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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 Meridional Mode (AMM), among others. Therefore, we investigate the influence of these modes 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 anomalies that di-
rectly 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 solar CF. Wind CF in the NC and 
EB hubs is inversely modulated by the AMM, weakening winds and reducing radiation over the NC and strengthening winds 
and increasing radiation on the EB. 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 interannual time-scale. 
Our results provide insights for forecasting energy production and managing energy storage for periods of low renewable energy 
availability.

1   |   Introduction

Climate variability significantly affects livelihoods by influ-
encing renewable power systems (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. Considering intra- and interannual at-
mospheric variability is crucial for renewable energy planning 
and management (Boretti and Castelletto 2020).

South America has one of the world's highest shares of renew-
able energy (Kieffer and López-Peña 2016). Hydropower domi-
nates, but reliance on carbon- and gas-based facilities increases 
during droughts (Arango and Larsen  2010). Solar and wind 
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energy sources are expanding (Eelsalu et  al.  2024; Gil Ruiz 
et al. 2021; Vargas Gil et al. 2020), highlighting the need to un-
derstand their climate sensitivities.

Coupled ocean-atmospheric variability modes strongly influ-
ence the atmospheric circulation and local weather conditions 
in the tropics and South America, particularly 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 at-
mospheric circulation, thereby modifying near-surface wind 
speeds, atmospheric convergence and short-wave radiation 
(Cai et  al.  2020). It affects renewable energy production 
across South America (Bianchi et  al.  2022; de Perini 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 circulation 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 sub-
tropical cloud cover (Chiang et al. 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 development of other 
ocean-atmospheric modes—both in the Atlantic and Indian 
oceans—through extratropical circulation changes and tropical 
atmospheric bridges (Andrian et al. 2024; Cai et al. 2019; Compo 
and 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 atmo-
spheric circulation patterns (Lübbecke et al. 2018).

Other sources of variability operate at shorter or longer times-
cales, and thus, might modulate solar and wind energy produc-
tion. These can be the Madden-Julian Oscillations (Pabón and 
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 tropical Atlantic modes jointly influence the poten-
tial 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 en-
ergy can complement hydropower deficits during warm ENSO 
events using the existing generation capacity in South America. 
However, no studies have assessed wind-solar complementarity 
under Atlantic variability modes.

Therefore, our study aims to elucidate the correlations be-
tween ENSO, Atl3 and AMM ocean-atmospheric modes, and 

the seasonal interannual variability of potential wind and solar 
energy, as well as to identify the underlying physical mecha-
nisms. Understanding these physical mechanisms can improve 
sub-seasonal to seasonal forecasts. Energy companies prioritise 
stable production to ensure a stable and reliable energy supply 
(Boretti and 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 re-
gional atmospheric circulation (see Section 3 methods for iden-
tification of the specific modes). We exclude the Indian Ocean 
modes, Madden-Julian Oscillations and multidecadal phenom-
ena such as the AMO and IPO (see Section 5 Discussion).

Finally, we assess the wind-solar complementarity in tropical 
South America under 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.

2   |   Data

2.1   |   Datasets

Meteorological reanalyses are widely used to estimate wind 
and solar energy production (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 in-
terpolated data to a grid resolution of 0.25° and 37 pressure lev-
els. 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 radiation to determine wind and solar energy capac-
ity factors (Sections 2.2 and 2.3). Moreover, we use atmospheric 
circulation variables because they are related to the mechanism 
linking the ocean-atmospheric modes with local continental 
weather (Table 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 indi-
vidually (i.e., four values per year from DJF 1980 to SON 2020, 
later used in the analysis—Section 3 methods). The aggregation 
method is by seasonal average, 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 reanalyses and concluded that ERA5 is reliable in off-
shore and 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 pos-
itive bias of ERA5 compared to observations (Kies et al. 2021; 
Wilczak et  al.  2024), especially in tropical regions and South 
America. Nevertheless, temporal correlations are mostly above 
0.9, with minima near 0.8 (Ramirez Camargo and Schmidt 2020); 

 14698080, 2026, 2, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/m
et.70165 by N

icolas D
uque-G

ardeazabal - U
niversitat B

ern , W
iley O

nline L
ibrary on [02/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3 of 17Meteorological Applications, 2026

ERA5 underestimates short-wave radiation in clear-sky condi-
tions (Sianturi et al. 2020).

Sea surface temperature anomalies (SSTA) are used to identify 
the key ocean-atmospheric modes (Section 3.1). We use SSTAs 
from the Extended Reconstructed SST dataset 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 sev-
eral 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.

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 (Bloomfield 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 density (WPD), are 
more suitable for comparing different locations without as-
suming specific turbines (Antonini et al. 2024), but compar-
ing 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; Wind-turbine-
models  2025), dividing the power output by its rated power 
of 3450 kW. Our method excludes the wake effects induced 
by surrounding turbines and grid-induced curtailment since 
detailed information on current and planned energy facili-
ties is not consistently available region-wide (Dolores-Tesillos 
et al. 2025). Given that our aim is to estimate the interannual 
variability and its associated modulators, we interpret the es-
timated wind CF as potential wind energy.

As the wind CF depends on the cube of the wind speed, cal-
culating it at different time steps 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 components; hence, we use SLP from ERA5 to 
study the modulation mechanisms of the ocean-atmospheric 
modes (Table 1).

2.3   |   Solar Capacity Factor

Photovoltaic modules (PV) have a wide range of different pan-
els whose efficiency is affected by temperature and surface solar 
radiation (Evans and Florschuetz 1977). We analyse the solar ca-
pacity factor (CF), which enables site comparison without spec-
ifying the type of solar panel or the characteristics of current 
and future energy facilities. Bett and Thornton (2016) presented 
an empirical relationship for calculating the solar CF that esti-
mates the cell efficiency from the downward surface solar radi-
ation, the module temperature and the irradiance at standard 
test conditions (STC) (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 am-
bient and module temperature, the lower the panel efficiency.

TABLE 1    |    Datasets and variables used in our study.

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. (2017) Ships, buoys 
and floats

Sea surface temperature (SST) Monthly 2°
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Our study then uses hourly fields of solar radiation and air tem-
perature 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   |   Methods

We first mapped the multiannual availability of solar and wind 
energy to identify regions of high potential for renewable en-
ergy production, hereafter referred to as ‘energy hubs’. Second, 
we identify the seasonal ocean-atmospheric variability modes 
that are statistically associated with the wind and solar capac-
ity factors (Section  3.1), and analyse the underlying physical 
mechanisms behind these associations using composite analy-
sis (Section 3.2). Third, we assess the complementarity between 
both sources of energy (Section 3.3).

Results are presented in Section 4, where we first identify the 
energy hubs (Section 4.1), then detail the influence of the ocean-
atmospheric modes on these regions (Sections 4.2 and 4.3) and 
finally assess how the modes modulate energy complementarity 
(Section 4.4). We conclude with a discussion of the broader im-
plications of these relationships.

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 correlations analy-
sis below). PCA loadings are used to define spatial boxes, from 
which box-averaged climatic indices are built (boxes bound-
aries were consistent with the literature review, Fernandes 
et al. 2015; Vallès-Casanova et al. 2020). Hence, our study de-
fines the Atlantic indices as:

•	 The AMM monthly index is defined as the difference be-
tween the spatially averaged 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 av-
erage of eastern equatorial Atlantic SSTA [20° W–0° W, 
3° S–3° N].

To analyse ENSO, we calculate the El Niño Longitude Index 
(ELI) because it considers the diversity of east- and central-
Pacific ENSO events (Williams and 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), whereas low 

values indicate cold anomalies (La Niña). Time series of the in-
dices and PCA loadings are shown in Figure S1.

To map the impacts of the modes, we compute partial correla-
tion between the three indices (ELI, AMM, Atl3) and the wind 
and solar CF at each grid point. Removing the simultaneous 
confounding effects from other modes (Y and Z) indicates the 
relation of mode X with the analysed variable. We also show the 
results for the energy hubs. Partial correlations with other indi-
ces 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).

3.2   |   Identifying the Physical Mechanisms 
of the Teleconnection

We establish the physical processes of the connection through 
anomaly composite analysis (mean of anomaly fields at specific 
times; Arias et al. 2020; Vallès-Casanova et al. 2020). The com-
posites are defined based on the seasonally averaged values of 
the SST indices (indices time series in Figure S1); when values 
exceed ±1 standard deviation from the mean—for the given sea-
son distribution, e.g., boreal summer—the mode is considered 
to be in its positive or negative phase, respectively. 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 (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 anal-
ysis on SON and DJF, and the Atlantic modes on MAM and JJA.

3.3   |   Complementarity of Wind and Solar Energy

We assess the complementarity of both energy sources by com-
paring their standardised anomalies under the influence of each 
mode. This is at the time steps of the previous composite analy-
sis. The energy hubs are collocated regions with high multian-
nual potential CF, identified in our first analysis (Section  4.1). 
Complementarity is assessed between hubs paired geographi-
cally (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 complementarity seeks to assess differences in the 
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climatological seasonal cycles of the solar and wind CF. Second, 
an interannual complementarity is based on the variability 
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 correlation since it 
handles skewed distributions (e.g., wind CF) and extreme events 
better than Pearson correlation.

4   |   Results

4.1   |   Identifying Renewable Energy Hubs 
and Their Seasonal Variability

We identified three key regions based on the 1980–2020 mean 
seasonal wind CF (Figure 1a–d), and also three with high solar 
CF (Figure 1e–h). We then grouped them into three paired en-
ergy hubs (Table 2), since all have another region with high po-
tential from the opposite sources close to them.

Wind hubs are located in coastal/oceanic areas. Two hubs have a 
CF value exceeding 0.6 in at least two seasons (North Caribbean 
and Southwestern Perú) (Figure  1a–d). The Caribbean coast 
shows nearly year-round high wind resource, which attenuates 
in SON when the Intertropical Convergence Zone (ITCZ) moves 
northward. The northeastern Brazilian coast has a long strip 

that exceeds 0.6 in JJA and SON but is weaker in other seasons 
(Figure  1c,d). Low wind CF values over the ocean also move 
with the annual solar cycle and the ITCZ.

The solar CF exhibits a significant annual cycle (Figure 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 trop-
ical South America, close to wind hubs (Figure 1a–d). For east-
ern Brazil and the Bolivian Altiplano in the southwest, the solar 
CF exceeds 0.4 in at least three seasons, whereas the Orinoco 
savannas in the northern hub, the CF is higher than 0.35 in DJF 
but drops to 0.2 in JJA. The Bolivian altiplano in the Western 
hub shows a substantial seasonal cycle, with values higher 
than 0.5 in SON and lower than 0.35 in JJA. Table 2 presents 

FIGURE 1    |    (a–d) Multi-annual mean seasonal wind CF at 100 m above ground. (e–h) multi-annual mean seasonal daytime solar CF. Green rect-
angles highlight the regions with the highest potential wind and solar CF considering all seasons (energy hubs). Black continuous lines are river ba-
sins; dashed lines are country borders. Titles of panels refer to the first letters of the months in each season, that is December to February for panels 
(a, e).

TABLE 2    |    Energy hubs classified by proximity of wind and solar 
resources.

Energy hub Wind Solar

#1 Northern 
Caribbean hub

Caribbean coast Orinoco savannas

#2 Eastern Brazil 
hub

Northeastern 
Brazil coast

Eastern Brazil

#3 Western Perú/
Bolivia hub

Southwestern 
Peruvian coast

Bolivian altiplano
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6 of 17 Meteorological Applications, 2026

the identified high potential renewable energy regions (energy 
hubs, Figure 1).

Energy companies seek low variability to ensure a stable and 
predictable energy supply (Boretti and Castelletto 2020). We es-
timate the CF variability with the 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 Sections 4.2 and 4.3).

Wind CF interannual variability of seasonal estimates is gen-
erally below 25% over the oceans but higher over the continent 
(Figure  2a–d), due to surface friction of wind with topogra-
phy, which imposes shear stress and turbulence, in turn re-
ducing 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). The northeastern Brazil hub reaches 
ca. 25% in MAM when the ITCZ variability strongly affects 
the wind speeds.

The solar CF reflects the cloud-radiances assimilated data from 
polar orbiting satellites (Figure 2e–h), where some swaths have 
a slightly higher variability, for example over the Caribbean and 
northeast Brazil in JJA (Figure 2g). However, almost everywhere 
the CV is below 10% and just over northeast Brazil and the north-
western coast reaches a higher variability; none of the solar hubs 
reach a coefficient of variation 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.

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 identi-
fied energy hubs (Figure 3). The magnitude of the correlations 
changes geographically and seasonally (Figure  S2 for correla-
tion maps, see also Section 5).

The wind CF is positively correlated with ENSO over the north-
ern hub during its growing phase (from June to the DJF peak, 
Figure 3c,d) and with the eastern wind hub in MAM and JJA. The 
western hub is affected by ENSO in DJF (Figure 3i). The AMM is 
associated with a seesaw effect over the north coastline and east-
ern Brazil hub (negative correlation for the northern and posi-
tive for the eastern hub, Figure 3c,d,g,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 4.3). In contrast, the Atl3 shows limited influence on the 
wind CF (Figure  S2). Its main signal occurs in MAM over the 

FIGURE 2    |    Coefficient of variation (CV) for (a–d) wind CF for each season and (e–h) daytime-only solar CF for each season. Black rectangles are 
the same energy hubs as in Figure 1.
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7 of 17Meteorological Applications, 2026

tropical western Atlantic, a region also affected by ENSO and 
the AMM but with opposite sign. Significant correlations be-
tween the Atl3 and the northern hub might also be spurious (see 
Section 5 Discussion).

The influence of ocean-atmospheric modes on the solar CF is 
more localised over land and also weaker over the energy hubs 
(Figures  3 and S3). ENSO affects eastern and northwestern 
South America (Figure  3a,f,i), with the largest affected area 
during DJF (Figure 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 sea-
son (Figure  3a–d). In MAM, the AMM modulates radiation 
over eastern Amazonia, migrating to the central Amazon 
in JJA (Figure  S3). In SON, it modulates radiation over the 
Orinoco savannas and western Amazon, affecting the north-
ern solar hub (Figures 3d and S3). ENSO is the only mode that 
affects the Bolivian solar hub, particularly in DJF and SON 
(Figure  3i,l). The correlation between the solar western hub 
and the AMM might be spurious. The Atl3 influences radi-
ation over the equatorial Atlantic and with impacts concen-
trated over eastern South America (Figure S3).

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

4.3   |   Physical Mechanisms Associated With 
the Energy Variability

Figure  4 shows the wind CF anomaly composites associated 
with ENSO phases. Wind vectors represent anomalies relative 
to the multi-annual mean; vectors pointing 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 de-
velop 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 
(Figure  4a,c), boosting the wind CF over the northern wind 
hub and the southwestern Perú. Composites for MAM and JJA 
are shown in Figure  S4; JJA shows patterns similar to SON 
while the northward anomalies in MAM resemble the posi-
tive phase of the AMM (Figure 5a; see Section 5 discussion). 
El Niño also promotes anomalous descending motion over the 

FIGURE 3    |    Pearson partial correlations between the ocean-atmospheric modes of variability and the solar and wind CF, classified 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.
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8 of 17 Meteorological Applications, 2026

western equatorial Atlantic—especially in DJF—through an 
atmospheric bridge (Cai et al. 2020). This strongly increases 
SLP over the Atlantic and accelerates the easterly trade winds 
(Figure  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 (Figure 4b), decreas-
ing 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 con-
tinent (Figure  4d), reducing wind CF speed in the western 
equatorial Atlantic.

The AMM is associated with opposing SST and SLP anoma-
lies between the tropical North and South Atlantic (Chiang 
et al. 2002). It generates cross-equatorial wind anomalies, most 
active between February and August, that accelerate or deceler-
ate wind speeds (Figure 5). In its positive phase, negative SLP 
anomalies in the northern Atlantic and positive anomalies in the 
southern Atlantic are associated with northward wind anoma-
lies. This enhances wind CF over northeast Brazil (Figure 5a,c), 
whereas the weakened northeasterly trade winds result in re-
duced wind CF over the northern Caribbean hub. The nega-
tive phase causes the opposite and redirects wind southward 
(Figure  5b,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 (Figure S5). AMM-related changes in 
wind CF over southwestern Peru are likely driven by other pro-
cesses, as this mode is not linked to significant eastern Pacific 
SLP anomalies (see Section 5 discussion). Overall, the AMM in-
versely modulates wind CF between the Caribbean and north-
east Brazil hubs.

The Atl3, in its positive phase, features warm SSTs and low 
SLP in the eastern equatorial Atlantic (Figure S6, JJA), weak-
ening 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 Easterlies in the Atl3 negative 
phase are associated with El Niño (see Section 5 Discussion). 
Atl3 effects on wind CF over the energy hubs or the continent 
remain modest.

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, Figure 5a vs. Figiure S6). This is associated with the 
connection between the two modes (see Section 5 Discussion).

FIGURE 4    |    Anomaly composite—during both phases of ENSO—of wind CF (shadings), sea level pressure (SLP, contours every 100 Pa, nega-
tive in red, positive in blue) and 100 m wind (arrows). SLP was masked on terrain above 1000 m.a.s.l. (mask depicted with black thin lines). Wind 
anomalies are depicted in black where the difference from the neutral 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 1a–d.
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9 of 17Meteorological Applications, 2026

Regarding the solar CF, El Niño is associated with suppressed 
convection over eastern South America via atmospheric sub-
sidence, which reduces cloud cover and increases surface solar 
radiation (Figure  6). In northwestern South America, weaker 
low-level winds decrease moisture advection and convergence 
(Figure  6a,c), further reducing clouds and increasing solar CF 
(Figure  6e,g). However, the northern solar hub shows modest 
CF changes. An exception unfolds over the Orinoco lowlands in 
MAM, when increased moisture advection and convergence gen-
erate more clouds, reducing the solar CF (Figure S7); this is re-
lated to Caribbean SLP dynamics (Figure 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, ad-
vecting moisture southward to Argentina (Figure 6c,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, re-
ducing the solar CF but only notably in the northern hub (bigger 
than 2%, Figure 6h). Moreover, there are asymmetric responses 
between phases, for example the eastern hub is just affected in 
El Niño phase in DJF (Figure 6g). Cloud cover anomalies—and 
hence in solar energy—seasonally change location with the posi-
tion of the ITCZ. Agreement across gauge-satellite precipitation, 
satellite cloud cover and reanalysed moisture convergence sup-
ports the robustness of these mechanisms.

The AMM influences solar radiation through meridional 
moisture advection, anomalous moisture convergence and 
clouds, thereby affecting the solar CF (Figure  7). For MAM 

positive phase, northward advection enhances convergence, 
cloud cover and is associated with less radiation over northern 
South America, diminishing the solar CF in the northern hub 
(Figure  7a,e). Simultaneously, displaced moisture generates 
divergence near the equatorial east, reduces clouds and in-
creases radiation, though this does not extend into the eastern 
hub (Figure 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 (Figure  7b,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 (Figure  7c,d,g,h). 
However, in SON, Caribbean moisture advection modulates solar 
CF in the Orinoco hub (Figure  S8). The western Bolivian hub 
is apparently unaffected by the AMM, likely due to its distance 
from the Atlantic atmospheric circulation changes. Across sea-
sons, AMM-related solar CF anomalies migrate westward, from 
eastern Brazil in DJF and MAM, to the central Amazon in JJA 
and towards the Andes in SON (Figures 7 and S8).

Regarding the Atl3 (Figure  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 
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 Section 5).

FIGURE 5    |    As in Figure 4, but for the positive and negative phases of the AMM. SLP contours are at 75 Pa intervals.
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10 of 17 Meteorological Applications, 2026

In both ENSO and AMM cases, solar CF anomalies are consis-
tent with satellite cloud cover changes (Figures 6 and 7), rein-
forcing the physical basis of these relationships.

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 (Figure 1). Table 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 hub wind CF is 0.22 below average, while the solar 
CF is slightly above average (+0.01). In MAM, both the east-
ern and western hubs experience simultaneous reductions in 
both energy sources, hampering complementarity. Conversely, 
each hub also has at least one season when one energy source 
increases while the other decreases (i.e., they partially comple-
ment each other); these are JJA for the north hub, DJF for the 
east and west hubs.

Considering the ocean-atmospheric variability modes is 
essential for anticipating seasonal energy availability and 

FIGURE 6    |    (a–d) Anomaly composite—in the two phases of ENSO—of vertically integrated water vapour flux components (VIMF; arrows de-
picted in aquamarine where the difference with the neutral 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 precipitation (shading). (e–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 Figure 1e–h.
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11 of 17Meteorological Applications, 2026

operations. ENSO does not considerably enhance or reduce 
complementarity; its effects depend on hub location and sea-
son (Figure 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 
(Figure  8a,d). Whereas in JJA and SON, solar and wind 
anomalies diverge, providing some seasonal complementar-
ity (Figure 8g,j). In the eastern energy hub (Figure 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 and Poganietz 2021). The western hub shows a sim-
ilar pattern: little to no complementarity in most seasons and 
ENSO phases (Figure  8c,f,i,l). Sub-distribution variability is 
large, as reflected in wide error bars.

The AMM is also associated with non-complementary anoma-
lies in many seasons and phases. However, the AMM generates 
more opportunities for complementarity than ENSO (Figure 9). 
For the northern hub, opposite-sign anomalies emerge during 
DJF negative phase and in SON (Figure  9a,j). In MAM, com-
plementarity is weak to non-existent, with high variability 
(Figure  9d). In JJA, AMM affects wind CF but not solar CF, 
limiting complementarity (Figure 9g, ITCZ over northern South 
America in JJA). In the eastern hub, complementarity arises 
in JJA and SON positive phases (Figure 9h,k), whereas in DJF 
and MAM, both sources respond similarly (Figure 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 (Figure 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 Figure 9b,e).

FIGURE 7    |    As in Figure 6, but for the positive and negative phases of the Atlantic Meridional Mode (AMM) in MAM (a, b, e, f) and JJA (c, d, g, h).
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12 of 17 Meteorological Applications, 2026

TABLE 3    |    Multi-annual mean renewable energy capacity factors.

Hub

Season Energy #1 Northern #2 Eastern #3 Western

DJF Wind 0.78 (0.11)
[17%]

0.3 (−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%]

0.2 (−0.21)
[−50%]

0.38 (−0.01)
[−2%]

Solar 0.31 (0.00)
[0.00%]

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

Note: Values represent area-average over the energy hubs defined in Figure 1 and Table 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 decrease, whereas italics 
highlight seasons when one source substantially increases as the other decreases (complementarity).

FIGURE 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 eastern hub and (c, f, i, l) 
the western hub. Panels (a–c) correspond to DJF, and so on for the other seasons. Whiskers indicate the standard error of the composites.
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13 of 17Meteorological Applications, 2026

Overall, the atmospheric teleconnections between the Atl3 
and renewable energy hubs are weak and spatially limited 
(Figures S6 and S9). As a result, the role of the Atl3 in comple-
mentarity is negligible.

Finally, Spearman correlation analysis confirms that interan-
nual solar-wind complementarity is limited (a coefficient close 
to −1 implying high complementarity, Table  S1). Most coeffi-
cients 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 8 and 9.

5   |   Discussion

There is substantial co-variability between the Atl3, AMM 
and ENSO due to shared atmospheric circulation patterns (Cai 
et al. 2019). In our analysis, specifically in boreal spring, the 
Atl3 and AMM phases behave like a seesaw (Figures 5 and 7, 
S1, S4, and S5). For instance, wind anomalies during the Atl3 
negative phase resemble those of the AMM positive phase 
(Figures  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 and McPhaden 2010), these winds 

strongly affect the eastern Brazil wind hub. Our results there-
fore suggest that impacts on wind and solar energy are more 
strongly linked to the AMM mechanisms than to east equato-
rial 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 
(Figure S6); however, 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 rel-
atively 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 (Figures S4 and S6). The same stron-
ger winds extend over eastern Brazil during the Atl3 negative 
phase. The solar CF anomalies are similarly correlated with 
both modes (Figure S5 and 6 g), but the mechanism is probably 
more related to the atmospheric subsidence and moisture diver-
gence (Figure 6c), rather than to equatorial Atlantic cooling. In 
the case of the wind CF, the composites of the Atl3 are not signif-
icant. Moreover, some studies suggest a weakening of the Atl3 
variability with future global warming due to ocean warming 
(Yang et al. 2022).

FIGURE 9    |    As Figure 8 but for the phases of the AMM.
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14 of 17 Meteorological Applications, 2026

The impacts associated with the modes vary geographically 
with seasons, probably 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 generally low, but opportunities may exist with 
hydropower (Gonzalez-Salazar and Poganietz  2021). Periods 
with weaker winds, greater cloudiness and reduced solar radia-
tion may coincide with increased rainfall, enhancing water stor-
age and hydropower generation (Figures 6 and 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 (Figure 8a–c). The northern and 
western energy hubs are near the Andes where several hydro-
power dams already operate. Expansion of non-conventional 
renewable energy might stop the hydropower expansion in 
the Amazon, thereby reducing several environmental impacts, 
such as river ecology disruption and aquatic biodiversity loss 
(Chaudhari et  al.  2021). Hydroclimate is not the only factor 
affecting hydropower variability; basin size, soils and topogra-
phy 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 (Figure  1) matter for long-
term storage planning, whereas interannual anomalies are more 
important for monthly operations (Figures 8 and 9). Sub-seasonal 
predictability is key for complementarity. The pressure gradients 
associated with the ocean-atmospheric modes—shown in our re-
sults—could improve statistical forecasts, as SLP and SST variabil-
ity are coupled in these modes. Thus, grid operators and energy 
planners could anticipate reduced renewable output or limited 
complementarity, based on improved seasonal forecasts of dom-
inant 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. Power 
interconnections in the world and South America are affected by 
transnational regulatory and political issues; yet the north hub in 
Colombia and the northeast hub in Brazil have powerlines con-
necting both energy sources, and the connection between Perú 
and Bolivia is underdeveloped (EIA 2023). Assessments of sce-
narios of high voltage transmission lines remarked the great po-
tential for covering the South American 2030 estimated demand 
(Barbosa et al. 2017; Plaza 2013). Day and night complementar-
ity between solar and wind is necessary for operational (daily) 
management. The daily cloud cycle—morning versus 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. Multidecadal oscillations influence atmospheric 
circulation, but their effect might be expressed in the dynamics 
of interannual modes. For instance, the Atlantic Multidecadal 
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; Fernandes and Grimm 2023), potentially influencing 
both solar and wind CF.

The impact of climate change on South American renewable en-
ergy remains uncertain. Some studies predict increases in wind 
and solar availability but reduced complementarity (de Souza 
Ferreira et al. 2024; Martinez and Iglesias 2024). Changes in the 
diurnal wind cycle are also possible. However, it is still debatable 
how climate change—either by GHG and/or aerosol emissions—
will change the frequency, strength and teleconnections of the 
ocean-atmospheric modes (Wills et al. 2022), potentially reshaping 
how renewable energy variability is modulated.

Our results are underpinned by the homogeneous and physi-
cally consistent atmospheric interpolations (reanalysis), which 
represent regional circulation patterns and associated thermo-
dynamics. The study omits fluctuations in efficiency due to tur-
bine elements and electrical connections in both energy sources. 
Limitations also include dataset biases, but general atmo-
spheric circulation is believed to be well represented (Hersbach 
et al. 2020). Nonetheless, the datasets are sufficiently robust to 
study interannual energy variability.

6   |   Conclusions

This research advances the understanding of the ocean-
atmospheric physical mechanisms linked to anomalies in po-
tential renewable energy production. It also shows the possible 
complementarity between some renewable energy sources (wind 
and solar) and discusses options for balancing out meteorologi-
cally driven energy shortages. Our research identifies three 
regions of high climatological capacity factor (CF) in South 
America and focuses on the possible modulators of their vari-
ability. 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 north-
ern Caribbean hub associated with negative SLP anomalies 
in the eastern equatorial Pacific, strengthening 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 mo-
tion also modulates the three solar hubs through associated 
anomalous moisture divergence and reduced cloud cover, 
which increases solar radiation. La Niña enhances con-
vection and cloudiness, reducing the solar CF over tropical 
South America (particularly in the eastern 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 mechanisms of the AMM rather than the 
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changes in SLP and winds of the Atl3. The AMM is as-
sociated with cross-equatorial SLP and wind anomalies, 
which produce opposite impacts on the Caribbean and 
northeast Brazil wind hubs. It also influences the solar CF 
in eastern Brazil and Orinoco hubs via meridional mois-
ture 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 nega-
tive phase. The AMM impacts seem to migrate westward 
seasonally, while Atl3 impacts on continental energy vari-
ability are minimal.

Interannual complementarity of solar and wind energy is lim-
ited. 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 hydro-
power is an alternative. Long-term planning of the eastern and 
western hubs must consider the low complementarity due to 
reduced availability between March and August for both en-
ergy 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 opera-
tors anticipate reduced renewable supply or weak complemen-
tarity and improve grid management. Considering short-scale 
phenomena is key for enhancing predictability and strength-
ening sub-seasonal to seasonal forecasts. Improved forecasts 
will enhance the resilience and sustainability of regional power 
systems.
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