA, pro-
ducing convergence over the Guianas and eastern Orinoco. However, its effect on
the SM, radiation and ET is not strong. The negative phase – in conjunction with
ENSO warm phase – strengthens the trade winds and produces divergence over an
extended region which significantly changes the SM, Rn and ET.
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FIGURE 2.7: Schematic figure of the (a) variables involved in the chain
of physical processes in the teleconnection between a climate mode
and the evapotranspiration. (b) Geographical location of the pro-
cesses involved in the connection between the continental evapotran-
spiration and the Atlantic Meridional Mode (AMM), and the Atlantic

Niño Equatorial mode (Atl3).

The Atlantic Meridional Mode (AMM) creates cross-equatorial SLP anomalies
that deflect climatological winds over not just the ocean but also over the continent.
It sends moisture northward in the positive phase, on occasions increasing and on
others reducing convergence, precipitation and radiation depending on the location
and season, hence causing the land-surface anomalies (SM and ET). The negative
phase causes the opposite effect but with strong asymmetries. In MAM, the moisture
is redirected towards the Orinoco from northeast Brazil, whereas in JJA and SON it is
taken from southern Orinoco and northern Amazon (or brought to the same regions
in the other phase with important differences in zonal direction). The changes in
moisture transport depend on the annual wind pattern, producing opposite effects
when comparing MAM and JJA over the Orinoco. AMM and ENSO conjointly affect
the breadbasket region of northeast Brazil and the central Amazon but the AMM
affects more the western Amazon and Orinoco.

The regions impacted in each phase might be different. Analysing just one phase
might cause misleading estimations of SM, Rn and ET.

Evapotranspiration is influenced in its regime by not only the ITCZ position but
also by the phase of the ocean-atmospheric mode. This is related to the fact that
SM is not resilient to the activation of the modes unless it is the rainy season and
the soil is saturated regardless of the phase (thus the SM is above the soil’s water
field capacity, the threshold for energy-limited ET). For instance, evapotranspiration
anomalies in the transition season from wet-to-dry are energy-limited, but the sign of
the anomaly depends on the phase of the mode which alters radiation and then ET.
In the transition season from dry to wet, the ET regime is most likely water-limited,
and the ET anomaly is influenced by the variability of SM, which depends on the
phase of the climate driver through precipitation. The SM saturation percentage
closely varies with the ITCZ position.

The phenomena analysed have implications for the relationship between SM and
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heat extremes, gross primary production, irrigation requirements, and the carbon
and energy cycles and can potentially be used to predict the response of ecosystem
activity. The chain is mainly – but not exclusively – applicable to other tropical
regions worldwide.

Code availability
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ysis (Hersbach et al., 2020) and the ERA5-Land reanalysis (Muñoz-Sabater et al.,
2021) data are available from Copernicus Climate Data Store web portal https://
cds.climate.copernicus.eu. MSWEP (Beck et al., 2019) is available at: http://www.
gloh2o.org/mswep/. ESA CCI SM (Gruber et al., 2019) is available at: https://
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al., 2017) is available at: https://www.gleam.eu/. EUMETSAT CLARA-A3 (Karls-
son et al., 2023) is available at: https://wui.cmsaf.eu/safira/action/viewProduktDetails?
fid=40&eid=22277_22492. HydroSHEDS basins are available at: https://www.hydrosheds.
org/products/hydrobasins (Lehner & Grill, 2013).

Author Contributions

Conceptualization: N.D-G and S.B.; Data Curation: N.D-G, A.R.F.; Formal Analysis:
N.D-G; Funding Acquisition: N.D-G, S.B.; Investigation:N.D-G, A.R.F, S.B.; Method-
ology: N.D-G, A.R.F., S.B.; Project Administration: N.D-G., S.B.; Resources: S.B.;
Software: N.D-G; Supervision: S.B.; Validation: N.D-G, A.R.F., S.B.; Visualisation:
N.D-G; Writing - original draft: N.D-G; Writing - review and editing: N.D-G, A.R.F.,
S.B.

Acknowledgements

We thank the anonymous reviewers and the editor for the constructive comments
that helped improve the manuscript. N.D-G. was supported by the Federal Commis-
sion for Scholarships for Foreign Students through the Swiss Government Excellence
Scholarship (ESKAS No. 2022.0563) for the academic year(s) 2022-2024. A.R.F. was
funded by the European Union’s Horizon 2020 research and innovation program un-
der the Marie Skłodowska-Curie grant No. 894064 (AQUATIC). S.B. acknowledges
funding by the Swiss National Science Foundation (10001375). We are grateful with
the institutions that gather and freely disseminate the data used in this research, and
to Noemi Imfeld, Sonia Dupuis and Adrian Huerta for recommending datasets or
coding functions. N.D-G thanks Helena Gardeazabal, Joaquin Duque and friends
for the emotional support throughout this research.

https://www.R-project.org/
https://github.com/nduqueg/ET_var_SAme
https://github.com/nduqueg/ET_var_SAme
https://doi.org/10.5281/zenodo.15389246
https://www.ncei.noaa.gov/pub/data/cmb/ersst/v5/netcdf/
https://www.ncei.noaa.gov/pub/data/cmb/ersst/v5/netcdf/
https://www.metoffice.gov.uk/hadobs/hadsst4/data/download.html
https://www.metoffice.gov.uk/hadobs/hadsst4/data/download.html
https://gml.noaa.gov/ccgg/trends/data.html
https://cds.climate.copernicus.eu
https://cds.climate.copernicus.eu
http://www.gloh2o.org/mswep/
http://www.gloh2o.org/mswep/
https://catalogue.ceda.ac.uk/uuid/ff890589c21f4033803aa550f52c980c
https://catalogue.ceda.ac.uk/uuid/ff890589c21f4033803aa550f52c980c
https://www.gleam.eu/
https://wui.cmsaf.eu/safira/action/viewProduktDetails?fid=40&eid=22277_22492
https://wui.cmsaf.eu/safira/action/viewProduktDetails?fid=40&eid=22277_22492
https://www.hydrosheds.org/products/hydrobasins
https://www.hydrosheds.org/products/hydrobasins


32

Appendix

Figure S1. Composites of ERA5 Sea Level Pressure (shading) and 850
hPa wind anomalies (arrows) in the positive and negative phase for
the peak season of A) AMM except for austral summer and B) Atl3.
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Figure S2. ESA CCI SM saturation anomaly composites. Anomalies
are drawn with contours at every 5% with positive in purple and neg-
ative in gold. Black dots hatching shows the regions where the differ-
ence between the anomalies of each phase with respect to the neutral

phase are statistically significant at 95% confidence level.
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Figure S3. GLEAM anomaly composites. Blue dots hatching shows
the regions where the difference between the anomalies of each phase
with respect to the neutral phase are statistically significant at 95%

confidence level.
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Figure S4. As in Figure 2 but for the Atlantic Meridional Mode
(AMM) in June to August (JJA). Boxed region: Central Amazon.
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Figure S5. As in Figure 2 but for the Atlantic Meridional Mode
(AMM) in September to November (SON). Boxed region: Western

Orinoco.
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Figure S6. As in Figure 6 but for the Central Amazon in JJA (a,b) and
Western Orinoco in SON (c,d).

Figure S7. ERA5 and ERA5-Land Composites, positive plus negative
phase (asymmetry) of – top panels – VIMF, MDiv and Ppt for the peak
season of A) AMM except for austral summer and B) Atl3. Asymme-
try of SM anomalies – middle panels – for A) AMM except for austral
summer and B) Atl3. Asymmetry of evaporation anomalies – lower

panels – for A) AMM except for austral summer and B) Atl3.
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Figure S8. (Top panels) Loadings of the 1st and 2nd Principal compo-
nents of the Tropical Atlantic SSTs in ERSSTv5. (Middle panel) Sea-
sonal time series of the three SST indices described in the methods
section. The Atlantic El Niño (AEN)(Atl3), the Atlantic Meridional
Mode (AMM) and the El Niño Longitude Index (ELI) in ERSSTv5.
(Lower panels) Seasonal SST indices time series but stratified by sea-

son.
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Abstract

Interannual climate variability strongly influences renewable energy availability,
making it a critical factor for achieving UN Sustainable Development Goals (SDGs).
However, our knowledge about the potential solar and wind energy production in
tropical South America and its relation to ocean-atmospheric modes of variability is
limited; modes such as El Niño/Southern Oscillation (ENSO), the Atlantic Merid-
ional Mode (AMM), among others.

Therefore, we investigate the influence of ENSO and modes in the Atlantic Ocean
on solar and wind energy. We apply partial correlations and composite analyses to
reanalysis and satellite data to identify the processes connecting large-scale ocean-
atmospheric variability to seasonal anomalies in renewable power generation. Our
study identifies three energy hubs as regions with high climatological mean energy
availability: the north Caribbean (NC), eastern Brazil (EB), and western Perú/Bolivia
(WPB).

ENSO influences the sea level pressure (SLP) gradients, generating wind anoma-
lies that directly affect the wind capacity factor (CF). ENSO also affects the solar CF
through reduced atmospheric moisture transport and convergence, which results in
fewer clouds leading to higher-than-average surface radiation, or by atmospheric
subsidence. ENSO impacts the NC and EB hubs, with weaker effects in the WPB
hub.

The AMM is associated with cross-equatorial wind anomalies that modulate
wind CF, as well as moisture convergence and cloud cover, thereby influencing so-
lar CF. Wind CF in the NC and EB hubs are inversely modulated; the NC experi-
ences weaker winds and reduced radiation in the positive phase, while northeastern
Brazil shows stronger winds and increased radiation. The Atlantic equatorial El
Niño mode (Atl3) exerts minor effects, with anomalies confined to the equatorial
Atlantic.

Overall, we find limited complementarity between solar and wind energy at in-
terannual time-scale. Our results provide insights for forecasting energy production
and managing energy storage for periods of low renewable energy availability.
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Graphical Abstract

Climate variability affects renewable energy production and thus considering
it in planning is essential for achieving sustainable development. We present how
climate (ocean-atmospheric) variability modes modulate wind and solar radiation
variability, thereby influencing renewable power generation in tropical South Amer-
ica. El Niño/Southern Oscillation simultaneously enhances both energy sources in
the El Niño phase, while La Niña suppresses them. The Atlantic Meridional Mode
creates a sea level pressure seesaw that modulates renewable generation along the
eastern and northern coast of South America. Solar and wind power rarely comple-
ment each other, but they can serve as valuable complements to hydropower, which
is expanding in the Amazon and has several environmental impacts.
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3.1 Introduction

Climate variability significantly affects livelihoods by influencing renewable energy
generation (Bustos et al., 2017; Engeland et al., 2017). Renewable energy sources are
key to achieving the UN Sustainable Development Goals, specifically through build-
ing a reliable and decarbonised energy grid (UN, 2015). Both solar and wind energy
production are strongly dependent on local weather conditions. Then, considering
intra- and interannual atmospheric variability is crucial for renewable energy plan-
ning and management (Boretti & Castelletto, 2020).

South America has one of the world’s highest shares of renewable energy (Ki-
effer & López-Peña, 2016). Hydropower dominates, but reliance on carbon- and
gas-based facilities increases during droughts (Arango & Larsen, 2010). Solar and
wind energy sources are expanding (Eelsalu et al., 2024; Gil Ruiz et al., 2021; Vargas
Gil et al., 2020), highlighting the need to understand their climate sensitivities.

Coupled ocean-atmospheric variability modes strongly influence the atmospheric
circulation and local weather conditions in the tropics and South America, particu-
larly at seasonal time scale (Cai et al., 2019). El Niño/Southern Oscillation (ENSO)
is the most influential mode of climate variability worldwide (Timmermann et al.,
2018). It strongly modulates tropical atmospheric circulation, thereby modifying
near-surface wind speeds, atmospheric convergence, and short-wave radiation (Cai
et al., 2020). Then, it affects renewable energy production across South America
(Bianchi et al., 2022; Perini de Souza et al., 2022).

Atlantic variability modes also modulate atmospheric circulation and conditions
over South America, thereby affecting renewable energy production. Moreover, they
affect the hydrological cycle through changes in atmospheric water vapour circula-
tion and convergence (Duque-Gardeazabal et al., 2025; Lopes et al., 2016; Towner
et al., 2021). The Atlantic Meridional Mode (AMM) modulates the strength of the
Atlantic trade winds and subtropical cloud cover (Chiang & Sobel, 2002; Drumond
et al., 2014). The Atlantic El Niño equatorial mode (Atl3) is the leading mode in
the tropical Atlantic and is also associated with winds and rainfall variability (Ruiz-
Barradas et al., 2000; Vallès-Casanova et al., 2020). ENSO is connected to the devel-
opment of other ocean-atmospheric modes – both in the Atlantic and Indian oceans
– through extratropical circulation changes and tropical atmospheric bridges (An-
drian et al., 2024; Cai et al., 2019; Compo & Sardeshmukh, 2010; García-Serrano et
al., 2017; Martín-Rey et al., 2014). Nevertheless, the Atlantic modes are characterised
by their own changes in sea surface temperature (SST) and sea level pressure (SLP),
which generate distinct regional atmospheric circulation patterns (Lübbecke et al.,
2018).

Other sources of variability operate at shorter or longer timescales, and thus,
might modulate solar and wind energy production. These can be the Madden-
Julian Oscillations (Pabón & Dorado, 2008) and multi-decadal modes associated
with aerosol forcing such as the Atlantic Multidecadal Oscillation (AMO)(He et al.,
2023) or Interdecadal Pacific Oscillation (IPO)(Henley et al., 2015).

However, there has not been an assessment of how ENSO and the major tropi-
cal Atlantic modes jointly influence the potential solar and wind energy in tropical
South America. Bianchi et al. (2022)) found that ENSO, the Antarctic Oscillation and
the AMO drive wind and solar energy in southern South America by changing the
Atlantic circulation patterns and the moisture transport. Renewable energy sources
might complement each other during energy droughts (Otero et al., 2022). Gonzalez-
Salazar and Poganietz (2021) found that wind and solar energy can complement hy-
dropower deficits during warm ENSO events using the existing generation capacity
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in South America. However, no studies have assessed wind-solar complementarity
under Atlantic variability modes.

Therefore, our study aims to elucidate the correlations between ENSO, Atl3 and
AMM ocean-atmospheric modes, and the seasonal interannual variability of poten-
tial wind and solar energy, as well as to identify the underlying physical mecha-
nisms. Understanding these physical mechanisms can improve sub-seasonal to sea-
sonal forecasts. Energy companies prioritise stable production to ensure a stable and
reliable energy supply (Boretti & Castelletto, 2020); hence, forecasts can guide mit-
igation strategies, including supply and storage management. We focus on ENSO,
the AMM and the Atl3 because these are the dominant interannual modes of the
neighbouring tropical Atlantic and Pacific basins, which most strongly modify the
regional atmospheric circulation (see section 3 methods for identification of the spe-
cific modes). We exclude the Indian Ocean modes, Madden-Julian Oscillations, and
multidecadal phenomena such as the AMO and IPO (see section 5 Discussion).

Finally, we assess the wind-solar complementarity in tropical South America un-
der each ocean-atmospheric mode (ENSO, AMM and Atl3). We exclude hydropower
energy since it is strongly shaped by site-specific topographic features of the dams
and reservoirs.

3.2 Data

3.2.1 Datasets

Meteorological reanalyses are widely used to estimate wind and solar energy pro-
duction (Bloomfield et al., 2020; Cannon et al., 2015). Our study mainly relies on
the ERA5 dataset, the latest ECMWF reanalysis (Hersbach et al., 2020). It provides
interpolated data to a grid resolution of 0.25° and 37 pressure levels. Moreover,
the hourly temporal resolution enables analysis of the diurnal cycle of wind speed,
cloud cover and radiation.

Our study uses wind speed at 100 m and surface short-wave downward radia-
tion to determine wind and solar energy capacity factors (sect. 3.2.2 and 3.2.3). More-
over, we use atmospheric circulation variables because they are related to the mech-
anism linking the ocean-atmospheric modes with local continental weather (Table
3.1). All datasets are restricted to December-1979 and November-2020 since they
cover different periods. They were seasonally aggregated and analysed for each
season individually (i.e. four values per year from DJF 1980 to SON 2020, later used
in the analysis - Sect. 3.3 methods). The aggregation method is by seasonal aver-
age, except for precipitation, when we use the sum. As in other studies, we assume
that meteorological conditions at the location of energy installations are adequately
represented by ERA5 grid box values.

Focusing on wind resources, Gualtieri (2022) evaluated ERA5 and other reanaly-
ses and concluded that ERA5 is reliable in offshore and in flat onshore areas. Gil Ruiz
et al. (2021) reported close agreement between wind energy production estimated
with ERA5 and observations over northern South America, using the intensity-duration-
frequency distributions for the estimation.

Solar radiation estimated by reanalysis generally shows a positive bias of ERA5
compared to observations (Kies et al., 2021; Wilczak et al., 2024), pecially tropical
regions and South America. Nevertheless, temporal correlations are mostly above
0.9, with minima near 0.8 (Ramirez Camargo & Schmidt, 2020); ERA5 underestimate
short-wave radiation in clear-sky conditions (Sianturi et al., 2020).



52

TABLE 3.1: Datasets and variables used to study the wind and solar
energy

.

Source Variable
Temporal
resolution

Spatial
resolution

ERA5 – Reanalysis
(Hersbach et al.,

2020)

Wind speed
at 100 m

Hourly 0.25°

Sea Level
Pressure (SLP)

Vertically integrated
water vapour
flux (VIMF)

Vertically integrated
moisture divergence

(MDiv)

Surface short-wave
downward radiation

2 m temperature

MSWEP (Beck et al.,
2019) Gauge, satellite

and reanalysis
Precipitation Monthly 0.1°

EUMETSAT-CLARA
A3 (Karlsson et al.,

2023) Satellite

Cloud cover
fraction

Monthly 0.25°

ERSSTv5 (Huang et al.,
2019) Gauge (ships,
buoys, and floats)

Sea Surface
Temperature

Monthly 2°

Sea Surface Temperature Anomalies (SSTAs) are used to identify the key ocean-
atmospheric modes (Sect. 3.3.1). We use SSTAs from the Extended Reconstructed
SST version 5 (Huang et al., 2017).

Cloud cover is expected to influence the surface downward shortwave radiation.
We use vertically integrated water vapour flux components (also known as vertically
integrated moisture flux, VIMF) and the vertically integrated moisture divergence
(MDiv) from ERA5, the latter related to cloud cover. We also used the satellite-based
EUMETSAT CLARA-A3 cloud cover area fraction (Karlsson et al., 2023) to verify
the dynamics in several sources of information. Precipitation data comes from the
Multi-Source Weighted-Ensemble Precipitation v2.8 (MSWEP)(Beck et al., 2019); this
dataset integrates rain gauges, satellite and reanalysis data.

3.2.2 Wind capacity factor

The wind capacity factor (CF) represents the ratio between actual and maximum
possible energy production of a wind turbine that operates at rated power (Bloom-
field et al., 2022). We estimate the wind CF at 100 m – the typical height of wind
turbines – because it provides a dimensionless energy variable comparable to other
energy sources, such as solar. Other wind energy variables, such as the wind power
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density (WPD), are more suitable for comparing different locations without assum-
ing specific turbines (Antonini et al., 2024), but comparing WPD with solar energy
requires assuming transformation coefficients (WPD was also calculated but is not
shown). The wind CF is calculated from ERA5 wind fields using the power curve
from the assumed Vestas V117 – 3.45 turbine (used in similar regional studies; Gil
Ruiz et al. (2021) and Wind-turbine-models (2025)), dividing the power output by
its rated power of 3450 kW. Our method excludes the wake effects induced by sur-
rounding turbines and grid-induced curtailment since detailed information on cur-
rent and planned energy facilities is not consistently available region-wide (Dolores-
Tesillos et al., 2025). Given our aim is to estimate the interannual variability and its
associated modulators, we interpret the estimated wind CF as potential wind energy.

As the wind CF depends on the cube of the wind speed, calculating it at different
time scales yields different distributions. Therefore, we use hourly fields from ERA5
– the finest publicly available resolution – and afterwards aggregate the hourly CF
to seasonal means for the posterior analysis. SLP is expected to influence wind com-
ponents; hence, we use SLP from ERA5 to study the modulation mechanisms of the
ocean-atmospheric modes (Table 3.1).

3.2.3 Solar capacity factor

Photovoltaic modules (PV) have a wide range of different panels whose efficiency is
affected by temperature and surface solar radiation (Evans & Florschuetz, 1977). We
analyse the solar capacity factor (CF), which enables site comparison without spec-
ifying the type of solar panel or the characteristics of current and future energy fa-
cilities. Bett and Thornton (2016) presented an empirical relationship for calculating
the solar CF that estimates the cell efficiency from the downward surface solar radi-
ation, the module temperature and the irradiance at standard test conditions (Gstc
= 1000 W/m2)(see appendix of Bett and Thornton (2016)). The module temperature
considers 2 m air temperature and the surface downward short-wave radiation to
establish the working efficiency of the panel. The higher the ambient and module
temperature, the lower the panel efficiency.

Our study then uses hourly fields of solar radiation and air temperature from
ERA5. The potential solar CF is then filtered to only daytime and aggregated to
seasonal averages, the latter consistent with the wind CF methodology.

3.3 Methods

We first map the multiannual availability of solar and wind energy to identify re-
gions of high potential for renewable energy production, hereafter referred to as “en-
ergy hubs”. Second, we identify the seasonal ocean-atmospheric variability modes
that are statistically associated with the wind and solar capacity factors (Sect. 3.3.1),
and analyse the underlying physical mechanisms behind these associations using
composite analysis (Sect. 3.3.2). Third, we assess the complementarity between both
sources of energy (Sect. 3.3.3).

Results are presented in Section 4, where we first identify the energy hubs (Sect.
3.4.1), then detail the influence the ocean-atmospheric modes on these regions (Sect.
3.4.2 and 3.4.3) and finally assess how the modes modulate energy complementarity
(Sect. 3.4.4). We conclude with a discussion of the broader implications of these
relationships.
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3.3.1 Modes of variability

Our study identifies coupled ocean-atmospheric modes with SSTA indices. SSTA
are detrended with a regression with de-seasonalised CO2 concentrations (R2 =
0.92, p < 0.001) (Thoning et al., 1989) to focus on interannual variability and exclude
the effect of global warming. Principal component analysis is applied to detrended
SSTs in the Atlantic and Pacific oceans to extract dominant ocean-atmospheric modes.
Other ocean basins that are not close to the study area were excluded because their
teleconnections are closely related to those exerted by ENSO (Cai et al., 2019)(see cor-
relations analysis below). PCA loadings are used to define spatial boxes, from which
box-averaged climatic indices are built (boxes boundaries were consistent with the
literature review (K. Fernandes et al., 2015; Vallès-Casanova et al., 2020). Hence, our
study defines the Atlantic indices as:

• The AMM monthly index is defined as the difference between the spatially av-
eraged northern tropical Atlantic SSTA [70°W-15°W, 5°N-25°N] and southern
tropical Atlantic SSTA [40°W-0°W, 25°S-5°S].

• The Atl3 monthly index is identified as the spatial average of eastern equatorial
Atlantic SSTA [20°W-0°, 3°S-3°N].

To analyse ENSO, we calculate the El Niño Longitude Index (ELI) because it con-
siders the diversity of east- and central-Pacific ENSO events (Williams & Patricola,
2018). This index represents the decomposition of tropical Pacific variability bet-
ter than fixed box-average indices, which is important for the variability of tropical
convection. High ELI values correspond to warm central/eastern Pacific SSTAs (El
Niño), while low values indicate cold anomalies (La Niña). Time series of the indices
and PCA loadings are shown in Figure S1.

To map the impacts of the modes, we compute partial correlation between the
three indices (ELI, AMM, Atl3) and the wind and solar CF, at each grid point. Re-
moving the simultaneous confounding effects from other modes (Y and Z) indicates
the relation of a mode X with the analysed variable. We also show the results for the
energy hubs. Partial correlations with other indices different from the ELI, AMM
and the Atl3 were performed but are not shown, since their teleconnections are
closely related to ENSO (Cai et al., 2019).

3.3.2 Identifying the physical mechanisms of the teleconnection

We establish the physical processes of the connection through anomaly compos-
ite analysis (mean of anomaly fields at specific times; (Arias et al., 2020; Vallès-
Casanova et al., 2020)). The composites are defined based on the seasonally aver-
aged values of the SST indices (indices time series in Figure S1); when values exceed
±1 standard deviation from the mean – for the given season distribution, e.g. boreal
summer – the mode is considered to be in its positive or negative phase, respec-
tively. For the ELI, the threshold is set to ±0.75 standard deviations to align with the
Oceanic El Niño Index events.

Composites are built with the variables influencing wind speed and radiation
(i.e. SLP, winds, VIMF, MDiv, and cloud cover). Composites are always compared to
the neutral phase (defined when indices’ values are within the previous thresholds).
The composites’ statistical significance is estimated with a two-sample Student’s T-
test.

El Niño – ENSO positive warm phase – develops in the boreal summer (JJA, June
to August, by the initial letters of the months), grows from September to November
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(SON) and peaks in boreal winter D(0)JF(+1)(Timmermann et al., 2018). Conversely,
the Atl3 mode peaks in JJA, and the AMM can be active year-round but it is strongest
in boreal spring (MAM)(Ruiz-Barradas et al., 2000; Vallès-Casanova et al., 2020).
Accordingly, we focus the ENSO analysis on SON and DJF, and the Atlantic modes
on MAM and JJA.

3.3.3 Complementarity of wind and solar energy

We assess the complementarity of both energy sources by comparing their standard-
ised anomalies under the influence of each mode. This is at the time steps of the
previous composite analysis. The energy hubs are collocated regions with high mul-
tiannual potential CF, identified in our first analysis (Sect. 3.4.1). Complementarity is
assessed between hubs paired geographically (shortest centroids distance between
solar hub and wind hub), to reflect realistic integration potential within regional
grids. Complementarity between distant hubs is not considered practical or even
possible.

Two scales of complementarity are evaluated. First, a multi-annual mean com-
plementarity seeks to assess differences in the climatological seasonal cycles of the
solar and wind CF. Second, an interannual complementarity is based on the variabil-
ity modes exert over the renewable energy. It compares composites across energy
sources, phases of the modes (negative, neutral and positive) and for each season
and hub individually. We also quantify complementarity with Spearman correla-
tion, since it handles skewed distributions (e.g. wind CF) and extreme events better
than Pearson correlation.

3.4 Results

3.4.1 Identifying renewable energy hubs and their seasonal variability

We identify three key regions based on the 1980-2020 mean seasonal wind CF (Fig.
3.1a-d), and also three with high solar CF (Fig. 3.1e-h). We then group them into
three paired energy hubs (Table 3.2), since all have another region with high poten-
tial from the opposite sources close to them.

Wind hubs are located in coastal/oceanic areas. Two hubs have a CF value ex-
ceeding 0.6 in at least two seasons (North Caribbean and Southwestern Perú)(Fig.
3.1a-d). The Caribbean coast shows nearly year-round high wind resource, which
attenuates in SON when the Intertropical Convergence Zone (ITCZ) moves north-
ward. The northeastern Brazilian coast has a long strip that exceeds 0.6 in JJA and
SON but is weaker in other seasons (Fig. 3.1c and d). Low wind CF values over the
ocean also move with the annual solar cycle and the ITCZ.

The solar CF exhibit a significant annual cycle (Fig. 3.1e-h) also linked to the
annual migration of the ITCZ. Three high solar CF regions are located in the north,
east and west of tropical South America, close to wind hubs (Fig. 3.1a-d). For eastern
Brazil and the Bolivian Altiplano in the southwest, the solar CF exceeds 0.4 in at least
three seasons, while the Orinoco savannas in the northern hub the CF is higher than
0.35 in DJF, but drop to 0.2 in JJA. The Bolivian altiplano in the Western hub shows
substantial seasonal cycle, with values higher than 0.5 in SON and lower than 0.35 in
JJA. Table 3.2presents the identified high potential renewable energy regions (energy
hubs, Fig. 3.1).

Energy companies seek low variability to ensure a stable and predictable en-
ergy supply (Boretti & Castelletto, 2020). We estimate the CF variability with the
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FIGURE 3.1: (a-d) (a-d) Multi-annual mean seasonal wind CF at 100
m above ground. (e-h) multi-annual mean seasonal daytime solar
CF. Green rectangles highlight the regions with the highest potential
wind and solar CF considering all seasons (energy hubs). Black con-
tinuous lines are river basins; dashed lines are country borders. Titles
of panels refer to the first letters of the months in each season, i.e.,

December to February for panels (a) and (e).

TABLE 3.2: Classification of solar and wind energy hubs by geo-
graphic proximity

.

Energy hub Wind Solar
#1 Northern

Caribbean hub
Caribbean coast Orinoco’s savannas

#2 Eastern
Brazil hub

Northeast Brazil
coast

East Brazil

#3 Western
Perú/Bolivia hub

Southwestern Peruvian
coast

Bolivian altiplano

coefficient of variation (ratio of the standard deviation and mean, CV = σ/µ) and
afterwards we look for phenomena modulating that variability which could aid in
its prediction (see Sect. 3.4.2 and 3.4.3).

Wind CF seasonal interannual variability is generally below 25% over the oceans
but higher over the continent (Fig. 3.2a-d), due to surface friction of wind with to-
pography, which imposes shear stress and turbulence, in turn reducing momentum
and wind speed. Conversely, the northern Caribbean and the Peruvian hubs remain
relatively stable with a CV bigger than 15% in only one of the seasons (SON and
DJF, respectively). Northeastern Brazil hub reaches ca. 25% in MAM when the ITCZ
variability strongly affects the wind speeds..
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FIGURE 3.2: Coefficient of variation (CV) for (a-d) wind CF for each
season and (e-h) daytime-only solar CF for each season. Black rectan-

gles are the same energy hubs as in 3.1.

The solar CF reflects the cloud-radiances assimilated data from polar orbiting
satellites (Fig. 3.2e-h), where some swaths have a slightly higher variability, e.g
over the Caribbean and northeast Brazil in JJA (Fig. 3.2g). However, almost ev-
erywhere the CV is below 10% and just over northeast Brazil and the northwestern
coast reaches a higher variability; none of the solar hubs reach a coefficient of varia-
tion higher than 10%. The CV is below 7% in all seasons over the western Bolivian
solar hub due to the high-altitude topography and low atmospheric moisture which
give this hub a special geographical advantage for solar energy. Solar CF variability
is, in general, lower than wind CF variability.

3.4.2 Ocean-atmospheric oscillations associated with the variability of
the energy hubs

Ocean-atmospheric modes influence wind speed across most of the study domain
and, therefore also the wind CF in the identified energy hubs (Fig. 3.3). he magni-
tude of the correlations changes geographically and seasonally (Fig. S2 for correla-
tion maps, see Sect. 3.5 Discussion).

The wind CF is positively correlated with ENSO over the northern hub during
its growing phase (from June to its peak in DJF, Fig. 3.3c and d) and with the eastern
wind hub in MAM and JJA. The western hub is affected by ENSO in DJF (Fig. 3.3i).
The AMM is associated with a seesaw effect over the north coastline and eastern
Brazil hub (negative correlation for the northern and positive for the eastern hub,
Fig. 3.3c, d, g and h). This effect is observed year-round but is strongest between
March and November. The western hub correlates with the AMM, but because
this mode is associated with the Atlantic basin thermodynamics, these relationships
might be spurious (physical mechanisms in section 3.4.3). In contrast, the Atl3 shows
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limited influence on the wind CF (Fig. S2). Its main signal occurs in MAM over the
tropical western Atlantic, a region also affected by ENSO and the AMM but with
opposite sign. Significant correlations between the Atl3 and the northern hub might
also be spurious (see Sect. 3.5 Discussion).

FIGURE 3.3: Pearson partial correlations between the ocean-
atmospheric modes of variability and the solar and wind CF, clas-
sified by season and by energy hub. Panels (a-d) show correlations
for the northern hub, (e-h) for the eastern, and (i-l) for the southern
hub. Panels (a, e, and i) are for season DJF and so on for the other

seasons.

The influence of ocean-atmospheric modes on the solar CF is more localised over
land and also weaker over the energy hubs (Fig. 3.3 and S3). ENSO affects eastern
and northwestern South America (Fig. 3.3a,f,i), with the largest affected area during
DJF (Fig. S3), consistent with the well-documented influence over the continent and
the Amazon basin. The AMM also produces a seesaw effect – same as with the wind
CF – between the eastern equatorial continent and the Caribbean coast; the impacts
change depending on the season (Fig. 3.3a-d). In MAM, the AMM modulates ra-
diation over eastern Amazonia, migrating to the central Amazon in JJA (Fig. S3).
In SON, it modulates radiation over the Orinoco savannas and western Amazon,
affecting the northern solar hub (Fig. 3.3d and S3). ENSO is the only mode that
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affects the Bolivian solar hub, particularly in DJF and SON (Fig. 3.3i and l). The cor-
relation between the solar western hub and the AMM might be spurious. The Atl3
influences radiation over the equatorial Atlantic and with impacts concentrated over
eastern South America (Fig. S3).

The correlations of the Atl3 with the wind and solar CF are less widespread than
those from ENSO and the AMM. It rarely influences any of the energy hubs (Figures
S2 and S3).

3.4.3 Physical mechanisms associated with the energy variability

Figure 3.4 shows the wind CF anomaly composites associated with ENSO phases.
Wind vectors represent anomalies relative to the multi-annual mean; vectors point-
ing opposite to the mean wind direction indicate a reduction in absolute wind speed
and thus in wind CF.

During El Niño, anomalously warm SSTs and low SLP develop over the central
and eastern equatorial Pacific (JJA to DJF). The reduced SLP strengthens the easterly
trade winds from the Caribbean to the South Pacific in SON and DJF (Fig. 3.4a and
c), boosting the wind CF over the northern wind hub and the southwestern Perú.
Composites for MAM and JJA are shown in Fig. S4; JJA shows patterns similar to
SON while the northward anomalies in MAM resemble the positive phase of the
AMM (Fig. 3.5a; see sect. 3.5 discussion). El Niño also promotes anomalous de-
scending motion over the western equatorial Atlantic – especially in DJF – through
an atmospheric bridge (Cai et al., 2020). This strongly increases SLP over the At-
lantic and accelerates the easterly trade winds (Fig. 3.4c), rising wind CF at the
eastern hub. During La Niña, the stronger SLP and winds over the eastern Pacific
in SON weaken the Caribbean trade winds (Fig. 3.4b), decreasing wind CF in the
northern hub. In DJF, La Niña increases convergence and rainfall over the Amazon
and northeastern Brazil, accompanied by a slight SLP decrease over the continent
(Fig. 3.4d), reducing wind CF speed in the western equatorial Atlantic.

The AMM is associated with opposing SST and SLP anomalies between the trop-
ical North and South Atlantic (Chiang & Sobel, 2002). It generates cross-equatorial
wind anomalies, most active between February and August, that accelerate or de-
celerate wind speeds (Fig. 3.5). In its positive phase, negative SLP anomalies in
the northern Atlantic and positive anomalies in the southern Atlantic are associated
with northward wind anomalies. This enhances wind CF over northeast Brazil (Fig.
3.5a and c),while the weakened northeasterly trade winds result in reduced wind
CF over the northern Caribbean hub. The negative phase causes the opposite and
redirects wind southward (Fig. 3.5b and d),with stronger influences in JJA, whereas
the positive phase dominates in MAM. There are some differences in other seasons
such as a clear influence in SON in the northern hub but not in the east hub (Fig. S5).
AMM-related changes in wind CF over southwestern Peru are likely driven by other
processes, as this mode is not linked to significant eastern Pacific SLP anomalies (see
Sect. 3.5 discussion). Overall, the AMM inversely modulates wind CF between the
Caribbean and northeast Brazil hubs.

The Atl3, in its positive phase, features warm SSTs and low SLP in the eastern
equatorial Atlantic (Fig. S6, JJA), weakening trade winds, depicted as westerly wind
anomalies. These anomalies exert minimal influence on wind CF, since circulation
changes remain largely confined to the eastern equatorial Atlantic. Stronger easter-
lies in the Atl3 negative phase are associated with El Niño (see Sect. 3.5 Discussion).
Atl3 effects on wind CF over the energy hubs or the continent remain modest.
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FIGURE 3.4: Anomaly composite – during both phases of ENSO – of
wind CF (shadings), sea level pressure (SLP, contours every 100 Pa,
negative in red, positive in blue), and 100 m wind (arrows). Wind
anomalies are depicted in black where the difference from the neu-
tral phase is statistically significant at 95% confidence level, and in
grey otherwise. Panels (a,c) correspond to the positive and (b,d) for
the negative. Panels (a,b) show SON and (c,d) DJF. Wind hubs are

outlined with black boxes, as in Figure 3.1a-d.

Notably, in boreal spring (MAM), the AMM and Atl3 generate similar but opposite-
signed atmospheric circulation anomalies (see the positive phase of the AMM and
the negative phase of the Atl3, Fig. 3.5a and Fig. S6, respectively). This is associated
with the connection between the two modes (see Sect. 3.5 Discussion).

Regarding the solar CF, El Niño is associated with suppressed convection over
eastern South America via atmospheric subsidence, which reduces cloud cover and
increases surface solar radiation (Fig. 3.6). In northwestern South America, weaker
low-level winds decrease moisture advection and convergence (Fig. 3.6a and c),further
reducing clouds and increasing solar CF (Fig. 3.6e and g). However, the northern
solar hub shows modest CF changes. An exception unfolds over the Orinoco low-
lands in MAM, when increased moisture advection and convergence generate more
clouds, reducing the solar CF (Fig. S7); this is related to Caribbean SLP dynamics
(Fig. S4). Increased solar CF over the western Bolivian hub in the DJF-positive phase
might be associated with the stronger northerly winds along the Andes, advecting
moisture southward to Argentina (Fig. 3.6c and g); moisture that does not climb the
Andes eastern slope, resulting in reduced cloud cover over the hub. Conversely, La
Niña phase intensifies Amazonian and northwestern convergence and cloudiness,
reducing the solar CF but only notably in the northern hub (bigger than 2%, Fig.
3.6h). Moreover, there are asymmetric responses between phases, e.g. the eastern
hub is just affected in El Niño phase in DJF (Fig. 3.6g). Cloud cover anomalies – and
hence in solar energy – seasonally change location with the position of the ITCZ.
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FIGURE 3.5: As in Figure 3.4, but for the positive and negative phases
of the AMM. Contours of SLP are at 75 Pa intervals.

Agreement across gauge-satellite precipitation, satellite cloud cover, and reanalysed
moisture convergence supports the robustness of these mechanisms.

The AMM influences solar radiation through meridional moisture advection,
anomalous moisture convergence and clouds, thereby affecting the solar CF (Fig.
3.7). For MAM positive phase, northward advection enhances convergence, cloud
cover and are associated with less radiation over northern South America, diminish-
ing the solar CF in the northern hub (Fig. 3.7a,e). Simultaneously, displaced moisture
generates divergence near the equatorial east, reduces clouds, and increases radia-
tion, though this does not extend into the eastern hub (Fig. 3.7a,e). This mechanism
differs from that exerted by ENSO – downward atmospheric movement. Conversely,
in the negative phase, southward moisture advection from the Atlantic is associated
with increased moisture convergence and cloud cover, which affects the eastern solar
hub (Fig. 3.7b and f). These effects are asymmetric across phases. Moreover, in JJA,
the anomalies in convergence move towards the northern Amazon, but solar hubs
are not significantly affected (Fig. 3.7c, d, g and h). However, in SON, Caribbean
moisture advection modulates solar CF in the Orinoco hub (Fig. S8). The western
Bolivian hub is apparently unaffected by the AMM, likely due to its distance from
the Atlantic atmospheric circulation changes. Across seasons, AMM-related solar
CF anomalies migrate westward, from eastern Brazil in DJF and MAM, to the cen-
tral Amazon in JJA, and toward the Andes in SON (Fig. 3.7 and S8).

Regarding the Atl3 (Fig. S9), it only exerts weak influence on the solar CF in JJA
when reduced SLP over the equatorial east Atlantic increases moisture convergence
and clouds over the eastern South America. Conversely, the JJA negative phase is
associated with reduced cloud cover and increased solar CF due to strengthened
easterly winds, often coinciding with Pacific El Niño conditions (see Sect. 3.5).

In both ENSO and AMM cases, solar CF anomalies are consistent with satellite
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FIGURE 3.6: (a to d) Anomaly composite – in the two phases of ENSO
– of vertically integrated water vapour flux components (VIMF; ar-
rows depicted in aquamarine where the difference with the neu-
tral phase is statistically significant at 90% confidence level, and in
grey otherwise), moisture divergence anomalies (MDiv; contours at 3
kg/m2 intervals; positive in red, negative in blue) and MSWEP pre-
cipitation (shading). (e to h) Solar capacity factor (CF, shading) and
satellite cloud cover fraction (contours at 4% intervals; negative in
red, positive in blue). Panels (a,c,e,g) correspond to El Niño phase
and (b,d,f,h) to La Niña phase. Panels (a,b,e,f) show SON and (c,d,g,h)
show DJF. Solar energy hubs are outlined with black boxes, as in Fig-

ures 3.1e-h
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FIGURE 3.7: As in Figure 3.6, but for the positive and negative phases
of the AMM in MAM (a,b,e,f) and JJA (c,d,g,h)

cloud cover changes (Fig. 3.6 and 3.7), reinforcing the physical basis of these rela-
tionships.

3.4.4 Complementarity between solar and wind resources

Planning the construction and the grid interconnection of power plants depends on
both multi-annual availability and the annual cycle of solar or wind resources (Fig.
3.1). Table 3.3 shows that each hub experiences at least one season when both wind
and solar CF fall below the multi-annual mean. For instance, in SON the northern
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hub wind CF is 0.22 below average, while the solar CF is slightly above average
(+0.01). In MAM, both the eastern and western hubs experience simultaneous re-
ductions in both energy sources, hampering complementarity. Conversely, each hub
also has at least one season when one energy source increases while the other one
decreases (i.e. they partially complement each other); these are JJA for the north hub,
DJF for the east and west hubs.

TABLE 3.3: Multi-annual mean renewable energy capacity factors.
Values represent area-average over the energy hubs defined in Figure
3.1 and Table 3.2. Values in parentheses show the seasonal difference
from the annual long-term mean, and in brackets give the relative
percentage with respect to that mean. Values in bold indicate seasons
when both sources decreases, while italics highlight seasons when one
source substantially increases as the other decreases (complementar-

ity).

Hub
Season Energy #1 Northern #2 Eastern #3 Western

DJF
Wind 0.78

(0.11)
[17%]

0.30
(-0.11)
[-26%]

0.29
(-0.10)
[-25%]

Solar 0.34
(0.03)
[10%]

0.39
(0.02)
[5%]

0.45
(0.05)
[11%]

MAM
Wind 0.70

(0.04)
[6%]

0.20
(-0.21)
[-50%]

0.38
(-0.01)
[-2%]

Solar 0.31
(0.00)
[0%]

0.34
(-0.03)
[-7%]

0.37
(-0.03)
[-8%]

JJA
Wind 0.74

(0.07)
[11%]

0.52
(0.11)
[28%]

0.46
(0.06)
[16%]

Solar 0.27
(-0.04)
[-12%]

0.32
(-0.04)
[-12%]

0.34
(-0.07)
[-17%]

SON
Wind 0.44

(-0.22)
[-34%]

0.61
(0.20)
[48%]

0.43
(0.04)
[11%]

Solar 0.32
(0.01)
[2%]

0.42
(0.05)
[13%]

0.46
(0.06)
[14%]

Annual
Wind 0.67 0.41 0.39
Solar 0.31 0.37 0.41

Considering the ocean-atmospheric variability modes is essential for anticipat-
ing seasonal energy availability and operations. ENSO does not considerably en-
hance or reduce complementarity; its effects depend on hub location and season
(Fig. 3.8). In the northern hub, ENSO phases influence energy towards the same
anomaly sign in DJF and MAM, with a clear decrease in MAM during the positive
phase (Fig. 3.8a,d). Whereas in JJA and SON, solar and wind anomalies diverge, pro-
viding some seasonal complementarity (Fig. 3.8g,j). In the eastern energy hub (Fig.
3.8b,e,h,k), complementarity is virtually non-existent independent of the analysed
ENSO phase because both energy sources move in the same direction. Fortunately,
El Niño generates positive anomalies, which could offset the hydropower deficits
that Brazil typically experiences during these events (Gonzalez-Salazar & Pogani-
etz, 2021). The western hub shows a similar pattern: little to no complementarity in
most seasons and ENSO phases (Fig. 3.8c,f,i,l). Sub-distribution variability is large,
as reflected in wide error bars.
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FIGURE 3.8: Average wind and solar CF anomaly composites for the
three phases of ENSO (positive, neutral and negative), grouped by
season and by energy hub. All anomalies are expressed in standard
deviations. Panels (a,d,g,j) depict the northern hub, (b,e,h,k) the east-
ern hub and (c,f,i,l) the western hub. Panels (a,b and c) correspond to
DJF, and so on for the other seasons. Whiskers indicate the standard

error of the composites.

The AMM is also associated with non-complementary anomalies in many sea-
sons and phases. However, the AMM generates more opportunities for complemen-
tarity than ENSO (Fig. 3.9). For the northern hub, opposite-sign anomalies emerge
during DJF negative phase and in SON (Fig. 3.9a,j). In MAM, complementarity is
weak to non-existent, with high variability (Fig. 3.9d). In JJA, AMM affects wind
CF but not solar CF, limiting complementarity (Fig. 3.9g, ITCZ over northern South
America in JJA). In the eastern hub, complementarity arises in JJA and SON pos-
itive phases (Fig. 3.9h,k), while in DJF and MAM, both sources respond similarly
(Fig. 3.9b,e). In the western hub, the AMM positive phases produce complementary
anomalies in JJA and SON, but the other seasons and phases do not (Fig. 3.9i,l). As
with ENSO, variability across composites is large, and asymmetries between AMM
phases are common (i.e. one phase reports complementarity, but in the other phase,
both energy sources do not complement each other, see Fig. 3.9b,e).

Overall, the atmospheric teleconnections between the Atl3 and renewable energy
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FIGURE 3.9: As Figure 3.8 but for the phases of the AMM

hubs are weak and spatially limited (Figs. S6 and S9). As a result, the role of the Atl3
in complementarity is negligible.

Finally, Spearman correlation analysis confirms that interannual solar-wind com-
plementarity is limited (a coefficient close to -1 implying high complementarity, Ta-
ble S1). Most coefficients are positive or close to zero, indicating that co-variability
is weak and often reinforcing rather than offsetting, consistent with the composite
results in Figures 3.8 and 3.9.

3.5 Discussion

There is substantial co-variability between the Atl3, AMM and ENSO due to shared
atmospheric circulation patterns (Cai et al., 2019); i.e. the modes are interlinked
between them. In our analysis, specifically in boreal spring, the Atl3 and AMM
phases behave like a seesaw (Fig. 3.5, 3.7, S1, S4 and S5). For instance, wind anoma-
lies during the Atl3 negative phase resemble those of the AMM positive phase (Fig.
3.5a,b, and S4). The positive AMM is associated with cooling in the equatorial east
Atlantic, a defining feature of the negative Atl3 (Vallès-Casanova et al., 2020). The
southward cross-equatorial winds in the AMM negative phase have been proposed
as a mechanism driving the development of the Atl3 positive phase in JJA (Foltz
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& McPhaden, 2010), these winds strongly affect the eastern Brazil wind hub. Our
results therefore suggest that impacts on wind and solar energy are more strongly
linked to the AMM mechanisms than to east equatorial Atlantic variability (Atl3).
The AMM is also influenced by ENSO (Casselman et al., 2022; García-Serrano et al.,
2017), as seen in El Niño composites over the Caribbean SLP in MAM (Fig. S6); how-
ever, further research is needed to clarify this connection. Two of the three energy
hubs – the northern and eastern hubs – are particularly affected by the ENSO-AMM
co-variability.

The impacts of El Niño and the Atl3 negative phase in JJA are similar, although
the connection between the two modes is relatively weak (Lübbecke et al., 2018). In
JJA, stronger eastern Atlantic trade winds are associated with the development of
El Niño; the stronger winds enhance the Ekman pumping in the eastern equatorial
Atlantic, producing the colder SSTAs related to the Atl3 negative phase (Fig. S4 and
S6). The same stronger winds extend over eastern Brazil during the Atl3 negative
phase. The solar CF anomalies are similarly correlated with both modes (Figures
S5 and 3.6g), but the mechanism is probably more related to the atmospheric subsi-
dence and moisture divergence (Fig. 3.6c), rather than to equatorial Atlantic cooling.
In the case of the wind CF, the composites of the Atl3 are not significant. Moreover,
some studies suggest a weakening of the Atl3 variability with future global warming
due to ocean warming (Yang et al., 2022).

The impacts associated with the modes vary geographically with seasons, prob-
ably because the annual cycle of the ITCZ generates migration in the position of
convergence, cloudiness, and precipitation. In some cases, modes are seasonally
locked (e.g. ENSO) (Timmermann et al., 2018).

Interannual complementarity between solar or wind energy within hubs is gen-
erally low, but opportunities may exist with hydropower (Gonzalez-Salazar & Pogani-
etz, 2021). Periods with weaker winds, greater cloudiness, and reduced solar radia-
tion may coincide with increased rainfall, enhancing water storage and hydropower
generation (Fig. 3.6 and 3.7). Conversely, drier periods bring higher solar radiation
and are associated with stronger wind and energy production; for example, during
El Niño in the three solar hubs (Fig. 3.8a,b,c). The northern and western energy
hubs are near the Andes where several hydropower dams already operate. Expan-
sion of non-conventional renewable energy might stop the hydropower expansion
in the Amazon, thereby reducing several environmental impacts, such as river ecol-
ogy disruption and aquatic biodiversity loss (Chaudhari et al., 2021). Hydroclimate
is not the only factor affecting hydropower variability; basin size, soils, and topog-
raphy also play a role (Ritter et al., 2020). Our analysis is limited to within-hub
solar-wind complementarity; we do not assess inter-hub transmission constraints or
implications for grid system-level reliability.

Predictability and complementarity are important for energy storage planning,
whether in hydro-storage, gravitational or chemical batteries. Seasonal cycles (Fig.
3.1)matter for long-term storage planning, whereas interannual anomalies are more
important for monthly operations (Figs. 3.8 and 3.9). Sub-seasonal predictabil-
ity is key for complementarity. The pressure gradients associated with the ocean-
atmospheric modes – shown in our results – could improve statistical forecasts, as
SLP and SST variability are coupled in these modes. Thus, grid operators and en-
ergy planners could anticipate reduced renewable output or limited complementar-
ity, based on improved seasonal forecasts of dominant climate modes such as ENSO
and Atlantic variability. This will ensure a more reliable supply from combined
sources and stored energy, thereby improving management of the grid. Day and
night complementarity between solar and wind is necessary for operational (daily)
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management. The daily cloud cycle – morning vs. afternoon convection – might
impact solar energy; its evaluation requires considering small-scale meteorological
processes, beyond the scope of our research.

Other climate phenomena may also affect renewable energy generation. Mul-
tidecadal oscillations influence atmospheric circulation, but their effect might be
expressed in the dynamics of interannual modes. For instance, the Atlantic Mul-
tidecadal Oscillation, linked to aerosol forcing, might have influenced the AMM
phases frequency (He et al., 2023); the Interdecadal Pacific Oscillation has also been
associated with aerosol forcing (Qin et al., 2020). Other phenomena – at other time
scales – also have impacts on renewables. Madden-Julian Oscillation changes the
cloud cover and precipitation across South America (Alvarez et al., 2016; L. G. Fer-
nandes & Grimm, 2023), potentially influencing both solar and wind CF.

The impact of climate change on South American renewable energy remains un-
certain. Some studies predict increases in wind and solar availability but reduced
complementarity (de Souza Ferreira et al., 2024; Martinez & Iglesias, 2024). Changes
in diurnal wind cycle are also possible. However, it is still debatable how climate
change – either by GHG and/or aerosols emissions – will change the frequency,
strength and teleconnections of the ocean-atmospheric modes (Wills et al., 2022),po-
tentially reshaping how renewable energy variability is modulated. Our results are
underpinned on the homogeneous and physically consistent atmospheric interpola-
tions (reanalysis), which represent regional circulation patterns and associated ther-
modynamics. The study omits fluctuations in efficiency due to turbine elements and
electrical connections in both energy sources. Limitations also include dataset biases
but general atmospheric circulation is believed to be well represented (Hersbach et
al., 2020). Nonetheless, the datasets are sufficiently robust to study interannual en-
ergy variability.

3.6 Conclusions

This research advances the understanding of the ocean-atmospheric physical mech-
anisms linked to anomalies in potential renewable energy production. It also shows
the possible complementarity between some renewable energy sources (wind and
solar) and discusses options for balancing out meteorologically driven energy short-
ages. Our research identifies three regions of high climatological capacity factor
(CF) in South America and focuses on the possible modulators of their variability.
These energy hubs are: the North Caribbean, the Eastern Brazil and the Western
Perú/Bolivia hub.

The interannual ocean-atmospheric modes act through a chain of processes:

• ENSO impacts: El Niño increases the wind CF in the northern Caribbean hub
associated with negative SLP anomalies in the eastern equatorial Pacific, strength-
ening easterly Caribbean winds. It also boosts wind CF over northeast Brazil
influenced by subsidence over the equatorial Atlantic, higher SLP, and stronger
trade winds. The descending motion also modulates the three solar hubs
through associated anomalous moisture divergence and reduced cloud cover,
which increase solar radiation. La Niña enhances convection and cloudiness,
reducing the solar CF over tropical South America (particularly in the east-
ern hub). Moreover, in La Niña, the higher eastern Pacific SLP weakens the
Caribbean trade winds, which reduces the northern hub wind CF.

• Atlantic modes of variability: both renewable sources are modulated by mech-
anisms of the AMM rather than the changes in SLP and winds of the Atl3. The
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AMM is associated with cross-equatorial SLP and wind anomalies, which pro-
duce opposite impacts on the Caribbean and northeast Brazil wind hubs. It
also influences the solar CF in eastern Brazil and Orinoco hubs via meridional
moisture advection, which modulates moisture convergence, clouds and solar
radiation depending on the phase of the mode. Impacts are asymmetric; for
example, the solar CF in the eastern hub only responds during the AMM neg-
ative phase. The AMM impacts seem to migrate westward seasonally, while
Atl3 impacts on continental energy variability are minimal.

Interannual complementarity of solar and wind energy is limited. Exceptions
occur in SON in the northern hub for ENSO and AMM events, and in JJA in the
eastern and western hubs for AMM events. In most cases, both energy sources show
anomalies of the same sign, but complementarity with hydropower is an alternative.
Long-term planning of the eastern and western hubs must consider the low comple-
mentarity due to reduced availability between March and August for both energy
sources.

Seasonal forecasts of energy production can be improved by considering the
mechanisms studied in our research. Enhanced predictability of ENSO and Atlantic
modes would help operators anticipate reduced renewable supply or weak comple-
mentarity and improve grid management. Considering short-scale phenomena is
key for enhancing predictability and strengthening sub-seasonal to seasonal fore-
casts. Improved forecasts will enhance the resilience and sustainability of regional
power systems.
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Appendix

FIGURE 3.10: Figure S1. (A) Principal Components loadings, (B) con-
tinuous SST indices time series and (C) boolean seasonal time series
of the SST indices. The Boolean classification is colour-coded with 1
meaning if the index is above 1 standard deviation (warm positive
phase), -1 if the index is below -1 standard deviation (cold negative

phase), and 0 if the index is between ±1 standard deviation.
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FIGURE 3.15: Figure S6. As in Figure S4 but during both phases of
Atl3 and for each one of the seasons. Panels in the top row are for
season DJF, and so on for the other seasons. Wind energy hubs are

displayed with black boxes, the same as in Figure 1
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FIGURE 3.16: Figure S7. Anomaly composite – in the two phases of
ENSO (ELI index) – of solar Capacity Factor (CF, shadings), Cloud
Cover Fraction (contours every 4%, negative in red, positive in blue),
and vertically integrated water vapour flux components (VIMF, ar-
rows depicted in aquamarine when the difference with the neutral
phase is statistically significant at 95% confidence level and in grey
otherwise). Panels on the left are for the positive phase and on the
right for thenegative phase. For each one of the seasons, panels in the
top row are for season DJF and so on for the other seasons. Solar en-
ergy hubs are displayed with black dashed boxes, same as in Figure

1.
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FIGURE 3.17: Figure S8. As in Figure S7 but for the DJF and SON
seasons in the phases of AMM.
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TABLE 3.4: Table S1. Spearman correlation coefficient between the
solar energy and the wind energy within each of the energy hubs,
classified by season. A coefficient of -1 means high complementarity

between the sources.

.

Source Variable
Temporal
resolution

Spatial
resolution

DJF 0.02 0.43 0.26

MAM 0.30 0.53 0.09

JJA -0.04 0.35 -0.07

SON -0.12 0.13 -0.05
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Abstract

Tropical rainfall variability strongly affects agriculture and food security across
South America. It is influenced by mechanisms of ocean-atmospheric modes of
variability, but the modes can be modulated by external forcing factors, and conse-
quently, it is relevant to study and compare forced and unforced variability. Here, we
compare the effects of anthropogenic and volcanic aerosols on tropical South Ameri-
can rainfall. We use three reanalyses of the 20th and 21st centuries and contrast them
with rainfall and streamflow observations reaching back to the 1920s. We also utilise
a paleo-reanalysis dataset family to analyse five large volcanic eruptions in the late
18th and early 19th century. Our results show concurrent changes in surface temper-
ature, altered atmospheric mechanisms and precipitation, associated with negative
radiative forcing from meridionally asymmetric and increasing tropospheric con-
centration, plus abrupt stratospheric injections. The analysis of meridional energy
transport links aerosol forcing to changes in the interhemispheric temperature gra-
dient (IHTG), atmospheric energy redistribution and changes in global atmospheric
circulation. Tropospheric aerosols progressively modified the IHTG, regional cir-
culation and the latitudinal position of rainfall, consistent with global changes in
atmospheric circulation, specifically with the location of the strong ascent of moist
air (ascending branch of the Hadley cell). Conversely, volcanic aerosols were related
to overall reductions in rainfall. We discuss these dynamics against recent studies
based on atmospheric simulations, while our study uses reanalysis.
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4.1 Introduction

Approximately two billion people live around the Intertropical Convergence Zone
(ITCZ), and their main source of freshwater is tropical rainfall (T. Schneider et al.,
2014). In South America, people’s food security and livelihoods are influenced by
the ITCZ variability (e.g. droughts, floods, solar and hydropower, etc.; Duque-
Gardeazabal et al., 2026; Merz et al., 2021). Coupled ocean-atmospheric variabil-
ity modes – such as El Niño - Southern Oscillation (ENSO), the Atlantic Meridional
Mode (AMM), among others – modulate South American hydroclimate through al-
tered regional circulation (Cai et al., 2020; Duque-Gardeazabal et al., 2025; Goren-
stein et al., 2023; Sengupta et al., 2025). However, the physical mechanisms of the
modes can be modulated by external forcing (e.g. greenhouse gases, solar radiation,
aerosols or volcanic gases and particles) (Li et al., 2022; Liu et al., 2022; Pausata et al.,
2020).

Aerosols have impacts on the climate system and society, whether they come
from anthropogenic or natural sources (organic and black carbon, dust, sea salt or
volcanic) (Bayraktar, 2024; Zheng et al., 2020). The generalised atmospheric cool-
ing of the anthropogenic aerosols is well documented, as well as the cooling exerted
by volcanic forcing and their uncertainties (Hegerl et al., 2019; IPCC, 2021). Hence,
aerosol injections have been proposed as a geoengineering solution for global warm-
ing (Sun et al., 2024). Two periods of modern history experienced high injections of
aerosols: increasing after the 1950s in the troposphere with a decreasing trend after
the 1990s (Diao et al., 2021), and the early 19th century is the most notable and recent
example in the stratosphere (the transition between the Little Ice Age and the anthro-
pogenic warming; IPCC, 2021). The former was related to anthropogenic burning of
fossil fuels, and the latter to a cluster of large volcanic eruptions (Hegerl et al., 2019;
Tuel et al., 2017).

Several atmospheric mechanisms influencing rainfall might be forced by aerosols.
At the global scale, tropospheric aerosols scatter solar radiation (Li et al., 2022), cool
surface and sea surface temperature (SST), which in turn alters the interhemispheric
temperature gradient (IHTG) (Friedman et al., 2020). Because atmospheric circula-
tion redistributes energy from the tropics to the poles (Hartmann, 2016), aerosol-
forced SST and IHTG anomalies might modulate shifts in the latitudinal position
of the ITCZ and the tropical belt (Brönnimann et al., 2015). Regional cooling might
modulate the ocean-atmospheric modes and, subsequently, the regional circulation
and hydroclimate. The Atlantic Multidecadal Oscillation (AMO) – an ocean-atmospheric
mode – could be linked to the aerosol-induced cooling, but this is still debated (He et
al., 2023). The AMO might also have induced the regional ITCZ shift through its re-
lationship with the AMM and its effects over South America (Fernandes et al., 2015;
Rodrigues & McPhaden, 2014). Conversely, a local mechanism is the modification of
cloud condensation nuclei and smaller cloud droplets that take longer to fall (Li et
al., 2022; Lin et al., 2018). Volcanic aerosols might force the atmospheric mechanisms
influencing rainfall through increased stratospheric temperature, changes in surface
temperature, which impact both the emitted long-wave radiation and the evapora-
tion, and the reduction of tropospheric humidity (McGraw & Polvani, 2024).

Few studies have compared the mechanisms controlling rainfall under the influ-
ence of tropospheric and stratospheric aerosols, mainly due to the clear difference
between the location of both types of injection. Tropospheric aerosols are chemically
diverse, originate from the aforementioned natural sources and from fossil fuels (car,
aircraft and ship traffic, coal-fired power, etc.), but they are quickly removed by at-
mospheric processes, thus remaining locally confined (Li et al., 2022). Conversely,



90

large volcanic eruptions inject aerosols at high altitude, often in the stratosphere,
which influence their residence time and disperse particles poleward (Toohey et al.,
2025). Herman et al. (2020) analysed the possible changes in Sahel rainfall due to
both sources of aerosols. The volcanic-induced droughts have been extensively stud-
ied, but mainly with climate models; few studies use reanalysis due to the availabil-
ity of observed data at the time of 19th century volcanic eruptions (Tejedor et al.,
2021). Brönnimann et al. (2019) also focused on the early 19th century and analysed
– with a paleo-reanalysis – the African, Indian, and Australian monsoon, finding
weak monsoons after the five large volcanic eruptions.

However, the aerosol impacts on rainfall over South America have not been cor-
roborated. Fernandes et al. (2015) identified some changes in rainfall and streamflow
for the Amazon’s dry season – boreal summer – in the late 20th century, the period
affected by anthropogenic aerosols. The atmospheric moisture transport (VIMF) as-
sociated with these changes has not been studied, nor has it been for the volcanic-
related droughts of the early 19th century eruptions. Water and drought risk man-
agement depend on understanding these dynamics, and therefore, it is relevant to
report the differences between the effects of both types of aerosols.

To compare the forced mechanisms, we take advantage of the natural and an-
thropogenically forced events in modern history. We analyse time series, trends and
composites of the ensemble means of three reanalyses, two uncoupled and one cou-
pled: ERA5 (Hersbach et al., 2020) and 20CRv3 (Slivinski et al., 2021), and CERA-20C
(Laloyaux et al., 2018), respectively. We also use an uncoupled SST-bounded ensem-
ble paleo-reanalyses family (ModE-Sim, ModE-RA and ModE-RAclim; Hand et al.,
2023; Valler et al., 2024; all analyses were performed per ensemble member except
where noted), and a coupled climate model ensemble (CESM-LME; Otto-Bliesner
et al., 2016). To use a multievidence approach, we contrast the dynamics in reanal-
ysis with streamflow (GRDC, 2023), and rainfall observations when available (U.
Schneider et al., 2022). Details are described in section 4.4 Methods. We focus on the
periods with high aerosol concentrations – i.e. the early 19th century and post-1950s
– identifying them with a ground-based machine learning visibility product (Hao et
al., 2024), and two paleoclimate forcings (PMIP4 and ensemble built with EVA, see
Sect. 4.4; Hand et al., 2023; Jungclaus et al., 2017). Although the 1815 Tambora erup-
tion and the unidentified 1808/9 eruption have been studied, the early 19th-century
cluster of eruptions is less explored (Brönnimann et al., 2019); e.g. the 1831 erup-
tion was previously misattributed (Hutchison et al., 2025). Because tropospheric
aerosols were concentrated in the Northern Hemisphere and volcanic aerosols ex-
erted strong cooling effects there (Brönnimann et al., 2019), our analysis focuses on
boreal summer (June to August, JJA). During JJA, the rainy season (convergence) un-
folds over northern South America and the dry season (divergence) is mainly south
of the equator (Fig. 4.1a, b and c).

4.2 Results and discussion

4.2.1 Impacts on the hydroclimate of tropical South America

During the period between 1950 and 2020, two out of three different reanalyses show
increased wind divergence over northern South America and reduced over the Ama-
zon (Fig. 4.1b and c; see boxes in Figure 4.1a). The Orinoco basin experienced sev-
eral years with negative precipitation anomalies (Fig. S1a); there were 7 years with
anomalies lower than 50 mm between 1980 and 2000, whereas just 3 of these events
occurred in the periods 1940-1960 and 1960-1980. Streamflow records in northern
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Orinoco registered an increased frequency of dry events per decade (values below
and above one standard deviation for dry and wet events, respectively; Sect. 4.3
Methods), with peaks around 1960 and 1990 and concurrent reduction of wet events
(Fig. 4.1b). Simultaneously, convergence increased south of the equator between
1970 and the late 1980s which shows several positive precipitation anomalies (Fig.
4.1c), coinciding with several cold AMM events after the 1960s and with the increase
in hydrological dry periods in the north (Fig. 4.1d). This suggests stronger northeast-
erly winds over the tropical North Atlantic, enhanced Ekman pumping and oceanic
cooling (similar to the Pacific trade winds strengthening; Takahashi and Watanabe,
2016), which displace the convergence and rainfall southward. Similar southward
shifts in rainfall – e.g. in the Sahel – have been attributed to anthropogenic aerosol
forcing in the northern hemisphere (He et al., 2023; Hua et al., 2019). After the 1991
Pinatubo eruption, GPCC shows a break in the increasing Amazonian rainfall trend
of the late 1980s, but divergence was still low (Fig. 4.1c). While the Orinoco expe-
rienced strong negative anomalies below -50 and -75 mm in 1992 and 1993, respec-
tively, and even greater deficits in boreal winter (DJF, Fig. S1a,b,c). The 1963 Agung
and 1982 El Chichon eruptions might have induced negative rainfall anomalies, al-
though less pronounced.

In the late 18th and early 19th century, the paleo-reanalysis also reveals some
dry years in the northern box and, in some cases, concurrent wet years in the south-
ern box (Fig. 4.1e and f). This is most noticeable in 1783, 1799, 1836 (Cosigüina
eruption), and in 1842 in the uncoupled paleo-reanalysis ModE-RA, but not clearly
shown by the CESM-LME. Because internal variability is smoothed in the CESM-
LME ensemble mean, the anomalies in 1783 and 1836 are likely originating from
volcanic eruptions, whereas those north-south anomalies of ModE-RA in 1799 and
1842 might reflect internal variability. The north-south rainfall seesaw could be in-
terpreted as a possible southward shift of the moisture convergence and rainfall.
Moreover, negative precipitation anomalies in the northern box were predominantly
in those years after volcanic eruptions and lasted for one or two years, with almost
all ModE-RA ensemble members showing a consistent forced response rather than
internal variability. The frequent volcanic activity could be associated with historical
documentary evidence that reported frequent droughts in the Bogotá altiplano dur-
ing 1780-1828, with 1809, 1816 and 1828 considered very dry by several sources and
1816 also reported as very cold (Mora Pacheco, 2016). In DJF (Fig. S1), dry years also
coincide with volcanic activity but are clearer in the southern box, where DJF corre-
sponds to the rainy season (in both ModE-RA and CESM-LME). ModE-RAclim – the
reanalysis without the prior model estimates and forcings – does not show a strong
signal, probably because of scarce observations for assimilation (Sect. 4.3 Methods).

The two periods had high concentrations of aerosols, but their impacts differ in
magnitude. The reduction associated with the anthropogenic aerosols in the 20th
century was between 50 and 100 mm, while the volcanic rainfall reduction was on
the order of hundreds of millimetres in the analysed season. What could have influ-
enced or caused the aforementioned impacts?

4.2.2 Aerosol concentrations

Visibility observations after 1959 show that Aerosol Optical Depth (AOD) north of
the equator is higher than south of it, more clearly after the 1970s (Fig. 4.2a). It
generally registered a positive trend between 1959 and 1989, slowly decreasing after
the 1990s, with mixed trends south of the equator (Fig. 4.2b). The subtropical north
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FIGURE 4.1: Boreal summer changes in the hydroclimate of trop-
ical South America (a) 1980-2020 JJA multiannual mean precipita-
tion from GPCC. Red boxes depict the regions for the area-average
time series in panels (b) to (e), called hereafter as the northern and
southern boxes. The red dot shows the position of the Pte Angostura
streamflow gauge. Grey polygons depict the watersheds’ boundaries.

(continuous on the next page).
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(continued.) (b) 20th century time series of 850 hPa wind divergence
in the northern box, inverted left y-axis, and 11-year moving count
of dry and wet events per decade in the Pte Angostura gauge (bars,
right y-axis). Different reanalyses are depicted with colours (faded
lines - annual time series, tick lines - 11-year moving average). Ver-
tical brown lines indicate the year of the Augung, El Chichon and
Pinatubo volcanic eruptions. (c) Same as in (b) but with the GPCC
precipitation anomalies in the southern box and the AMM index in
black (right y-axis in mm/season and dimensionless, respectively).
(e and f) early 19th-century time series of precipitation anomalies in
the northern and southern boxes, using the ModE-RA reanalysis fam-
ily. Lower and upper ribbons represent the 5 and 95 percentiles of the
ensemble members’ spread, and the tick colour line represents the
ensemble mean. The purple line depicts the CESM-LME ensemble
mean. Dots in panel (d) display the historical documentary data from
table 2-2 of Mora Pacheco (2016); dry years in red and cold years in
blue. Vertical orange lines denote years with volcanic eruptions high-

lighted in Hand et al. (2023).

also had the highest trends before the 1990s, probably associated with fossil fuel-
related aerosol emissions in the western hemisphere (Smith et al., 2004). However,
western aerosol emissions declined after the 1990s. The zonal mean AOD might
have remained relatively stable after the 1990s due to a shift in emissions towards
the eastern hemisphere, suggesting a general hemispheric effect (Diao et al., 2021).
After the 1963, 1982 and 1991 volcanic eruptions, the AOD modestly increased in the
tropics, almost symmetrically across the equator.

For the early 19th century, the ice core-based PMIP4 AOD reconstruction shows
a clear increment after the volcanic eruptions compared to the climatology of the pe-
riod 1740-1780 (Fig. 4.2c). The ModE-Sim Subset_2 individual members were forced
with reconstructed AOD (thin lines, see 4.4 Methods), varying the strength and time
of the eruptions (Hand et al., 2023). PMIP4 and ModE-Sim Subset_2 ensemble mean
AOD – tick lines – show a latitudinal asymmetric distribution leaning toward the
northern hemisphere, except for the 1815 and 1822 eruptions; the 1816 ModE-Sim
estimate appears to lean southward but is highest in the tropics. For all eruptions,
both datasets also display a high AOD in the tropics, and some ModE-Sim Sub-
set_2 members have values higher than 0.5, even one year after the eruption. Sigl et
al. (2022) classified aerosols from Holocene eruptions as tropical or northern hemi-
sphere eruptions, probably because most large volcanic eruptions have unfolded
either in the tropics or in that hemisphere.

Previous research on climatic effects of aerosol has focused on changes to radia-
tive forcing and its effect on global and regional climate dynamics (Li et al., 2022).
Aerosols have a generalised cooling effect, even if those from anthropogenic sources
were confined to the troposphere and those from volcanic sources injected particles
in the stratosphere (Kobashi et al., 2017; Li et al., 2022). Black carbon might have
caused warming aloft clouds and cooling below them, but its concentration is lower
(Menon et al., 2002). How much did the IHTG, the balancing atmospheric energy
transport and the atmospheric circulation change due to altered radiative forcing?
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FIGURE 4.2: Zonal mean latitudinal distribution of aerosols in the
boreal summer - JJA (a) Time series of zonal mean aerosol optical
depth (AOD) at 550 nm classified in 5° latitudinal bands (colour bar)
estimated by Hao et al. (2024). The vertical dashed line indicates the
1963, 1982 and 1991 Augung, El Chichon and Pinatubo volcanic erup-
tions. (b) trends for every latitudinal band as in (a) for the two periods
in the 20th century (colours), trends at 95% significant level depicted
in circles and otherwise in triangles. (c) Distribution of aerosols in the
year after individual volcanic eruptions (colours) in PMIP4 (dashed
line) and members of ModE-Sim set 2 (solid line). Individual mem-
bers are plotted in thin lines and the composite of subset_2 members
with tick line. The black line depicts the average for the period be-

tween 1740 and 1780.

4.2.3 Interhemispheric temperature gradient (IHTG) and shifts in regional
atmospheric circulation

During 1950-2020, reanalyses indicate a negative trend of the IHTG in JJA (Fig. 4.3a).
The difference between the 1940s and the 1980s is around 1°C in ERA5, even larger in
20CR. The northern hemisphere cooling has been attributed to tropospheric aerosols
scattering solar radiation in that hemisphere (Fig. 4.2a); the cooling was noticeable
not just in the SST (Qin et al., 2020), but also in the 2 m air temperature in the three



4.2. Results and discussion 95

reanalyses, thereby reducing the IHTG (Fig. 4.3a). The AMM also exhibits a similar
behaviour (Fig. 4.1c). Changes in the interhemispheric energy imbalance might af-
fect the atmospheric general circulation and specifically the position of the Hadley
cell (Brönnimann et al., 2015; T. Schneider et al., 2014). The reduced IHTG required
slightly weaker southward Vertically Integrated Total Energy Flux (VITEF) between
1975-1995 than between 1950-1970 in ERA5 (Fig. S2a, southward VITEF at the equa-
tor), with the latitude of poleward energy division shifting from 17°N in the 1960s
to close to 14°N in the 1980s. Consequently, the ascending branch of the Hadley
cell – and with it the location of the ITCZ strong ascent – migrated southward re-
gionally and globally as shown by ERA5 and CERA-20C (Atlantic-South American
sector, Fig. 4.3b; 20CR shows the southward trend globally, Fig. S3a). The latter is
associated with the displacement of tropical rainfall. The strong ascent location did
not change after the 1991 Pinatubo eruption. Assimilation of aerosol effects in the
three reanalyses is indirect (see 4.4 Methods). After the 1990s, the IHTG shows a
recovering trend until 2020 (Fig. 4.3a), but the strong ascent does not display a full
restitution of its position (Fig. 4.3b).

The volcanic activity of the late 18th and early 19th century is considered the
most important forcing of the last phase of the Little Ice Age (Brönnimann et al.,
2019). Boreal summer temperatures dropped substantially (e.g. 1816, the year with-
out summer), but the IHTG did not radically change after every volcanic eruption
(Fig. 4.3c). After the 1815 Tambora eruption, the IHTG decreased around 0.5°C
in all ModE-RA family; after the 1783 Laki eruption, the reduction reached 1°C in
the three ModE-Sim subsets, but only 0.5°C in ModE-RA. The IHTG differs across
ModE-Sim subsets because there is a lower reconstructed sea ice extent in subsets _1
and _2 than in subset _3, which uses a recent sea ice climatology (Hand et al., 2023);
sea ice extent influences the model’s boundary conditions and consequently surface
temperature. The energy transport only registered noticeable changes after the 1815
Tambora and 1822 Galaggung eruptions (Fig. S2b); only estimated with ModE-Sim
(see 4.4 Methods). The position of the regional strong ascent exhibited interannual
variability, but no trend and no uniform volcanic signal (Fig. 4.3d). Only after the
1808 and 1835 eruptions, the regional strong ascent migrated southward and north-
ward after the 1822 eruption; this migration is even more modest in the global zonal
mean (Fig. S3b). The ensemble spread is wide even after assimilation of covariates.
Precipitable water and thus rainfall might also be influenced by tropical humidity,
which is reduced after the volcanic eruptions in ModE-Sim (Fig. 4.3e), consistent
with global cooling. ModE-Sim subset_2 humidity slightly differs from the other
two subsets (_1 and _3), and originates from the distinct forcings (PMIP4 and EVA).

4.2.4 Effects on regional moisture transport (VIMF)

In the 20th century, the changes in the Hadley cell were also reflected in the re-
gional circulation around South America (Fig. 4.4a,b). The ERA5 sea level pressure
reports an increasing trend over the tropical north Atlantic and a decreasing trend
over equatorial South America between 1960 and 1989, in conjunction with strength-
ened northeasterly winds (Fig. S4a). The strengthened winds before the 1990s co-
incide with the more frequent cooling of the tropical North Atlantic (more frequent
negative AMM; Fig. 4.1c). Moreover, over the northern Amazon, there was a south-
ward trend in the meridional winds. The winds in turn brought more moisture from
the Atlantic towards the continent between 1960 and 1989 (estimated with ERA5;
Fig. 4.4a), associated with an increasing trend in ERA5 convergence and GPCC rain-
fall south of the equator – northern Amazon basin – and divergence over northern
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FIGURE 4.3: Interhemispheric temperature gradient and shifts in
regional strong ascent for the boreal summer - JJA (a) Time series
of the latitude-weighted mean interhemispheric 2 m air temperature
gradient excluding the tropics (excluding the band between 30°S and
30°N), for three reanalyses in the 20th century (colours). (continues

on next page)
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(continued.)(b) Latitudinal position of the regional strong ascent of
moist air (minimum zonal mean between [70°W,50°W] vertical veloc-
ity at 500 hPa), for the three reanalyses in the 20th century (colours).
Tick lines represent the 11-year moving average, and the faded lines
the annual time series. (c) same as (a) but for ModE-RA and subsets 1
to 3 of ModE-Sim. (d) Same as (b) but for ModE-RA and subsets 1 to
3 of ModE-Sim. (e) Latitude-weighted vertically integrated tropical
humidity for subsets 1 to 3 of ModE-Sim. Ribbons display the 5 and
95 percentiles of the members of each subset, and the tick line depicts
the ensemble mean time series. Vertical orange lines in (c-e) denote

years with volcanic eruptions highlighted in Hand et al. (2023).

South America. Duque-Gardeazabal et al. (2025) found similar mechanisms associ-
ated with more frequent negative AMM, more clouds and increased rainfall south
of the equator. This is consistent with what was shown in Figure 4.1b,c. After 1990
(Fig. 4.4b), the trends in ERA5 VIMF are less significant, and there is less consis-
tency between the location of decreasing convergence and negative rainfall trends,
compared to the first period (1960-1989)(limitations in GPCC data sources, see 4.4
Methods). In 1992, after Pinatubo’s volcanic eruption, a strong weakening of the
easterly moisture reduced the convergence and precipitation in DJF, yet in 1992 JJA,
the VIMF recovered, but El Niño-related dry conditions persisted (Fig. S1b,c).

Volcanic eruptions with sulphur injections impact the strength of the monsoon
systems (Brönnimann et al., 2019; Wegmann et al., 2014). In the early 19th century,
ModE-Sim VIMF anomalies over the Atlantic and South America display a weak-
ening of the rainfall season the year after the eruptions (weakening of trade winds,
westerly VIMF anomalies, increase in divergence and decrease in ModE-RA rainfall;
Fig. 4.4c-h and Fig. S4c-h). However, the VIMF after some eruptions exhibits anoma-
lies in the meridional component, for instance, after the 1822 Galanggung eruption.
The 1835 Cosigüina eruption shows a small increase in precipitation south of the
equator, yet the moisture transport suggests that it is an effect of the weakening of
the trade winds rather than a meridional (southward) component. A meridional
ITCZ shift has been replicated by other experimental studies focusing on the influ-
ence of the ITCZ shift over the development of warm El Niño-Southern Oscillation
events (Pausata et al., 2020). However, the experiments assumed that the aerosols are
confined to one hemisphere, an assumption that does not hold for tropical eruptions
(Toohey et al., 2011); plumes of extratropical eruptions might also have equatorward
dispersion but in low concentrations (Wu et al., 2017).

Pausata et al. (2020) also shows a warming and a localised increase in rainfall in
the east equatorial Atlantic. Interestingly, our results show positive rainfall anoma-
lies in the five eruptions over the east equatorial Atlantic with different intensities
(Fig. 4.4c-g), which can also be seen in the composite (Fig. 4.4h). This might be
related to a quicker cooling in 2 m temperature over land compared to the change
over the ocean (Fig. S5). The described rainfall impacts might just originate from
the model simulations as tropical precipitation is weakly constrained in the paleo-
reanalysis, although SLP is assimilated assuming that observational errors are un-
correlated (Sect. 4.4 Methods). Nevertheless, some documentary data is consistent
with these rainfall impacts (Mora Pacheco, 2016).
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FIGURE 4.4: Changes in regional moisture transport, convergence
and rainfall. (a) Linear slope coefficients of ERA5 vertically inte-
grated moisture flux (VIMF) (arrows), convergence (contours) and
GPCC rainfall (shading) against Gregorian year for the boreal sum-

mer -JJA- in the 1960-1989 period. (continues on the next page)
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(continued.)Significant trends at 95% confidence interval are depicted
in purple and otherwise in grey. (b) same as (a) but for the period
1990-2020. Contours are drawn every 0.1 kg/m2/year with increas-
ing convergence in blue and decreasing in red. (c to g) Boreal summer
anomalies in the year after the volcanic eruption with ModE-Sim en-
semble mean VIMF (arrows), convergence (contours) and ModE-RA
rainfall (shading). Contours are drawn every 2 kg/m2 with positive
convergence in blue and negative in red. (h) Same as (c), but the com-

posite of the five eruptions.

4.3 Conclusions

Our research shows the influence aerosols have on the atmospheric mechanisms con-
trolling rainfall in South America. It shows the influence of prolonged tropospheric
aerosol-forced cooling on the reduction of the IHTG and, conversely, shows the weak
effect early 19th century volcanic aerosols had on the IHTG, although their role in
worldwide cooling is widely known. Then, variations in the IHTG and regionally
in SSTs modulated the Hadley circulation, the poleward energy redistribution, re-
gional winds and VIMF, thereby shifting the position of tropical rainfall over South
America. Generalised volcanic cooling was associated with weakened trade winds,
reduced moisture transport, and diminished tropical South American rainfall. Com-
paring the effects of tropospheric and stratospheric aerosols helps to understand
the mechanisms influencing regional climate impacts, and here specifically, South
America’s tropical rainfall variability.

Our analysis indicates that increased Northern Hemisphere tropospheric aerosol
concentrations were linked to weak southeasterly winds and strengthened north-
easterly VIMF, transporting more moisture southward, increasing convergence and
rainfall. Conversely, volcanic aerosols affected the atmospheric circulation via re-
duction of temperature, leading to weaker rainy seasons. Other studies using mod-
els have found similar effects (Paik et al., 2020; Undorf et al., 2018) and are consistent
with reduced tropical humidity following generalised cooling (McGraw & Polvani,
2024), which reacts to the reduction in temperature. For example, the 1991 Pinatubo
eruption reversed the increasing rainfall trend south of the equator, producing neg-
ative anomalies. We also found an increment of rainfall over the east equatorial
Atlantic after the volcanic eruptions, probably linked to the reduced temperature
contrast between the land and ocean after the volcanic eruptions (this differs from
estimations with previous reanalysis; Brönnimann et al., 2019). However, paleo-
reanalyses suggest that some eruptions can trigger modest meridional shifts in con-
vergence and rainfall.

The impacts of the two types of aerosol forcing differ in location and duration.
The asymmetric increment of tropospheric aerosols was associated with anomalous
meridional moisture transport, while the volcanic aerosols mainly weakened the
westward moisture transport and consequently the whole rainy season. Changes
in late 20th century rainfall were slow and manifested as more dry years and fewer
wet years over the Orinoco; the northern Amazon experienced an inverse behaviour.
Conversely, the changes due to the volcanic aerosols were short but intense (al-
though the latter might be an effect of the background model simulations). These
differences arise partly from aerosols distinct characteristics: tropospheric aerosols
are lower in concentration than volcanic but were continuously emitted in the North-
ern Hemisphere (around 70 TgS/year in 1975-1990; Li et al., 2022; Smith et al., 2004),
whereas volcanic aerosols are very short-period injections that are suspended where
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no rain deposits them (Tambora between 37 and 58 TgS; Sigl et al., 2022). Conse-
quently, anthropogenic aerosols primarily reduced the southward energy transport,
while volcanic aerosols sharply reduced global energy availability for one to two
years, with some hemispheric asymmetries. Evidence from the Galunggung and
Cosigüina eruptions shows northward and southward moisture transport anoma-
lies, with rainfall increasing over the Caribbean and Amazon, respectively (hemi-
spheric asymmetry). Overall, our results reflect a regional expression of broader
changes in global atmospheric circulation, particularly in the position of the strong
ascent.

The seasonal timing of the aerosol injection influences the ocean-atmospheric
modes and, down the chain, rainfall. While natural aerosols exhibit seasonal vari-
ability, fossil-fuel emissions occur year-round with sector-dependent patterns with
the aforementioned trends (Smith et al., 2004). However, their radiative impact is
strongest during boreal summer, when incoming solar radiation peaks in the north-
ern hemisphere, where most aerosols were concentrated and fossil fuel emissions
were injected in the 20th century (Diao et al., 2021). For volcanic injections, the
season of the eruption determines the stratospheric Brewer-Dobson circulation and
thus the suspension and transport of aerosols, shaping the hemispheric asymme-
tries. However, the latitude of the eruption exerts greater control, as aerosols and the
radiation scattering generally remain confined to the hemisphere of origin (Pausata
et al., 2020). Our results suggest that tropical eruptions weaken the rainy season. For
the early 19th century, most eruptions were classified by Sigl et al. (2022) as equato-
rial or northern hemispheric eruptions, yet the latitudinal shifts in the ITCZ strong
ascent and rainfall were relatively modest.

Other research has claimed a southward shift in the ITCZ in the Little Ice Age
(LIA; Roldán-Gómez et al., 2022; Sacks et al., 2009). However, the paleo-reanalysis
does not indicate a strong shift in either the IHTG, nor in the position of the strong
ascent of moist air after the 15th century (intermediate results not shown).

In the future, our findings may inform the agricultural and energy sectors in
South America with estimates of potential outcomes of aerosol injections. This is
relevant in case humanity decides to (a)symmetrically inject aerosols to artificially
cool the planet (geoengineering; Sun et al., 2024), or if another large volcanic erup-
tion unfolds. This has implications for climate adaptation and mitigation, and risk
management.

4.4 Methods

4.4.1 Data

Our study uses several data sources to analyse the atmospheric dynamics. It in-
cludes atmospheric model simulations, reanalysis and observed hydrometeorolog-
ical data. We focus on the boreal summer season because it is the one receiving
the highest solar radiation in the northern hemisphere, and thus, when the radia-
tion scattering could have been the highest for the second half of the 20th century
(considering that the anthropogenic aerosols were mainly expelled in the northern
hemisphere; Smith et al., 2004). For the early 19th-century volcanic eruptions, Sigl
et al. (2022) classified the five chosen volcanic eruptions as equatorial or northern
hemisphere volcanic eruptions, based on the relation of sulphur deposition between
Greenland and Antarctica. Therefore, the highest scattering for the volcanic erup-
tions might have also occurred during the boreal summer.
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20th century data

Observed precipitation comes from the Global Precipitation Climatology Centre (GPCC;
U. Schneider et al., 2014, 2022) and the Puente Angostura [3206720] streamflow
records come from the Global Runoff Data Centre (GRDC, 2023). Dry and wet events
in the streamflow gauge are defined when values are below or above 1 standard de-
viation of the JJA time series, and they are afterwards counted in an 11-year moving
window. The GPCC has limitations in the amount of rain gauges used for its cre-
ation, which is low inside the Amazon and Colombia’s Orinoco basin before the
1980s, but there were many stations in northern Venezuela in the 1960s (Kayano et
al., 2020; U. Schneider et al., 2014). GPCC is one of the few precipitation datasets
with records before the 1980s, yet in recent decades, the number of rain gauges has
also decreased. The Atlantic Meridional Mode index is calculated using the Ex-
tended Reconstructed Sea Surface Temperature (SST) version 5 dataset (ERSSTv5;
Huang et al., 2017, with the spatial boxes definition used by Fernandes et al. (2015).
SST indices in the tropics reflect the coupling between the atmosphere and the ocean
and are indicative of atmospheric dynamics. Aerosol optical depth at 550 nm is
analysed with a ground-based visibility machine learning-derived dataset (Hao et
al., 2024).

We use three reanalyses with estimates of the 20th century and a paleo-reanalysis
family of the Modern era. We utilise zonal and meridional wind components at 850
hPa, 850 hPa wind divergence, vertical velocity at 500 hPa (omega500), sea level
pressure (SLP) and 2 m temperature from ERA5 (Hersbach et al., 2020), 20CRv3
(Slivinski et al., 2021), and CERA-20 (Laloyaux et al., 2018) to analyse the changes
in atmospheric circulation in the global zonal mean and the regional atmospheric
circulation. CERA-20C is a coupled reanalysis that assimilates marine winds and
pressure, whereas 20CR is uncoupled and assimilates only surface pressure; ERA5
assimilates several variables. We also use the vertically integrated water vapour flux
(VIMF), the vertically integrated moisture divergence (MDiv, inverted for analysing
convergence) and the meridional vertically integrated total energy flux (VITEF) from
ERA5.

Paleo-reanalysis

The period between 1780 and 1850 is studied with the ModE-RA family of reanalyses
(Valler et al., 2024). This dataset provides three monthly global fields back to 1421:

1. An atmospheric model simulation (ModE-Sim, subdivided into 3 subset en-
sembles of 20 members – set-1420_1, _2 and _3; Hand et al., 2023), which
is used as a prior estimate for the retrospective analysis. Subsets _1 and _3
use Paleoclimate Modelling Intercomparison Project - Phase 4 forcing (PMIP4;
Jungclaus et al., 2017), whereas subset _2 individual members were built with
the Easy Volcanic Aerosol model (EVA; Toohey et al., 2016) and the volcanic
stratospheric sulfur injection (VSSI) reconstruction of Sigl et al. (2022), vary-
ing the strength and time of the eruptions (Hand et al., 2023). PMIP4 forcing
includes anthropogenic sources of aerosols.

2. The ModE-RA reanalysis, which uses a three-cycle monthly off-line data as-
similation system to ingest thousands of data records in the 18th and 19th cen-
turies (Valler et al., 2024).
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3. ModE-RAclim, an assimilation of the observations into a random sample of
the prior dataset (Valler et al., 2024); it does not see the time-varying forcing
and reflects more directly the observations.

For the construction of the reanalysis, it was assumed that observational errors
are uncorrelated. All results are separately obtained in all members of the ensem-
ble, unless otherwise noted. We used the same variables from the other reanalyses,
plus geopotential, humidity and precipitation for certain analyses or calculations of
derived fluxes (e.g. the total energy flux). Precipitation from the CESM-LME (Otto-
Bliesner et al., 2016) is also used for comparison. CESM-LME uses CMIP5 climate
forcing reconstructions (Schmidt et al., 2012), and other forcings, but we used the all
forcing ensemble mean. We analysed the AOD meridional distribution in the early
19th century with the AOD at 550 nm.

The oceanic boundary conditions in ModE-Sim and ModE-RA are constrained
by proxies in the tropics (Samakinwa et al., 2021). This helps the model to represent
the occurrence of ocean-atmospheric variability modes such as El Niño-Southern
Oscillation in the specific period analysed. However, precipitation is poorly con-
strained in tropical South America in the period analysed (one assimilated station in
the analysed boxes and thus ModE-RAclim has an almost constant spread and en-
semble mean); therefore, the precipitation dynamics in the early 19th century come
mainly from the response of ModE-Sim and possible updates from correlations with
SLP.

4.4.2 Atmospheric moisture and energy fluxes

We calculated the VIMF, MDiv and the meridional VITEF from ModE-Sim (ModE-
RA does not have certain variables necessary for the calculation of these fluxes).
They are defined as follows:

H = Lv · q + cp · T + g · z (4.1)
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Where Lv is the latent heat of vaporisation, q is the specific humidity, cp is the air
specific heat at constant pressure, T is the air temperature, g is the gravity, z is the
geopotential height, H is moist static energy and E is the total specific energy, u and
v are the zonal and meridional wind components, p is the pressure level, and Ps is
the pressure level at surface.

The calculations with ModE-Sim of the aforementioned fluxes have some limi-
tations. The variables were just available at 7 levels, impacting the vertical integra-
tion. The effects can be seen in the global zonal mean (Fig. S2b), ModE-Sim reports
a northward energy flux between 65°S and 30°S when a complete southward energy
flux is expected in the southern hemisphere (as reproduced by ERA5 in Fig. S2a).
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However, it still shows, at around 15°N, the southward energy transport expected
from the upper branch of the Hadley cell, which in JJA should bring the energy
towards the coldest hemisphere (the southern).

4.4.3 Anomalies and composites for volcanic eruptions

To analyse the interannual to decadal changes leading to impacts in the hydrocli-
mate, we deseasonalise rainfall, streamflow, VIMF and its divergence. The anoma-
lies are calculated with the mean from 1980 to 2020 for the analysis of the 20th cen-
tury. For the early 19th-century analysis, we chose the period from 1740 to 1780 to
exclude possible effects from the 1783 Laki eruption. The occurrence of a stream-
flow wet and dry event is defined as the event exceeding ±1 standard deviation,
respectively; we consider the period 1980-2020 for the calculation of the mean and
variance.

The composite of the volcanic eruptions is built with the average of the boreal
summer of the year after the five large volcanic eruptions between 1800 and 1850.
The five volcanic eruptions were selected based on those that had more than 1 Tg
S injection in the aforementioned period, according to Sigl et al. (2022). We also
analysed the AOD at 550 nm for the boreal summer of the year after the volcanic
eruptions.

4.4.4 Atmospheric indices

To study the global changes in atmospheric circulation, we estimate the strong as-
cent of moist air and its latitude. The strong ascent is defined as the minimum global
zonal mean vertical velocity at 500 hPa between 30°N and 30°S. The minimum ver-
tical velocity was interpolated between grid points by fitting a spline curve to the
5 points closer to the minimum value coming from the dataset. If the zonal mean
reported double minima, we chose the one corresponding to the highest absolute
value. We prefer the identification of the ITCZ based on a minimum rather than
zero-crossing positions because the latter are more affected by biases (Brönnimann
et al., 2015). In the case of the reanalysis covering the 20th century, we display the
11-year moving average to ease the visualisation of the progressive change.

The interhemispheric temperature gradient (IHTG) and the tropical humidity
might influence the atmospheric dynamics, leading to the hydroclimate changes.
We calculate the IHTG by generating the 2 m temperature global zonal mean, and
subsequently calculate the difference between the latitude-weighted average of the
extratropical north and south (extratropical defined as north or south of 30°N or
30°S, respectively). Conversely, the tropical humidity is calculated as the vertically
integrated zonal mean of the specific humidity.

The meridional VITEF indicates how the atmosphere is redistributing the energy
between the equator and the poles. We analyse the Hovmöller diagram to see the in-
terannual changes in the division of the ascending branch of the Hadley cell. We also
extract the meridional VITEF at the equator to see the changes in the strength of the
energy redistribution, expecting interannual to decadal changes in the southward
energy transport for the boreal summer.

4.4.5 Trends in the tropospheric aerosols

Since anthropogenic aerosols were emitted in trends after the 1950s, increasing the
concentration of troposheric aerosols, we analyse the regional atmospheric circula-
tion with trends. We include the two decades of the 21st century and divide the
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analysis into two periods, periods based on the amount of sulfuric aerosols released
to the atmosphere (IPCC, 2021; Smith et al., 2004). The period from 1955 to 1990 ex-
perienced an increase in sulphur dioxide emissions, whereas the emissions slightly
decreased from the 1990s. Hence, we define the periods 1960-1989 and 1990-2020 for
analysing the SLP, winds at 850 hPa, the VIMF, the MDiv and the precipitation.

A limitation of the analysis in the 20th century is that neither of the three re-
analyses assimilates directly aerosol concentration or optical depth. This limits the
radiation dynamics and, thus, its influence over the surface temperature. Then, the
effects of aerosols are only included through the prescribed observed SSTs. How-
ever, the reanalyses assimilate directly variables of the atmospheric circulation (such
as pressure, geopotential height, wind speed and direction), and hence they are be-
lieved to properly represent the regional atmospheric circulation, moisture transport
and convergence at seasonal time scales.
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Appendix

FIGURE 4.5: Figure S1. Other hydroclimate anomalies in tropical
South America (a) Time series of JJA 850 hPa wind convergence and
GPCC precipitation anomalies (right-side y-axis) in the northern box
(Fig. 1a). (b) Anomalies of ERA5 VIMF (arrows), moisture divergence
(contours) and GPCC precipitation (shading), in the year 1992 (year
after mount Pinatubo’s eruption). (c) and (d)Time series of precipita-
tion anomalies in December to February for the northern and south-
ern box (Fig. 1a) for the 19th century, using the ModE-RA reanalysis
family. Lower and upper ribbon represent the 5 and 95 percentile
ensemble members spread and tick color line the ensemble mean.
Purple line depicts the CESM-LME ensemble mean. Vertical orange
lines denote years with volcanic eruptions highlighted in Hand et al.

(2023).
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FIGURE 4.6: Figure S2. ERA5 meridional vertically integrated to-
tal energy flux in June to August for (top) the late 20th and early
21st centuries and (bottom) the early 19th century using ModE-Sim.
Green shadings indicate northward flux while purple indicates south-
ward flux. The orange line depicts the energy flux at the equator
(right axis, negative values indicate southward flux). Vertical lines
in the bottom panel denote years with volcanic eruptions highlighted

in Hand et al. (2023).
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FIGURE 4.7: Figure S3. Global position of the strong ascent of moist
air (Global zonal mean minimum vertical velocity at 500 hPa), for (a)
the 20th century and (b) the early 19th century bottom. Colors depict
three different reanalyses in the 20th century and the three subsets in
the ModE-RA family of reanalyses. In the top panel, tick lines repre-
sent the 11-year moving average and the faded lines the annual time
series. In the bottom panel, lower and upper ribbon represent the 5
and 95 percentiles ensemble members’ spread and tick color line rep-
resents the ensemble mean. Vertical lines in the bottom panel denote

years with volcanic eruptions highlighted in Hand et al. (2023).
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FIGURE 4.8: Figure S4. Changes in sea level pressure and 850 hPa
wind (a) Linear slope coefficients of ERA5 850 hPa wind components
(arrows), and Sea Level Pressure (shading) against Gregorian year
for the boreal summer -JJA- in the 1960-1989 period. (b) same as (a)
but for the period 1990-2020. (c to g) Boreal summer anomalies in
the year after the volcanic eruption with ModE-RA wind components
(arrows), and ModE-RA Sea Level Pressure (shading). (h) Same as (c)

but the composite of the five eruptions.
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FIGURE 4.9: Figure S5. Early 19th century anomalies of the temper-
ature contrast between the land and the ocean in the tropics for (a)
DJF and (b) JJA. Vertical lines display years with volcanic eruptions

highlighted in Hand et al. (2023).
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Conclusions and Outlook
Humans and fauna depend on the variability of environmental conditions to sur-
vive and thrive. Understanding how Earth system drivers influence environmental
variability is relevant for avoiding disasters. In the following, we summarise the
conclusions of our thesis and propose possible future studies.

5.1 Conclusions

Our research advances the understanding of the teleconnections between ocean-
atmospheric modes of variability and hydroclimatic processes in tropical South Amer-
ica. Moreover, it also shows how the modes influence the potential solar and wind
energy production.

The physical mechanisms are graphically summarised in chapter 1 through a
sketch of the chain of processes (Fig. 1.1). The chain consists of coupled sea surface
temperature and sea level pressure (SLP) anomalies, which are associated with al-
tered regional atmospheric circulation. The resulting anomalous winds modify the
atmospheric moisture flux and, consequently, the variability of moisture flux diver-
gence. The latter influences local weather, impacting ecological and socio-economic
dynamics. In the following, we detail the subsequent impacts on other variables
(e.g. precipitation, evapotranspiration, among others), studied in previous chapters.

We investigated the variability of evapotranspiration, using reanalysis and satel-
lite data in a multi-evidence approach (chapter 2). While previous studies focused
mainly on precipitation variability, we focus on the variability of evapotranspiration
because it was less explored before and is relevant for agriculture, and carbon and
energy cycles (Boamah et al., 2024; Humphrey et al., 2021). The main findings of this
study are:

• The local controllers of evapotranspiration – soil moisture and net radiation –
are influenced by the tropical rainfall annual cycle. Hence, the energy-limited
regime unfolds in the rainy season, while the water-limited regime unfolds
mainly in the dry season and the transition from dry to wet periods.

• The AMM modulates the meridional moisture flux and consequently evapo-
transpiration variability. The location of its impacts varies depending on the
season analysed due to the ITCZ annual cycle. The local weather is modulated
over eastern South America in MAM, while in JJA the impacts migrate to cen-
tral Amazon and southern Orinoco, and migrate to the western regions close
to the Andes during SON.

• The warm Atl3 weakens the trade winds in JJA, producing convergence over
the Guianas and eastern Orinoco. However, its effect on soil moisture, radia-
tion, and evapotranspiration is not strong.
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• Evapotranspiration anomalies depend on both the evapotranspiration regime
and the phase of the ocean-atmospheric mode. The latter alter the local weather
and the land surface conditions.

• ENSO impacts similar regions to those influenced by the AMM and the Atl3
(e.g. northeastern Brazil and the Guianas) but only on MAM and JJA, respec-
tively. In the other seasons, all modes affect different regions.

Similarly, potential solar and wind energy are mainly influenced by ENSO and
the AMM (chapter 3). Understanding their mechanisms can help improve seasonal
to subseasonal forecasts of renewable energy production and is critical to achieve a
reliable and decarbonised energy supply. The key insights of this study are:

• Tropical South America has three potential co-located regions with high multi-
annual solar and wind capacity factors. These energy hubs are: the North
Caribbean, the Eastern Brazil and the Western Perú/Bolivia hub.

• ENSO impacts the three energy hubs through changes in the SLP over the
Eastern equatorial Pacific and the equatorial Atlantic, which change the wind
speed and the wind capacity factor in South America. El Niño inhibits convec-
tion and clouds, which in turn increases solar radiation and the solar capacity
factor. Conversely, La Niña enhances convection and cloudiness, leading to
reduced solar capacity factor but only over the Eastern Brazil hub.

• The mechanisms associated with the AMM exert a stronger influence than
those linked to the Atl3. The AMM inversely modulates the wind capacity fac-
tor on the North Caribbean and Eastern Brazil hubs through cross-equatorial
SLP and wind anomalies, which also modify moisture transport. The result-
ing anomalous moisture divergence also alters clouds and radiation, thereby
affecting the solar capacity factor in the same hubs.

• The hubs exhibit limited complementarity at interannual time scale under the
influence of the modes in almost all seasons. However, the complementarity
with hydropower is an option since periods with low radiation and winds also
have high precipitation and increased hydropower potential.

Other research has also examined the projected behaviour of the ocean-atmospheric
modes under future climate scenarios, which could then alter the chain of processes.
For instance, the AMM variability is expected to increase in the 21st century with a
faster warming north of the Equator (Liu et al., 2022), whereas the east equatorial
Atlantic (Atl3) might reduce its variability with future global warming due to the
warming of the oceans (Yang et al., 2022). This could imply more frequent southerly
wind anomalies over northeastern Brazil and the Amazon, resulting in increased di-
vergence and droughts over the northern Amazon. Wind speed and capacity factor
might thus increase in the Eastern Brazil wind energy hub in JJA, but weaken winds
in the North Caribbean hub.

Moreover, our thesis also explores the influence of aerosol forcing on the stud-
ied mechanisms and the subsequent impacts on the ITCZ and rainfall over tropical
South America (chapter 4). The conclusions from this study are:

• Tropospheric aerosols were linked to the cooling of the northern hemisphere
after the 1950s. This was evidenced both over land and in ocean-atmospheric
modes such as the Atlantic Multidecadal Oscillation and AMM. The cooling
influenced the interhemispheric temperature gradient, which modulates the
meridional energy transport, and subsequently altered the position of the Hadley
cell and the ITCZ.
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• Changes in the regional ITCZ were linked to stronger winds from the anoma-
lously cold northern hemisphere. Stronger northerlies were associated with
displaced convergence towards the anomalously warm southern hemisphere
(He et al., 2023; Hua et al., 2019). The stronger northerlies around South Amer-
ica influenced more frequent negative AMM events. The latter is associated
with an alteration of the chain of processes, which in turn influenced the mi-
gration of precipitation southward.

• Conversely, the global cooling – associated with the early 19th-century strato-
spheric volcanic aerosols – led to reduced tropical atmospheric humidity. The
latter influenced global tropical precipitation, decreasing it. However, our re-
sults did not reveal significant changes in the position of the tropical strong
ascent of moist air after all eruptions.

• The global cooling also affected the temperature contrast between the land and
the oceans (the contrast is associated with the first step in the chain), thereby
reducing the easterly moisture flux from the Atlantic. This attenuation of
moisture transport led to weaker monsoon systems and reduced precipitation.
Other studies have found a similar mechanism (Paik & Min, 2017; Pausata et
al., 2020).

5.2 Outlook

Several applications and questions originated from the results of our analysis. In the
following, we propose some topics for further research and application.

Our results can support the development of predictive tools (seasonal forecasts
or early-warning systems), aimed to advise: farmers, energy producers and man-
agers, among others (K. Fernandes et al., 2020; Lledó et al., 2019; White et al., 2017).
Such forecasts can also aid in the prevention of socio-ecological disasters such as
flooding (through streamflow prediction, Petry et al., 2025), or forest fires. Study-
ing forest fires is increasingly relevant since South America has registered more
heat extremes and has become more flammable (Feron et al., 2024). The ocean-
atmospheric indices could directly serve as predictors in statistical and machine
learning-based forecasting systems for weather, hydroclimate and renewable energy
variability (K. Fernandes et al., 2020; Galván Fraile et al., 2025); machine and deep
learning could also account for non-linearities in the chain of processes. Causal in-
ference approaches could help overcome prediction barriers and unravel the reasons
for the migration of impacted regions (Reichstein et al., 2019; Runge et al., 2019).

Extreme hydrometeorological events are influenced by the ocean-atmospheric
variability. Further research is needed to determine whether the anomalous mois-
ture associated with Atlantic modes primarily influences the frequency of wet days
or the intensity of rainfall, or both. Understanding this distinction would improve
agricultural planning and flood risk management (K. Fernandes et al., 2020; Towner
et al., 2021).

Evapotranspiration estimates remain uncertain due to measurement and mod-
elling limitations (Wang & Dickinson, 2012). However, monitoring evapotranspiration-
related ecological variables could help corroborate the evapotranspiration dynamics
studied here. Vegetation indices, such as the normalised difference vegetation in-
dex, are related to the availability of water and radiation (Nemani et al., 2003). We
explored lagged correlations between the modes and the aforementioned vegetation
index, and found similar affected locations compared to those found in chapter 2
(not shown). Future studies should further explore these links using high-resolution
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datasets. Moreover, evapotranspiration is the source of moisture recycling, which
might also influence convergence and cloud formation (Makarieva et al., 2023). The
extent to which moisture recycling modulates radiation and evapotranspiration re-
mains an open question.

Other sources of climate variability – at shorter than seasonal scale – are worth
exploring because they could improve subseasonal predictions and anticipate ex-
treme events such as heavy rainfall, flash droughts, flammable conditions, low en-
ergy production, etc. (White et al., 2022). The possible influencing phenomena
include: Madden-Julian Oscillations, Caribbean or African easterly waves, among
others (Mariotti et al., 2018; Vitart et al., 2025). The Madden-Julian Oscillations are
associated with the variability of radiation and precipitation in the tropics and extra-
tropics (L. G. Fernandes & Grimm, 2023) and could therefore influence evapotran-
spiration or weekly solar energy production. The Caribbean easterly waves can also
influence hydrometeorological extremes, yet they influence Central America more
than South America (Giraldo-Cardenas et al., 2022). Future research should also
consider the relationship between the subseasonal phenomena and the large-scale
ocean-atmospheric modes and their teleconnections. This is how westerly wind
events and Madden-Julian Oscillations in the tropical Pacific influence ENSO di-
versity and how the latter generates different teleconnections with the other ocean
basins (García-Serrano et al., 2017; Thual & Dewitte, 2023).

Regarding aerosol forcing, comparing forced and unforced coupled atmospheric
models could expand the understanding of aerosol-driven impacts. It could help
discern whether the increased dryness and evapotranspiration in the Amazon is
due to the current positive Atlantic Multidecadal Oscillation and AMM dynamics
(linked to reduced aerosols), or if it is mainly caused by greenhouse gas-induced
warming and increased evaporative demand (He et al., 2023; Vicente-Serrano et al.,
2020). This is important because it also affects flammable conditions. Distinguishing
between aerosol and greenhouse gas effects is also essential to evaluate the potential
consequences of deliberate aerosol injection for geoengineering (Kravitz et al., 2015;
Sun et al., 2024). Additionally, after some volcanic eruptions, we found an upwind
shift of rainfall towards the Atlantic Ocean; it might be worth exploring the effects
of other volcanic eruptions in other periods to corroborate the ocean-land temper-
ature contrast mechanism and to expand the assessment to other tropical regions.
Moreover, using other model ensembles (e.g. CMIP6 as opposed to previous studies
with CMIP5, Paik et al., 2020, or CMIP7 in the near future) would enable a more
robust evaluation of the uncertainty by considering different model structures and
parametrisations.
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