JHB

Renewatle r(((///(//y/ Envirenment, and D raver @/ﬂ//i/yt ﬁ://r//(// (REE&PQJ)
ISSN:3020-531X
Volume 26, July 2026

Modeling Wind—-Solar Complementarity under Heatwave Conditions: A
Copula-Based Study for Southern Spain

Tuany Esthefany BarcellgsDaiane Rodrigues dos Sarfiddarco Aurélio Sanfins3

! Management Department
Edacio de Sa University
R. Manoel Jodo Gongalves, Rio de Janeiro (Brazil), e-mail: tuanybarcellos@id.uff.br

2 Department of

Economics

State University of Rio de Janeiro
R.S&0 Francisco Xavier, Rio de Janeiro (Brazil), erdaienesantoseco@gmail.com

% Department of Statistics
Fluminense Federal University
R. Professor Marcos Waldemar de Freitas Reis, Rio de Janeiro (Brazil),rearaibsanfins @id. uff.br

Abstract. The increasing penetration of variable renewable
erergy sources has raised critical challenges for power system
planning, particularly under extreme climatic conditions. In

energy sources, particularly wind power and solar
photovoltaic energy (IEA, 2023; Olauson, 2018).
Although these sources play a central role in mitigating

Southern Europe, heatwaves have become more frequent and greenhouse gas emissions, their intrinsic variability poses

intense, with the potential to alter the joint behavior of wind and
solar power generation. This study investigates how heatwave
conditions affect the dependence structure between wind and
solar generation in the Andalusia region of Spain using a copula-
based modeling framework. Monthly aggregated wind and
photovoltaic solar generation data from January 2015 to
November 2025 are combined with climatic information from the
ERAG5 reanalysis dataset. Heatwave months are identified using a
climatological threshold based on the 90th percentile of monthly
mean temperature. Marginal distributions are selected through
goodness-of-fit tests, and the joint dependence structure is
modeled using bivariate copulas estimated by maximum
likelihood and selected via the Bayesian Information Criterion.

The results indicate weak negative dependence between wind and
solar generation in the baseline scenario, suggesting moderate

complementarity on average. However, this structure changes
substantially when conditioning on heatwave occurrence: months

without heatwaves exhibit near independence between sources,

whereas heatwave months display a stronger negative
dependence, captured by a rotated Clayton copula. Scenario
simulations further show that heatwaves reshape the joint
distribution of renewable generation, reinforcing
complementarity under extreme thermal conditions. These
findings highlight the importance of incorporating climate
extremes into multivariate renewable energy modeling and
provide relevant insights for energy planning and risk assessment
in regions increasingly exposed to heatwaves.

Key words. Wind-solar complementarity; Heatwaves;
Copula models; Renewable energy systems

1. Introduction

The ongoing energy transition, driven by global
decarbonization targets and energy security goals, has
promoted a rapid expansion of intermittent renewable
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significant challenges to power system planning,
operation, and reliability (Brown, 2018). In this context,
understanding not only the individual behavior of these
sources but also the structure of their joint dependence
becomes essential to assess the degree of energy
complementarity or synergy and its impacts on supply
stability (Grothe & Schnieders, 2011).

In addition to the natural variability associated with
renewable resources, recent climate change has
intensified the frequency and severity of extreme events,
such as heatwaves, particularly in southern Europe
(Perkins-Kirkpatrick & Lewis, 2020). Spain, and
especially the Andalusia region, stands out as one of the
territories most vulnerable to these phenomena,
exhibiting a persistent upward trend in average
temperatures and more pronounced thermal extremes
(Lemus-Canovas et al., 2021). Heatwaves directly affect
atmospheric regimes, potentially altering both solar
radiation patterns and wind circulation simultaneously,
which suggests that the dependence between solar and
wind generation may change substantially under extreme
climatic conditions (Bloomfield et al., 2020). However,
such changes in the dependence structure remain
underexplored in the literature, particularly from a
multivariate probabilistic perspective.

large share of existing studies assesses the
complementarity between renewable sources using linear
correlation measures or aggregated indicators, which
assume constant and symmetric dependence over time
(Jerez et al., 2013). While informative, these approaches
are limited in capturing nonlinear relationships,
asymmetries, and regime shifts induced by extreme
climatic events. In this regard, copula theory provides a
robust and flexible statistical framework that allows
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modeling the marginal distributions of variables separately
from their joint dependence structure, including across
different climatic regimes (Nelsen, 2006; Joe, 2014). The
use of copulas enables the identification of variations in

et al, 2018). In the European context, the joint
integration of wind and solar energy has been identified
as a key element for achieving carbon neutrality targets
while preserving energy supply security (Bloomfield et

the sign and strength of dependence, as well as the al., 2020).

investigation of tail dependence, a crucial aspect for the

A large portion of early research on renewable

assessment of extreme risks in power systems (Grothe & complementarity relied on simple metrics, such as

Schnieders, 2011).
The main objective of this study is to investigate how

heatwaves modify the dependence structure between wind al.,

and solar power generation in the Andalusia region using
bivariate copula models. Specifically, the study aims to: (i)

Pearson or Spearman correlation coefficients,
complementarity factors, and seasonal indicators (Jerez et
2013; Francois et al, 2016). Although these
indicators provide useful insights, they implicitly assume
linear, symmetric, and stationary relationships between

characterize the average dependence between the sourcegnergy sources, which may obscure more complex

under a reference (baseline) scenario; (ii) compare this
structure during months classified as with and without
heatwave occurrence; and (iii) identify potential changes
in the sign, strength, and asymmetry of dependence
associated with extreme thermal conditions. By

segmenting the analysis according to climatic regimes, this
study advances beyond the assumption of stationary
dependence, contributing to a more realistic understanding
of the joint behavior of renewable energy sources
(Bloomfield et al., 2020).

The analysis is conducted using monthly wind and solar
power generation data for the period from 2015 to 2025,
combined with climatic information derived from the

behaviors, particularly under extreme climatic conditions.
More recent studies have emphasized that dependence
between renewable resources can vary substantially over
time and across different meteorological regimes, thereby
limiting the validity of analyses based solely on average
correlation measures (Bloomfield et al., 2020).

Regarding climatic impacts, robust evidence indicates
that the frequency, duration, and intensity of heatwaves
have increased consistently in recent decades, especially
in southern Europe and the Iberian Peninsula (Perkins-
Kirkpatrick & Lewis, 2020; Lemus-Canovas et al., 2021).
These extreme events are associated with persistent
atmospheric patterns characterized by high-pressure

ERADS reanalysis dataset (Hersbach et al., 2020). Heatwave systems, subsidence, and atmospheric stability conditions

classification is based on a robust climatological criterion,
defined using the 90th percentile of monthly mean
temperature calculated over the reference period from
1981 to 2014, allowing for the consistent identification of
months with anomalously high temperatures (Perkins-
Kirkpatrick & Lewis, 2020). The choice of Andalusia is
justified both by its substantial contribution to Spain’s
renewable energy mix and by its recurrent exposure to
thermal extremes, making the region a natural laboratory
for investigating the effects of heatwaves on wind—solar
complementarity (Lemus-Canovas et al., 2021).

By adopting a copula-based approach grounded in
observed data, this study provides quantitatively relevant
evidence for energy planning under climate warming

that tend to favor high solar irradiance while often
suppressing near-surface wind speeds. Consequently,
heatwaves have the potential to simultaneously affect
solar and wind power generation, suggesting structural
changes in the joint dependence between these sources
(Bloomfield et al., 2020).

Despite the relevance of thermal extremes, most of the
literature on renewable energy resources continues to
focus on average or seasonal analyses, largely neglecting
explicit segmentation by extreme climatic events. Some
recent studies have begun to investigate periods of joint
low renewable generation—such as so-called
dunkelflaute events demonstrating that persistent
episodes can simultaneously compromise multiple

scenarios. The expected results contribute to the debate onrenewable sources (Olauson et al., 2018; van der Wiel et

the resilience of power systems heavily reliant on
renewable energy sources, highlighting the importance of
incorporating extreme climate variability into the joint

modeling of energy resources (Brown et al., 2018). In this
way, the study offers methodological and empirical

insights for policymakers, system operators, and
researchers interested in the secure and efficient
integration of renewable energy sources in increasingly
challenging climatic contexts.

2. Literature Review

The complementarity between variable renewable energy

al., 2019). However, these analyses often adopt
deterministic approaches or rely on univariate statistics,
thereby limiting the understanding of the joint
probabilistic structure under extreme regimes.

In this context, copula-based methods have gained
prominence as suitable tools for modeling complex
dependencies between energy and climatic variables. The
main advantage of copulas lies in their ability to model
marginal distributions separately from the dependence
structure, allowing the capture of nonlinear relationships,
asymmetries, and tail dependence (Nelsen, 2006; Joe,
2014). In energy-related applications, copulas have been
employed to analyze spatial dependence of wind

sources has been widely discussed in the literature as aresources, joint production risk, and optimal capacity

fundamental mechanism for mitigating the inherent
intermittency of wind and solar power generation. Seminal
studies have demonstrated that the spatial and

allocation, consistently  demonstrating  superior
performance compared to approaches based solely on
linear correlation (Grothe & Schnieders, 2011; Morales et

technological combination of these sources can reduce the al., 2010).

aggregated variability of electricity production and
enhance power system reliability, particularly in systems
with high shares of renewables (Jerez et al., 2013; Brown
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Studies specifically addressing wind solar
complementarity using copula models remain relatively
scarce but indicate promising results. Recent works
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suggest that dependence between these sources maywithout temporal gaps, allowing for a continuous analysis
exhibit significant asymmetries, with regimes in which of the joint behavior of renewable generation over time.
complementarity strengthens or weakens depending on The aggregation of data at the monthly level was
prevailing meteorological conditions (Francois et al., 2016; performed by summing total energy generation within
Zhang et al., 2019). Nevertheless, few studies explicitly each calendar month, ensuring consistency between wind
examine how extreme events such as heatwaves influenceand solar series. Climatic variables were aggregated by
this dependence structure, representing a relevant gap in computing spatial averages over the study region,

the current literature.

Furthermore, the choice of the study region plays a central
role in the interpretation of results. Andalusia stands out as
one of the regions with the highest solar potential in
Europe and a substantial share of wind power generation,
in addition to its high exposure to thermal extremes (Jerez
et al., 2013; Lemus-Canovas et al., 2021). Despite these
characteristics, there remains a lack of studies that jointly
assess wind—solar dependence in this region from a
multivariate probabilistic perspective, particularly at
monthly time scales that are relevant for medium-term
energy planning.

Against this backdrop, a clear gap emerges in the literature
regarding the probabilistic modeling of wind—solar
dependence conditioned on heatwave occurrence,
especially using observed data and flexible methodologies

preserving coherence between meteorological and energy
data.

Pre-processing procedures included the verification of
missing values, consistency checks, and alignment
between datasets. No significant data gaps were
identified, and the resulting dataset is temporally
complete and suitable for multivariate statistical analysis.
While the use of monthly aggregated data is appropriate
for medium-term planning analyses and ensures
consistency with climatological datasets, it is important
to acknowledge its limitations when analyzing extreme
events such as heatwaves. Heatwaves are inherently
short-term meteorological phenomena, often lasting from
a few days to a couple of weeks, and are characterized by
high-frequency dynamics that may not be fully captured
at the monthly scale.

such as copulas. The present study seeks to contribute toAs a consequence, the aggregation process may smooth

this debate by combining renewable generation data and
climate reanalysis information with bivariate copula
models, enabling an explicit comparison between regimes
with and without heatwaves. In doing so, the paper
advances the state of the art by integrating extreme climate
variability into the analysis of renewable complementarity,
providing relevant evidence for energy planning and risk

intra-month variability and partially dilute the intensity
and temporal alignment between wind and solar
generation responses to extreme thermal conditions. This
implies that the dependence structures identified in this
study should be interpreted as representing average
regime effects rather than short-term operational
dynamics.

assessment in power systems increasingly dependent onNevertheless, the monthly framework remains highly

intermittent renewable sources.

3. Methodology

This study adopts a quantitative approach based on the
integration of observed renewable generation data and
climatic information derived from atmospheric reanalysis,

with the aim of investigating the joint dependence

structure between wind and solar power generation under
different thermal regimes. The analysis focuses on the
Andalusia region in southern Spain, selected due to its
high relevance in the context of the European energy
transition, its substantial share of wind and solar sources in
the regional electricity mix, and its recurrent exposure to

relevant for planning-oriented applications, as it captures
persistent climatic anomalies and their cumulative impact
on renewable generation. Importantly, the dependence
structures identified in this study reflect consistent
regime-dependent patterns that are expected to persist
across temporal scales, even if their short-term dynamics
may exhibit additional variability. In this sense, the
results provide robust insights into the structural
relationship between wind and solar generation under
different thermal conditions. Future research may extend
this framework by employing higher-frequency data
(e.g., daily or hourly), enabling a more detailed
characterization of short-term interactions without
altering the fundamental dependence patterns identified

extreme heat events. The proposed methodology combines at the monthly level.

climate data processing techniques, descriptive statistical
analysis, and multivariate modeling through bivariate
copulas.

The wind and solar generation data used in this study
consist of aggregated monthly time series for the
Andalusia region, covering the period from January 2015
to November 2025. This temporal resolution was chosen
because it is particularly suitable for medium-term energy
planning analyses and allows for direct compatibility with
monthly climatic data.

The wind and solar generation data were obtained from
publicly available energy statistics provided by official
national and European energy platforms, ensuring
consistency and reliability of the information. The dataset
covers the period from January 2015 to November 2025
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Climatic information was obtained from the ERAS5
reanalysis produced by the European Centre for Medium-
Range Weather Forecasts (ECMWF). Atmospheric
reanalyses are datasets that combine observations from
multiple sources—such as meteorological stations,
satellites, and buoys—with numerical atmospheric
models through data assimilation techniques. This
process vyields spatially and temporally consistent
climatic fields that are widely used in climate and energy
studies. In this work, the air temperature at 2 meters was
employed, provided as monthly averages, as it represents
a robust indicator of near-surface thermal conditions
associated with the occurrence of heatwaves.

The extraction of climatic data was performed for a
geographic area corresponding to the territorial extent of
Andalusia, defined using geographic coordinates that
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delimit the region in terms of latitude and longitude. The
use of a spatial bounding box allows for an adequate
representation of regional thermal variability while

preserving spatial coherence between climatic data and the

analyzed energy generation area. After data retrieval,
monthly temperature fields were spatially aggregated by
computing the mean over all grid points within the defined
area, resulting in a single time series of regional mean
monthly temperature.

To identify heatwave events, a percentile-based
climatological criterion widely adopted in the literature on

thermal extremes was applied. First, a climatological
reference period spanning from 1981 to 2014 was defined,
from which the 90th percentiles of monthly mean

temperature were computed for each calendar month. This

approach accounts for the natural seasonality of the
climate, avoiding the use of a fixed threshold throughout
the year. Subsequently, observed monthly mean
temperatures during the study period (2015-2025) were
compared against the corresponding monthly thresholds,
classifying each month as a heatwave month when the

temperature exceeded the respective 90th percentile, or as

a non-heatwave month otherwise.
Following the climatic classification, an integrated dataset

was constructed containing, for each month of the analysis '

period, wind generation, solar generation, mean monthly
temperature, the climatological threshold (90th percentile),
and a binary indicator variable (dummy) representing the

occurrence or absence of a heatwave. The merging of
generation and climate datasets was performed based on

year and month variables, ensuring proper temporal

4. Theoretical Framework: Copula Theory

Statistical modeling of dependence among random
variables is a central element in applications involving
renewable energy systems, as variables such as wind and
solar power generation often exhibit nonlinear,
asymmetric relationships that depend on specific climatic
conditions. Traditional approaches based on correlation
coefficients such as Pearson, Spearman, or Kendall
provide only aggregated measures of association and
implicitly assume constant dependence structures over
the entire domain of the variables. These limitations
become particularly relevant when the focus is on
extreme behaviors or regime changes, such as those
induced by severe climatic events (Joe, 2014; Nelsen,
2006).

Copula theory offers a flexible mathematical framework
for modeling multivariate dependence, allowing an
explicit separation between the modeling of marginal
distributions and the joint dependence structure.
Formally, a copula is a multivariate distribution function
defined on the unit hypercubf0,1]¢ with uniform
marginals. The theoretical foundation of copulas is
established by Sklar's Theorem, which states that for any
joint distribution function Fyy(x,y) with continuous
marginalsFx(x) and Fy(y), there exists a copulé(.,.)
such that:

FX,Y(x' }’) = C(Fx(x),Fy(}’)): #(1)

alignment between the series. This procedure resulted in a and, conversely, any copula combined with valid

final, internally consistent dataset suitable for multivariate
statistical analysis and comparison across distinct climatic
regimes.

The statistical modeling of dependence between wind and
solar generation was conducted using bivariate copulas,
allowing for the separation between marginal distribution
fitting and the estimation of the joint dependence structure.
Initially, the marginal distributions of the generation series
were fitted using Lognormal and Weibull distributions,
which are commonly employed in the renewable energy
literature, with selection based on the Bayesian
Information Criterion (BIC). The marginally transformed
series into the uniform (0,1) space were then used for
copula estimation, enabling the analysis of the sign,
strength, and asymmetry of dependence through Kendall’s
t coefficient and, when applicable, tail dependence
measures.

Finally, the analysis was performed separately for three

univariate marginals defines a multivariate joint
distribution  (Sklar, 1959; Nelsen, 2006). This
decomposition allows the dependence between variables
to be modeled independently of the shapes of their
marginal  distributions,  which is  particularly
advantageous in energy applications, where different
sources often exhibit distinct statistical distributions.

In the bivariate case, which is the focus of this study, the
joint density function can be expressed in terms of the
copula densityc(.,.) and the marginal densitigf (x)

and fy(y) as:
Fxyxy) = c(Fx(x), Fy) fx(xX) fy (), #(2)

where
2
cwv) = SC@V) o o 4(3)

data subsets: (|) a reference (baseline) scenario including This formulation hlghllghts that all information related to

all months of the study period; (ii) months classified as
non-heatwave periods; and (iii) months classified as
heatwave periods. This segmentation allows for an explicit

the dependence betweéh and Y is contained in the
copula, while the marginal distributions describe only the
individual behavior of each variable. In renewable energy

assessment of how extreme thermal events affect the Studies, this Separation is CrUCiaI, since wind and solar
dependence structure between renewable energy sourcesgeneration often follow asymmetric distributions—such

providing a more realistic and regime-conditioned view of
the joint behavior of wind and solar generation. By
integrating observed data, climate reanalysis information,
and flexible probabilistic models, the proposed
methodology offers a robust framework for analyzing the
impacts of climate extremes on renewable energy systems.
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as Weibull or Lognormal—whereas their joint
dependence may assume complex forms (Grothe &
Schnieders, 2011).

Several parametric families of copulas have been
proposed in the literature, each associated with specific
dependence properties. Among the most commonly used
are the Gaussian copula, which captures symmetric
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dependence without tail dependence; the Studen
copula, which allows symmetric dependence with he
tails; and the sealled Archimedean copulas, such
Clayton, Gumbel, and Frank, which enable the mode
of asymmetries and dependence concentrated in sp
regions of the distribution (Joe, 2014). For instance,
Clayton copula exhibits lowesil dependece, whereas
the Gumbel copula concentrates dependence in the
tail. Rotated versions of these copulas allow
representation of negative dependence or addit
asymmetric regimes.

In the context of energy studies, the application of c-
based mthods has grown steadily. Recent wc
demonstrate that copula models are able to adeqt
represent the spatial and temporal dependence of
resources, as well as the joint dependence bet
different renewable sources, outperforming approa
based solely on linear correlation (Grothe & Schnied
2011; Francois et al., 2016). However, studies that en
copulas to investigate changes in dependence strui
conditioned on extreme climatic eve—such as
heatwaves—+emain scarce, motivating tladoption of this
approach in the present work.

Thus, copula theory provides the necessary mathem
foundation to rigorously and flexibly analyze how
dependence between wind and solar generation be
under different thermal regimes. By enablinhe
comparison of dependence structures estimated for m
with and without heatwaves, this approach contributes
deeper understanding of the impacts of climate wari
on renewable complementarity and on the risks assot
with the operation of pogr systems that are increasin
reliant on intermittent energy sources.

5. Results

This section presents the empirical results obtained
the application of the proposed methodology to analyz
joint dependence between wind and solar pc
generationin the Andalusia region. The analysis is ba
on aggregated monthly data of wind and photovoltaic !
generation, expressed in megawaiti#rs (MWh), covering
the period from January 2015 to November 2025. Initii
descriptive results of the generatisaries are presente
along with nonparametric correlation measures, in ord
provide a preliminary assessment of the joint behavic
renewable sources. Subsequently, the results of
bivariate copula modeling are discussed, considering
the rderence (baseline) scenario and the segmentatic
climatic regimes, distinguishing months with and with
heatwave occurrences. This framework allows fa
systematic evaluation of how extreme thermal ev
influence the sign, strength, and structuf dependence
between wind and solar generation.

Figure 1 depicts the monthly evolution of wind and s
energy generation in the Andalucia region from Jan
2015 to November 2025. The wind generation seri¢
characterized by pronounced variability oughout the
entire period, with substantial month4teenth fluctuations
and no clear longerm upward or downward trend. Tt
behavior reflects the intrinsically intermittent nature
wind resources, which are strongly influenced by «
term atmospheriaynamics such as synoptic circulati
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patterns and regional wind regimes. In terms
magnitude, monthly wind generation rems
predominantly within the order of several hund
thousand megawalteurs (MWh)

In contrast, solar generation exhibits a redly different
temporal pattern, combining a w-defined seasonal
cycle with a strong and persistent upward trend
time, particularly from 2019 onward. This sustail
increase reflects the rapid expansion of inste
photovoltaic capacity in the reon, as well as
improvements in technology and deployment inten
Monthly solar generation reaches peak values exce:
one million megawathours (MWh) in the most rece
years of the sample. The comparison between the
series highlights the distihstructural characteristics
each renewable source: wind generation disy
relatively stable magnitude but high skterm
variability, whereas solar generation shows pronoul
growth and regular seasonal behavior. These contre
dynamics provideinitial empirical evidence of th
relevance of joint analyses to assess the depen
structure and potential complementarity between \
and solar generation in Andaluc

Monthly Wind Generation in Andalusia (2015-2025/11)

1.000.000

800.000

2 a00000

400.000

2015 2020 2025

Nate
Monthly Solar Generation in Andalusia (2015-2025/11)

Solar generation

Ik

Fig. 1 Wind and solar power gugneral

As shown in Figure 2, the kerneensity estimates of the
empirical distributions of monthly wind and so
generation in Andalusia reveal distinct probabili
characteristics for each energy source over the ana
period. The density associated with wind genere
exhibits moderate symmetry, with a concentration
probability mass around intermediate values an
relatively elongated upper tail, a pattern consistent
distributions commonly used to model w-related
processes. In contrast, the density of solar gener
displays a more pronounced positive skewn
characterized by a high concentration of observatio
lower generation levels and a long right tail, reflec
the combined effects of seasonality, structural growt
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installed capacity, and increased interail variability in

solar output.

To formally identify the most appropriate margil
distributions for each variable, goodr-of-fit tests were
conducted for a broad set of parametric distribut
frequently applied in energy studies, including the Nori
Lognormal, Weibull, Gamma, and Exponen

distributions. The assessment relied on statis
goodness-ofit procedures, notably the Kolmogor

Smirnov test, complemented by informa-based criteria
such as the Bayesian Information Criterion (BIC),uring

a balance between statistical adequacy and n
parsimony.

The results indicate that wind generation is best desc
by a Weibull distribution, in line with we-established
findings in the literature on wind resource and po
generationmodeling. Conversely, solar generation \
found to be more accurately represented by a Lognc
distribution, capturing its strong positive skewness anc
occurrence of extreme values associated with perio
high solar irradiance and rapid capacexpansion. The
identification of these marginal distributions is a cru

step for the subsequent copblased analysis, as it ensu
an appropriate transformation of the variables into

uniform domain and supports a robust estimation of
joint dependence structure between wind and s
generation.

Density of Monthly Wind Generation
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0.000002
2z
a
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0.000000

400,000 600.000 800.000 1.000.000
Wi

Density of Monthly Solar Generation

0.0000015

Zosanooto
&

0.0000005

0.0000000

0 500.000 1.000.000 1500.000
Solar generation

Fig. 2. Wind and solar density

After identifying the marginal distributions that b
describe the historical behavior of wind and s
generation, a bivariate copula was estimated to repr
the joint dependence structure between these sources
baseline period. Marginal distributions were selected b
on goodness-of-fit tests, using thevgdue as the decisic
criterion, ensuring an adequate representation of
empirical behavior othe series prior to joint modelin
Copula parameters were estimated using maxil
likelihood, and model selection was conducted accor
to the Bayesian Information Criterion (BI'

For the baseline scenario, covering the period 1
January 2015 to Noweber 2025 and comprising 1.
monthly observations, the dependence structure bet
wind and solar generation was adequately captured

https://doi.org/10.24084/reepqj26-298 247

Gaussian copula. The estimated correlation parar
was negativep(= —0.16), corresponding to a Kendak
of —0.10. This result indicates the presence of w
negative dependence, suggesting a moderate deg
complementarity between the two sources when ana
over the full sample without explicit conditioning
extreme climatic regimes.

The series were subseanily segmented according to 1
occurrence of heatwaves, yielding two distinct sub:
months without heatwaves (HW = 0), totaling
observations, and months with heatwaves (HW =
totaling 43 observations. This segmentation allowed
direct assesment of how the dependence struc
between wind and solar generation changes
different thermal conditions.

For the subset of months without heatwaves, the sel
model indicated an independence structure between
and solar generation, withendall'st statistically equal
to zero. This finding suggests that, under thermr
normal conditions, there is no evidence of signific
probabilistic dependence between the two source
plausible explanation is that, in the absence of persi
thermal extremes, the atmospheric processes gove
wind regimes and solar irradiance tend to operate
relatively decoupled manner. Furthermore, seas
heterogeneity and intraAnual variability may dilut
systematic associations when aggregated, Ig to a
dependence structure close to independ

In contrast, for the subset of months characterize:
heatwave conditions, the estimated dependence strt
differs markedly. In this regime, the selected copula
a rotated Clayton copula (270 decs), with an estimated
parameterd = —0.75, yielding a Kendall’t of -0.27.
This value indicates a moderate negative depend
substantially stronger than that observed in the bas
scenario.

The strengthening of negative dependence di
heatwave moths reflects an intensification of conditiol
complementarity between wind and solar genera
This behavior can be interpreted in terms of the phy
mechanisms associated with extreme heat events, !
are typically linked to persistent hi-pressure systems
and enhanced atmospheric stability. Under ¢
conditions, solar generation is favored by incre:
incoming radiation, while wind generation may
reduced due to weakened pressure gradients an-
surface circulation. This asymmetric resse of the two
sources is captured by the more pronounced nec
dependence structure identified for heatwave pe

To assess plausible joint realizations of wind and ¢
generation in Andalusia under distinct thermal regir
2,000 synthetiscenarios were generated for each st
(baseline, nomeatwave months, and heatwave moni
Simulations were conducted within a bivariate coj
modelling framework, which explicitly separates
dependence structure from the marginal behaviot
eachvariable. First, parametric marginal distributions
wind and solar generation were fitted using the histo
monthly dataset (2012025/11), selecting the mc
adequate forms for each subset. The observed serie:
then mapped to the unit intervihrough the fitted
cumulative distribution functions, vyielding pser-
observations if0,1). Within this transformed space, -
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copula family describing the joint dependence between
wind and solar generation was estimated by maximum
likelihood, and the best specification for each regime was
retained. Finally, paired drawsUgolar, Uwind) were
sampled from the fitted copula and mapped back to the
original domain (MWh) via the fitted marginal quantile
functions, producing simulated scenarios that are jointly
consistent with both marginal variability and the estimated
dependence structure.

HW=1 (com onda de calor) — Heatmap (densidade) dos 2000 cenarios simulados

750000

500000

Geragao Edlica (sim)

250000

= " e -
-

0 2.000.00 000.000

0 4
Geragéo Solar (sim)

Fig 3. Joint density of simulated wind—solar generation
scenarios (N=2,000) in Andalusia under non-heatwave and

6.000.000

Figure 3 summarises these results by displaying heatmaps heatwave regimes.

of the density of the 2,000 simulated scenarios in the
“solar vs. wind” plane for: (i) the baseline, (ii) non-

heatwave months (HW=0), and (iii) heatwave months
(HW=1). Conceptually, each heatmap highlights where
simulations concentrate most frequently, i.e., which wind—
solar combinations are most probable under the fitted joint
distribution within each regime. Under the baseline, the
simulated cloud is relatively dispersed, yet it concentrates
mainly around moderate wind output and low-to-moderate
solar output, reflecting the overall joint variability across

the full sample. For non-heatwave months (HW=0), the
simulated pattern appears more “diffuse”, in line with the

selection of an independence copula for this subset: the

Table 1 reports the estimated monthly probabilities of heatwave
occurrence associated with a representative simulated year,
labeled as “2026” for interpretative purposes. These
probabilities do not correspond to a deterministic forecast for
the calendar year 2026. Instead, they are derived from the
ensemble of simulated scenarios generated from the historical
distributions and dependence structures estimated in this study.

In this context, the values @frepresent empirical probabilities

of heatwave occurrence across the simulated scenarios,
reflecting the underlying climatological patterns captured by the
model rather than a specific predictive outcome for a given
future year.The results reveal a marked seasonal pattern in
heatwave probabilities. The highest probabilities are observed

density does not reveal a strong systematic co-movement qyring the summer months, with July and August exhibiting the

between the sources, indicating that, under typical thermal
conditions, high (or low) outcomes in one source do not
impose statistically meaningful constraints on the other. In
contrast, during heatwave months (HW=1), the heatmap
geometry changes more markedly, displaying increased
asymmetry and a support consistent with stronger negative
dependence (i.e., enhanced complementarity). In this
regime, it becomes relatively more likely to observe

combinations where higher solar generation is not
accompanied by simultaneously higher wind generation,
and vice versa. From an applied perspective, this implies
that heatwaves not only affect marginal properties (notably
by elevating and widening the distribution of solar

generation), but also reconfigure the joint dependence,
thereby altering the probability of specific renewable

supply combinations relevant for system planning,

largest values, both equal to 0.636. This indicates that, in the
simulated scenarios, heatwave conditions occur in
approximately 63.6% of realizations during these months. Such
behavior is fully consistent with the climatological
characteristics of Andalusia, a region known for intense and
persistent summer heat driven by high solar radiation,
subsidence associated with subtropical anticyclones, and limited
atmospheric instability.

Intermediate probabilities are identified in May (0.455),
October (0.364), and December (0.400). These values suggest a
non-negligible likelihood of heatwave conditions during late
spring, early autumn, and, to a lesser extent, winter months. In
the Andalusian context, this pattern reflects the increasing
frequency of anomalously warm episodes outside the core
summer season, which has been documented in recent decades
and is often associated with large-scale circulation anomalies
and background warming trends.

adequacy, and operational risk assessment. Hence, Figure
3 provides a key result by showing that, conditional on | ower probabilities are observed in June, September, and
heatwaves, the simulated joint distribution shifts and November (0.182), indicating transitional periods in which
reorganises, reinforcing that purely average-based heatwave occurrence is less frequent but still possible. The
assessments may overlook material regime-dependent lowest probability is found in March (0.091), corresponding to

changes in wind—solar complementarity.

BASELINE (2015-01 a 2025-11) — Heatmap (densidade) dos 2000 cenarios simulados
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early spring, when atmospheric conditions in southern Spain are
typically more influenced by mid-latitude disturbances and
milder temperature regimes.

Overall, the monthly probability structure displayed in Table 1
aligns well with the known seasonal climatology of Andalusia.
The concentration of high probabilities in July and August,
combined with reduced likelihood in late winter and early
spring, supports the physical plausibility of the simulated
scenarios. These results provide a coherent probabilistic
characterization of heatwave risk throughout the year, which is
particularly relevant for assessing the conditional impacts of
extreme temperature events on renewable energy generation
dynamics.
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Year Month p hat Future work could extend the framework to higher
2026 Jan 0,273

026 Feb 0.273 temporal resolutions or incorporate spatial dependence

2026  Mar 0,091 across multiple regions. Additionally, integrating climate

2026 A 0,273 . .

2026 Moy 0455 model projections could allow the assessment of how

2026  Jun 0,182 wind—solar dependence under heatwave conditions may

2026 Jul 0,636 H H

Soze  Aue  oese evolve under future warming scenarios. Nonetheless, the

2026  sep 0,182 copula-based methodology proposed here provides a

2026 Oct 0,364 H H H 1

2026 Nov o182 rqbust and _fle>_<!ble_ foundat!op for incorporating extreme

2026  Dec 0,400 climate variability into the joint modeling of renewable
Table I. - Probability of Heat Waves energy sources, contributing to more resilient energy

] system planning in a warming climate.
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