UNIVERSIDAD DE CONCEPCION
FACULTAD DE INGENIERIA

Doctorado en Energias

IMPACTO DE LA VARIABILIDAD CLIMATICA Y EL CAMBIO
CLIMATICO SOBRE EL POTENCIAL EOLICO EN AMERICA DEL SUR

Tesis para optar al grado de Doctor en Energias

Por: Lic. Ovidio Llompart Blanco

Profesor Guia: Dr. Héctor H. Sepulveda Allende

Profesor Co-guia: Dr. Martin Jacques Coper

Concepcion, Chile. Noviembre de 2025



© 2025 Ovidio Llompart Blanco. Se autoriza la reproduccion total o parcial, con fines académicos,

por cualquier medio o procedimiento, incluyendo la cita bibliografica del documento.



Universidad de Concepcion

Direccién de Postgrado

La Tesis de Doctorado en Energias titulada “Impacto de la variabilidad climética y el cambio climatico sobre
el potencial edlico en América del Sur”, del Sr. Ovidio Llompart Blanco y realizada en la Facultad de

Ingenieria, Universidad de Concepcion, ha sido aprobada por la siguiente Comision de Evaluacion:

Dr. Héctor H. Sepulveda
Profesor Guia

Universidad de Concepcion

Dr. Martin Jacques Coper
Profesor Co-guia

Universidad de Concepcion

Dr. Mauricio Aguayo
Miembro Comité de Evaluacion

Universidad de Concepcion

Dr. Octavio Rojas
Miembro Comité de Evaluacion

Universidad de Concepcion

Dr. Cristian Mattar
Miembro Comité de Evaluacion (Evaluador Externo)

Universidad de Chile

Dr. Alejandro Karelovic
Director Programa de Doctorado en Energias

Universidad de Concepcion




A mi mama, Magaly Blanco Quesada,

por todo su esfuerzo y dedicacion.



AGRADECIMIENTOS

Agradezco al Dr. Andrés Sepulveda, por haberme aceptado como su alumno y guiarme durante este proceso
de investigacion. Ha sido un camino largo y dificil pero su guia certera me ha permitido aprender y crecer
como profesional de las ciencias. Muchas gracias por su cercania y apoyo constante semana tras semana

durante estos tres afios.

Agradezco al Dr. Martin Jacques Coper, quien desde el primer momento ha sido una parte fundamental en
este proyecto. Contar con su apoyo ha sido muy enriquecedor y esencial para juntar todas las piezas del
rompecabezas. Muchas gracias por las horas de dedicacion y por compartir sus conocimientos en el

fascinante mundo de la Meteorologia.

A la Dra. Marieta Hernandez, mi amiga que me dio el primer impulso para empezar este doctorado y que
ha sido mi compaiiera de estudios, de tramites y de tantos momentos de incertidumbre y de alegrias. Me
alegro mucho por haber compartido este viaje contigo, sin duda alguna tu ejemplo y tu apoyo han sido

fundamentales para mi.

A Daniel, quien me ha acompanado durante todo este tiempo en las buenas y en las malas y que ha sido una
parte muy importante para poder llegar hasta aqui. Muchas gracias por tanta paciencia y por estar siempre

presente alegrando cada momento.

A Laura, mi amiga incondicional, por su ayuda desde el primer momento para comenzar el doctorado y

poder llegar a Chile en tiempos tan dificiles.

A mi amigo Yosvany, que me compartid los primeros codigos de programacion para poner en marcha toda

la maquinaria, y que ha sido siempre un gran apoyo.

A mi tia Lilliam, quien fue una parte fundamental en mi formacién como meteordlogo, el primer escalon

para poder llegar hasta donde me encuentro hoy.

A mis amigos Amanda, Yilian, Daily, Alejandro, Carlitos, Juan Carlos, Maibelin y Lazaro, muchas gracias

a todos por su ayuda y por hacer que, aunque estemos lejos, me sienta mas cerca de casa.

Finalmente, agradezco a la Agencia Nacional de Investigacion y Desarrollo [ANID 21210309] y al Centro
de Ciencia del Clima y la Resiliencia (CR)2 [FONDAP/ANID 1523 A0002] por el financiamiento de este

proyecto.



ABREVIATURAS

AO: Arctic Oscillation

AAO: Antarctic Oscillation

AEP: Annual Energy Production
CRM: Cumulative Raw Moment
EA: Eastern Atlantic Pattern
ENSO: El Nifio/Southern Oscillation
EOF: Empirical Orthogonal Functions
GCM: Global Climate Model
NAO: North Atlantic Oscillation
ONI: Oceanic Nifio Index

PAT: Patagonia - Antarctica Pattern
PC: Principal Component

PDO: Pacific Decadal Oscillation
R: Pearson Correlation Coefficient
RCM: Regional Climate Model
SAA: South Atlantic Anticyclone
SCA: Scandinavian Pattern

SLP: Sea Level Pressure

SPA: South Pacific Anticyclone
SST: Sea Surface Temperature
WPD: Wind Power Density
WS100: Wind Speed at 100 meters



CONTENIDO

RESUMEN ...ttt b bbbt et h bbbt b et b bt e bt b et e bt bt e bt bt e bt b et ene 12
ABSTRACT ..ottt b et b et b bbb bbbt ae b 13
ESTRUCTURA DE LA TESIS ..ottt ettt ettt sttt b 14
L INTRODUCCION .....oocviiimiiimmeiiiaeeeiaeseeese s 15
I.1. Energia edlica a escala SlODal ........cocuiiiiiiiiiieie ettt ettt et naee 15
1.2. Influencia del cambio climatico sobre el potencial @01ICO ........ccvevuieiiriirieiieiiee e 16
1.3. Influencia de la variabilidad climatica sobre el potencial €0liC0..........cocueruierieriieiiiieee e 19
1.4. Potencial edlico y variabilidad climatica en AmErica del SUT ..........cccuveieeierienieicie et 21
L.5. Problema de investigacion y novedad CIentifiCa ...........ocoueiiiiieiieiiiieee et 24
1.6, HIPOtESIS Y ODJELIVOS ...evvitiiiieiieiieteeite et et et et e et e s teseteste e st e st esaeesseessessaesseesseessesssesssesseesseenseansenssenssenssensenns 25
IL METODOLOGIA .......ooooooeeeee e 26
T 1. ATEA @ ESTUAIO ...vvoveveoecvee et 26
IL. 2. DIALOS .ttt ettt et ettt e b e e bbbt bt e e bt e e be e e bt e e bt e e bt e bt e e bt e e bt e sabe e ebeenanee 27
I1.3. MOAUIAAOTES CHIMALICOS .....euveutetietietietieitet ettt b ettt et et b e s bt bt e bt e st et e st e b e s bt sbeebeeneeneeneebenee 29
I1.4. Analisis EOF y relacion de WS100 con los moduladores climaticos .........cceeruierueroierienienieniieieeeeieeiieeieene 30
I1.5. Célculo de WPD y variaciones €n €l fUtUrO ..........ccevciiiiiiiiiiiiicie ettt sreeneens 30
I1.6. Estimacion de 1a energia enerada............ooveiuiiiieiieie ettt sttt nneen 32

III. EVALUACION DE LA VARIABILIDAD DE LA VELOCIDAD DEL VIENTO Y SUS MODULADORES

CLIMATICOS EN AMERICA DEL SUR USANDO SIMULACIONES DE CMIP6 (1980 —2014) ........cc.ccc.......... 35
RESUIMICIL. ...ttt e bttt et e e b bt e h et e s a e b sb e et e eseene e e e e ene s 35
N o1 1 o1 PRSI 37
IIL T, IETOAUCTION ..ottt sttt sttt s b et b et s b et s b et s b et eene 37

L N TG 7 (T TSRS 40
TI1.2. MENOAOLOZY ...vevvieiiiieitieieeie ettt ettt ettt et e e st e st e s aeesae e beesaeesaeessessaessaessaessaessesssesssesseenseesseesseassanssenseens 42
TIL.2. 1. DIBLA .ttt ettt etttk b et b et et s et et h b e e st b e e st b et s bt en bt en bt ne s nenes 42
II1.2.2. AtMOSPNETIC PAILETIIS ...eeevieeerieierieeiteerteeeteesteeseteeseteessseessseessaeessseessseesssaessseessseessseesssesssseessseensseesssesnsses 43
I11.2.3. EOF analysis on WS100 and relationships with the atmospheric patterns ............ccoccvverervereecuenencnnns 46
TTI.3. RESUILS ..ottt b ettt b s ae bt st ese et a e b et eb et sa e b e 46
I11.3.1. Representation of the atmOSPheric PAttEINS. .........cecveriiriiriiriririeietee ettt 46
II1.3.2. EOF analysis and relationship with the atmospheric patterns. ........c.cccceeeeiierviieniiencieeeeeeeeeeeeen 50
I11.3.3. Relationship with the SLP fleld .......c..cocoiirininiiiiiiiiencc et 54
T4, DIISCUSSION ..ueviniiiiieetieieet ettt ettt ettt ettt ettt s et b e s bt e a e bt e e et et e b s aeebe e st ese et e s e besaeebe e st ennennenaennesas 62
I11.4.1. Influence of the atmospheric patterns on WS100 behavior .........ccccoevirininirieiiniinininnceecreeeeen 64



TIL.5. COMNCIUSIONS ...eeiiiiieiiiieie e ettt e e e e e e et et e e e e e et eeeeeeseeenmataeeeeeeeseastasaeeeeessaasaaeseeseessensnsssenseesseannnees 67
RETETEINCES ...ttt e et e et e e e et e e e et e e e eeaaaeeeeeteeeeenaeeeeeeaaeeeeentreeeennneeeeeaeeeeaareeeana 70
SUPPLEMENTArY MALETIAL ......eoitiiiieiiiieee ettt b ettt ettt e et e st et e e e e e bt eneesheenbe e beeeeenes 77

IV. EVALUACION DE LA VARIABILIDAD CLIMATICA FUTURA QUE AFECTA A LA ENERGIA EOLICA Y
SUS IMPLICACIONES PARA LA GENERACION ENERGETICA EN AMERICA DEL SUR USANDO

SIMULACIONES DE CMIPO .....c..oiuiiiiiiieititieteteteteste sttt sttt st st sb ettt be bt bt et et e enaeenes 87
RESUIMIEIL. ...ttt et e s a e sa bt e e at e s et e e ab e e sat e e s bt e e sabeeeabeesabeesabeesateennneenas 87
AADSTIACE ..ttt h e bbbt e et h e bbbt et et e bbbt bt bt e st et et nh e bt bt eh e ea s et ebe st 89
| A R 2 (0T 11 3 )3 OO USSP USRRTRRRPRRRR 89

IV L L. SEUAQY GICA ...eviiiiiieiieie ettt ettt ettt et e st e steeste e beesbeesseessessaesseessaesseessessaesssesseesseanseassenssenssensaans 91
| A Y (571 T Ta 1) Lo 2SR PRSI 94
TV.2 T DA ettt ettt et h bbbt et st sha e s he e bbbt et eatesaeenaeen 94
IV.2.2. Future WPD variations and selection of regions of iNterest...........ccveriererreriienieriereerie e 96
IV.2.3. Climate modulators and their influence on WS100 and WPD ........ccccccoiiiiiiiiiiiniiinneccceeeee 97
IV.2.4. Estimation OF AEP .......ooiio ettt ettt ettt saee s et e s bt e et enteenteeneesneanaeens 97
TV.3L RESUILS ettt s e e bbbt ea et e e s bt e bt e bt eh e eb e e st et e sb e e bt e bt ebteneen b e beneebes 100
IV.3.1. WPD changes in the future compared to the historical period...........ccceeoeiierieiiiiieieeeeeee e, 100
IV.3.2. WS100 behavior in the regions of interest during the historical period..........ccccoevvvecveeieniienienreenenen. 103
IV.3.3. Climate modulators behavior in the future and influence on WPD in the regions of interest............... 104
IV.3.4. Estimation of Weibull PDFs and future changes in AEP ..........ccccoeiviiiiiiiiniceccceeeeeee e 109
TV DISCUSSION. ¢ .eeutteutieuteeiieetie et e it e ste e et et e st e eaee e st e st e st eateemteeseeemeess e e st enseemseemeeemeees e e s eanseenseenseemsesneesneesneenseenseenes 113
IV.4.1. Future changes in WPD and influence of climate modulators............ccccceevveriieriieiieieeienieieeve e 113
IV.4.2. Future changes i AEP .........ooi ettt ettt en et e b e teeneeeneas 116
TV.5. CONCIUSIONS ..ttt ettt b et et et s bt e bt e bt ea e a e et e e bt eb e ebeeh e esten s e b e st e ebeabeebeemeensenseneenes 117
LSS 3 (3 1 TP 119

V. DISCUSION GENERAL ......ccestvimuiiimmriimneesssessesesseseseesssessssesssse st st ess e ssse st sss st ssssssssnsssses 126
V.1. Influencia de los moduladores climaticos sobre WS100 durante el periodo historico ..........cceoeveereeneeenennne. 126
V.2. Variaciones futuras de WPD y AEP e influencia de los moduladores climaticos ...........ccceeveeververeenneenennn. 128

VI. CONCLUSIONES GENERALES .......octiittititrt ettt ettt ettt este st ete st sessesseestessessessesseesaeseassensensensessenses 130
VI.1 Continuidad de 1a INVESHZACION .......ccuveiieriieiieieeeeetieeteete et etesee e e ste e bt esseeseeeseessaesseesseessesssesssesssesseessennns 131

REFERENCIAS GENERALES. ..ottt ettt ettt ettt ttetae st e s esbesseesesseestessessassesseesesseassessassansensensas 133



INDICE DE TABLAS

II. METODOLOGIA
Tabla II.1. Informacion sobre los modelos de CMIP6 utilizados .........co.vviiiiiiiiiiii e 28

III. EVALUACION DE LA VARIABILIDAD DE LA VELOCIDAD DEL VIENTO Y SUS MODULADORES
CLIMATICOS EN AMERICA DEL SUR USANDO SIMULACIONES DE CMIP6 (1980 — 2014)

Table III.1. Information of each CMIP6 model used in the study.............c.cooiiiiiiiiii e 43
Table II1.2. Magnitude of monthly and seasonal correlations between a) SAA index and PC1 for REGI1, and b)
AAO index and PC2 for REG3. ... 51

Table I11.3. Monthly and seasonal correlations of a) PAT index and b) SPA index with the PC1 that results from the
EOF decomposition for REG3 ... ... ot e e et e ettt e e e ans 59
Table II1.4. Monthly and seasonal correlations of the SPA, SAA and PAT indices with the ONI and AAO
IIAICES ..ottt e e e 62
Table II1.S1: Magnitude of monthly and seasonal correlations between PCs and each subregion analyzed.........85

Table II1.S2: Correlations between climate indices and PCs for the new regions considering Chilean and
Argentinean Sides SEPATALCLY .. ... ... .uiii it 86

IV. EVALUACION DE LOS MECANISMOS FUTUROS DE VARIABILIDAD DEL POTENCIAL EOLICO Y SUS
IMPLICACIONES PARA LA GENERACION ENERGETICA EN AMERICA DEL SUR USANDO
SIMULACIONES DE CMIP6

Table IV.1. CMIP6 global Models USEd.........o.iiniiriiiiii et e e ae e eanns 95

Table IV.2. Differences in AEP (one turbine) and capacity factor (CF) calculated from hourly ERAS5 data and those
calculated from estimated PDES. ..ottt e e e e 110

Table IV.3. Future percentage differences in AEP compared to the historical period 1980-2014. Estimated values
are shown in bold, and the associated error is shown in the adjacent column (based on ERAS estimations over the
hiStOrical PEriOd) ... .ot 113



INDICE DE ILUSTRACIONES

. INTRODUCCION

Figura I.1. a) Capacidad instalada de energia edlica terrestre en América del Sur, distribuida seglin la divisién
regional de cada pais. b) Evolucion de la capacidad edlica terrestre instalada en América del Sur durante la década
20015 = 2024 . .o 22

II. METODOLOGIA

Figura II.1. a) Distribucion de la velocidad del viento a 100m sobre América del Sur y las subregiones
seleccionadas. b) Diagrama representativo del campo de viento a 100m sobre el area de estudio y los principales
patrones atmosféricos que influyen sobre su COMPOItAMICNLO. ............uveiiiiieriieiieieie e eeereeeesreereeeeseeeeee e seees 27

III. EVALUACION DE LA VARIABILIDAD DE LA VELOCIDAD DEL VIENTO Y SUS MODULADORES
CLIMATICOS EN AMERICA DEL SUR USANDO SIMULACIONES DE CMIP6 (1980 — 2014)

Figure III.1. a) Climatology of wind speed at 100m over South America; b) Historical behavior of monthly WS100
for each subregion, and c¢) Annual cycle of WS100 for each SUbregion. .........ccccoeceeeiiriinieiiieiieeee e 41

Figure II1.2. Historical series and spatial footprints of SPA, SAA, ONI and AAO indices over the SST and SLP
FIELAS. ettt bbbt b st h et b bbbt a e bt r et 45

Figure I11.3. Violin plots showing the values distribution of each index during 1980-2014: a) SPA, b) SAA, c¢) ONI,
Y3 Lo I ) 2V X TR SRST 47

Figure I11.4. Seasonal cycle of SPA, SAA (considering SLP monthly mean values of the anticyclone center, without
removing the seasonal cycle), El Nifio and La Nifia during 1980-2014. ..........ccovveviieiiiiiieiieriereeie e 48

Figure IIL.5. Spectral power curves of the Wavelet analysis for the SPA, SAA, ONI and AAO indices during 1980-

Figure I11.8. Monthly and seasonal correlations between PC1 and the SLP and WS100 fields for REG2 and REG3
AUEING 1980 = 2014 ..otttk h et b ekttt ekttt ekt b et 55

Figure I11.9. a) WS100 field and SLP that correspond to the lower 10% of the PC1 time series for REG2. b) same
as before but corresponding to the top 10%. ¢) WS100 anomaly field and SLP anomalies that correspond to the
lower 10% of the PC1 time series. d) same as before but corresponding to the top 10%.........cccceverererceenicnicncnne. 56

Figure I11.10. a) WS100 field and SLP that correspond to the lower 10% of the PC1 time series for REG3. b) same
as before but corresponding to the top 10%. ¢) WS100 anomaly field and SLP anomalies that correspond to the
lower 10% of the PC1 time series. d) same as before but corresponding to the top 10%......cc.coceovenerercveicicncnne. 58

Figure I11.11. EOF1 maps corresponding to PC1 for REG3 in summer and winter during the historical period 1980-

10



Figure III.12. Monthly, summer and winter EOF maps and PCs explained variance for ERAS5 reanalysis
corresponding to cases when significant relationships with climate indices were found. ..........cccoeoeriniinencene 61

Figure III.S1. Superior limit of the red noise spectrum for each index time series simulated from CMIP6

TNOAEIS. ..o e 77
Figure I11.S2. Spatial footprints of SPA index over the SST and SLP fields.............cooooiiiiiiiiii, 78
Figure II1.S3. Spatial footprints of SAA index over the SST and SLP fields..........c.c.cocoviiiiiiiiiiiiinin . 79
Figure I11.S4. Spatial footprints of ONI index over the SST and SLP fields..............coooviiiiiiiiiiiiiin, 80
Figure II1.SS5. Spatial footprints of ONI index over the SST and SLP fields.............c.c.cooiiiiiiiiininenl81
Figure II1.S6. SST anomalies associated with extreme EI Niflo events............cocoviiiiiniiiiiiiniiininnen 82
Figure II1.S7. SST anomalies associated with extreme La Nifia events..............oooeiiiiiiiiiiiiiiiiniinieneee 83
Figure I11.S8. CMIP6 models validation based on available observational datasets.....................cccceceeeeneenee... 84

IV. EVALUACION DE LOS MECANISMOS FUTUROS DE VARIABILIDAD DEL POTENCIAL EOLICO Y SUS
IMPLICACIONES PARA LA GENERACION ENERGETICA EN AMERICA DEL SUR USANDO
SIMULACIONES DE CMIP6

Figure IV.1. a) Distribution of WPD at 100m in South America. b) Representative diagram of the 100m wind field
and its main large-scale modulators OVer SOUth AMETICA. .........ccvvvcviiieiieriierie ettt ste e ebeeaesae e e sseenseenns 91

Figure IV.2. The power curve of the Vestas V126-3.45 MW wind turbine used as a reference for calculating AEP.

Figure IV.3. Mean WPD for the period 2030-2069, changes in WPD and percentage changes in WPD, considering
the ensemble Of all CIMIPO MOAEIS.........eiiiiiiiiieiieciieeiee ettt e et esve e e be e sbeessbeesebeessseessbeassseesnseeansenans 101

Figure IV.4. Mean WPD for the period 2070-2099, changes in WPD and percentage changes in WPD, considering
the ensemble Of all CMIPO MOEIS.......cc.coiiiiiiiiiniiniiniieei ettt ettt sttt 102

Figure IV.5. Annual cycle of WS100 anomalies and distribution of the WS100 monthly anomalies in the regions of
interest during the historical period 1980-2014 . .........co ittt e seeas 104

Figure IV.6. Behavior of the annual cycle of the positive phase, the negative phase and distribution of the monthly
anomaly series of the climate indices analyzed during the period 2015-2099. ........cccccoveviieiieienienieeee e, 105

Figure IV.7. Correlation coefficients between WS100 and the climate modulators that influence each region. .. 106
Figure IV.8. Trend in the annual WPD series and the atmospheric patterns over the period 2015-2099.............. 108

Figure IV.9. Comparison between Weibull PDFs estimated using the method of moments from daily mean data and
those calculated from hourly data. Annual wind generation curves calculated from PDFs estimated using the
method of moments and those calculated from hourly data. ............cocceviiiiiiiiiininineeeee 110

Figure IV.10. Weibull PDFs estimated by the method of moments for each region during the historical period 1980—
2014, the period 2030-2069, and the period 2070—2099........cc.coceririririeiininneeeeetetee et 111

Figure IV.11. Wind power generation curves for each region during the historical period 1980 — 2014, the period
2030 — 2069 and the period 2070 — 2099. .....c..cciriiiiriiiieteeree ettt 112

11



RESUMEN

La energia eodlica terrestre es una de las fuentes renovables con mayor participacion en la matriz
energética global. Sin embargo, las redes eléctricas estan cada vez mas expuestas a su variabilidad
intrinseca. Este trabajo evalua la influencia de diferentes patrones atmosféricos de gran escala sobre
la variabilidad de la velocidad viento a 100m (WS100) y la densidad del potencial e6lico (WPD)
en América del Sur, y su impacto sobre la produccién anual de energia (AEP) en el futuro. Se
utilizaron datos de 14 modelos climaticos globales de CMIP6 y de reanalisis del ERAS para el
periodo historico 1980 - 2014 y los periodos futuros 2030 — 2069 y 2070 — 2099 bajo el escenario
SSP2-4.5. Se aplico un andlisis de funciones ortogonales empiricas (EOF) sobre WS100 en
regiones seleccionadas y se calcularon las correlaciones con los principales patrones atmosféricos
que influyen sobre el clima de la region. Se calcularon las variaciones de WPD con respecto al

periodo historico y se estimaron las diferencias futuras de AEP en las regiones mas impactadas.

Seglin nuestros resultados los principales cambios en WPD y AEP se concentran en dos regiones
fundamentales: el nordeste de Brasil y la Patagonia. Encontramos que el Anticiclon del Atlantico
Sur (SAA) es el principal modulador de WS100 sobre el nordeste de Brasil dado por una
correlacion positiva, por lo que el aumento en la intensidad del SAA provoca un aumento de WS100
en dicha region. Por otra parte, descubrimos un patrén al que denominamos Patron Patagonia -
Antartica (PAT), y que constituye el principal modulador de WS100 sobre la Patagonia, dado por

una correlacion negativa, por lo que la fase positiva del PAT provoca una disminucion de WS100.

Se prevé un aumento significativo de WPD de mas del 30% para 2099 en el nordeste de Brasil,
asociado principalmente a una tendencia positiva del SAA, mientras que se proyecta una
disminucién de hasta un -20% en la Patagonia asociada a una tendencia positiva en el PAT. Estos
cambios equivalen a un aumento de AEP de hasta un 18% para 2069 y un 37,6% para 2099 en el
nordeste de Brasil, mientras que en la Patagonia se proyecta una disminucion de hasta un -33,6%
para 2069 y un -33,8% para 2099. La principal contribucién de este trabajo es que permite
comprender los mecanismos atmosféricos que influyen en las variaciones a largo plazo de WPD y
AEP. Esto es de gran relevancia para la industria e6lica en la planificacion del sistema y la

evaluacion de riesgos en proyectos edlicos actuales y futuros en América del Sur.
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ABSTRACT

On-shore wind energy is one of the renewable sources with the largest share in the global energy
mix. However, electricity grids are increasingly exposed to their intrinsic variability. This work
evaluates the influence of different large-scale atmospheric patterns on the variability of 100m
wind speed (WS100) and wind power density (WPD) in South America, and their impact on future
annual energy production (AEP). Data from 14 CMIP6 global climate models and ERAS reanalysis
were used for the historical period 1980-2014 and the future periods 2030-2069 and 2070-2099
under the SSP2-4.5 scenario. An empirical orthogonal function (EOF) analysis was applied to
WS100 in selected regions, and correlations with the main atmospheric patterns influencing the
region climate were calculated. WPD variations relating to the historical period were calculated,

and future AEP differences were estimated in the most impacted regions.

According to our results, the main changes in WPD and AEP are concentrated in two key regions:
northeast Brazil and Patagonia. We found that the South Atlantic Anticyclone (SAA) is the main
modulator of WS100 over northeast Brazil, with a direct relationship, such that an increase in SAA
intensity causes an increase in WS100 and vice versa. We discovered a pattern centered in the
Drake Passage, which we named the Patagonia-Antarctica (PAT) pattern, which constitutes the
main modulator of WS100 over Patagonia. The positive phase of the PAT causes a decrease in

WS100 and vice versa.

A significant increase in WPD of more than 30% is projected by 2099 in northeast Brazil, mainly
associated with a positive SAA trend, while a decrease of up to -20% is projected in Patagonia
associated with a positive PAT trend. These changes are equivalent to an AEP increase up to 18%
by 2069 and 37.6% by 2099 in Northeast Brazil, while in Patagonia a decrease up to -33.6% by
2069 and -33.8% by 2099 is projected. The main contribution of this work is that it allows an
understanding of the atmospheric mechanisms influencing long-term variations in WPD and AEP.
This is of great relevance to the wind industry in system planning and risk assessment for current

and future wind projects in South America.
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ESTRUCTURA DE LA TESIS

A continuacion, el cuerpo de la tesis estd estructurado de la siguiente forma:
Capitulo I. Introducciéon

En este capitulo se aborda el contexto cientifico y la relevancia del tema, se plantea el problema

de investigacion, la hipotesis y los objetivos especificos propuestos para darle solucion.
Capitulo II. Metodologia

En este capitulo se describen las principales caracteristicas fisico-geograficas del area de

estudio, los datos utilizados y la metodologia de investigacion.

Capitulo III. Evaluacion de la variabilidad de la velocidad del viento y sus moduladores climaticos

en América del Sur usando simulaciones de CMIP6 (1980 —2014)
En este capitulo se muestran y discuten los resultados correspondientes al objetivo especifico 1.

Capitulo IV. Evaluacion de los mecanismos futuros de variabilidad del potencial edlico y sus

implicaciones para la generacion energética en América del Sur usando simulaciones de CMIP6

En este capitulo se muestran y discuten los resultados correspondientes a los objetivos

especificos 2 y 3.
Capitulo V. Discusion general

En este capitulo se discuten de forma general los resultados encontrados en la investigacion y

el cumplimiento de la hipdtesis planteada.
Capitulo VI. Conclusiones generales

En este capitulo se presenta una sintesis de los principales resultados de la investigacion en

forma de conclusiones de la tesis.
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L. INTRODUCCION

I.1.  Energia eolica a escala global

La energia eodlica terrestre es una tecnologia probada y madura con una extensa cadena de
suministro global, segin la Agencia Internacional de Energia (IEA) (https.://www.iea.org). Al cierre
de 2024 los paises con mayor capacidad de energia eolica terrestre instalada son China (482,646
MW), Estados Unidos (152,981 MW), Alemania (63,608 MW), la India (48,163 MW) y Brasil
(32,959 MW), seguidos de Espafia (31,806 MW) y Francia (23,105 MW), lo cual representa cerca
del 80% de la capacidad total instalada a nivel mundial segtn el reporte de IRENA (2025). En 2023
la generacion de energia edlica aument6 en 216 TWh (un 10% mas que el afio anterior), alcanzando
mas de 2330 TWh, de acuerdo con la IEA. China fue responsable de dos tercios de las adiciones
de capacidad de energia edlica mundial en 2023. Otros paises y regiones que estan logrando un
progreso notable en esta tecnologia incluyen: la Union Europea, con 15 GW anadidos en 2023 y
Estados Unidos que incluy6 una nueva y generosa financiacion para la energia eolica, segun

informa la [EA.

Para aumentar ain mas la participacion de la energia edlica en la matriz eléctrica y lograr el
Escenario de Emisiones Netas Cero para 2050, propuesto por las Naciones Unidas a partir del
Acuerdo de Paris (https://www.un.org), existe una gran necesidad de expansion de la energia edlica
(IRENA, 2025). Sin embargo, la variabilidad espaciotemporal del recurso edlico atin complica la
evaluacion precisa de su disponibilidad (Correia et al., 2017; Jung & Schindler, 2020). Las
condiciones atmosféricas y la geografia local intervienen en la generacion edlica a través de su
papel rector en el comportamiento del viento (Ohba et al., 2016), por lo tanto, de las cargas de las
turbinas edlica. La energia eo6lica que potencialmente puede ser cosechada por los aerogeneradores
se estima a través del potencial eodlico (Koletsis et al., 2016). Dado que la densidad del potencial
eolico depende directamente del cubo de la velocidad del viento (Manwell, 2009), un pequeio
cambio en la velocidad del viento puede tener consecuencias sustanciales para la generacion edlica

(Li et al., 2022; Tian et al., 2019).
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El potencial e6lico depende en gran medida de la fuerza de los vientos cercanos a la superficie (Li
et al., 2022), que estan determinados por la variabilidad de la escala sindptica y los procesos locales
(Ohba et al., 2016), como los relacionados con la orografia. Por lo tanto, si el cambio climatico
altera no solo el flujo a gran escala (Chen, 2020), sino ademas las condiciones locales (Jung &
Schindler, 2020), también puede alterar los recursos edlicos disponibles y, de hecho, se ha
demostrado que esto ya ha sucedido (Davy et al., 2018; Tian et al., 2019). En términos de la
operacion de un parque edlico y su integracion en la red, la variabilidad de la velocidad del viento
en una escala de tiempo breve, como la variabilidad diurna o sindptica, es vital y, por lo tanto, debe
pronosticarse (Brayshaw et al., 2011a). Sin embargo, cuando se trata de la seleccion de los sitios
de emplazamiento de los parques eolicos en regiones con gran diversidad geografica y climatica,
la variabilidad a escalas espaciotemporales mayores se convierte en una preocupacion importante

(Alonzo et al., 2017; Tian et al., 2019).

I.2.  Influencia del cambio climatico sobre el potencial edlico

El cambio climatico supone un riesgo potencial para la produccion de energia edlica, ya que un
clima cambiante puede alterar la dindmica atmosférica y afectar los patrones de viento (Solaun &
Cerda, 2020). Una disminucion en la velocidad del viento causard una reduccion en la produccion
de energia, lo cual se refleja de forma mas marcada en sitios con bajos valores de velocidad media
del viento (Watts et al., 2017). En este contexto, es imperativo evaluar la susceptibilidad del
potencial edlico considerando las perspectivas climaticas (Solaun & Cerda, 2020). Esto tiene
importantes implicaciones en la seguridad energética, la mejora de la sostenibilidad global y la
economia (Zhang et al., 2019). Durante los ultimos afios y a raiz de esta problemadtica, se ha
realizado un vasto nimero de estudios para evaluar el comportamiento del viento en décadas

pasadas y analizar su evolucion a largo plazo en el contexto del cambio climatico.

A escala mundial se proyecta una futura reduccion del potencial edlico en muchas regiones del
hemisferio norte y se considera posible un aumento en el hemisferio sur con variaciones regionales

sustanciales (Karnauskas et al., 2018). De hecho, esta tendencia ha venido manifestandose desde
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las ultimas décadas con una disminucién del potencial edlico de mas del 30% en América del Norte,
Europa y Asia desde 1979 (Tian et al., 2019). Aunque en general diferentes autores consideran que
una variacion del 10% o mas en el potencial edlico es significativa en términos de la produccion
de energia eolica (De Jong et al., 2019; Tian et al., 2019), diferentes escenarios futuros conducen a
una reduccion de hasta un 35 % de la densidad del potencial edlico en el norte de Europa continental
y el Mediterraneo central (Martinez & Iglesias, 2021). Segin Jung & Schindler (2020), el cambio
climatico conducira a un probable aumento del potencial edlico en la mayor parte de Brasil,
Sudéafrica y Australia Oriental. A escala de las turbinas edlicas también se han realizado numerosos
estudios que coinciden con estas proyecciones y que ofrecen beneficios practicos para la evaluacion
del potencial edlico bajo los impactos del cambio climatico (Gugliani et al., 2021; Islek et al., 2020;

D.-Y. Kim et al., 2021; Weber et al., 2018; Wilkie & Galasso, 2020).

Es obvio que existe una tendencia contraria de la velocidad media del viento entre los hemisferios
norte y sur. En ambos casos, los cambios en la velocidad media del viento se deben principalmente
a cambios en los gradientes de temperatura (Karnauskas et al., 2018): en el hemisferio norte, es
principalmente el gradiente de temperatura meridional entre la region polar y las latitudes medias
lo que provoca valores altos de velocidad del viento. En el hemisferio sur, es el flujo de aire
inducido por el gradiente de temperatura tierra-mar el que conduce a valores altos de velocidad
media del viento (Karnauskas et al., 2018). Por un lado, se prevé que el gradiente de temperatura
meridional disminuya, porque el cambio climatico conduce a un mayor aumento de la temperatura
en las regiones polares en comparacion con las regiones de latitudes medias. Por otro lado, la
velocidad y la cantidad de calentamiento de la tierra y el mar es diferente, lo que resulta en un

mayor gradiente de temperatura entre la tierra y el mar en el hemisferio sur (Jung & Schindler,

2020).

Para estudiar el impacto del cambio climatico en los sistemas de generacion eolica, los modelos
climaticos son la Unica herramienta capaz de producir proyecciones de cambios futuros en
respuesta a las emisiones de gases de efecto invernadero (Soares et al., 2017). El Proyecto de Inter-
Comparacion de Modelos de Clima Acoplados Fase 5 (CMIPS5) presentado en 2014 por el Panel
Intergubernamental sobre Cambio Climatico (IPCC) agrupa modelos climéaticos globales (GCMs,

del inglés global climate models) disefiados para mejorar nuestro conocimiento del cambio
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climatico. Estos modelos adoptan cuatro Trayectorias de Concentracion Representativas (RCP, del
inglés Representative Concentration Pathways) de gases de efecto invernadero para evaluar
escenarios futuros: RCP2.6, RCP4.5, RCP6.0 y RCP8.5. El RCP4.5 es un escenario medio,
mientras que el RCP8.5 asume un alto crecimiento demografico y una alta demanda energética sin

politicas de cambio climatico (Chen, 2020).

Una herramienta comun derivada de los GCMs para explorar los impactos del cambio climatico en
los recursos renovables son los modelos regionales del clima (RCMs, del inglés Regional Climate
Models). Estos tienen la ventaja sobre los GCMs de que permiten captar los cambios con una mayor
resolucion espacial y temporal brindando resultados mas detallados (Davy et al., 2018). El
Experimento Coordinado de Escalado Regional del Clima (CORDEX, por sus siglas en inglés),
proporciona un conjunto de RCMs con simulaciones histdricas y proyecciones futuras basadas en
el CMIPS5, y ha sido utilizado en muchos casos para estudiar los efectos del cambio climatico
regional en el potencial edlico (Chen, 2020; Gao et al., 2019; Solaun & Cerda, 2020). Sin embargo,
debido a su reducido dominio, los RCMs pudieran presentar una limitante cuando se necesita

informacion sobre ciertas areas geograficas, como las grandes cuencas ocednicas.

El sexto informe de evaluacion del IPCC cuenta con nuevos modelos globales CMIP6 de ultima
generacion y mayor resolucion espacial. Los escenarios actualizados se denominan Trayectorias
Socioecondémicas Compartidas (SSP, del inglés Shared Socioeconomic Pathways). Los SSP1-2.6,
SSP2-4.5, SSP4-6.0 y SSP5-8.5, dan como resultado niveles de forzamiento radiativo en el 2100
similares a los de su predecesor y ademas se incorporaron otros escenarios que describen
desarrollos socioecondmicos alternativos. Debido a que los modelos del CMIP6 son relativamente
recientes, existe un menor nimero de estudios que han utilizados estos modelos globales para
investigar el comportamiento futuro del potencial edlico (Akinsanola et al., 2021; Martinez &
Iglesias, 2021; Qian & Zhang, 2021) en comparacion con los que se basan en modelos del CMIPS5.
No obstante algunos estudios sobre el recurso edlico basados en el CMIP6 muestran diferencias

relevantes y avances en comparacion con las del CMIPS5 (Carvalho et al., 2021; Wu et al., 2020)
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[.3.  Influencia de la variabilidad climatica sobre el potencial edlico

Independientemente de la variacion gradual y progresiva ocasionada por el cambio climatico sobre
el recurso eodlico, la velocidad del viento varia en multiples escalas de tiempo (Brayshaw et al.,
2011a): de segundos a minutos, el ciclo diurno, el ciclo anual y variaciones interanuales que estan
asociadas a tendencias de largo plazo o de baja frecuencia. Los impactos de estas variaciones en
los sistemas eléctricos son diferentes seguin la escala de tiempo considerada. Las variaciones de
alta frecuencia (escala local a mesoescala) tienen implicaciones en los aspectos operativos de los
parques eolicos como control de frecuencia, seguimiento de carga, etc. (Brayshaw et al., 2011a),
mientras que las variaciones de baja frecuencia (gran escala) son importantes al considerar la
evaluacion del recurso edlico, la planificacion del sistema y el disefio a largo plazo (Alonzo et al.,

2017; Bianchi et al., 2022).

La variabilidad climatica natural del viento es causada por patrones u oscilaciones que se presentan
cada cierto tiempo (meses, afios, décadas) en la circulacion atmosférica a gran escala y que modulan
fuertemente su comportamiento (Ravestein et al., 2018); conocidos también como patrones de
teleconexion, puesto que influyen sobre el clima de diferentes regiones del mundo. Las redes
eléctricas estan cada vez mas expuestas a la variabilidad climatica debido a la incorporacion de
energias renovables como la e6lica (Ravestein et al., 2018), sin embargo, las oscilaciones climaticas
a menudo no se tienen en cuenta en las campanas de medicion para la instalacion de parques eodlicos
(Bianchi et al., 2022), aunque numerosas investigaciones han demostrado su influencia en el

recurso edlico y la generacion de energia.

Alonzo et al. (2017) investigaron una via para modelar parte de la variabilidad a largo plazo del
recurso edlico a partir del conocimiento del estado de la atmosfera a gran escala, con atencion en
Francia y sus alrededores. El estudio, basado en un andlisis de componentes principales sobre la
velocidad de viento entre 1979 y 2013 muestra claras relaciones con patrones de teleconexion como
la Oscilacion del Atlantico Norte (NAO), el Patron del Atlantico Oriental (EA), el patron

escandinavo (SCA) y el Segundo Patron Europeo (EU2).
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Correia et al. (2017) evaluaron el vinculo entre los patrones de circulacion atmosférica a gran
escala, el recurso edlico y la produccion de energia en Portugal. Los tres modos climaticos bajo el
foco son la NAO, el EA y el SCA, que se consideran los patrones de circulacion a gran escala mas
relevantes para el clima del suroeste Europa. El andlisis destaca la necesidad de comprender mejor
el vinculo entre los principales patrones de circulacion atmosférica y la produccion de energia
renovable, lo que aumenta su previsibilidad en diferentes escalas de tiempo. Garrido-Perez et al.
(2020) analizaron en Europa occidental la dependencia del recurso edlico de la circulacion
atmosférica a gran escala, representada por un conjunto de 8 patrones atmosféricos. El estudio
permitié comprender la evolucién de episodios especificos regionales con anomalias en la

produccion de energia edlica.

Li et al. (2022) investigaron los cambios del viento en superficie en el este de China utilizando
datos de observacion de estaciones meteorologicas y datos de reandlisis de Japon desde 1970 hasta
2019. Los resultados muestran una correlacion significativa con el indice del monzén de invierno
de Asia oriental, ademas, con cuatro patrones de circulacion atmosférica a gran escala, incluida la
Oscilacion del Artico (AO), la NAO, la Oscilacién Decadal del Pacifico (PDO) y El
Nifio/Oscilacion del Sur (ENSO). Mendoza et al. (2014) estudiaron los efectos de la PDO en el
clima de México durante el periodo 1948-2004, sobre los campos de anomalias de diferentes

variables. En el caso del viento se encontraron patrones consistentes con ambas fases de la PDO.

Brayshaw et al. (2011) calcularon la potencia generada por una turbina eo6lica, al correlacionar la
velocidad del viento en sitios especificos en el Reino Unido con un patrén del clima a gran escala
como la NAO. Se encontrd que las condiciones del viento bajo estos estados pueden producir una
diferencia en la potencia media del viento de hasta 10%. Cradden et al. (2017) hallaron una relacion
entre varias de las caracteristicas de produccion eolica, incluyendo factor de capacidad, rampa y
persistencia, y dos patrones atmosféricos a gran escala: la NAO y el EA. Usando una distribucion
de paneles fotovoltaicos y turbinas edlicas, Ravestein et al. (2018) encontraron que, aunque es
probable que el cambio climético tenga un impacto significativo en el futuro de la produccion
fotovoltaica y edlica en Europa, sus efectos, especialmente para la energia edlica, son superados

por el alto y fuertemente variable impacto de las fases de la NAO.
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Ohba et al. (2016) analizaron la relacion entre los patrones atmosféricos y la generacion de energia
eolica sobre Japon. El andlisis extrajo siete patrones tipicos que estan vinculados a la ocurrencia
frecuente de eventos de rampas de viento, definido como un cambio de potencia del 30% en menos
de 6 horas, lo cual resulta significativo en la generacion e6lica. En este sentido, Dalton et al. (2021)
investigaron el vinculo entre las rampas de viento y los patrones de circulacion atmosférica en.
Segun el estudio, que considera un parque edlico en Sudafrica, la variabilidad de la potencia media
difiere significativamente en funcion de la circulacion atmosférica. Los resultados de estos estudios
sugieren que la clasificacion detallada de los patrones de circulacion atmosférica y su vinculo con
el comportamiento del viento puede ser una herramienta util para estimar la variabilidad en la

generacion de energia e6lica futura.

[.4. Potencial edlico y variabilidad climatica en América del Sur

En América del Sur la generacion edlica terrestre ha experimentado un aumento vertiginoso en
algunos de sus paises durante la Giltima década, cuadruplicando su capacidad instalada (Figura 1b).
Los principales productores (Figura 1a) son: Brasil (32,959 MW), seguido de Chile (4,807 MW) y
Argentina (4,320 MW), luego se encuentran Uruguay (1,524 MW) y Peru (1,151 MW). Estos cinco
paises representan el 99.3% de la capacidad instalada total en la region al cierre del afo 2024, la

cual tuvo un crecimiento del 11.9% con respecto al afio anterior (IRENA, 2025).

Segun las proyecciones futuras se espera que el potencial edlico en América del Sur aumente
sustancialmente en la mayor parte de Brasil, y en algunas ubicaciones la generacion eolica podria
aumentar incluso en mas del 40% para 2080 (De Jong et al., 2019). Este resultado coincide con el
estudio de Karnauskas et al. (2018) que sefiala un aumento en la energia edlica para el este de Brasil
del 21% para 2050 y del 42% para 2100. De acuerdo con estos resultados y las proyecciones a nivel
global cabe la posibilidad de que en el resto de América del Sur ocurran variaciones de magnitud
similar (al menos £30%) en el futuro del potencial eodlico, aunque con marcadas variaciones
regionales producto de la gran diversidad geografica del territorio y la influencia de diferentes

moduladores de la variabilidad climatica.
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Figura 1. a) Capacidad instalada de energia edlica terrestre en América del Sur, distribuida segun la division regional
de cada pais. Elaborado segtin datos tomados de www.thewindpower.net. b) Evolucién de la capacidad edlica terrestre

instalada en América del Sur durante la década 2015 —2024. Elaborado segun los datos del informe de IRENA (2025).

Segun diferentes técnicas de analisis en América del Sur parece que la mayor parte de la variacion
de baja frecuencia reside en unos pocos modos globales: ENSO, PDO y la Oscilacion Antartica
(AAO) (Garreaud et al., 2009). EI ENSO es un fenomeno acoplado océano-atmosfera con raices
en el Pacifico tropical, caracterizado por fluctuaciones irregulares entre sus fases calidas (El Nifio)
y frias (La Nifia) con una periodicidad de entre 2 y 7 afios (Garreaud et al., 2009). El gradiente
zonal de temperatura superficial del mar (SST) ecuatorial impulsa los vientos del este sobre el
Pacifico tropical, y estos, a su vez, crean una SST fria sobre el Pacifico oriental, lo que resulta en

el fortalecimiento del gradiente de SST (Bjerknes, 1969).

La PDO a menudo se describe como un fendmeno similar al ENSO, porque las huellas climaticas
espaciales de ambos patrones tienen gran parecido. Las causas de la PDO y sus vinculos con el

ENSO aun no se comprenden completamente, especialmente en el caso del viento (Garreaud et al.,
2009).
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La AAO es el patron principal de variabilidad de la circulacion troposférica al sur de los 20°S y se
caracteriza por anomalias de presion de un signo centradas en la Antartida y anomalias del signo
opuesto en una banda circuglobal entre 40°S y 50°S (Thompson & Wallace, 2000). La fase positiva
de la AAO se asocia con una disminucién (aumento) de la presion superficial y de las alturas
geopotenciales sobre la Antartida (latitudes medias), asi como con un fortalecimiento y
desplazamiento hacia los polos de los vientos del oeste. Durante la fase negativa prevalecen

condiciones opuestas (Garreaud et al., 2009).

Segun Bianchi et al. (2017) tanto el ENSO como la AAO muestran sefales relevantes sobre la
velocidad del viento en la region austral de América del Sur. En un estudio mas reciente, Bianchi
et al. (2022) encontraron que el recurso edlico es mas sensible a la AAO, con una relacion negativa
y mas fuerte durante la primavera y el verano. En el caso de Chile, Watts et al. (2017) hallaron que
la fase célida del ENSO, reduce la velocidad del viento y la produccion de energia edlica en la
mayoria de los sitios del centro-norte de Chile, sin embargo, la magnitud y a veces el signo

dependen del sitio analizado y del mes en que ocurren los fenémenos.

Por otro lado, tanto el Anticiclon del Pacifico Sur (SPA) como el Anticiclon del Atlantico Sur
(SAA) son centros de alta presion semipermanentes con un ciclo anual marcado que alcanza su
maximo durante el invierno austral y modula fuertemente el clima de Sudamérica (Ancapichun &
Garcés-Vargas, 2015; Cabos et al., 2017). El SPA se centra sobre la cuenca del Pacifico Suroriental
e influye principalmente en la costa chilena, con un flujo predominante del suroeste (Ancapichun

& Garcés-Vargas, 2015).

El SAA afecta la cuenca tropical del Atlantico Sur, y su ciclo estacional esta controlado
principalmente por fuentes de calor convectivo sobre Sudamérica y el sur de Africa, y por la
interaccion entre la orografia con los vientos alisios del este y los vientos del oeste de latitudes
medias (Miyasaka & Nakamura, 2010; Rodwell & Hoskins, 2001). Estos mecanismos
fundamentales dan lugar a un SAA notablemente mas intenso durante el invierno austral que

durante el verano (Cabos et al., 2017).
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L.5. Problema de investigacion y novedad cientifica

Como muestran diferentes investigaciones, se han desarrollado estudios que reflejan un
comportamiento espaciotemporal relativamente robusto en los cambios futuros de la velocidad del
viento y el potencial edlico, basados en diversos escenarios de emision y simulaciones con distintas
resoluciones espaciales. Los resultados de dichas investigaciones muestran las regiones que pueden
beneficiarse o ser impactadas negativamente por el cambio climatico global. Sin embargo, la
mayoria de estos trabajos no son concluyentes sobre las causas de tales cambios y la creciente
variabilidad en la velocidad del viento y el potencial edlico, por lo que se deben realizar estudios

adicionales para explorar los mecanismos que influyen en la variabilidad del recurso eolico.

En muchos casos los efectos del cambio climatico son superados por el fuerte impacto de la
variabilidad climatica, por lo que son dos aspectos importantes a tener en cuenta. La mayoria de
las investigaciones que buscan estudiar las relaciones existentes entre el comportamiento del
potencial edlico y diferentes patrones atmosféricos se han desarrollado en Europa, Asia y
Norteamérica. En el caso de América del Sur los trabajos que buscan explorar las relaciones con
los patrones atmosféricos se han centrado en otras variables como la precipitacion o la temperatura.
Sin embargo, respecto al recurso edlico son pocos los analisis realizados en este sentido, los mismos

se basan en casos de estudio puntuales y por lo general s6lo analizan periodos de tiempo historicos.

Resulta evidente entonces que en la region de América del Sur aun existe una brecha entre los
cambios futuros en el potencial edlico y los mecanismos atmosféricos que provocan tales cambios.
Es por ello que la presente investigacion resulta novedosa, puesto que describe el comportamiento
del potencial edlico y la generacion de energia en el futuro bajo los efectos del cambio climatico,
y ademdas permite comprender cudles son los patrones atmosféricos que causan ese
comportamiento. Los resultados de este trabajo representan un valioso aporte al conocimiento
cientifico y permiten un mejor enfoque en el manejo de los recursos edlicos para aumentar atin mas

su participacion en la matriz energética regional y la transicion hacia las energias renovables.
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1.6. Hipotesis y objetivos

A partir del problema de investigacion se plante6 la siguiente hipotesis:

La variabilidad del viento en América del Sur ocasionada por los moduladores climaticos de gran
escala SPA, SAA, ENSO y AAO tendra un impacto de al menos +30% en el futuro potencial edlico

terrestre de la region bajo los efectos del cambio climatico considerando el escenario SSP2-4.5.
Para dar solucion al problema, el objetivo principal de la investigacion es, por tanto:

*  Analizar el impacto de diferentes moduladores climaticos sobre el potencial edlico terrestre

en América del Sur, bajo la influencia del cambio climatico.
Los objetivos especificos son:

1. Establecer las relaciones entre el comportamiento de la velocidad del viento y los

moduladores climaticos SPA, SAA, ENSO y AAO durante el periodo histérico 1980-2014.

2. Determinar las relaciones futuras entre la velocidad del viento y los moduladores climaticos
en las regiones con mayor variacion del potencial edlico durante los periodos 2030 — 2069 y

2070 —2099.

3. Estimar las variaciones futuras de la generacion de energia eolica en las regiones de interés

con mayor impacto de la variabilidad climatica durante los periodos 2030 —2069 y 2070 —2099.
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II. METODOLOGIA

I1.1. Area de estudio

Sudamérica presenta diferentes patrones climaticos y meteorologicos, debido a su considerable
extension austral y a su prominente orografia, que incluyen caracteristicas tropicales, subtropicales
y extratropicales. Con mas de 25000 km de costa, la regién tiene un gran potencial edlico,
especialmente a lo largo de las costas de Brasil, Colombia y el sur de Chile (Shadman et al., 2023).
La porcion occidental del continente estd rodeada por el océano Pacifico y estd fuertemente
influenciada por el Anticiclon del Pacifico Sur (SPA) y las perturbaciones extratropicales de los
vientos del oeste (Figura 1b). La porcidon oriental del continente estd rodeada por el océano
Atlantico, y la estacionalidad del campo de vientos se ve influenciada por diferentes fenomenos,
como la confluencia de los vientos alisios en el sector ecuatorial y la variabilidad del Anticiclon

del Atlantico Sur (SAA) (De Souza Ferreira et al., 2024).

La cordillera de los Andes discurre continuamente cerca de la costa occidental del continente y, por
lo tanto, representa un obstaculo importante para el flujo troposférico, con condiciones secas hacia
el oeste y condiciones himedas hacia el este en latitudes tropicales/subtropicales. La meseta
brasilefia también tiende a bloquear la circulacion de bajo nivel sobre Sudamérica subtropical
(Garreaud et al., 2009). Al sur de los 40°S, el flujo del oeste en niveles bajos prevalece durante
todo el afio sobre los océanos adyacentes y el continente. En particular, sobre el extremo meridional
de América del Sur y el Pacifico sur adyacente, los vientos del oeste son mas fuertes alcanzando

un maximo entre 45°S y 55°S (Garreaud et al., 2009).

Con base en la distribucion y explotacion del recurso edlico en América del Sur mencionada
anteriormente, se definieron tres subregiones de interés para el presente estudio (Figura 1a): REG1
(0°-20° S8, 33° - 50° O), que abarca el nordeste de Brasil; REG2 (17° - 37° S, 58° - 77° O), que
abarca principalmente el centro-norte de Chile y Argentina; y REG3 (37°-57° S, 55° - 80° O), que

se extiende sobre la Patagonia. Estas subregiones abarcan las areas donde se ubican la mayoria de
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los proyectos edlicos sudamericanos, correspondientes a los principales paises productores de

energia eolica de la region: Brasil, Chile y Argentina.
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Figura 1.a) Distribucion de la velocidad del viento a 100m sobre América del Sur y las subregiones seleccionadas. b)
Diagrama esquematico de la media anual del campo de viento a 100m y sus principales moduladores climaticos sobre

América del Sur. Fuente: datos de ERAS (1980 —2014).

I1.2. Datos

Se descargaron datos de velocidad del viento cerca de la superficie (10 m), presion a nivel del mar
(SLP) y temperatura superficial del mar (SST) de 14 modelos de CMIP6 (Tabla 1) para el periodo
historico 1980-2014 y los periodos futuros 2030 — 2069 y 2070 — 2099 bajo el escenario SSP2-4.5.
Diversos autores han utilizado los modelos climaticos globales de CMIP6 para estudiar el
comportamiento del recurso edlico (Carvalho et al., 2021; Deng et al., 2022; Qian & Zhang, 2021,
Wu et al., 2020; Zhang et al., 2019) y su relacién con diferentes patrones atmosféricos, como el
ENSO (Fredriksen et al., 2020; Liao et al., 2021). Estos modelos se basan en una serie de

trayectorias de emisiones nuevas y actualizadas que exploran una gama mucho més amplia de
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posibles resultados futuros que las incluidas en CMIP5. Dado que cada modelo tiene diferentes

proyecciones cartograficas y resoluciones, se definid, por conveniencia, una cuadricula horizontal

homogénea con una resolucion espacial de 1° x 1°, utilizando el método de interpolacion bilineal

implementado en el software Climate Data Operators (CDO), del Instituto Max Planck de

Alemania (Greene et al., 2019). Todos los pasos descritos para la preparacion y el analisis de datos

se implementaron con el software Mathworks® Matlab.

Tabla 1. Informacién sobre los modelos de CMIP6 utilizados. Mas detalle disponible en https://pcmdi.llnl.gov/CMIP6.

Resolucion (°Lon x °Lat)

Modelo CMIP6 Experimento  Referencia Pais de origen
Viento SST SLP
ACCESS-CM2 1.88x1.25 1.00 x 0.60 1.88x1.25 rlilplfl Bi et al. (2020) Australia
CanESMS5-CanOE 2.81x2.81 1.00 x 0.62 2.81x2.81 rlilp2fl Swart et al. (2019) Canada
CMCC-CM2-SR5 1.25x0.94 0.99 x 0.62 1.25x0.94 rlilplfl Cherchi et al. (2019) Italia
CMCC-ESM2 1.25x0.94 0.99 x 0.62 1.25x0.94 rlilplfl Lovato et al. (2022) Italia
CNRM-CM6-1-HR 0.50 x 0.50 0.25x0.17 0.50 x 0.50 rlilplf2 Voldoire et al. (2019) Francia
CNRM-ESM2-1 1.41x 1.41 1.00 x 1.00 141 x 1.41 rlilplf2 Séférian et al. (2019) Francia
FGOALS-f3-L 1.25x 1.00 1.00x 0.83 1.25x 1.00 rlilplfl He et al. (2020) China
FIO-ESM-2-0 1.25x 0.94 1.13x0.47 1.25x0.94 rlilplfl Bao et al. (2020) China
HadGEM3-GC31-LL 1.88x 1.25 1.00 x 0.55 1.88x 1.25 rlilplf3 Andrews et al. (2020) Reino Unido
INM-CM5-0 2.00x 1.50 1.00 x 1.00 2.00x 1.50 rlilplfll Volodin & Gritsun (2018) Rusia
KIOST-ESM 1.88 x 1.88 1.00 x 0.90 1.88x 1.88 rlilplfll Y. H. Kim et al. (2020) Corea del Sur
MIROC6 1.41x 1.41 1.00x 0.70 1.41 x 1.41 rlilplfl Shiogama et al. (2023) Japon
MIROC-ES2L 2.81x2.81 1.00 x 1.00 2.81x2.81 rlilplf2 Hajima et al. (2020) Japon
UKESM1-0-LL 1.88x 1.25 1.00x 0.55 1.88 x 1.25 rlilplf2 Mulcahy et al. (2023) Reino Unido

Los modelos globales de CMIP6 sélo proporcionan datos de velocidad del viento cercana a la

superficie (10m). La ley de potencia es un método usado comiunmente para extrapolar la velocidad

del viento v hasta la altura de la turbina h (Manwell, 2009; Tobin et al., 2015; Weber et al., 2018):

a
VA
vhzvo(h)
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donde o representa el exponente de cizalladura del viento, el cual es tipicamente igual a 0.143 (Li
et al., 2022; Tian et al., 2019). La altura de la turbina se establecié como z;= 100 m, mientras que
cerca de la superficie z, = 10 m. En lo adelante denominamos a la velocidad del viento a la altura

de la turbina v, como WS100.

I1.3. Moduladores climaticos

Para investigar el rol de los patrones de circulacion atmosférica en el comportamiento de WS100
en el area de estudio, se tomaron en consideracion dos sistemas semipermanentes que modulan el
clima de la region: el SPA y el SAA. Para establecer un indice que mide la intensidad del SPA,
calculamos las anomalias medias mensuales del SLP, entre 15° - 50° S y 150° - 70° O, que
corresponden al centro del SPA (Ancapichun & Garcés-Vargas, 2015). Las anomalias se calcularon
restando la media histérica (1980-2014) y luego eliminando el ciclo estacional. De manera similar,
se determiné el indice de intensidad del SAA para el area entre 10° - 40° S y 40° O - 10° E
(Liibbecke et al., 2014).

Como segundo paso, se analizd ademas la influencia de dos modos de variabilidad climatica con
gran influencia sobre la region: ENSO y AAO. En el caso del ENSO, se utilizo el indice ONI
(Oceanic Nifio Index), calculado como la media movil trimestral de las anomalias de SST en la
region del Nifio 3.4 (5°N-5°S, 120°-170°0). Para calcular el indice AAO, se utilizo la definicion
propuesta por Marshall (2003), basada en la diferencia en las anomalias normalizadas de SLP entre
las bandas latitudinales centradas en 40°S y 65°S. En ambos casos, se utilizo el algoritmo

desarrollado por (Greene et al., 2019) para Mathworks® Matlab.

Todos los indices seleccionados (SPA, SAA, ONI y AAO) se calcularon a partir de simulaciones
CMIP6, ya que cada modelo tiene sus propios forzamientos y se busco explorar las conexiones
entre la velocidad del viento y los indices seleccionados dentro de la variabilidad interna de cada
modelo. Los datos de reanalisis del ERAS, del Centro Europeo de Previsiones Meteorologicas a
Plazo Medio (ECMWF) se utilizaron como referencia para validar los indices obtenidos de los

modelos de CMIP6. ERAS se utiliza ampliamente para la validacion de modelos climaticos
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(Aramburo et al., 2022; Hayes et al., 2021; Olauson, 2018; Patel et al., 2022; Sakuru & Ramana,
2023; Soukissian et al., 2021).

En el caso de los indices ONI y AAO, los criterios de comparacion entre los resultados obtenidos
para cada modelo CMIP6 y los obtenidos mediante de reandlisis del ERAS5 fueron: la
correspondencia con el periodo historico 1980-2014, el periodo de retorno, la distribucion de los
valores del indice y las huellas espaciales en los campos de SST y SLP. Respecto a los indices SPA
y SAA, los criterios considerados fueron: la correspondencia con el periodo histérico 1980-2014,
la distribucién de los valores del indice, el comportamiento del ciclo anual y las huellas espaciales

en los campos de SST y SLP.

I1.4. Analisis EOF y relacion de WS100 con los moduladores climaticos

Para cada subregion, se aplicé un andlisis de funciones ortogonales empiricas (EOF) a las
anomalias mensuales (MON) y estacionales de verano (DJF) e invierno (JJA) de WSI100,
calculadas seglin el promedio historico durante el periodo 1980-2014. Esta técnica es 1til para
analizar datos de velocidad del viento y aislar sefnales climaticas especificas de series temporales
(Farjami & Hesari, 2020; Sinha et al., 2020; Wang et al., 2024; Watts et al., 2017; Zhou et al.,
2022). El analisis EOF proporciona patrones espaciales (designados en este estudio como EOF1,
EOF2, etc.) donde cada patrén corresponde a un vector de carga, que es linealmente independiente
de todos los demas, y sus respectivas series temporales se denominan componentes principales
(PC1, PC2, etc.). Tras el andlisis EOF, los PC obtenidos se correlacionaron con los indices SPA,
SAA, ONI y AAO utilizando series mensuales (MON) y estacionales (JJA y DJF, considerando
meses individuales). Para determinar el grado de correlacion entre los PC y los indices climaticos,

se utilizo el método de Pearson, estableciendo la significancia con un nivel de confianza del 95%.

IL.5. Célculo de WPD y variaciones en el futuro
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Luego de determinar la influencia de los principales patrones atmosféricos que determinan el
comportamiento de WS100 en las diferentes subregiones, se evalu6 el comportamiento de WPD
sobre el drea de estudio. WPD [W/m?] depende directamente de la velocidad del viento v (WS100)

al cubo y se calculé de acuerdo con la ecuacion:
1
WPD = Epv3 (2)

donde p [kg/m?] es la densidad del aire que, aunque algunas investigaciones la asumen como un
valor constante, en nuestro caso y dada extension y complejidad del area de estudio, la estimamos
de la siguiente forma (De Souza Ferreira et al., 2024; Sawadogo et al., 2021):
Zp )5.2624

45271
T

353.4 (1

IR

p 3)

donde z;, = 100m es la altura de la turbina y T es la temperatura del aire [K]. Dado que los modelos
climaticos no proporcionan temperatura del aire a 100m, esta variable se estimo teniendo en cuenta
la tasa vertical de la adiabatica saturada de la atmosfera, segiin la cual la temperatura del aire

disminuye aproximadamente a razon de 0.6°C cada 100m (De Souza Ferreira et al., 2024):
T =Tom — lsar 4)

donde T,,, [K] es la temperatura del aire cercana a la superficie (2m) y Iy, es la tasa vertical de la
adiabatica saturada de la atmosfera, que en este caso para una altura de 100m tiene un valor de [,

=0.6.

Luego de obtener la distribucion espaciotemporal de WPD a partir de WS100 sobre toda el area de
estudio para cada modelo se calcularon las diferencias de WPD medio en cada periodo futuro con
respecto al periodo historico. Puesto que el aporte de nuestra investigacion estd dirigido
fundamentalmente a la industria edlica, es importante encontrar aquellas regiones con cambios
significativos de WPD. Para ello establecimos un umbral de valor medio de WS100 > 3m/s, dado
que para valores de velocidad de viento inferiores las aspas de la turbina eolica usada como
referencia no se mueven (cut-in: 3m/s). De esta forma despreciamos aquellas areas donde WS100

tiene valores inferiores a 3m/s durante el periodo histérico y no presentan aumentos en el futuro.
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Esto nos permite tener en cuenta solamente las areas que se encontraban por encima de este umbral
y presentan cambios en el futuro, asi como posibles zonas que superaron dicho umbral y pudieran

considerarse como nuevas zonas de interés.

Después de calcular las diferencias determinamos las regiones con cambios significativos en WPD
y que tuvieran consistencia con al menos el 80% de los modelos analizados en cuanto al signo, es
decir, aumento o disminucién. Luego construimos la serie temporal de anomalias de WS100 medio
y comparamos con ERAS5 en el periodo histérico, teniendo en cuenta criterios como el
comportamiento del ciclo anual y la distribucion de las series, a fin de conocer el desempeio de
los modelos de CMIP6 para reflejar el comportamiento de WS100 en las regiones de interés.
Ademés, construimos la serie temporal de anomalias de WPD medio en cada region y analizamos
su tendencia para cada modelo hasta 2099 para compararla con la tendencia de los patrones

atmosféricos.

I1.6. Estimacion de la energia generada

Para calcular las variaciones de energia edlica anual media generada en los periodos futuros 2030-
2069 y 2070-2099 con respecto al periodo historico 1980-2014 es necesario conocer la distribucion
de frecuencias de la velocidad del viento media horaria para cada uno de los periodos. Una amplia
literatura ha reportado que la aplicacion de la distribucion de Weibull al modelar datos de velocidad
del viento reproduce adecuadamente el régimen de velocidad del viento. La funcion de densidad
de probabilidad de la distribucion de Weibull se expresa de la siguiente manera:

Fo) = () exp |- ()] )

Cc

donde v;, ¢ y k son la velocidad del viento media (WS100), el pardmetro de escala y el parametro
de forma respectivamente. Sin embargo, puesto que los datos de velocidad del viento que ofrecen
los modelos de CMIP6 en la mayoria de los casos tiene una resolucion temporal maxima diaria (3
horas en algunos pocos casos) es necesario estimar la distribucion de frecuencias horaria. Para ello

utilizamos la metodologia propuesta por (Shin et al., 2018) para estimar los parametros de la
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funcién de densidad de probabilidad de Weibull a partir de datos diarios, los cuales si disponemos

para los modelos utilizados, excepto para el CanESM5-CanOE y FGOALS-f3-L.

El método consiste en calcular primeramente los momentos acumulativos brutos (CRM) de ler y
2do orden de los datos de velocidad del viento correspondientes a escalas temporales mas gruesas.
Por ejemplo, si se dispone de datos de velocidad media diaria del viento (como en nuestro caso),
se calculan las velocidades medias del viento de escalas temporales mas gruesas (es decir, de 2, 3,
4, ...,y hasta 30 dias) agregando los datos de velocidad media diaria del viento. Se calculan los
CRM de los datos de velocidad media diaria del viento de 2, 3, 4, ..., y 30 dias (convertido en

momento bruto de muestra):

1 1o
he” momento bruto de muestra = uf = ;HgR = ;Z 1vih (6)
i=

Seguidamente se construye un modelo lineal entre el logaritmo de los CRM vy el logaritmo de las
escalas temporales. Luego, se estiman los CRM correspondientes a la escala temporal precisa de
interés, por ejemplo 1 h (como en nuestro estudio), a partir del modelo lineal generado
anteriormente. Posteriormente se convierten las estimaciones de CRM en momentos centrales.
Dado que los CRM no pueden aplicarse directamente para ajustar la distribucion de probabilidad,
deben convertirse en los momentos centrales que se utilizan habitualmente en el método de

momentos.
1¢"momento central de muestra = u} = us (7)
29° momento central de muestra = pé = ui — (ut)? (8)

Finalmente se estiman los parametros de la distribucién de probabilidad de Weibull mediante el
método de momentos con estimaciones de momento central. Los momentos centrales tedricos de

primer y segundo orden de la distribucién de Weibull se expresan de la siguiente manera:
uk=cr(1+1/) )

w2 =c2r(1+2%/,)-r}(1+1/,)| (10)
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donde I'() es la funcién gamma. El método de momentos para la distribucion de Weibull identifica
los parametros que producen los momentos tedricos de ler y 2do orden equivalentes a los
momentos muestrales ler y 2do orden. Este problema del método de momentos se resolvid
mediante un método de optimizacion numérica en Matlab. Luego, una vez que se conoce la funcion

de distribucion de probabilidad de Weibull, la energia generada se calculd segun la ecuacion:

N
E=T ) P(w)f(w)Av; (11)
2

donde P(v;) [W] es la potencia a la velocidad v;, f(v;) es la probabilidad de que el viento tenga
la velocidad v; segtn la distribucion de Weibull, Av; es el ancho del intervalo de velocidad, es
decir, la diferencia entre los valores de v; adyacentes, y 7 es el tiempo total (considerando un afio:
T = 8760 horas). Los valores de P(v;) se obtuvieron de la curva de potencia caracteristica de la
turbina eolica Vestas V126-3.45 MW, usada cominmente como referencia en estudios enfocados
en la generacion edlica en tierra (Bianchi et al., 2022; De Jong et al., 2019; Russo et al., 2023).
Esta turbina tiene una velocidad de cut-in de 3m/s, cut -out de 22.2m/s y una potencia nominal de

3.45MW (https://www.vestas.com).

34



III. EVALUACION DE LA VARIABILIDAD DE LA VELOCIDAD DEL VIENTO Y SUS
MODULADORES CLIMATICOS EN AMERICA DEL SUR USANDO SIMULACIONES DE
CMIP6 (1980 —2014)

Resumen

En este estudio, aplicamos un andlisis de funciones ortogonales empiricas (EOF) al
comportamiento de la velocidad del viento mensual a 100 m (WS100) en regiones seleccionadas
de Sudamérica para detectar su modulacion por diferentes patrones atmosféricos. Se utilizaron
datos de reanalisis de ERAS5 y 14 modelos climaticos globales de CMIP6 para el periodo 1980-
2014. Encontramos que el Anticiclon del Atlantico Sur (SAA) es el principal modulador de WS100
sobre el nordeste de Brasil con una relacion directa (coeficientes de correlacion de hasta 0,55) entre
la intensidad de SAA y el primer componente principal (PC1), que explica el 59,1% de la varianza
total de WS100 en esa region. Esto significa que a medida que aumenta la intensidad de SAA,
WS100 también aumenta sobre el nordeste de Brasil. Descubrimos un patron de anomalias de
presion a nivel del mar centrado en el Pasaje de Drake, al que denominamos patréon Patagonia-
Antartica (PAT), y que constituye el principal modulador de WS100 sobre la Patagonia. Se hallaron
correlaciones negativas significativas (de hasta -0,68) entre PAT y la PC1, que explica el 52,2% de
la varianza total para dicha region. La fase positiva del indice PAT provoca una disminucion de
WS100 sobre la Patagonia, mientras que WS100 aumenta durante la fase negativa de PAT. También
determinamos que la Oscilacion Antartica (AAO) es el segundo modo de variabilidad que
determina el campo WS100 sobre la Patagonia, dado por los altos coeficientes de correlacion (de
hasta 0,52) entre AAO y la PC2, que explica el 22,8% de la varianza total. La fase positiva de AAO
provoca un aumento de WS100 sobre el extremo sur de la Patagonia y una disminucion al norte de
los 45° S; ocurre lo contrario durante la fase negativa de AAO. Estos resultados son de gran
relevancia para una mejor comprension de las causas de la variabilidad del viento en América del
Sur, lo cual es esencial para la evaluacion del recurso edlico, la planificacion del sistema a largo

plazo y la evaluacion de riesgos en proyectos de energia edlica actuales y futuros.
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Abstract

In this study, we applied an Empirical Orthogonal Functions (EOF) analysis on the behavior of
monthly wind speed at 100 m (WS100) in selected regions of South America to detect its
modulation by different atmospheric patterns. Reanalysis data from ERAS and 14 global climate
models from CMIP6 were used for the period 1980-2014. We found that the South Atlantic
Anticyclone (SAA) is the main WS100 modulator over northeastern Brazil with a direct
relationship (correlation coefficients up to 0.55) between the SAA intensity and the 1st principal
component (PC1), which explains 59.1% of the WS100 total variance in that region. This means
that as SAA intensity increases, WS100 increases as well over northeast Brazil and vice versa. We
discovered a pattern of sea level pressure anomalies centered around the Drake Passage, which we
named the Patagonia-Antarctic pattern (PAT), and it is the main WS100 modulator over Patagonia.
Significant negative correlations (up to -0.68) were found between PAT and PC1, which explains
52.2% of the total variance for that region. The positive phase of the PAT index causes a decrease
of WS100 over Patagonia, while WS100 increases during the negative phase of PAT. We also
determined that the Antarctic Oscillation (AAO) is the second variability mode that determines the
WS100 field over Patagonia, given by high correlation coefficients (up to 0.52) between AAO and
PC2, which explains 22.8% of the total variance. The positive phase of AAO causes an increase of
WS100 over the southern tip of Patagonia, and a decrease north of 45° S, the opposite occurs during
the negative phase of AAO. These results are of great relevance for a better understanding of wind
variability causes in South America, which is essential for wind resource evaluation, long term

system planning and risk assessment in current and future wind power projects.

1. Introduction

Natural climate variability is caused by patterns or oscillations that take place recurrently on
different time scales (months, years, decades) in the large-scale atmospheric circulation and that

strongly modulate temperature, wind, and precipitation, among other climate variables. Different
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datasets and analysis techniques have allowed researchers to find many patterns of atmospheric
variability relevant for South America, but most of the inter-annual and lower-frequency variability
appears to be linked to a few global modes: El Nifio-Southern Oscillation (ENSO), the Antarctic
Oscillation (AAO), and the Pacific Decadal Oscillation (PDO)as stated by Garreaud et al. (2009).

ENSO is a coupled ocean-atmosphere phenomenon rooted in the tropical Pacific, characterized by
irregular fluctuations between its warm (El Nifio) and cold (La Nifia) phases with a periodicity
ranging from 2 to 7 years (Garreaud et al., 2009). Small perturbations to the tropical climate system
may grow into either El Nifio or La Nifia through the Bjerknes positive dynamic feedback of the
ocean—atmosphere interaction in the equatorial Pacific (An & Jin, 2004). The equatorial SST zonal
gradient drives the easterlies over the tropical Pacific and these easterlies in turn create the cold
SST over the eastern Pacific resulting in the strengthening of the SST gradient (Bjerknes, 1969).
The transition from an El Nifio to a La Nifia event, and vice versa, is through a delayed negative

feedback of ocean dynamical adjustment (An & Jin, 2004).

The PDO is a long-lived pattern of Pacific climate variability. The PDO is often described as
ENSO-like, because the spatial climate fingerprints of its warm and cold phase have strong
resemblance with those of El Nifio and La Nifia events, respectively. It turns out that PDO-related
anomalies of precipitation and temperature over South America are ENSO-like (i.e., similar spatial

structure), but their amplitude is about half of their ENSO counterparts (Garreaud et al., 2009).

The AAO is the leading pattern of tropospheric circulation variability south of 20°S, and it is
characterized by pressure anomalies of one sign centered in the Antarctic and anomalies of the
opposite sign on a circumglobal band at about 40°S — 50°S (Thomson & Wallace, 2000). The AAO
signal extends coherently up to the lower stratosphere, and it seems to arise from the interaction
between the eddies and the zonal mean flow (Codron, 2995). The positive phase of the AAO is
associated with decreased (increased) surface pressure and geopotential heights over Antarctica
(midlatitudes) and a strengthening and poleward shift of the westerlies. Opposite conditions prevail

during the negative phase (Garreaud et al., 2009)

Most studies regarding this topic in South America focus on variables such as precipitation and

drought events (Mortensen et al., 2018; Sulca et al., 2024), and to a lesser extent on wind. In the
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case of wind, according to Bianchi et al. (2017), both ENSO and AAO show relevant signals on
wind speed at 50 m height in the southern region of South America. Bianchi et al. (2022) found
that the wind resource in that region is more sensitive to AAO, with a negative and stronger
relationship in spring and summer, that is, the positive phase of the AAO causes a decrease in wind
speed over the region and vice versa. In the case of Chile, Watts et al. (2017) detected that the warm
phase of ENSO reduces wind speed in most sites in central-northern Chile; however, the magnitude

and sometimes the signal depend on the site analyzed and the month in which the phenomena occur.

The combination of some of those atmospheric patterns and local geography causes wind speed
variations on multiple time scales, and power grids are increasingly more exposed to climate
variability, due to the incorporation of renewable energies such as wind power. High-frequency
variations (local to mesoscale) have implications for daily operational aspects of wind farms such
as frequency control, load tracking, etc. (Kim et al., 2021; Gugliani et al., 2021; Khasanzoda et al.,
2022). When considering planning, long-term design, and evaluation of the wind resource,
variability at large spatio-temporal scales become a major concern. However, wind modulations by
atmospheric patterns are not often considered in on-site data collection for the installation of wind

farms (Bianchi et al., 2022).

Onshore wind power generation is a tested and mature technology with an extensive global supply
chain. In South America, some countries have experienced a dramatic increase in wind power
generation since 2019. The main wind power generators are Brazil, Chile, and Argentina; followed
by Uruguay and Peru. These five countries represent 99.3% of the total installed capacity in the
region at the end of 2022 (IRENA, 2023). To further increase the percentage of wind power
generation in the electricity mix and achieve the Net Zero Emissions Scenario by 2050, there is a
great need for the expansion of the exploitation of this resource in the region. The wind energy that
can potentially be harvested by wind turbines is estimated through the wind potential (Koletsis et
al., 2016). Since the wind potential density depends directly on the wind speed cubed, a small
change in wind speed can have substantial consequences for wind power resources (Tian et al.,

2019).

However, the spatiotemporal variability of the wind resource makes the accurate assessment of

wind energy a complicated affair (Jung & Schindler, 2020). In this sense, previous studies have
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investigated the influence of different atmospheric patterns on the behavior of wind speed and wind
power generation (Brayshaw et al., 2011; Mendoza et al., 2014; Ohba et al., 2016; Alonzo et al.,
2017; Correia et al., 2017; Cradden et al., 2017; Ravestein et al., 2018; Garrido-Perez et al., 2020;
Dalton et al., 2021). The results of these studies highlight the need to better understand the link

between the main atmospheric circulation patterns and the variability of the wind resource.

Indeed, this improves wind resource assessment and reduces the long-term risk in wind power
generation. As various studies show (Ravestein et al., 2018; Jung & Schindler, 2020), wind climate
variability related to different atmospheric patterns has a significant impact on wind power
generation. However, most of the research has been carried out in Europe, Asia, and North America.
The main objective of this work is therefore to determine the impact of different atmospheric
patterns on the variability of wind speed at the typical height of a wind turbine in selected regions
of South America. Such information is of great relevance to a better understanding of wind
variability causes in the region, which is essential for wind resource evaluation, long term system

planning and risk assessment in current and future wind power projects.

1.1. Study area

Due to its considerable southern extent and prominent orography, South America presents different
climate and weather patterns that include tropical, subtropical and extratropical characteristics. The
western portion is surrounded by the Pacific Ocean, and it is strongly influenced by the subtropical
South Pacific Anticyclone (SPA) and extra-tropical westerly disturbances. The eastern portion of
the continent is surrounded by the Atlantic Ocean, and the seasonality of the wind field is
influenced by different phenomena, such as the confluence of the trade winds in the equatorial
sector and the variability of the subtropical South Atlantic Anticyclone (SAA) (de Souza Ferreira
etal., 2024). The Andes cordillera runs continuously close to the western coast of the continent and
therefore represents a major obstacle to the tropospheric flow. The Brazilian plateau also tends to

block low-level circulation over subtropical South America (Garreaud et al., 2009).
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Based on the aforementioned exploitation of the wind resource in South America, three subregions
of interest were defined for the present study (Figure 1a), denominated REG1 (0° - 20° S, 33° - 50°
W), which comprises the northeast of Brazil, REG2 (17° -37° S, 58° - 77° W) which mainly covers
central-northern Chile and Argentina, and REG3 (37° - 57° S, 55° - 80° W) that extends over
Patagonia. These subregions cover the areas where most of the South American wind power
projects are located, corresponding to the main wind power producing countries in the region:
Brazil, Argentina and Chile. The average behavior of wind speed at 100 m (WS100) during 1980-
2014 (Figures 1b and c) in region REG1 shows a clear annual cycle with a maximum in winter
(July-August, JJA) and a minimum in summer (December-February, DJF). REG2 reaches
maximum values in spring (September-November, SON) and minimum values in autumn (March-
May, MAM), while in the case of REG3 the maximum occurs during the austral summer and the

minimum occurs at the end of winter and beginning of spring.

A. B. Historical C. Seasonal cycle
15°N gy T T 5.0
£ 40 |
b o 3
; 2 50
° 2 20
REG1 £ 4
i [ 2
& '} 1.0
TR
: 1 3.0
1598 - ; .?1&, : i =
REG2 N ; J ~ % 25
et By o 9
Ly H e 08;_ 2.0 \/V/\
iy o] 2 15
30°8 : «:{. e S
L1 2
-r ¢ 1.0
REGS}V ; — 50
45°S ; £ 4.0
5 2 % .
- 8 & 30 ~N N
- § 2.0
60°S 1.0

84°wW 72°W 60°W 48°W 36°W
T T \jind speed [m/s]
0 2 4 & 8 10

1980
1985
1990
1995
2000
2005
2010
2015
Jan
Feb
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Mar

Figure 1. a) Climatology of wind speed at 100 m (WS100) over South America; the selected subregions are enclosed
by rectangles. b) Historical behavior of monthly WS100 for each subregion. ¢) Annual cycle of WS100 for each
subregion. Wind speed at 100 m for 1980-2014 retrieved from the ERAS reanalysis.
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2. Methodology
2.1. Data

Near-surface (10 m) wind speed, sea level pressure (SLP), and sea surface temperature (SST) data
from 14 CMIP6 models (Table 1) were downloaded for the historical period 1980 — 2014. CMIP6
global climate models (GCM) have been used by several authors to study the behavior of the wind
resource (Wu et al., 2020; Carvalho et al., 2021; Qian & Zhang, 2021; Zhang & Li, 2021; Deng et
al., 2022) and their relationship to different atmospheric patterns such as ENSO (Fredriksen et al.,
2020; Liao et al., 2021). These models run on a series of new and updated emission pathways that

explore a much broader range of possible future outcomes than those included in CMIPS5.

Since each model has different cartographic projections and different resolutions, a homogeneous
horizontal grid of 1° x 1° spatial resolution was defined for convenience, using the bilinear
interpolation method implemented within the Climate Data Operators (CDO) software, from the
German Max Planck Institute (Greene C. A. et al., 2019). All steps described for data preparation

and analysis were implemented with Mathworks® Matlab software (version2023a).

The CMIP6 GCMs only provide near-surface (10 m) wind speed. The power law is a method
commonly used by different authors to extrapolate the wind speed v at turbine height h (Weber et

al., 2018; Tobin et al., 2015; Tobin et al., 2016; Manwell et al., 2010):

v = vy (2)° (1)

Zo

where o represents the wind shear exponent, which is typically equal to 0.143 (Li et al., 2022; Tian
et al., 2019). The height of the turbine was set as z;= 100 m, while near the surface z, = 10 m. The

wind speed at turbine height v, is termed WS100.
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Table 1. Information of each CMIP6 model used in the study. Further information on https://pcmdi.llnl.gov/CMIP6/.

Resolution (°Lon x °Lat) Variant
Climatic model label Institute Country of origin
Wind SST SLP ave

ACCESS-CM2 188x 125 100x0.60 188x125 rlilplfl Commonwealth Science and Industrial =\ o
Research Organization

Canadian Centre for Climate Modelling

CanESM5-CanOE 281x2.81 1.00x0.62 281x2.81 rlilp2fl : Canada
and Analysis

CMCC-CM2-SR5 125094 099x0.62 125x094 rlilplfl g‘ﬁ;‘;@g"d“maman Center on Climate 0

CMCC-ESM2 125094 099x0.62 125x094 rlilplfl g‘ﬁ;‘;@g"d“maman Center on Climate

CNRM-CM6-1-HR  050x 050 025x0.17 0.50x0.50 rlilplfy National Center for Meteorological France
Research

CNRM-ESM2-1 141x 141 100x1.00 141x141 rlilplfy National Center for Meteorological France
Research

FGOALS-f3-L 125x1.00 100x0.83 125x1.00 rlilplfl Imstitute of Atmospheric Physics of China
Chinese Academy of Science

FIO-ESM-2-0 1.25x0.94 1.13x0.47 1.25x0.94 rlilplfl First Institute of Oceanography China

HadGEM3-GC31-LL 1.88x1.25 1.00x0.55 1.88x1.25 rlilplf3 Met Office Hadley Centre UK.

INM-CM5-0 2.00x1.50 1.00x1.00 2.00x1.50 rlilplfll Institute of Numerical Mathematics Russia

KIOST-ESM 188x1.88 1.00x090 188x1.88 rlilpifi] LoreaInstitute of Ocean Scienceand g ¢ oren
Technology

MIROC6 141x141 1.00x0.70 141x1.41 rlilplfl Japanese Modelling Community Japan

MIROC-ES2L 2.81x2.81 1.00x1.00 2.81x281 rlilplf2 Japanese Modelling Community Japan

UKESM1-0-LL 1.88x1.25 1.00x0.55 1.88x1.25 rlilplf2 Met Office Hadley Centre U.K.

2.2. Atmospheric patterns

To investigate the role of atmospheric circulation patterns on the behavior of WS100 in the study
area, as a first step, two semi-permanent systems that modulate the climate of the region were taken
into consideration: the SPA and the SAA. To establish an index that measures the intensity of the
SPA, we calculated the monthly mean SLP anomalies, between 15° - 50° S and 150° - 70° W, which
correspond to the long-term SPA center (Ancapichin & Garcés-Vargas, 2015). The anomalies were
calculated by subtracting the historical mean (1980-2014) and then removing the seasonal cycle.

In a similar way, the SAA intensity index was determined for the area between 10° - 40° S and 40°
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W - 10° E (Liibbecke et al., 2014). As a second step, the influence of two modes of climate
variability was analyzed: ENSO and AAO. In the case of ENSO, the ONI index was used (Figure
2, left) which is calculated as the three-month running mean of SST anomalies in the Nifio 3.4
region (5°N-5°S, 120°-170° W). To calculate the AAO index (Figure 2, right), the definition
proposed by Marshall (2003) was used, which is based on the difference in normalized SLP
anomalies between latitudinal bands centered on 40°S and 65°S. In both cases, we used the
algorithm developed by Greene et al. (2019) for Mathworks® Matlab. All of the chosen indices,
SPA, SAA, ONI and AAO were calculated from CMIP6 simulations, since each model has its own
forcings and we wanted to explore the connections between wind speed and the chosen indices

inside each model internal variability.

ERAS reanalysis data from the European Center for Medium-Range Weather Forecasts (ECMWF)
was used as reference to validate the indices obtained from the GCMs. ERAS is widely used for
climate models validation (Olauson, 2018; Hayes et al., 2021; Soukissian et al., 2021; Aramburo
et al., 2022; Patel et al., 2022; Sakuru & Ramana, 2023). Figure 2 shows the historical series of the
indices calculated for the selected atmospheric patterns and their spatial footprints in the SST and
SLP fields, using monthly values of SST and SLP during 1980-2014, retrieved from ERAS
reanalysis. In the case of the ONI and AAO indices, the criteria for comparison between the results
obtained for each CMIP6 model and those obtained using the ERAS reanalysis were:
correspondence with the historical period 1980-2014, return period, distribution of the index
values, as well as the spatial footprints on the SST and SLP fields. Regarding the SPA and SAA
indices, the criteria taken into account were: correspondence with the historical period 1980-2014,

distribution of the index values, behavior of the annual cycle, as well as the spatial footprints on

the SST and SLP fields.
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Figure 2. Historical series (left) and spatial footprints (right) of SPA, SAA, ONI and AAO indices over the SST (colors)
and SLP (contours) fields. The values in right panels correspond to the Pearson correlation coefficients at a 95%
confidence interval. Calculated for SPA, SAA, ONI and AAO using monthly values of SST and SLP during 1980-2014
retrieved from the ERAS reanalysis.
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2.3. EOF analysis on WS100 and relationships with the atmospheric patterns

For each subregion, an empirical orthogonal functions (EOF) analysis was applied to the monthly
(MON) and seasonal anomalies for summer and winter of WS100, calculated according to the
historical average during the period 1980-2014. This technique is useful for analyzing wind speed
data and isolating specific climate signals from time series (Watts et al., 2017; Farjami & Hesari,
2020; Sinha et al., 2020; Zhou et al., 2022; Wang et al., 2024). The EOF analysis provides spatial
patterns (designated in this study as EOF1, EOF2, etc.) where each pattern corresponds to a load
vector, which is linearly independent of all others, and its respective time series are termed principal
components (PC1, PC2, etc.). After the EOF analysis, the PCs obtained were correlated with the
SPA, SAA, ONI and AAO indices using monthly and seasonal (JJA and DJF, considering individual
months) series. To find the degree of correlation between the PCs and the climatic indices, the

Pearson method was used and significance was established at the 95% confidence level.

3. Results

3.1. Representation of the atmospheric patterns.

Regarding the distributions of the index values (Figure 3), the GCMs show in general a similar
behavior, although slight differences are observed. Specifically, in the case of ONI (Figure 3c¢), the
GCMs show several differences: in contrast with the ERA5-derived index, CNRM-CM6-1-HR,
CNRM-ESM2-1, and INM-CMS5-0 present very low amplitude, which barely exceed the threshold
of +/-0.5 °C that determines El Nifio/La Nifia events according to NOAA, respectively. On the
contrary, CMCC-CM2-SRS5, CMCC-ESM2, FGOALS-f3-L, KIOST-ESM, MIROC6 and MIROC-

ES2L overestimate the amplitude of the series.
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Figure 3. Violin plots showing the values distribution of each index during 1980-2014: a) SPA, b) SAA, c¢) ONI, and
d) AAO.

The seasonality of SPA and SAA (considering SLP monthly mean values of the anticyclone center,
without removing the seasonal cycle) as shown in Figure 4 top panels, is reasonably depicted by
the GCMs. In the case of SPA the maximum intensity occurs during spring (March - May) and the
minimum near the end of autumn (September - December). In the case of SSA, the maximum
intensity occurs towards the end of winter and the beginning of spring, and the minimum during
summer and autumn. However, in both cases, FGOALS-f3-L, MIROC6 and MIROC-ES2L

underestimate the range of SLP values in which the SAA seasonal cycle oscillates.

On the other hand, the nonlinear interaction of the ENSO cycle with the annual cycle tends to
frequency-lock the ENSO cycle. In the simplest case, the frequency is nonlinearly adjusted so that
the phase matches the favorable season for each event (Neelin et al., 2000). Thus, ENSO is
characterized by a strong boreal winter (Dec-Feb) peak for both warm (EI Nifio) and cold (La Nina)
phases (Mitchell & Wallace, 1996; Neelin et al., 2000). As shown in Figure 4 (bottom panels), this

characteristic is reasonably depicted by most CMIP6 models, with maximum/minimum peaks in
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December-February for positive/negative phases, except for INM-CM5-0, MIROC6 and MIROC-

ES2L with minimum peaks in October, September and June respectively during La Nifia events.
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Figure 4. Seasonal cycle of SPA, SAA (considering SLP monthly mean values of the anticyclone center, without

removing the seasonal cycle), El Nifio (considering ONI positive phase) and La Nifia (considering ONI negative phase)

during 1980-2014.

As shown in Figure 5, both SPA and SA A indices show higher periodicity on the intra-annual scale,
while SPA also peaked between 2 — 7 years, with significant peaks for FGOALS-f3-L, KIOST-
ESM, MIROC-ES2L and ERAS around 3 years, and for CMCC-ESM2, FGOALS-f3-L, MIROC6
and MIROC-ES2L around 5 years. In the case of the ONI index, the GCMs present a wide range

of variability with spectral peaks within the range of 2 to 7 years. In this case, the MIROC-ES2L

and FGOALS-f3-L. models present greater regularity in periods of around 5 and 3 years
respectively, CMCC-ESM2, KIOST-ESM, MIROCS6 also present a high periodicity between 2.5
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and 5 years. On the other hand, the behavior of the AAO index shows a higher periodicity mainly
on the intra-annual scale with maximum peaks for HadGEM3-GC31-LL and UKESM1-0-LL in 5
months. Power peaks are also observed between 1 and 2 years, while FGOALS-{3-L, shows a peak
around 5 years. Figure S1 of the supplementary material shows the superior limit of the red noise
spectrum at a 95% confidence interval (Wilks, 2006) for each index simulated from CMIP6 models,

in order to discard possible non-significant peaks.
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Figure 5. Spectral power curves of the Wavelet analysis for the SPA, SAA, ONI and AAO indices during 1980-2014.

Red line represents the superior limit of red noise spectrum for ERAS at a 95% confidence interval.

The spatial footprints of the selected atmospheric patterns over the SST and SLP fields obtained
for each GCM (please see Figures S2 to S5 of the supplementary material) mostly showed
similarities with those obtained from the ERAS reanalysis, especially for SPA and SAA, although
CNMR-CM6-1-HR does not show the negative relationship between SPA and SST over Equatorial
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Pacific, as the rest of the models do. It is worth highlighting, both in the case of ONI and AAO, the
models that presented the greatest similarities with the reanalysis: ACCESS-CM2, CanESM5-
CanOE and FGOALS-f3-L, although the latter showed several differences in the previous tests. El
Nifio events are often stronger than La Nifia events, this asymmetry is an intrinsic nonlinear
characteristic of ENSO (An & Jin, 2004). Extreme El Nifio events strongly enhance the overall
ENSO asymmetry with their large amplitude in the eastern Pacific indeed intensifying and shifting
the El Nifio signals eastward relative to those of La Nifa (Srinivas et al., 2024). Therefore, we also
evaluate El Nifio and La Nina signals on SST field separately. As shown in Figure S6 and Figure
S7 of the supplementary material, except for CNMR-CM6-1-HR, CNMR-ESM2-1, INM-CM5-0,
MIROC6 and MIROC-ES2L, most CMIP6 models (and ERAS for reference) reasonably reproduce

the asymmetry between El Nifio and La Nifia.

3.2. EOF analysis and relationship with the atmospheric patterns.

In the EOF analysis for the WS100 anomalies, the first three PCs were selected. The total variance
accumulated by these three PCs was ~78.0% (average from all models accumulated variance by
the three first PCs); starting from PC4 the explained variance was less than ~5%. The results for
each subregion show that for REG1 the total explained variance was ~80.5% (PC1: 59.1%, PC2:
13.9% and PC3: 7.6%), for REG2 the total variance reaches ~70.7% (PC1: 43.9%, PC2: 17.1%
and PC3: 9.7%) and for REG3 the total variance was ~82.8% (PC1: 52.2%, PC2: 22.8% and PC3:
7.9%).

Table 2 summarizes the most significant results of the correlations between the PCs and the
analyzed indices, PC3 (not shown) presented very low or non-significant correlations in most cases
and since the variance explained by this component was on average less than 10%, it was decided
that it would not be considered for the rest of the analyses. It is important to note that the values
shown in Table 2 as well as in Table 3 represent the magnitude of the correlations, while the

corresponding EOF maps show the signal of the correlations.
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Table 2. Magnitude of monthly (MON) and seasonal correlations (summer: DJF, winter: JJA) between a) SAA index
and PC1 for REG1, and b) AAO index and PC2 for REG3. (Values highlighted in bold show a significant correlation

at a 95% confidence interval).

A. REGI PC1 vs. SAA B. REG3 PC2 vs. AAO

MODEL MON DIJF JIA MODEL MON DIJF JJA 0.9
ERA5 045 032 0.44 ERAS 044 0.40 0.26 ]
ACCESS-CM2 041 0.06 0.42 ACCESS-CM2 046 051 0.42

CanESM5-CanOE 0.55 0.09 | 0.49 CanESM5-CanOE 039 050 0.22 0.8
CMCC-CM2-SR5 049 0.12 0.23 CMCC-CM2-SR5 0.23 0.05 0.22 ] -
CMCC-ESM2 0.53 040 0.19 CMCC-ESM2 0.25 0.03 0.25 ‘g
CNRM-CM6-1-HR 042 0.13 0.26 CNRM-CM6-1-HR 031 047 0.39 0.6 B
CNRM-ESM2-1 040 0.21 0.22 CNRM-ESM2-1 031 049 0.23 ] aﬂg
FGOALS-f3-L 044 0.12 0.33 FGOALS-f3-L 034 041 035 é
FIO-ESM-2-0 0.50 0.22 0.28 FIO-ESM-2-0 0.27 0.10 0.30 0.5 §
HadGEM3-GC31-LL 0.18 0.20 | 0.50 HadGEM3-GC31-LL 033 0.52 0.12 ] £
INM-CMS5-0 0.39 046 0.31 INM-CMS5-0 036 0.28 0.35 S
KIOST-ESM 039 025 0.24 KIOST-ESM 0.26 0.34 0.16 0.3
MIROC6 0.38 0.15 0.39 MIROC6 0.27 037 0.21 ]
MIROC-ES2L 031 0.13  0.54 MIROC-ES2L 030 048 0.13

UKESM1-0-LL 0.14 0.12 0.44 UKESM1-0-LL 033 0.50 0.19 0

In the case of the SAA, significant correlations are mostly observed between the SAA index and
the PC1 for REGI (Table 2a). Higher correlations occur in the monthly series (CMIP6 reached
0.55, ERAS: 0.45) and stronger in winter than in summer. As seen in Figure 6, the correlations are
positive throughout the region during the winter, while in the summer they are positive in the
direction of the coast and become null or even negative in some cases towards the interior of the
continent. This means that an increase of SAA intensity causes an increase of WS100 over northeast
Brazil and vice versa. Although, some models present correlations of magnitude 0.3 - 0.53 between
the SAA index and PC2 in and winter, however, ERAS5 did not show such relationship (Table S1

of the supplementary material).
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Figure 6. EOF1 maps corresponding to PC1 for REG1 in summer (upper set: DJF) and winter (lower set: JJA) during

1980-2014. The percentages shown in the lower right corners represent the variance explained in each case.
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Figure 7. EOF2 maps corresponding to PC2 for REG3 in summer (upper set) and winter (lower set) during 1980-2014.

The percentages shown in the lower right corners represent the variance explained in each case.
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In the case of AAQO, a consistency can be seen in the magnitude of the correlations between the
AAO index and PC2 for REG3 (Table 2c). Correlations are stronger during summer (CMIP6
reached 0.52, except for CMCC-CM2-SR5, CMCC-ESM2 and FIO-ESM-2 -0 which were non-
significant, ERAS: 0.4) than during winter (CMIP6 reached 0.42, except HadGEM3-GC31-LL,
KIOST-ESM, MIROC-ES2L and UKESM1-0-LL, ERAS: 0.26). Meanwhile, for the monthly series
the correlations were of magnitude 0.23 - 0.46 for CMIP6 models and 0.44 for ERAS. As can be
seen in Figure 7, for both summer and winter there is a dipole with positive correlations towards
the southern tip of Patagonia and negative correlations north of approximately 45° S. This means
that the positive phase of the AAO causes an increase of WS100 over the southern tip of Patagonia,

and a decrease around north of 45° S, the opposite occurs during the negative phase of AAO.

In the case of ENSO, GCMs did not show an evident consensus in the correlations between ONI
index and PCs in the subregions analyzed (shown in the supplementary material). However,
correlations that reach 0.45 magnitude in some cases are seen between ONI index and PC1 for
REG?2 in both monthly and summer series. For REGI, in some cases, correlations were found
between ONI index and PC2 in the monthly series and reached 0.55 of magnitude only a few cases

in winter, although ERAS showed a weak (< 0.3) or non-significant correlation.

The SPA intensity did not present significant correlations for the subregions analyzed, except for
ERAS, which suggests a relationship of magnitude 0.37 between SPA index and PC1 for REG2 in
winter. Table S1 of the supplementary material shows the magnitude of all correlations between

the selected atmospheric patterns and PCs for each subregion.

3.3. Relationship with the SLP field

PC1 for REG2 and REG3 did not present significant correlations consistent with the atmospheric
patterns analyzed; however, in all cases this component (PC1) explains most of the variance of
WS100, so its relationship with the SLP field was studied to understand what mechanisms this

mode of wind variability responds to. Figure 8 shows mostly weak correlations for REG2 in
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monthly and summer series, while during winter it shows positive correlations associated with
pressure anomalies over the South Pacific between approximately 15° - 50° S, within the eastern
portion of the area of greatest influence of SPA. For REG3 a negative correlation pattern with the
SLP anomalies is observed in the area between 40° - 75° S and 30° - 110° W. A dipole of
correlations with the WS100 field is observed within the above-mentioned area, with positive
correlations over Patagonia and the adjacent seas, and negative values over the Drake Passage and

the areas surrounding the Antarctic Peninsula.
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Figure 8. Monthly (MON) and seasonal correlations (summer: DJF, winter: JJA) between. PC1 and the SLP (contours)
and WS100 (colors) fields for REG2 (upper panels) and REG3 (lower panels). The values correspond to the Pearson

correlation coefficients at a 95% confidence interval. Wind speed at 100 m and SLP during 1980-2014 retrieved from

the ERAS reanalysis.

To investigate what causes these correlation patterns, a synoptic analysis was performed taking the
lower 10% and the upper 10% of the PC1 series that corresponds to the months with minimum and

maximum WS100 values respectively. Then, the days with negative/positive anomalies with
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regards to the historical average (1980-2014) that correspond to the lower/upper range were taken,

and the mean SLP field was calculated for these cases.

In the case of REG2, Figure 9a shows that for days with minimum values of WS100, the intensity
of the SPA is lower compared to that of days with maximum values of WS100 (Figure 9b). The
most significant variations of WS100 are observed over central and northern Argentina with
anomalies of magnitude up to 1 m/s, both for the days of minimums (Figure 9c) as well as for the
days of maximums (Figure 9d). Some correspondence is also observed in the sign of the WS100
anomalies within REG2 and the SLP anomalies within the area of greatest influence of the SPA,
however, the magnitude of the anomalies in both fields is small (< 2.5 hPa) even when only extreme

cases are being considered.

@
Wind Speed [m/s]

(=]
Wind speed anomalies [m/s]

Figure 9. a) WS100 field (colors) and SLP (contours) that correspond to the lower 10% of the PC1 time series for
REG?2. b) same as before but corresponding to the top 10%. ¢) WS100 anomaly field (colors) and SLP anomalies
(contours) that correspond to the lower 10% of the PC1 time series. d) same as before but corresponding to the top

10%. Wind speed at 100 m and SLP during 1980-2014 retrieved from the ERAS reanalysis.
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Therefore, it is likely that the relationship between SPA and WS100 for REG2 is only considerable
in extreme cases and therefore the SPA index and PC1 for that region do not present a high
correlation. The SPA intensity begins to increase in late winter to reach the maximum during spring,
so it makes sense that moderate positive correlations are observed between the SPA index and PC1
in  winter as mentioned in section 3.3. In fact, 73.8% of the WS100 higher values represented
by PCI1 occurred during spring, while 57.1% of the lowest WS100 values occurred in autumn,

which has a certain relationship with the seasonal behavior of the SPA.

In the case of REG3, as shown in Figure 10a, for the days with minimum values of WS100, the
SLP field shows a configuration with an anticyclonic curvature over the Drake Passage, which
causes a more southerly shift of the westerlies flow in that area and a weakening of the wind over
Patagonia. On the other hand, for the days with maximum values of WS100 (Figure 10b), a low-
pressure center can be seen to the west of the Antarctic Peninsula. This, in combination with a
greater intensity of the SPA makes the pressure gradient stronger over Patagonia and, therefore, the
intensity of the westerlies over said region increases. Figure 10c and Figure 10d show the SLP and
WS100 anomaly fields that correspond to days within the bottom 10% and top 10% of the WS100

series, respectively.

In both cases, a pattern of SLP anomalies centered in the Drake Passage is observed with a
relationship opposite to the behavior of the WS100 anomalies over Patagonia and the adjacent seas,
and to a lesser extent, a direct relationship with WS100 in the vicinity of the Antarctica Peninsula.
That is, an increase in SLP in that area corresponds to a decrease of WS100 over Patagonia and its
surroundings and a slight increase of WS100 in the vicinity of the Antarctic Peninsula (Figure 10c)
and vice versa (Figure 10d). This pattern in the SLP anomaly field and its relationship with the
WS 100 anomalies is similar to the correlation pattern observed between the SLP field and PC1 for
REG3. The occurrence of stronger or weaker winds related to this pattern did not present large
seasonal differences, since the occurrence of minimum winds was 26.2% of the cases in summer
and 21.4% in winter (autumn: 28.6%, spring: 23.8%). In the case of the strongest winds, 23.8% of

the cases occurred in summer and 31% in winter (autumn: 14.3%, and spring: 31%).
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Figure 10. a) WS100 field (colors) and SLP (contours) that correspond to the lower 10% of the PC1 time series for
REGS3. b) same as before but corresponding to the top 10%. ¢) WS100 anomaly field (colors) and SLP anomalies
(contours) that correspond to the lower 10% of the PC1 time series. d) same as before but corresponding to the top

10%. Wind speed at 100 m and SLP during 1980-2014 retrieved from the ERAS reanalysis.

Based on the relationships found for REG3 between PC1 and the SLP and WS100 fields, we
designed an index that we named PAT (Patagonia-Antarctic pattern) to measure the intensity of the
SLP anomalies pattern associated with the behavior of PCI1. This index is based on the SLP
anomalies within the area delimited by 40° - 75° S, 30° - 110° W. Then, this index was calculated
for each GCM, the seasonal cycle from PAT was removed and correlations with PC1 for REG3
were found. As Table 3 shows, in all cases the GCMs, as well as ERAS, evidence significant
correlations both for the monthly series (CMIP6 reached 0.81, ERAS: 0.77), as well as for winter
(CMIP6 reached 0.75, ERAS: 0.79) and summer (CMIP6 reached 0.83, ERAS: 0.61), which are
negative over practically the entire REG3 (Figure 11). This means that the positive phase of the
PAT index causes a decrease of WS100 over Patagonia, while WS100 increases during the negative

phase of PAT.
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Table 3. Monthly (MON) and seasonal correlations (summer: DJF, winter: JJA) of a) PAT index and b) SPA index with
the PC1 that results from the EOF decomposition for REG3. (Values highlighted in bold show a significant correlation

at a 95% confidence interval).

A. REG3 PCI vs. PAT B. REG3 (Chilean side) PC1 vs. SPA

MODEL MON DIJF JIA MODEL MO DIF JIA 0.9
ERAS 0.77 0.61 0.79 ERAS 0.12 0.17 0.38 [
ACCESS-CM2 0.76 0.65 0.71 ACCESS-CM2 0.13 034 047

CanESM5-CanOE 0.81 0.66 0.75 CanESMS5-CanOE 0.05 0.09 0.39 0.8
CMCC-CM2-SR5 0.76 0.67 0.66 CMCC-CM2-SR5 0.09 015 035 L :
CMCC-ESM2 0.75 0.64 0.68 CMCC-ESM2 022 003 040 g
CNRM-CM6-1-HR 0.67 057 0.42 CNRM-CM6-1-HR 002 039 0.12 |06 Lf_:)
CNRM-ESM2-1 0.68 0.68 0.64 CNRM-ESM2-1 0.09 030 0.16 E
FGOALS-f3-L 0.72 0.75 0.67 FGOALS-f3-L 003 032 0.28 o
FIO-ESM-2-0 0.75 0.68 0.66 FIO-ESM-2-0 0.08 0.19 0.40 0.5 §
HadGEM3-GC31-LL 049 0.66 0.63 HadGEM3-GC31-LL 0.14 035 0.49 ] £
INM-CMS5-0 0.77 0.83 0.74 INM-CM5-0 0.08 031 0.34 S
KIOST-ESM 0.73 0.58 0.69 KIOST-ESM 001 035 035 0.3
MIROC6 0.73 055 0.71 MIROC6 0.11 026 0.31 ]
MIROC-ES2L 0.65 0.62 0.52 MIROC-ES2L 0.01 0.19 0.14

UKESM1-0-LL 049 0.56 0.60 UKESM1-0-LL 012 040 0.23 0

Also, given the Andes represents an obstacle to the tropospheric flow over REG2 and REG3, we
also analyzed Chilean and Argentinean sides of these regions separately. We computed the new
EOFs and calculated the correlations with the indices. The Chilean sides were correlated with SPA
and ONI, while the Argentinean sides were correlated with SAA and ONI. As shown in Table 3, in
the case of the Chilean side of REG3 correlations with SPA increased a little and appear more
clearly particularly in winter with magnitudes up to 0.49 in some cases. These correlations are
positive (Figure 12) which means that an increase in WS100 over Chilean side of Patagonia is
related to a strengthening in SPA intensity, particularly for southern extreme. While for Chilean
side of REG2 correlations are still low in most cases. Correlations with ONI remain low in most
cases for all the regions, and correlations with SAA for the Argentinean sides in most cases are still
very low. All correlations regarding this analysis are shown in Table S2 of the supplementary
material. Figure 12 summarizes the EOFs corresponding to cases when significant relationships

with climate indices were found. for ERAS reanalysis as reference.
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Figure 11. EOF1 maps corresponding to PC1 for REG3 in summer (upper set) and winter (lower set) during 1980-

2014. The percentages shown in the lower right corners represent the variance explained in each case.
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Figure 12. Monthly (MON), summer (DJF) and winter (JJA) EOF maps and PCs explained variance (percentages
shown in the lower right corners) for ERAS reanalysis corresponding to cases when significant relationships with

climate indices were found.

Finally, the correlations of the SPA, SAA and PAT indices with the ONI and AAO indices were
calculated to study the interrelationships between them. Table 4 shows positive correlations
between SPA and AAO, with slightly higher values during the summer. SPA also presents negative
correlations with ONI, which become stronger in winter. SAA presents positive correlations with
the AAO mainly during the summer. In the case of PAT, the correlations were mostly low or non-
significant, although in some cases positive correlations were seen with ONI in summer and

negative correlations with AAO in winter.
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Table 4. Monthly (MON) and seasonal correlations (summer: DJF, winter: JJA) of the SPA, SAA and PAT indices with

the ONI and AAO indices. (Values highlighted in bold show a significant correlation at a 95% confidence interval).

MON DIF JIA
Model SPA SAA PAT SPA SAA PAT PAT

ONI AAO ONI AAO ONI AAO ONI AAO ONI AAO ONI AAO ONI  AAO
ERAS 0.04 021 0.6 -0.23 0.17 034 028 -0.18 0.10 | =031
ACCESS-CM2 -0.02 - 011  -0.12 0.12 0.14  0.04 -0.05 -0.14
CanESM5-CanOE 015 025 010 -0.16 -0.24 028 0.1 031 -0.13 0.12 | -0.29
CMCC-CM2-SR5 0.07 | 038 0.0 -0.12 0.18 027 0.1 017  -0.21
CMCC-ESM2 0.06 = 034 0.4 -0.25 -0.12 028 029 030 001 0.13 -
CNRM-CM6-1-HR 0.05 0.02  -0.09 -0.09 0.03 -0.03 -0.03 0.10 -0.16
CNRM-ESM2-1 0.04 0.01  0.02 -0.12 013 0.05 -0.17  0.02
FGOALS-f3-L -0.23 024  -0.07 -0.10 -0.13 0.09 -0.14
FIO-ESM-2-0 0.00 = 038 0.5 -0.05 0.25 023 0.17 0.16 -0.12
HadGEM3-GC31-LL | -0.26 037 0.2 028 004 -0.05 -0.32 025 034 027 021 -0.02 | -0.26
INM-CM5-0 -0.21 001 023 005 0.06 -0.02 010 0.5 0.01 - 0.16  -0.20
KIOST-ESM -0.25 . -0.04 - 0.09  -0.25 -0.27 0.08 - 0.36 -0.21 -0.18 -
MIROC6 -0.22 - 0.06 ~ 031 027 -0.03 -0.04 _ 0.24  -0.07 -0.26 037 037  -0.16
MIROC-ES2L 0.03 - 0.16 -0.14 -0.21 0.15 0.21 0.07  0.08
UKESMI1-0-LL -0.22 - 0.04 027 -004 -0.04 -0.05 -0.13

-0.16 - 002 | 035 -004 0.09

4. Discussion

0.5
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Through our research we found that, most CMIP6 models reasonable reflect the main

characteristics of SPA, SAA, ENSO and AAO with some discrepancies. In the case of the semi-

permanent patterns related to SPA and SAA, CMIP6 models were able to represent reasonably the

amplitude of the oscillations, the behavior of the seasonal cycle and the spatial footprints of these

atmospheric patterns with slight differences. While all CMIP6 models can produce quasi-

oscillatory behavior clearly corresponding to ENSO, there is a wide range of variability with

spectral peaks in the range of 2 to 7 years, which is consistent with Fredriksen et al. (2020), however

the they also reasonable depict the asymmetry between STT teleconnections related to EI Nifio and

La Nifia, and the phase-locking to seasonal cycle of both phases. The distribution of the ONI and

AAO indices time series, the periodicity and the spatial footprints of these atmospheric patterns

shown by GCMs coincide with each other in most cases and with those shown by ERAS, with some

discrepancies.
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According to the literature, the amplitude and the spatial structure of different types of ENSO are
better depicted in CMIP6 models compared to their previous versions in CMIP5 (Hou & Tang,
2022). Some of the CMIP6 models reproduce the global structures of the surface temperature and
SLP anomalies quite accurately between opposite phases of ENSO, as previously determined from
observational data and reanalysis (Serykh & Sonechkin, 2024). However, they simulate more
intense and spatially extended ENSO patterns and have issues in capturing the correct seasonality,
persistence and frequency (Vaittinada et al., 2023). According to our results, it is worth pointing
out the cases of ACCESS-CM2, CanESM5-CanOE, CMCC-CM2-SR5 and CMCC-ESM2 which
were capable of passing all the tests performed; they largely represent the behavior of the analyzed
atmospheric patterns and their relationships with the WS100 field. Quite the opposite, INM-CMS5-
0, HadGEM3-GC31-LL, MIROC6 and MIROC-ES2L presented the most failures in the tests

performed.

The performance of the GCMs from CMIP6 to represent wind speed behavior has been studied by
numerous authors for different regions (Wu et al., 2020; Qian & Zhang, 2021; Akinsanola et al.,
2021; Carvalho et al., 2021), so that analysis was not performed in our research. Specifically in the
case of South America, de Souza Ferreira et al. (2024) points out that CMIP6 GCMs underestimate
the wind intensity in regions like northeastern Brazil and Argentine Patagonia, also in the central
portion of South America south of 10° S during austral autumn and winter and over Uruguay during
spring. However, as the authors mention, the CMIP6 models adequately simulates the wind speed
seasonal variability in the Amazonia region and the higher magnitudes in sectors such as northern

Venezuela, Suriname, Guyanas, and extreme northern Brazil.

Historical data from observations in South America is very scarce in the case of 100 m wind.
Nevertheless, we gathered the available observational datasets of near-surface wind speed to
validate near-surface wind speed from CMIP6 models using the root mean square error (RMSE).
As shown in Figure S8 of the supplementary material, Northeast Brazil region has lower values of
RMSE, under 2.5 m/s in most cases or even near 0 m/s. On the other hand, Chile has higher RMSE
values, above 2.5 m/s in most cases, reaching almost 5 m/s over Northern and Southern extremes
of the country. Although the stations used are scarce, not well space-distributed and the coverage

period is not enough for a proper validation these results show that simulated wind speed from

63



CMIP6 models cannot accurately reproduce real wind speed in areas with complex as it is the case
of Chile, while for Northeast Brazil, a less complex orography region, the simulations have better
performance. Although the GCMs from CMIP6 have greatly improved their simulation capabilities
in the historical period when compared to those of CMIP5 (Qian & Zhang, 2021), with more
complete physical processes than their predecessors, their performance in capturing local and

regional forcing remains poor, especially in regions with complex terrain (Wu et al., 2020).

4.1. Influence of the atmospheric patterns on WS100 behavior

The SAA turned out to be the dominant mode of WS100 variability over northeast Brazil (REG1)
and the only atmospheric pattern for which a significant relationship was found for that region.
This was found to be a direct relationship and stronger during winter. This means that as the SAA
intensity increases, WS100 increases as well over northeast Brazil and vice versa. The variability
of the SAA affects the southern tropical Atlantic basin through wind variability in the region, and
its seasonal cycle is controlled mainly by convective heat sources over South America and southern
Africa, and by the interaction between the orography with the eastern trade winds and the westerly

mid-latitude winds (Rodwell & Hoskins, 2001; Miyasaka & Nakamura, 2010).

These fundamental mechanisms lead to a SAA that is noticeably stronger during the austral winter
rather than during the austral summer (Cabos et al., 2017), which coincides with our results and
explains the positive relationship found between the SAA intensity and PC1 for REG1; PCI
concentrates most of the variance of the WS100 field over northeast Brazil and is therefore its main
modulator. The influence of the SAA on the behavior of WS100 is important, especially in winter
and spring. As de Souza Ferreira et al. (2024) points out there are suitable conditions for wind

power generation in much of northeast Brazil during austral winter and spring.

According to our results, the variability of WS100 over Patagonia (REG3) is mainly negatively
correlated to a pattern of SLP anomalies within the region between 40° - 75° S and 30° - 110° W,
named PAT (Patagonia — Antarctic pattern) in this study, which covers the section of the westerlies

belt close to Patagonia. South of 40° S, the westerly flow prevails at low levels throughout the year
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(Garreaud et al., 2009), so the variability of the wind in Patagonia responds fundamentally to
variations in the abovementioned flow. The region where the pattern we found is centered, is an

exchange zone where both mid-latitude and low-latitude systems influence the westerly flow.

We found that WS100 increases when a low-pressure center occurs west of the Antarctic Peninsula,
which together with a greater intensity of the SPA causes an increase in the pressure gradient and
the intensity of the westerlies over the Patagonia region; this situation corresponds to a negative
PAT index. On the other hand, when the SLP field shows a configuration with an anticyclonic
curvature over the Drake Passage (showing a positive PAT index), the westerlies move further south

in that area, which causes a weakening of WS100 over Patagonia.

In second place, we found that the behavior of WS100 over Patagonia is further modulated by
AAQO. This relationship becomes evident for PC2 for REG3, and it is stronger during summer with
a negative signal over central Argentina, which coincides with the results of Bianchi et al. (2022),
while it takes a positive signal in the extreme south (45° S) of Patagonia (Bianchi et al., 2017). The
positive phase of the AAO is associated with an increase in surface pressure in mid-latitudes and a
decrease towards Antarctica and a strengthening and shift towards the pole of the westerlies
(Garreaud et al., 2009). This explains the increase of WS100 in the extreme south of Patagonia
during the positive phase of the AAO and it is weakening further north over central Argentina. A

reverse behavior occurs during the negative phase of the AAO.

According to our results, the AAO presents positive correlations with the intensity of SPA and
SAA, which is more evident in the seasonal series, especially during summer in both cases. This
means that the strengthening of both SPA and SAA coincides with the positive phase of the AAO.
This direct relationship makes sense, given that the strengthening of both SPA and SAA, or their
shifting southward during summer, causes an increase in surface pressure gradient in mid-latitudes
and the intensification and shift of the westerlies towards the pole, which also coincides with the

positive phase of the AAO.

ENSO did not show any clear influence on WS100 in the subregions analyzed. However, regarding
REGT1 (northeast Brazil), a few significant correlations were found between ONI and PC2 in the

monthly series, and mainly in winter, although in the latter case the ERAS did not show a significant
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correlation. As Colberg et al. (2004) point out, during La Nifa (negative phase of ENSO), the SAA
strengthens, and that teleconnection could explain the influence of ENSO over northeast Brazil,
given that SAA is the main WS100 modulator over this region. However, according to the literature
and to our results, the influence of ENSO on the SAA is still not clear and several authors point out
that ENSO does not have an important role in the variability of the SAA, or its influence is weak

(Sterl & Hazeleger, 2003; Liibbecke et al., 2014).

Significant correlations were seen in a few cases between ONI and PC1 for REG2 (northern Chile
and Argentina) slightly higher in summer. This makes sense, because as seen in Figure 4, both
phases of ENSO peak in austral summer. On the other hand, ERAS suggests that there is a
relationship between the SPA intensity and WS100 in northern Chile and Argentina during winter,
which makes sense since SPA intensifies during winter. Also, our results showed that ENSO has a
negative correlation with the intensity of the SPA, so that the positive phase of ENSO coincides

with a weakening of the SPA and vice versa.

This result coincides with Gomez-Fontealba et al. (2022), who points out that El Nifio (positive
phase of ENSO) causes a weakening of the SPA and Watts et al. (2017) discovered that the positive
phase of ENSO reduces wind speed over central-northern Chile. Therefore, this suggests that there
is a teleconnection between ENSO, SPA and WS100 over central-northern Chile. This makes sense,
given that SPA variability is also negative related to SST variations in Equatorial Pacific (as shown
in Figure 2 and Figure S2 of the supplementary material). Therefore, it is to be expected that this
relationship will also manifest between SPA and ENSO, characterized by Equatorial Pacific SST

variations, and ultimately it influences WS100 behavior over this region.

We also performed an extreme case analysis for WS100 that showed some relationship with the
seasonal behavior of the SPA, with 73.8% of the total cases of maximum WS100 values in spring

and 57.1% of the total cases of minimum WS100 values in autumn.

Given the Andes represents an obstacle to the tropospheric flow over REG2 and REG3, we also
analyzed Chilean and Argentinean sides of these regions separately. We find that SPA has some
positive influence on WS100 over Chilean side of REG3 and as we aforementioned, the SPA plays

a role in the mechanisms that cause variations in the pressure gradient and the intensity of the
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westerlies over the Patagonia region. On the other hand, for REG2 the correlations of WS100 with
SPA remain low, even for Chilean side. A smaller-scale study over this region with complex
physical geographic characteristics would perhaps provide greater insight into the influence of

climatic oscillations on the behavior of WS100.

5. Conclusions

In this study, the influence of the SPA, SAA, ENSO and AAO atmospheric patterns on the behavior
of the wind resource in South America was analyzed using the historical simulations (1980-2014)
of 14 CMIP6 models and the ERAS reanalysis. CMIP6 mostly reasonably reflect characteristics
such as the amplitude of the oscillations, the return periods, as well as the spatial footprints of those
atmospheric patterns in the SST and SLP fields. The ACCESS-CM2 and CanESM5-CanOE models
stand out as they managed to capture the signal of the patterns analyzed in the tests performed and
their influence on WS100. Although CMIP6 models performance in capturing local and regional
forcing remains poor, especially in regions with complex terrain, they do allow for a monthly and
seasonal analysis of their influence on the behavior of WS100, which has a great impact on the

exploitation of the wind resource in South America.

We applied an EOF analysis on the WS100 field to detect the influence of the selected atmospheric
patterns on three subregions of interest: REG1) northeast Brazil, REG2) northern Chile and
Argentina and REG3) Patagonia. The SAA was found to be the main modulator of WS100 over
northeast Brazil, given by a direct relationship, with correlation coefficients up to 0.55 in the
monthly series (0.54 in winter and 0.46 in summer), between the SAA intensity and PC1 for REGI,

which explains 59.1% of the total variance.

Over Patagonia we found that the behavior of WS100 is dominated in first place by a pattern of
SLP anomalies, which we named PAT (Patagonia - Antarctic Pattern), centered around the Drake
Passage and affecting the flow of the westerlies in the region. Significant negative correlations, up
to -0.83 in summer and -0.75 in winter (-0.81 in the monthly series), were found between PAT and

PC1 for REG3 that explains 52.2% of the total variance in the region. This means that the positive
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phase of the PAT index causes a decrease in WS100 over Patagonia, and vice versa. In second
place, the AAO is responsible for the variability of WS100 over Patagonia mainly in summer,
which is determined by positive correlation coefficients, up to 0.52 (0.42 in winter and 0.46 in the
monthly series), between the AAO index and the PC2 for REG3 that explains 22.8% of the total
variance. The positive phase of AAO causes an increase of WS100 over the southern tip of

Patagonia, and a decrease north of 45° S.

In the case of northern Chile and Argentina, only a weak correlation coefficient of 0.3 (ERAY)
between the SPA intensity and WS100 was found for the extreme cases of WS100, mainly during
spring. An analysis with finer resolution of that region would allow for a greater insight on the
behavior of the wind resource and its climate modulators. While for the Chilean side of Patagonia
some influence of SPA was found, which appears more clearly particularly in winter with
correlation coefficients up to 0.49 (0.4 in summer). The SPA plays a role in the mechanisms that
cause variations in the pressure gradient and the intensity of the westerlies over the Patagonia
region, and it is also negative correlated with ENSO, a relationship that should be explored in

greater detail in the future.

This study is the first part of a more extensive project, with the main objective to estimate the long-
term effects of the analyzed large-scale drivers on wind power generation in the future (until 2100).
In forthcoming work, we would like to explore the persistence over time of the relationships found
between those atmospheric patterns and 100 m wind speed over South América; using CMIP6
future scenarios (i.e., SSP2-4.5 and SSP5-8.5) for the models that we have found with better
performance. We also keep in mind that it is important to focus separately on smaller regions of
interest, given the diverse orography of South America and work with higher temporal resolution
data to get more accurate results. That will allow us to evaluate the influence of climate variability
and global warming on the future changes of wind resource and its impacts on wind power

generation in the long term.
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Figure S1. Superior limit of the red noise spectrum at a 95% confidence interval for each index time series simulated

from CMIP6 models.
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Figure S2. Spatial footprints of SPA index over the SST and SLP fields, calculated using monthly values of SST and

SLP during 1980-2014 from each CMIP6 model. The values correspond to the Pearson correlation coefficients at a

95% confidence interval.
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Figure S3. Spatial footprints of SAA index over the SST and SLP fields, calculated using annual mean values of SST
and SLP during 1980-2014 from each CMIP6 model. The values correspond to the Pearson correlation coefficients at

a 95% confidence interval.
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Figure S4. Spatial footprints of ONI index over the SST and SLP fields, calculated using monthly values of SST and
SLP during 1980-2014 from each CMIP6 model. The values correspond to the Pearson correlation coefficients at a

95% confidence interval.
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Figure S5. Spatial footprints of AAO index over the SST and SLP fields, calculated using monthly values of SST and
SLP during 1980-2014 from each CMIP6 model. The values correspond to the Pearson correlation coefficients at a

95% confidence interval.
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Figure S6. SST anomalies associated with extreme El Nifio events, based on the higher 5% of the total cases of ONI

positive anomalies (> 0.5°C).
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Figure S7. SST anomalies associated with extreme La Nifia events, based on the lower 5% of the total cases of ONI

negative anomalies (< -0.5°C).

83



ACCESS-CM2 CanESM5-CanOE CMCC-CM2-SR5 CMCC-ESM2
15°N — 15°N T— 15°N T—7 T 15°N 3 T T
oo 00 00 00
15°8 15°s 158 15°
30°8 30°8 30°8 30°8
45°s 45°g 45°g 45°g
60°5 : : 60°S— : : 60°5 : : 80°S :
BAW TW BO°W 48°W  38°W B4°W T2°W B0°W 48°W 38°W 84°W TZW B0°W 48°W 38°W 84°W TZW B0°W 48°W 38°W
CNRM-CM6-1-HR CNRM-ESM2-1 FGOALS-f3-L FIO-ESM-2-0
15°N T—7 15°N T—7 15°N —7 T 15°N T T
0° 0° 0° 0°
15°8 18°S 158 15°8
30°8 30°8 30° 30°s
45°8 458 45°8 45°8
60°5 — : : 60°5 — : : 60°5 — : : 80°S :
BAW  T2OW BO°W 48°W 38°W B4°W T2OW B0°W 48°W 38°W 84°W TW B0°W 48°W 38°W 84°W TZW B0°W 48°W 38°W
HadGEM3-GC31-LL INM-CM5-0 KIOST-ESM MIROC6E
15°N 7 —7 T 15°N —7 15°N T—7 T 15°N —Tr T
£
00 ki ®© o o
15°8 15°s 158 15°§
30°8 30°8 30°8 30°8
45°s 45°g 45°g 45°g
6005 — : : 60°5— : - 60°s— : - 80°s -
BAW TW BO°W 48°W  38°W B4°W T2°W B0°W 48°W 38°W 84°W TZW B0°W 48°W 38°W 84°W TZW B0°W 48°W 38°W
MIROC-ES2L UKESM1-0-LL
15°N — 15°N —7
0° [
15°8 158 z
Im
@
=
4
30°8 30°8
45°s 45°g
60°S 60°S

84°W  72°W BO°W 48°W 38°W

84°w  72°W  B0°W 48°W  36°W

Figure S8. CMIP6 models validation based on available observational datasets from meteorological stations located in
Northeast Brazil and Chile. Surface wind datasets obtained from Brazilian National Meteorological Institute

(https://portal.inmet.gov.br) and Chilean Meteorological Department (https://climatologia.meteochile.gob.cl).
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Table S1.

Magnitude of monthly and seasonal correlation between PCs and WS100 (significant values in bold).

REG1 REG2 REG3 REG1 REG2 REG3

MODEL PC1 PC1 PC1 PC2 PC2 PC2

ONI AAO SPA SAA | ONI AAO SPA SAA [ ONI AAO SPA SAA ONI AAO SPA  SAA | ONI AAO SPA SAA | ONI AAO SPA SAA
ERAS 0.06 0.06 0.00 045|030 0.27 0.15 002010 0.02 0.19 0.11 028 005 012 0.09|002 002 030 0.13 (018 044 035 0.14
ACCESS-CM2 0.14 0.07 0.14 041|010 0.02 010 0.10 | 0.08 0.10 0.20 0.20 0.17 011 0.12 0.24 ( 033 0.04 0.03 0.18 | 0.15 046 0.34 0.30
CanESM5-CanOE 0.11 0.13 0.04 055|030 0.11 0.11 0.14 | 011 006 0.26 0.18 049 0.7 0.19 0.04 (010 0.06 0.10 0.17| 005 039 0.20 0.19
CMCC-CM2-SR5 006 0.17 0.23 049|020 0.06 0.10 000 (011 0.12 0.5 0.19 032 0.10 004 0.03|0.12 012 006 0.15( 010 023 0.19 0.06
CMCC-ESM2 003 013 025 053|036 0.11 0.04 001|015 0.14 031 029 040 0.11 021 0.09|0.12 0.10 0.08 0.0 (007 025 0.02 0.07
CNRM-CM6-1-HR 0.01 0.11 0.03 042|006 0.08 0.09 0.03|0.02 007 006 0.03 0.09 0.04 0.07 015|009 0.05 017 0.16 | 0.02 031 0.25 0.15
CNRM-ESM2-1 0.07 0.10 0.02 0.40| 025 0.07 002 0.01|0.05 005 0.14 0.16 0.02 002 0.09 0.08|000 0.01 019 020|012 031 0.15 0.21
FGOALS-f3-L 002 0.04 019 044|045 0.12 0.11 023|028 0.11 0.14 009 0.11 007 007 012|003 022 025 0.01022 034 029 021
FIO-ESM-2-0 0.01 0.17 0.6 050|019 0.02 0.12 0.04|0.21 003 022 0.14 001 009 0.15 019|002 0.10 0.02 0.18 [ 0.07 0.27 0.20 0.06
HadGEM3-GC31-LL 0.14 0.15 0.00 0.18 | 0.18 0.21 0.05 0.02 |0.20 0.19 0.18 0.05 011 031 009 0.12(0.05 0.14 0.01 003|001 033 024 0.15
INM-CM5-0 0.06 0.05 0.05 039|002 020 0.08 0.11 |0.06 0.07 0.05 0.12 0.12 008 0.16 0.02|005 006 029 0.9 (008 036 028 0.04
KIOST-ESM 0.05 0.05 0.17 039|007 011 005 003|021 014 023 0.28 0.21 0.14 003 0.07 028 003 0.11 007|003 0.26 0.25 0.16
MIROC6E 034 003 0.06 038|032 0.02 001 008|019 010 009 0.13 0.07 0.14 0.07 0.28 | 0.28 0.07 0.07 0.21 | 0.11 0.27 0.17 0.07
MIROC-ES2L 038 0.02 0.09 031|024 0.03 0.02 015|026 0.01 0.14 0.11 048 0.12 015 0.23 | 0.01 008 0.01 0.1 009 030 0.12 0.22
UKESM1-0-LL 0.10 0.06 0.00 0.14 )| 0.12 0.12 0.00 0.04|0.10 016 0.11 0.15 0.14 035 002 0.05|008 011 0.01 0.04 (010 033 0.25 0.09
MODEL PC1 PC1 PC1 PC2 PC2 PC2

ONI AAO SPA  SAA | ONI AAO SPA SAA [ ONI AAO SPA SAA ONI AAO SPA  SAA | ONI AAO SPA SAA | ONI AAO SPA SAA
ERAS 0.17 0.07 0.08 0.32|0.27 0.22 0.09 0.16 |0.09 0.08 0.14 0.02 0.08 006 0.21 0.08| 005 0.05 0.06 011|016 040 023 0.20
ACCESS-CM2 021 0.06 0.12 0.06 | 0.20 0.08 0.02 0.02 |0.09 0.11 003 0.17 0.10 0.21 0.24 0.16 | 021 0.02 0.00 004|011 051 034 031
CanESM5-CanOE 029 0.18 0.9 009|033 0.03 0.06 016 024 0.21 0.04 007 0.12 0.04 0.05 001|015 0.03 012 0.19 | 0.16 | 0.50 0.20 0.14
CMCC-CM2-SR5 0.05 0.03 0.07 0.12)]0.07 0.01 023 0.08|0.07 014 006 0.14 046 001 000 0.00| 006 022 0.05 0.2 006 005 0.08 0.10
CMCC-ESM2 032 015 019 040|041 0.12 021 0.16 | 010 0.02 0.02 0.09 0.02 0.07 0.28 0.25|0.12 0.08 0.02 0.10 [ 0.00 0.03 0.25 0.04
CNRM-CM6-1-HR 0.12 0.03 0.04 0.13]0.13 0.01 0.04 0.06|0.10 0.03 009 0.01 001 009 019 013018 0.12 0.04 029 |0.05 047 038 0.13
CNRM-ESM2-1 0.08 0.14 0.01 021|025 0.02 002 0.12|0.21 000 0.07 0.24 025 009 025 0.16|001 012 0.08 013|030 049 0.28 0.14
FGOALS-f3-L 0.16 0.04 0.00 0.12| 044 0.12 0.01 0.04|0.38 0.02 004 0.08 0.14 0.08 0.10 0.08 | 0.10 0.00 0.09 004 |0.23 041 036 0.23
FIO-ESM-2-0 0.01 0.01 0.02 0.22)0.18 0.02 013 0.09 |0.18 0.23 005 0.07 0.26 0.10 0.14 0.04 [ 0.05 0.29 0.08 0.22 |0.09 0.10 0.13 0.10
HadGEM3-GC31-LL 0.14 0.03 0.04 0.20)| 025 0.09 0.00 0.16|0.26 0.08 0.14 0.06 0.20 0.13 027 0.9 |0.09 001 0.03 0.04]|011 052 030 0.12
INM-CM5-0 020 0.20 0.30 046 | 002 033 0.08 022 0.02 048 0.38 008 0.00 0.19 0.26 0.08 |0.14 0.15 0.04 0.08 [ 0.03 0.28 0.20 0.05
KIOST-ESM 0.18 0.18 0.13 025|014 0.04 017 014 (019 0.12 0.23 001 031 015 023 0.07 029 013 0.05 0.06 018 034 0.26 0.18
MIROC6 041 0.05 010 015|039 0.17 012 028 (011 0.14 012 0.01 037 010 001 0.23 021 021 0.17 0.09 (015 037 0.18 0.06
MIROC-ES2L 0.70 018 0.15 013|035 017 013 0.02|039 0.18 0.16 0.01 024 0.18 0.14 0.08 |0.37 0.03 0.08 0.31 (004 048 0.18 0.22
UKESM1-0-LL 022 0.02 0.06 012|014 0.14 0.01 006 |0.05 033 030 019 0.04 0.01 0.15 0.0 | 0.06 0.01 0.15 0.14|0.22 | 050 0.26 0.04
MODEL PC1 PC1 PC1 PC2 PC2 PC2

ONI AAO SPA  SAA | ONI AAO SPA SAA [ ONI AAO SPA SAA ONI AAO SPA  SAA | ONI AAO SPA SAA | ONI AAO SPA SAA
ERAS 030 0.13 0.24 044|019 018 037 013|017 020 0.39 021 0.06 0.00 0.09 0.04 025 0.15 0.04 000|021 0.26 023 0.13
ACCESS-CM2 0.11 0.14 0.17 042|016 019 018 0.14 (010 0.09 0.29 0.21 025 009 022 0.51 007 005 013 0.21 010 042 036 031
CanESM5-CanOE 0.15 0.15 0.03 049|027 0.09 0.12 024 0.07 021 044 029 021 022 014 048|006 016 0.14 0.08 [ 002 022 0.04 0.19
CMCC-CM2-SR5 004 019 012 023|010 0.10 0.04 003 |0.02 029 0.29 017 030 027 039 052009 013 0.04 014023 022 0.20 0.00
CMCC-ESM2 003 0.01 010 0.19|0.10 0.08 0.03 008|027 033 0.39 034 039 020 042 034028 022 022 0.0 017 025 0.10 0.19
CNRM-CM6-1-HR 0.04 0.07 0.03 0.26 | 0.02 0.23 0.01 0.05]|0.02 027 002 0.13 0.11 0.18 0.03 0.5 (008 029 0.23 019 |0.04 039 032 020
CNRM-ESM2-1 0.05 0.01 0.7 0.22)0.11 0.03 001 0.12|0.13 013 015 0.05 0.08 005 0.05 037|017 0.06 0.22 034 |0.04 023 011 035
FGOALS-f3-L 025 0.03 021 033|039 019 015 024|013 0.10 0.16 0.14 044 009 0.18 0.50 | 0.04 028 033 0.04(027 035 030 0.14
FIO-ESM-2-0 0.10 0.18 0.18 0.28 | 0.14 0.07 0.14 0.10|0.25 021 031 0.21 0.52 035 045 045028 032 0.24 011|021 030 037 0.09
HadGEM3-GC31-LL 0.25 0.07 0.16 0.50| 020 0.15 0.16 0.27 | 0.23 0.23 | 0.50 0.21 005 034 0.21 046|033 0.20 031 0.18 | 0.01 012 0.14 0.19
INM-CM5-0 004 011 0.45 031|001 015 0.02 004|023 021 0.29 022 024 021 026 017|002 025 039 0.04 011 035 031 0.02
KIOST-ESM 0.19 0.06 0.18 024|011 0.16 0.06 005|012 0.33 0.30 0.49 0.27 024 034 030013 000 0.01 018|015 0.16 0.26 0.13
MIROC6 0.07 0.14 0.01 039|035 0.02 000 0.01]|044 009 021 0.07 0.55 0.02 014 043043 027 0.20 018|023 0.21 0.26 0.04
MIROC-ES2L 0.13 0.08 0.00 0.54|0.23 0.07 004 0.11|0.21 021 0.10 0.00 035 012 013 0.10(032 031 0.15 012 0.11 0.13 014 031
UKESM1-0-LL 023 021 010 044|019 012 0.05 005 (0.06 0.14 0.21 0.20 0.03 0.02 010 025|019 0.2 0.03 001|015 0.19 0.14 0.02

[ [ [ [ I ]
0 0.3 0.45 0.6 0.75 0.9

Correlation coefficient [-]
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Table S2. Correlations between climate indices and PCs considering Chilean and Argentinean sides separately.

REG 2 (Chilean side)

REG 2 (Argentinean side)

REG 3 (Chilean side)

REG 3 (Argentinean side)

MODEL PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2

SPA ONI SPA ONI SAA ONI SAA ONI SPA ONI SPA ONI SAA ONI SAA ONI
ERAS 0.01 0.12 0.07 0.17 0.01 0.12 0.04 0.17 0.05 0.06 0.04 0.07 0.03 0.06 0.05 0.07
ACCESS-CM2 0.12 0.13 0.05 0.08 0.08 0.00 0.00 0.01 0.05 0.07 0.02 0.06 0.02 0.00 0.00 0.06
CanESM5-CanOE 0.03 0.05 0.03 0.03 0.00 0.08 0.06 0.00 0.04 0.13 0.01 0.00 0.01 0.13 0.01 0.01
CMCC-CM2-SR5 0.09 0.09 0.09 0.19 0.04 0.11 0.14 0.08 0.01 0.08 0.01 0.14 0.00 0.01 0.07 0.10
CMCC-ESM2 0.03 0.22 0.03 0.08 0.04 0.21 0.01 0.11 0.01 0.18 0.03 0.06 0.02 0.13 0.04 0.04
CNRM-CM6-1-HR 0.04 0.02 0.01 0.05 0.01 0.00 0.13 0.06 0.02 0.04 0.06 0.03 0.03 0.03 0.00 0.03
CNRM-ESM2-1 0.03 0.09 0.03 0.12 0.01 0.07 0.10 0.11 0.11 0.04 0.00 0.07 0.05 0.06 0.04 0.02
FGOALS-f3-L 0.08 0.03 0.05 0.15 0.00 0.11 0.01 0.09 0.01 0.09 0.11 0.02 0.05 0.06 0.03 0.05
FIO-ESM-2-0 0.03 0.08 0.01 0.13 0.03 0.01 0.05 0.02 0.02 0.08 0.09 0.05 0.07 0.04 0.04 0.06
HadGEM3-GC31-LL 0.40 0.14 0.02 0.15 0.19 0.10 0.52 0.09 0.20 0.16 0.10 0.01 0.28 0.11 0.13 0.13
INM-CM5-0 0.05 0.08 0.03 0.03 0.00 0.09 0.04 0.01 0.05 0.09 0.08 0.06 0.04 0.12 0.06 0.04
KIOST-ESM 0.01 0.01 0.09 0.09 0.05 0.04 0.06 0.04 0.08 0.10 0.05 0.04 0.08 0.07 0.06 0.05
MIROC6 0.11 0.11 0.02 0.02 0.04 0.15 0.05 0.20 0.01 0.19 0.03 0.17 0.02 0.19 0.04 0.06
MIROC-ES2L 0.01 0.01 0.06 0.02 0.03 0.02 0.08 0.08 0.06 0.13 0.02 0.09 0.09 0.15 0.07 0.01
UKESM1-0-LL 0.32 0.12 0.10 0.11 0.07 0.15 0.51 0.11 0.13 0.09 0.15 0.04 0.22 0.14 0.07 0.01
MODEL PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2

SPA ONI SPA ONI SAA ONI SAA ONI SPA ONI SPA ONI SAA ONI SAA ONI
ERAS 0.08 0.28 0.11 0.01 0.14 0.28 0.14 0.01 0.17 0.02 0.25 0.18 0.08 0.02 0.09 0.18
ACCESS-CM2 0.04 0.21 0.08 0.32 0.04 0.10 0.01 0.38 0.34 0.25 0.30 0.09 0.16 0.10 031 0.07
CanESM5-CanOE 0.10 0.40 0.11 0.29 0.27 0.37 0.09 0.22 0.09 0.31 0.18 0.02 0.06 0.26 0.15 0.16
CMCC-CM2-SR5 0.18 0.32 0.27 0.13 0.10 0.02 0.02 0.12 0.15 0.13 0.05 0.16 0.17 0.06 0.09 0.13
CMCC-ESM2 0.13 0.14 0.16 0.31 0.18 0.45 0.15 0.17 0.03 0.14 0.04 0.06 0.12 0.11 0.01 0.07
CNRM-CM6-1-HR 0.05 0.11 0.14 0.07 0.04 0.11 0.20 0.19 0.39 0.01 0.11 0.11 0.03 0.14 0.14 0.07
CNRM-ESM2-1 0.19 0.00 0.05 0.06 0.17 0.20 0.07 0.14 0.30 0.33 0.29 0.11 0.25 0.21 0.15 0.29
FGOALS-f3-L 0.01 0.46 0.03 0.19 0.07 0.37 0.07 0.27 0.32 0.50 0.23 0.04 0.09 0.38 0.22 0.23
FIO-ESM-2-0 0.35 0.03 0.03 0.02 0.13 0.14 0.23 0.04 0.19 0.22 0.18 0.08 0.05 0.16 0.09 0.05
HadGEM3-GC31-LL 0.27 0.01 0.06 0.17 0.13 0.15 0.08 0.21 0.35 0.28 0.13 0.04 0.06 0.17 0.10 0.15
INM-CM5-0 0.15 0.01 0.12 0.06 0.22 0.02 0.05 0.14 0.31 0.02 0.35 0.04 0.09 0.01 0.04 0.02
KIOST-ESM 0.12 0.35 0.46 0.05 0.17 0.01 0.03 0.36 0.35 0.31 0.24 0.19 0.01 0.19 0.16 0.12
MIROC6 0.28 0.04 0.19 0.29 0.28 0.45 0.16 0.04 0.26 0.12 0.24 0.05 0.01 0.11 0.05 0.19
MIROC-ES2L 0.14 0.09 0.19 0.19 0.07 0.35 0.25 0.02 0.19 0.37 0.04 0.18 0.04 0.39 0.21 0.10
UKESM1-0-LL 0.37 0.08 0.10 0.11 0.05 0.17 0.12 0.11 0.40 0.22 0.09 0.15 0.13 0.05 0.04 0.27
MODEL pPC1 PC2 pC1 PC2 pPC1 PC2 pC1 PC2

SPA ONI SPA ONI SAA ONI SAA ONI SPA ONI SPA ONI SAA ONI SAA ONI
ERAS 0.36 0.27 0.13 0.05 0.07 0.27 0.01 0.05 0.38 0.21 0.21 0.02 0.20 0.21 0.10 0.02
ACCESS-CM2 0.27 0.13 0.26 0.06 0.17 0.15 0.27 0.07 0.47 0.01 0.29 0.08 0.17 0.07 0.32 0.09
CanESM5-CanOE 0.12 0.31 0.13 0.05 0.23 0.28 0.21 0.05 0.39 0.10 0.06 0.05 0.25 0.07 0.23 0.03
CMCC-CM2-SR5 0.04 0.20 0.38 0.39 0.06 0.21 0.21 0.05 0.35 0.09 0.22 0.23 0.16 0.07 0.07 0.17
CMCC-ESM2 0.18 0.31 0.32 0.16 0.15 0.23 0.03 0.19 0.40 0.30 0.14 0.06 0.27 0.22 0.27 0.19
CNRM-CM6-1-HR 0.01 0.10 0.39 0.01 0.06 0.04 0.17 0.06 0.12 0.07 0.39 0.09 0.10 0.00 0.22 0.01
CNRM-ESM2-1 0.09 0.04 0.27 0.11 0.14 0.17 0.23 0.13 0.16 0.13 0.13 0.05 0.04 0.10 0.36 0.10
FGOALS-f3-L 0.07 0.39 0.38 0.09 0.25 0.42 0.09 0.10 0.28 0.30 0.18 0.02 0.14 0.12 0.14 0.25
FIO-ESM-2-0 0.15 0.34 0.33 0.09 0.18 0.21 0.14 0.14 0.40 0.33 0.36 0.10 0.19 0.19 0.16 0.30
HadGEM3-GC31-LL 0.07 0.16 0.02 0.25 0.32 0.13 0.09 0.38 0.49 0.20 0.01 0.00 0.05 0.19 0.20 0.15
INM-CM5-0 0.07 0.19 0.46 0.10 0.03 0.07 0.00 0.11 0.34 0.30 0.30 0.02 0.22 0.23 0.01 0.15
KIOST-ESM 0.07 0.09 0.22 0.08 0.11 0.20 0.02 0.09 0.35 0.14 0.08 0.07 0.52 0.15 0.09 0.15
MIROC6 0.18 0.40 0.28 0.42 0.09 0.19 0.11 0.57 0.31 0.37 0.14 0.44 0.06 0.46 0.06 0.16
MIROC-ES2L 0.04 0.27 0.13 0.27 0.12 0.17 0.05 0.35 0.14 0.18 0.04 0.22 0.12 0.23 0.33 0.01
UKESM1-0-LL 0.04 0.09 0.06 0.30 0.23 0.14 0.06 0.18 0.23 0.00 0.08 0.06 0.05 0.15 0.11 0.06

[ [ | | ]
0.3 0.45 0.6 0.75 0.9

Correlation coefficient [-]

86




IV. EVALUACION DE LA VARIABILIDAD CLIMATICA FUTURA QUE AFECTA A LA
ENERGIA EOLICA Y SUS IMPLICACIONES PARA LA GENERACION ENERGETICA EN
AMERICA DEL SUR USANDO SIMULACIONES DE CMIP6

Resumen

La energia eolica ha experimentado un rapido desarrollo en las ultimas dos décadas,
posicionandose como una de las fuentes de energia renovable con mayor participacion en la matriz
energética global. Sin embargo, las redes eléctricas estan cada vez mas expuestas a la variabilidad
intrinseca de estas fuentes. Este trabajo evalua los cambios futuros en el potencial edlico y la
generacion de energia en América del Sur entre 2030 y 2099 y la influencia de diferentes
moduladores climaticos de la variabilidad del viento a 100 m, como continuacién de un trabajo
previo centrado en el periodo historico 1980-2014. Consideramos proyecciones de ocho modelos
climaticos globales de CMIP6 bajo el escenario SSP2-4.5. Nuestros resultados muestran aumentos
significativos en la densidad del potencial edlico de més del 30% para 2099 en el nordeste de Brasil,
asociados principalmente a una tendencia positiva en la intensidad del Anticiclon del Atlantico Sur,
mientras que se proyecta una disminucion de hasta un -20% en la region de la Patagonia asociada
a una tendencia positiva en el patron Patagonia-Antartica. Estos cambios equivalen a un aumento
de la generacion de energia edlica de hasta un 18 % para 2069 y un 37,6 % para 2099 en el nordeste
de Brasil, mientras que se proyecta una disminucion de hasta un -33,6 % para 2069 y un -33,8 %
para 2099 en la Patagonia. La principal contribucion de este trabajo es que permite comprender los
mecanismos atmosféricos que influyen en las variaciones a largo plazo del potencial eolico y la
generacion de energia. Esto es de gran relevancia para la industria edlica en la planificacion de

sistemas y la evaluacion de riesgos de proyectos edlicos actuales y futuros en América del Sur.
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Abstract

Wind energy has experienced rapid development over the past two decades, positioning it as one
of the renewable energy sources with the largest share in the global energy mix. However, power
grids are increasingly exposed to the intrinsic variability of these sources. This paper evaluates
future changes in wind power and energy generation over South America between 2030 — 2099
and the influence of different climate modulators of 100m wind variability, as a continuation of a
previous work focused on the historical period 1980 - 2014. We consider projections from eight
CMIP6 global climate models under the moderate SSP2-4.5 scenario. Our results show significant
increases in wind power density of more than 30% by 2099 over northeastern Brazil associated
primarily to a positive trend in the South Atlantic Anticyclone intensity, while a decrease up to -
20% is projected over Patagonia region associated to a positive trend in the Patagonia-Antarctic
pattern. These changes equate to an increase in wind power generation up to 18% by 2069 and
37.6% by 2099 in northeastern Brazil, while a decrease up to -33.6 by 2069 and -33.8% by 2099 is
projected for Patagonia. The main contribution of this work is that it allows us to understand the
atmospheric mechanisms that influence long-term variations in wind power and energy generation.
This is of great relevance for the wind energy industry in system planning and risk assessment in

current and future wind projects in South America.

1. Introduction

Uncertainty about future wind power behavior implicate a potential risk to wind energy production,
as a changing climate can alter atmospheric dynamics and affect wind patterns (Emodi et al., 2019;
Solaun & Cerd4, 2020). A decrease in wind speed will cause a reduction in energy production,
which is most noticeably reflected in sites with low mean wind speed values (Watts et al., 2017),
while in contrast, a small increase will greatly benefit other regions since wind power directly
depends on the wind speed cubed. In this context, it is imperative to assess the susceptibility of

wind power and energy generation, with important implications for energy security and the
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resilience of the electricity system (Doddy Clarke et al., 2022; Peiris et al., 2021; Zhang et al.,
2019).

On a global scale, a future reduction in wind power density (WPD) is projected in many regions of
the Northern Hemisphere, and an increase in the Southern Hemisphere is considered possible with
substantial regional variations (Chen, 2020; Davy et al., 2018; Feng et al., 2024; Karnauskas et al.,
2018). Although different authors generally consider +/-10% or more variation in WPD to be
significant in terms of wind energy production (De Jong et al., 2019; Tian et al., 2019), different
future scenarios lead to a reduction of up to -35% in WPD in northern continental Europe and the
central Mediterranean (Martinez & Iglesias, 2021). Although, (Moemken et al., 2018) found that

climate change could be beneficial for regions like the Baltic and Aegean Sea.

According to Jung & Schindler (2020), climate change will likely lead to an increase in WPD
across most of Brazil, South Africa, and Eastern Australia. At the wind turbine scale (§0m—100m),
several studies have also been conducted that are in line with these projections and offer practical
benefits for assessing WPD under climate change impacts (Gugliani et al., 2021; Islek et al., 2020;
Kim et al., 2021; Weber et al., 2018; Wilkie & Galasso, 2020).

According to future projections, WPD in South America is expected to increase substantially across
most of Brazil, and in some locations annual energy production (AEP) could even increase by more
than 40% by 2080 (De Jong et al., 2019). This result is in line with the study by Karnauskas et al.
(2018) which indicates an increase in WPD for eastern Brazil of 21% by 2050 and 42% by 2099.
On the other hand, Martinez & Iglesias (2024) found decreases of up to -30% west of the Andes,

mainly in the southernmost areas of the Chilean coast.

The aforementioned studies show relatively robust temporal and spatial behavior in wind speed
and WPD change on various emission scenarios, future time periods and simulations. Therefore,
the effects of climate change should be considered in the development of wind power projects
(Devis et al., 2018; Ganea et al., 2018). However, most of these studies are inconclusive regarding

the causes of such changes in wind speed and its variability.

Natural climate variability is caused by periodic oscillations (months, years, decades) in the

atmospheric circulation that strongly modulate wind speed across different regions of the world.
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Electrical grids are increasingly exposed to climate variability due to the incorporation of
renewable sources such as wind power (Foley et al., 2012); however, climate oscillations and wind
variability are often not taken into account in wind farms campaigns, which is important when
considering wind resource assessment and long-term planning (Barbosa De Alencar et al., 2017;
Bianchi et al., 2022). Therefore, additional studies are necessary to explore the mechanisms

associated with wind power variability (Gao et al., 2019).

1.1.  Study area

Due to its considerable southern extent and prominent orography, South America exhibits diverse
weather and climate patterns, including tropical, subtropical, and extratropical characteristics.
These characteristics in turn reflect on wind and WPD variability in the region. With over 25,000
km of coastline, South America has a great WPD, especially along the coasts of Brazil, Colombia,

and southern Chile (Shadman et al., 2023), as shown in Figure la.
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Figure 1. a) Distribution of WPD at 100m in South America. b) Schematic diagram of the mean annual 100m wind

field and its main large-scale modulators over South America. Source: ERAS data 1980-2014.
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The Andes extend continuously close to the western coast of the continent and therefore represent
a major obstacle to tropospheric flow, with dry conditions to the west and wet conditions to the
east in tropical/subtropical latitudes. The Brazilian Plateau also tends to block low-level circulation
over subtropical South America. South of 40°S, low-level westerly flow prevails year-round over
the adjacent oceans and the continent. Over the southern tip of South America and the adjacent

South Pacific, westerly winds are stronger, peaking between 45°S and 55°S (Garreaud et al., 2009).

Different analytical techniques and data sets in South America have produced many atmospheric
patterns that influence the region climate variability (Bianchi et al., 2017; Codron, 2005; Montini
et al., 2019; Watts et al., 2017). Particularly in the case of WS100 and therefore WPD, most of the
variability resides in a few patterns of the sea level pressure (SLP) field: the South Atlantic
Anticyclone (SAA), the Southeast Pacific Anticyclone (SPA), the Patagonia-Antarctic Pattern
(PAT), and the Antarctic Oscillation (AAO) (Llompart et al., 2025). Both the SAA and the SPA are
semi-permanent high-pressure centers (Figure 1b) with a marked annual cycle that peaks during
the austral winter and strongly modulates the climate of South America (Ancapichiin & Garcés-
Vargas, 2015; Cabos et al., 2017). Meanwhile, the PAT and the AAO are patterns that arise from
the interaction between flows from the Antarctic polar region and mid-latitudes (Garreaud et al.,

2009; Llompart et al., 2025).

The SAA affects the tropical South Atlantic basin, and its seasonal cycle is mainly controlled by
convective heat sources over South America and southern Africa, and by the interaction between
orography with the easterly trade winds and mid-latitude westerlies (Miyasaka & Nakamura, 2010;
Rodwell & Hoskins, 2001). These fundamental mechanisms lead to an SAA that is notably stronger
during the austral winter than during the summer (Cabos et al., 2017). SAA is the dominant mode
of wind speed variability at 100m height (WS100) in northeastern Brazil and, to our knowledge,
the only large-scale pattern with which it presents a significant relationship in that region (Llompart
etal., 2025). This relationship is positive and stronger during winter, meaning that as SAA intensity

increases, so does WS100 in northeastern Brazil and vice versa.
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The SPA is centered over the Southeast Pacific basin and primarily influences the Chilean coast,
with a predominant southwesterly flow. The SPA also contributes to the mechanisms that cause
variations in the pressure gradient and the intensity of westerlies over the Patagonian region, south

of approximately 40°S (Llompart et al., 2025).

PAT is a Drake Passage-centered SLP anomaly pattern, identified in a previous study (Llompart et
al., 2025), which is the main modulator of WS100 over the Patagonian region, south of 40°S. Over
this region, WS100 increases when a low-pressure center forms west of the Antarctic Peninsula.
This situation, in combination with an increased intensity of the SPA, causes an increase in the
pressure gradient and the intensity of the westerlies over the Patagonian region; this situation
corresponds to a negative PAT index. On the other hand, when the SLP field shows an anticyclonic
curvature configuration over the Drake Passage (a positive PAT index), the westerlies shift further

south in this area, causing a weakening of WS100 over Patagonia.

The AAO is the main pattern of tropospheric circulation variability south of 20°S and is
characterized by pressure anomalies of one sign centered over Antarctica and anomalies of opposite
sign in a circumglobally band between 40°S and 50°S (Thompson & Wallace, 2000). The AAO
signal extends coherently into the lower stratosphere and appears to arise from the interaction
between eddies and the zonal mean flow (Codron, 2005). In a previous study (Llompart et al.,
2025), we found that AAO is the second modulator responsible for WS100 variability in Patagonia,
mainly in summer. The positive phase of the AAO causes an increase in WS100 in the extreme

south of Patagonia and a decrease north of 45°S.

Several studies have investigated the influence of these and other atmospheric patterns on South
America climate, but a more robust understanding of their influence in WPD and, consequently in
future wind power generation remains lacking. Therefore, the main objective of this research is to
describe future WPD behavior and changes in wind power generation, providing better
understanding of the fundamental mechanisms that drive that behavior. The insights from our
investigation offer valuable perspectives for energy policy, long-term system planning and risk

assessment in current and future wind projects in developing regions such as South America.
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2. Methodology

2.1. Data

CMIP6 provides climate variables data for historical simulations and daily and monthly global
climate projections from many experiments, models, and time periods. These global climate
models (GCMs) have been used by several authors to study the behavior of the wind resource
(Carvalho et al., 2021; Deng et al., 2022; Qian & Zhang, 2021; Wu et al., 2020; Zhang et al., 2019).
The CMIP6 databases are available online from the website of the European Union's Earth
observation program, Copernicus (https://cds.climate.copernicus.eu/). CMIP6 represents a
substantial expansion over its predecessor, CMIPS, in terms of the number of participating
modeling groups, the number of future scenarios examined, and the number of different

experiments performed.

For this study, two future time periods were defined: a medium-term period from 2030 to 2069 and
a long-term period from 2070 to 2099. The historical period from 1980 to 2014 and the ERAS
reanalysis data were used as a baseline to compare differences with future periods. Eight CMIP6
models were selected (Table 1), which best represent the relationships between WS100 and its
climate modulators over South America, analyzed in a previous study (Llompart et al., 2025). Since
each model has different map projections and resolution, a homogeneous grid of 1°x1° spatial
resolution was defined for convenience when working with and comparing models. The bilinear
interpolation method was applied using the software Climate Data Operators (CDO) from the Max
Planck Institute (Greene et al., 2019). All steps described for data preparation and analysis were

implemented using the software Matlab.
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Table 1. CMIP6 global models used. (More information at https://pcmdi.llnl.gov/CMIP6/)

Resolution (°Lon x °Lat)

CMIP6 model Variant label Reference Cquptry of
Wind speed SLP ongin
ACCESS-CM2 1.88x 1.25 1.88x 1.25 rlilplfl Bi et al. (2020) Australia
CanESMS5-CanOE 2.81x2.81 2.81x2.81 rlilp2fl Swart et al. (2019) Canada
CMCC-CM2-SR5 1.25x0.94 1.25x 0.94 rlilplfl Cherchi et al. (2019) Italy
CMCC-ESM2 1.25x0.94 1.25x 0.94 rlilplfl Lovato et al. (2022) Italy
CNRM-CM6-1-HR 0.50 x 0.50 0.50 x 0.50 rlilplf2 Voldoire et al. (2019) France
CNRM-ESM2-1 1.41x 1.41 1.41 x 1.41 rlilplf2 Séférian et al. (2019) France
FGOALS-f3-L 1.25x 1.00 1.25x 1.00 rlilplfl He et al. (2020) China
FIO-ESM-2-0 1.25x0.94 1.25x 0.94 rlilplfl Bao et al. (2020) China

CMIP6 models only provide near-surface wind speed data (10m). Power law is a method
commonly used by various authors (Manwell, n.d.; Tobin et al., 2015, 2016; Weber et al., 2018) to

extrapolate wind speed to turbine height:

Zp a
WS100 = v, (2 1)
Zo

Where vy[m/s] is the near-surface wind speed, a represents the wind shear exponent, which is
typically equal to 0.143 (Li et al., 2022; Tian et al., 2019). It was set as turbine height z;= 100m,
while near surface zo= 10m. Then, WPD [W/m 2] directly depends on the wind speed (WS100)

cubed and was calculated according to the equation:
1
WPD = > pv3 (2)

where p[kg/m * ] is the air density which, although some research assumes it as a constant value,
in our case and given the extension and complexity of the study area, we estimate it in the following

way (De Souza Ferreira et al., 2024; Sawadogo et al., 2021):

)5.2624—
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353.4 (1 Tod
T

R

p 3)
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Where z,= 100m is the turbine height and T'is the air temperature [K]. Since climate models do not
provide air temperature at 100m, this variable was estimated considering the vertical rate of the
saturated adiabatic of the atmosphere, according to which the air temperature decreases at

approximately 0.6°C every 100m (De Souza Ferreira et al., 2024):
T =Toym — lsar 4)

where T,,,[K] is the temperature of the air near the surface (2m) and I, is the vertical rate of the

saturated adiabatic of the atmosphere, which for a height of 100m has a value of I's,.= 0.6.

2.2. Future WPD variations and selection of regions of interest

After obtaining the spatiotemporal distribution of WPD from WS100 over the entire study area for
each model, the differences in mean WPD in each future period with respect to the historical period
were calculated. Since our research is primarily focused on the wind industry, it is important to
identify regions with significant WPD changes. To do that, we established a threshold of mean
WS100 > 3 m/s, given that for lower wind speeds the blades of the reference wind turbine do not
move. In this case, 3 m/s is the cut -in wind speed, as shown in Figure 2 of section 1.1 of the
Introduction. In this way, we ignore those areas where WS100 has values lower than 3 m/s during
the historical period and does not show increases in the future. This allows us to consider only the
areas that were above this threshold and show changes in the future, as well as possible areas that

exceeded this threshold and could be considered new areas of interest.

After calculating the differences, we identified the regions with significant changes in WPD that
were consistent with at least 80% of the models analyzed in terms of sign, i.e., increase or decrease.
We then constructed the time series of mean WS100 anomalies and compared them with ERAS
over the historical period, considering criteria such as the behavior of the annual cycle and the
distribution of the series, to understand the performance of the CMIP6 models in reflecting the
behavior of WS100 in the regions of interest. In addition, we constructed the time series of mean
WPD anomalies in each region and analyzed their trend for each model until 2099 to compare it

with the trend in atmospheric patterns.
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2.3. Climate modulators and their influence on WS100 and WPD

To investigate the physical processes of atmospheric circulation and their relationship with WS100
behavior in the regions of interest, four wind climate modulators in the region were considered:
SAA, SPA, PAT, and AAO. The index to measure the SPA intensity is calculated from the monthly
SLP anomalies within the area between 15°S-50°S and 150°W-70°W (Ancapichun & Garcés-
Vargas, 2015; Llompart et al., 2025). A similar index is determined for the SAA in the area between
10°-40°S and 40°W-10°E (Llompart et al., 2025; Liibbecke et al., 2014), and for the PAT, within
the region delimited by 40°-70°S and 60°-90°W (Llompart et al., 2025).

To calculate the AAO index (Figure 2, right) we used the definition proposed by Marshall (2003),
which is based on the difference of the normalized SLP anomalies between 40°S and 65°S around
the globe and we applied the algorithm developed by (Greene et al., 2019) for Mathworks ®
Matlab.

For each region of interest detected, we calculated monthly (MON) and seasonal anomalies of
WS100 for the summer period from December to February (DJF) and the winter period from June
to August (JJA). Then, we calculated the correlation coefficient R between WS100 anomalies and
the SAA, SPA, PAT, and AAO indices. Pearson's method was used with a 95% confidence interval,
which is independent of the scale of measurement of the variables and is frequently used to measure

the degree of relationship between two variables, provided both are quantitative and continuous.

2.4. Estimation of AEP

To calculate the variations in AEP in the future periods 2030-2069 and 2070-2099 with respect to
the historical period 19802014, it is necessary to know the frequency distribution of the mean

hourly wind speed for each of the periods. A large literature has reported that applying the Weibull
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distribution to model wind speed data adequately reproduces the wind speed regime. The
probability density function (PDF) of the Weibull distribution is expressed as follows:

Fo0 =2 (5 e [~ (2)] ©)

c

Where v;, ¢ and k are the mean wind speed (WS100), the scale parameter and the shape parameter
respectively. However, since the wind speed data provided by the CMIP6 models in most cases
have a maximum daily temporal resolution (3 hours in a few cases), it is necessary to estimate the
hourly frequency distribution. We use the methodology proposed by Shin et al., 2018 to estimate
the parameters of the Weibull PDF from daily data, which are available for the models used, except
for CanESMS5-CanOE and FGOALS-f3-L.

The method consists of first calculating the 1st and 2nd order cumulative raw moments (CRMs) of
the wind speed data corresponding to coarser time scales. For example, if daily mean wind speed
data are available (as in our case), the mean wind speeds for coarser time scales (i.e., 2, 3, 4, ...,
and even 30 days) are calculated by aggregating the daily mean wind speed data. The CRMs are
then calculated from the 2, 3, 4, ..., and 30-day daily mean wind speed data (converted into sample

raw moments):

hth order sample r —n=tpn JINT 6
ple raw moment = ugp = n‘uCR = , 1Vi (6)
i=

A linear model is then constructed between the logarithm of the CRMs and the logarithm of the
time scales. The CRMs corresponding to the specific time scale of interest, for example, 1 h (as in
our study), are then estimated from the linear model generated previously. The CRM estimates are
then converted into central moments. Since CRMs cannot be directly applied to fit the probability
distribution, they must be converted into the central moments commonly used in the method of

moments.
15t order sample central moment = u} = u} (7)

2™ order sample central moment = p2 = u3 — (u)? (8)
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Finally, the parameters of the Weibull PDF are estimated using the method of moments with central
moment estimates. The theoretical 1st and 2nd order central moments of the Weibull distribution

are expressed as follows:
ut=cr(1+1/,) 9)

w2 =c2r(1+2%/,)-r}(1+1/,)| (10)

Where I'() is the gamma function. The method of moments for the Weibull distribution identifies
the parameters that produce theoretical 1st and 2nd order moments equivalent to the 1st and 2nd
order sample moments. This problem was solved using a numerical optimization method in Matlab.

Then, once the Weibull PDF is known, AEP was calculated according to the equation:

N
E=T ) P(w)f(w)Ay, (11)
2

Where P(v;)[W] is the power at speed v;, f(v;)is the probability of the wind having the speed
v;according to the Weibull distribution, Av;is the width of the speed interval, that is, the difference
between the values of v;adjacent , and T is the total time (considering one year: 7 = 8760 hours).
The values of P(v;), as shown in Figure 2, were obtained from the characteristic power curve of
the Vestas wind turbine V126-3.45MW, commonly used as a reference in studies focused on
onshore wind generation (Bianchi et al., 2022; De Jong et al., 2019; Russo et al., 2023). This turbine
has a cut -in speed of 3 m/s, cut - out of 22.2 m/s, and a nominal power of 3.45 MW

(https://www.vestas.com).

w

i Cut-in:3m/s
‘ 3.45 MW

IS

w

Wind power [MW]
N

[uny

o

o

2 4 6 8 10 12 14 16 18 20
Wind speed [m/s]

Figure 2. Power curve of the Vestas V126-3.45 MW wind turbine used as a reference for calculating AEP.
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3. Results

3.1. WPD changes in the future compared to the historical period

As shown in Figure 3 and Figure 4, as a result of averaging the WPD obtained for each model, the
highest WPD in the future are over the northeast and southeast of Brazil with values of up to 300
W/m? near the coast, Uruguay, the central east and southeast of Argentina, increasing towards the
extreme south of the country over Patagonia with values exceeding 300 W/m?. Chilean Patagonia
also shows high WPD values and towards the north of Chile over the Andes on the border with

Argentina, which is best appreciated in winter with values of up to 300 W/m?.

Regarding the differences of WPD in the future compared to the historical period, there are areas
with significant variations. For the period 2030-2069, increases of up to 30 W/m? are observed,
mainly in winter, over northeastern Brazil and the northern Andes Mountains on the border of Chile
and Argentina, representing an increase of up to 30% for these regions. Over northeastern
Argentina, an increase of up to 20 W/m? is also observed, representing a 20% increase compared
to the historical period. In contrast, for the Patagonia region, approximately between 40°S - 50°S,

areas with a difference of -30 W/m? are observed, representing a decrease of up to 15% in WPD.

For the period 2070-2099, the changes observed during 2030-2069 are accentuated. Largely,
increases are sustained in most of Brazil, northern Chile, and northwestern Argentina, with
northeastern Brazil in particular showing increases of more than 30%. The decrease prevails over
much of Patagonia, central Argentina, and parts of Uruguay, with values as low as -20%. It is
important to note that the areas with decreasing WPD previously showed wind speeds of at least 3
m/s, including the Patagonian region, which is currently one of the areas with the highest WPD
values. This is also why the Patagonian region, although showing changes of similar magnitude
(albeit opposite in sign) to those in northeastern Brazil, represents a smaller percentage of variation

compared to the historical period.
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Figure 3. (Top panels) Mean WPD for the period 2030-2069, (middle panels) changes in WPD for 2030-2069 with
respect to 180-2014, and (bottom panels) changes in WPD expressed as percentage with respect to the mean WPD
from 1980-2014. These figures show the ensemble signal of all CMIP6 models used in this study.
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After analyzing the most significant WPD changes, we selected four regions of interest as shown
in the lower right panel of Figures 3 and 4. Region 1 comprises the most extreme portion of
northeastern Brazil between 5°S — 13°S and 35°W — 42°W, region 2 comprises northeastern
Argentina near the borders with Uruguay and Paraguay between 28°S — 34°S and 58°W — 63°W,
region 3 comprises the portion of Argentine Patagonia between 40°S —48°S and 67°W - 71°W, and
finally region 4 comprises a small portion of Chilean Patagonia delimited by 42°S —46°S and 73°W
— 76°W. The most significant appreciable WPD changes are concentrated in each of these regions,
of at least +/-10% with respect to the historical period. In addition, numerous wind farms are

currently operating in these areas.

Other regions with significant increases in WPD, such as the extreme north of Chile on the border
with Argentina and parts of the extreme northwest of Argentina, were not considered because they
are areas with complex topography crossed by the Andes, where CMIP6 models do not accurately
reflect wind behavior and its interaction with atmospheric patterns (Llompart et al., 2025).
Increases in WPD have also been observed in northern Venezuela, but to date, there are no data on

wind farms in operation or projected in this region.

3.2. WS100 behavior in the regions of interest during the historical period

As shown in Figure 5, the behavior of the WS100 annual cycle over the historical period is quite
similar between models and compared to ERAS5 for each of the regions of interest. In the case of
northeastern Brazil and northeastern Argentina, the maximum is observed towards the end of winter
and beginning of spring, while the minimum occurs towards the end of summer and beginning of
autumn, with anomalies that oscillate on average between -3 and 3 m/s throughout the year. In the
case of Argentinean Patagonia, WS100 reaches its maximum during summer, between the months
of December and February, and decreases during autumn and winter, between the months of March
and August, and then begins to rise again in spring from September, with anomalies that oscillate
on average between -3 and 3 m/s throughout the year. Finally, in Chilean Patagonia, a main

maximum is observed in winter between the months of June and August and a secondary maximum
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in summer between December and February, with minimums during the spring and autumn

seasons, with anomalies that oscillate on average between -3 and 3 m/s throughout the year.
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Figure 5. Annual cycle of WS100 anomalies (left panels) and boxplots showing the distribution of the WS100 monthly
anomalies (right panels) during the historical period 1980-2014 for all CMIP6 models used in this study; each line

shows a region of interest.

3.3. Climate modulators behavior in the future and influence on WPD in the regions of interest
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In the case of the climatic indices analyzed, the CMIP6 models show great similarities in their
behavior during the future period 2015 - 2099 as shown in Figure 6. The positive and negative
phases of both the SAA and the SPA show a frequency-lock to the annual cycle with a

maximum/minimum during the winter between the months of June and August, while the

anomalies oscillate mainly in the range of -4 to 4 hPa for the SAA and -6 to 6 hPa for the SPA.
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Figure 6. Behavior of the mean annual cycle of SLP during opposite phases of the climate indices analyzed during the

period 2015-2099: (left column) positive phase, (center column) negative phase, and (right column) boxplots for the

distribution of the monthly anomalies. Each line corresponds to a single climate modulator, as defined in the text.
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In the case of PAT, a frequency-lock to the annual cycle is also observed, with maximum/minimum
values for the positive/negative phase extending from late autumn to mid-spring, and anomalies
that oscillate mainly between -10 and 10 hPa. Finally, the AAO exhibits two maximum/minimum
peaks for its positive/negative phase: a main peak during winter and early spring, between June

and September, and a secondary peak during winter, between December and February, with

anomalies that oscillate mainly between -5 and 5 hPa throughout the year.

Monthly
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Winter

Figure 7. Correlation coefficient R between WS100 and the climate modulators that influence each region.
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To assess the influence of the analyzed atmospheric patterns on the behavior of WS100 and verify
the persistence of this influence over time, correlation coefficient R between the climate indices
and WS100 were calculated for each region of interest, as shown in Figure 7. The correlations
between SAA and WS100 are shown over northeastern Brazil, and the correlations between PAT
and WS100 over Argentine and Chilean Patagonia. As can be seen, in most cases, the influence of
these patterns is more pronounced during winter than in summer, even disappearing almost
completely in some cases. The northeastern region of Argentina (not shown) did not present
significant correlations with any of the analyzed patterns. The AAO only presented very low

correlations with the regions of Patagonia, which is probably because it is a secondary modulator.

Over northeastern Brazil, the influence of the SAA increases considerably toward the future,
especially in winter, increasing from R ~ 0.5 to 0.62. For the monthly series, R increases from ~
0.37 to 0.41. In summer, the correlation coefficients are quite low in most cases. In the case of both
Argentine and Chilean Patagonia, the influence of the PAT decreases considerably toward the
future, especially in summer, where R changes from ~ -0.68 to -0.36 on the Argentinean side and
from R ~ -0.48 to -0.16 on the Chilean side. During winter, the change is also noticeable, although
not as drastic as in summer, increasing from R ~ -0.65 to -0.51 on the Argentinean side and from
R ~-0.6 to -0.46 on the Chilean side. Regarding the monthly series, for Argentina R changed from
~-0.66 to -0.47, while for Chile R went from ~-0.59 to -0.41. The northeastern region of Argentina

did not show significant correlations with any of the patterns analyzed.

Regarding the future trend of climate indices between 2015 and 2099, as observed in Figure 8, all
models show a positive trend with little change in variance and a shift in the mean between 0.5 and
1 HPa in most cases. On the other hand, regarding the future trend of WPD shown by the models
between 2015 and 2099, as observed in Figure 8, the northeastern region of Brazil shows a
significant upward trend, which is more noticeable in winter, while the variance is conserved with
a change in the mean of approximately 0.4 m/s. In the case of northeastern Argentina, the trend is
not as evident, except for some models such as CanESM-CanOE, which show an increase with a
change in the mean of 0.8 m/s, while the variance remains unchanged for most models. In both
Argentine and Chilean Patagonia, a downward trend is observed, with an approximate change in

the mean of 0.4 m/s and no appreciable variance.
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Figure 8. Trend in the annual WPD series (left panels) and in the climate modulators (right panels) over the period
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2015-2099 (the mean value of the historical period 1980-2014 was set as 0 for 2015).

If we compare the trends between atmospheric patterns and WPD for each region, some important

points can be seen. In the case of SAA, the trend is positive, as is the WPD over northeastern Brazil,
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which makes sense since it is the main modulator of WPD over that region with a positive
influence. In the case of both Chilean and Argentine Patagonia, the WPD trend is negative, while
the PAT trend is positive. This is also consistent since PAT is the main modulator of WPD over
these regions with a negative influence. Therefore, it makes sense that if the PAT trend is positive,

the WPD trend is decreasing.

3.4. Estimation of Weibull PDFs and future changes in AEP

To measure the accuracy of (Shin et al., 2018) method in estimating Weibull PDFs, we calculated
the WS100 daily mean from hourly ERAS data and applied the proposed methodology. We then
compared the estimated PDFs with those obtained directly from the hourly data (Figure 9). As can
be seen, there are differences that change the frequency distribution of wind speeds for each region,
the most notable being an underestimation of the mean and a slight increase in the variance. This,
in turn, influences the AEP, which in all cases is lower than the "true" annual generation. Table 2
shows the total AEP for each region and the associated error resulting from the estimation. In the
case of northeast Brazil, the error is -5.4%, in the case of northeast Argentina it is -11.2%, while

for the Argentinean and Chilean parts of Patagonia the error is -17.1% and -16.6% respectively.
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Figure 9. Weibull PDFs of annual wind speed estimated through the method of moments from (dashed lines) daily
mean data and (solid lines) those calculated from hourly data, using ERAS for each of the regions of interest during
1980-2014; the red curve represents the power curve of the of the Vestas V126-3.45 MW wind turbine. (Bottom panels)
Annual wind generation curves (bottom panels) calculated from PDFs estimated using the method of moments (dashed

lines) and those calculated from hourly data (solid lines).

Table 2. Differences in AEP (one turbine) and capacity factor (CF) calculated from hourly ERAS data and those

calculated from estimated PDFs.

Northeast Brazil Northeast Argentina Argentinean Patagonia Chilean Patagonia
ERAS reanalysis
AEP (GWh) CF (%) AEP (GWh) CF (%) AEP (GWh) CF (%) AEP (GWh) CF (%)
Hourly data 5.9 19.6 6.9 22.8 14.2 47.0 11.8 39.0
Estimated PDFs 5.6 18.5 6.1 20.2 11.8 39.0 9.8 325
Error -0.3 -5.4 -0.8 -11.2 2.4 -17.1 -2.0 -16.6

Figure 10 shows the evolution of the estimated Weibull curves for each model during the historical
and future periods, while Figure 11 shows the AEP curves for each region, which is summarized in
Table 3. As can be seen in the case of northeast Brazil, there is an increase in AEP between 0.8 and
18.0 % for the period 2030 - 2069, while for the period 2070 - 2099 the increase doubles with
values between 3.3 and 37.6 %, except for the CNRM-CM6-1-HR model, which shows a decrease
in both periods.
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Figure 10. Weibull PDFs of annual wind speed estimated through the method of moments for each region (left
panels) during the historical period 1980-2014, (center panels) the period 2030-2069, and (right panels) the period
2070-2099.

In the case of northeastern Argentina, an increase between 0.3 and 9.8% is observed for the period
2030-2069, while for the period 2070-2099 the increase is 1.6 to 8.2%, except for the CNRM-
CM6-1-HR and CNRM-ESM2-1 models, which show a decrease in both periods. In the case of
Patagonia, both in Argentina and Chile, all models show a decrease in annual wind power

generation, although with significant differences. In the case of the Argentinean side, the ACCESS-
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CM2, CMCC-CM2-SR5, CMCC-ESM2 and FIO-ESM-2-0 models show more moderate
differences with respect to the historical period, ranging between -1.4 and -6.1 % for the period
2030 - 2069 and between -3.3 and -6.7 % for 2070 - 2099. In contrast, the CNRM-CM6-1-HR and
CNRM-ESM2-1 models show much larger differences, of -29.3 and -33.6 % for 2030 - 2069 and
-29.6 and -31.5 % for 2070 - 2099.
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Figure 11. Annual wind power generation curves for each region during (left panels) the historical period 1980-2014,

(center panels) the period 2030-2069 and (right panels) the period 2070-2099.
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A similar behavior occurs in the case of Chilean Patagonia, on the one hand, the ACCESS-CM2,
CMCC-CM2-SR5, CMCC-ESM2 and FIO-ESM-2-0 models show more moderate differences with
respect to the historical period, ranging from -0.7 to -8.9 % for the period 2030 - 2069 and between
-1.5 and -9.9 % for 2070 - 2099. In contrast, the CNRM-CM6-1-HR and CNRM-ESM2-1 models
show much larger differences, of -19.4 and -32.9 % for 2030 — 2069 and of -19.8 and -33.8 % for
2070 —2099.

Table 3. Future percentage differences in AEP compared to the historical period 1980-2014. Estimated values are

shown in bold, and the associated error is shown in the adjacent column (based on ERAS estimations over the historical

period).
Northeast Brazil Northeast Argentina Argentinean Patagonia Chilean Patagonia
Model 2030-2069  2070-2099  2030-2069  2070-2099  2030-2069 2070 -2099  2030-2069 2070 -2099
(%) (%) (%) (%) (%) (%) (%) (%)
ACCESS-CM2 180 +1.0 37.6 +2.0 03 +0.0 1.6 +02 -61 -10 -67 -1.1 -89 -15 -9.9 -1.6
CMCC-CM2-SR5 86 +05 19.0 +1.0 4.0 +04 51 +06 -14 -02 -33 -06 -17 -03 0.8 0.1
CMCC-ESM2 109 +0.6 295 +1.6 2.6 +0.3 62 +07 -49 -08 -85 -15 -07 -0.1 -15 -02

CNRM-CM6-1-HR -108 06 -85 -05 -529 -59 -527 -59 -293 -50 -296 -51 -329 -54 -338 -56

CNRM-ESM2-1 08 +00 33 +02 -312 35 -364 -41 -336 -57 315 54 -194 32 -198 33
FIO-ESM-2-0 59 +03 54 +03 98 +1.1 82 +09 -3.0 -05 67 -1 -39 06 35 -06
Ensemble 56 +03 144 +08 -112 -13 -113 -13 -13.0 22 -144 25 -112 -19 -113 -1.9
4. Discussion

4.1.  Future changes in WPD and influence of climate modulators

In this research we found that the main changes in WPD over South America for the periods 2030-
2069 and 2070-2099 under the SSP2-4.5 scenario, with respect to the historical period 1980-2014,

are concentrated in four key regions: northeast Brazil, northeast Argentina near the borders with
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Uruguay and Paraguay, a portion of Argentinean Patagonia south of 40°S and finally a small portion
of Chilean Patagonia between by 42°S — 46°S. These regions are of great interest for wind power
generation since they have mean WS100 values greater than 3 m/s and they also have numerous
wind farm locations (De Araujo Lima & Bezerra Filho, 2010; De Jong et al., 2019; Filgueiras &
Silva, 2003).

We compared the WS100 behavior of each CMIP6 model with ERAS over the historical period
and found that the models largely represent the WS100 characteristics of each region of interest,
such as the annual cycle and the oscillation range of the anomalies. Although the CMIP6 models
have improved their performance compared to their predecessor CMIPS5, they still have difficulties
in correctly representing wind behavior, especially in regions with complex orography (De Souza
Ferreira et al., 2024; Llompart et al., 2025). The performance of the models in simulating the
behavior of the analyzed atmospheric patterns in the future shows great consistency, representing
in a very similar way characteristics such as the annual cycle of the positive and negative phases,

as well as the distribution of anomalies for each of the indices.

Over the northeast region of Brazil, a significant increase in WPD is expected, up to 20% for the
period 2030-2069 and more than 30% for the period 2070-2099. This is consistent with the results
of Karnauskas et al. (2018) who found WPD increases for eastern Brazil of 21% by 2050 and 42%
by 2099, as well as de De Jong et al. (2019), who suggest an increase of 40% by 2080 under the
SSP5-8.5 scenario. On the other hand, Martinez & Iglesias (2024) found that the largest increase
in WPD in South America, up to 100%, will occur over southern Brazil, Uruguay and Paraguay
under the SSP2-4.5 scenario, and will extend towards the extreme east of Brazil in the SSP5-8.5
scenario. Also Jung & Schindler (2020, 2022) highlight an increase over southern Brazil. This
increase appears to be directly associated with a positive trend in the SAA, which remains the main
modulator of WS100 over the region in the future, and therefore its influence is also reflected in
WPD. Our results show this relationship is stronger during winter, which makes sense given that
the SAA intensity increases in winter. Furthermore, an increase in the correlation is observed from
one period to the next in the future, further demonstrating the influence of SAA on WS100 and
thus, that the increase in WPD is even greater for the period 2070-2099.
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Over northeastern Argentina, an increase in WPD of up to 20% is also expected for 2030-2069,
slightly higher for 2070-2099. However, for this specific region, we found no significant
correlations with the SAA or with any of the patterns analyzed. In a previous study (Llompart et
al., 2025), we conducted a more in-depth analysis of this region, even incorporating other
modulators such as ENSO, but no significant relationships emerged either. In contrast, for the
Patagonia region, approximately between 40°S - 50°S, on both the Chilean and Argentine sides,
WPD decreases of up to -20% are expected for both periods, 2030-2069 and 2070-2099. This is
consistent with the results of Martinez & Iglesias (2024), who found decreases of up to -30% west

of the Andes for the SSP2-4.5 scenario, mainly in the southernmost areas of the Chilean coast.

Although we did not find specific studies that reveal the reason for the decrease in WPD for the
southernmost tip of South America, the results of Watts et al. (2017) reveal that the average wind
speed can decrease by around 20% in central and southern Chile associated with patterns such as
ENSO, although in a previous study (Llompart et al., 2025) we found that the influence of ENSO
on the wind in that region is very weak. However, the PAT does show a significant influence on
WS100 in the region, which is inversely proportional as we demonstrated in a previous study
(Llompart et al., 2025), and which continues to manifest itself in the future. The PAT also presents
a positive trend, which is consistent with the negative trend shown by WPD. This relationship is
more evident in winter, although our results reflect a tendency to weaken towards the future, even

almost completely disappearing during the summer for the period 2070-2099.

The AAO also influences WS100 in the Patagonian region, albeit to a lesser extent (Llompart et
al., 2025), with a negative/positive relationship above/below 45°S, which affects the behavior of
the westerly flow over the region. However, our results indicate that this relationship is not as
robust, since no significant correlations were found, nor did changes in WPD reflect the

aforementioned characteristic dipole of the AAO.
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4.2.  Future changes in AEP

The aforementioned relationships and changes in WPD toward the future directly influence AEP.
According to our results, increasing WPD over northeast Brazil leads to an increase in AEP up to
18% for the period 2030-2069, which doubles to reach up to 37.6% for the period 2070-2099. This
largely coincides with the results of De Jong et al. (2019), who found an increase in wind generation
of up to 18.2% for the period 2021-2050 and up to 44.8% for the period 2070-2099. In contrast,
Esnaola et al. (2024) found that the largest increase in the South American will be in southeastern

Brazil, with up to 50% over the entire period 2015-2099.

In the case of northeastern Argentina, we find that most models show an increase up to 9.8% for
2030-2069 and up to 8.2% for 2070-2099, indicating a small decrease between these two periods.
The CNRM-CM6-1-HR and CNRM-ESM2-1 models, on the other hand, show a decrease of up to
-52.9% for 2030-2069 and up to -52.7% for 2070-2099. In this region, we did not find information
from previous studies on a significant increase or decrease. Furthermore, in our case, it is the region
with the greatest differences between models, mainly in terms of the sign of the change. Therefore,
it is a region in which more dedicated work would have to be done with greater spatial resolution

in future research to obtain better insights on the behavior of WPD and AEP in the future.

For the Argentinean side of Patagonia, most models project a decrease of up to -6.1% for the period
2030-2069, and up to -8.5% for the period 2070-2099. The CNRM-CM6-1-HR and CNRM-ESM2-
1 models project an even larger decrease, of up to -33.6% for the period 2030-2069 and up to -
31.5% for the period 2070-2099. For the Chilean side of Patagonia, most models project a decrease
of up to -8.9% for the period 2030-2069 and up to -9.9% for the period 2070-2099. Here too, the
CNRM-CM6-1-HR and CNRM-ESM2-1 models show an even larger decrease, of up to -32.9%
for 2030-2069 and up to -33.8% for 2070-2099. These results are somewhat consistent with those
found by Esnaola et al. (2024), whose study shows a decrease of up to -20% over Patagonia for the
period 2015-2099 under the same SSP2-4.5 scenario.
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5. Conclusions

In this work, we investigate the future behavior of WS100, WPD, and AEP in South America over
the medium-term (2030-2069) and long-term (2070-2099) future. We also explore the influence
of four climate modulators on this behavior and their future trend. We use monthly and daily wind
speed and SLP data from eight CMIP6 global models over the SSP2-4.5 medium emissions
scenario. We also compare monthly, daily, and hourly ERAS5 reanalysis data with CMIP6
simulations for the historical period of 1980—2014, which is used as a baseline for calculating future
differences. According to our results, the areas with the highest WPD in the future will continue to
be northeast and southeast Brazil, with values of up to 300 W/m2 near the coast, Uruguay, and the
central-eastern and southeastern parts of Argentina, increasing towards the extreme south of the
country over Patagonia with values exceeding 300 W/m2. Chilean Patagonia also shows high WPD
values, and towards the north of Chile over the Andes on the border with Argentina, which is best

appreciated in winter, with values of up to 300 W/m2.

Over the northeast region of Brazil, a significant increase in WPD is expected, up to 20% for the
period 2030-2069 and over 30% for the period 2070-2099. This results in an increase in AEP up to
18% for the period 2030-2069, which doubles to reach up to 37.6% for the period 2070-2099. This
increase seems to be directly associated with a positive trend in SAA, which will prevail in the
future as the main modulator of WS100 over this region and therefore its influence is also reflected
in WPD. Furthermore, an increase in the correlation coefficient R between the SAA index and
WS100 in this region is observed, especially in winter: R increases, from 0.5 during the historical

period to 0.62 during 2070-2099. This result further demonstrates the influence of SAA on WS100.

In contrast, for Patagonia, spanning approximately between 40°S and 50°S, both on the Chilean
and Argentinean sides, WPD decreases up to -20% are expected for both the 2030-2069 and 2070—
2099 periods. For the Argentinean side of Patagonia, a decrease in AEP up to -33.6% is projected
for the 20302069 period, and up to -31.5% for 2070-2099. For the Chilean side of Patagonia, a
decrease up to -32.9% is projected for 2030-2069 and up to -33.8 % for 2070-2099. The PAT signal
shows a significant influence on WS100 in the region, which is projected to continue in the future.

The PAT signal also shows a positive trend, which is consistent with the negative trend shown by
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the WPD. This relationship is most pronounced in winter, although we found that it tends to weaken
toward 2099, dropping from R ~ -0.65 to -0.51 on the Argentine side and from R ~-0.6 to -0.46 on

the Chilean side, and even disappears almost completely during the summer.

In northeastern Argentina, we found significant differences between single models, primarily in the
sign of future WPD change and AEP. We also found no clear relationship with any atmospheric
pattern influencing WS100 in the area, perhaps largely due to the limitations still present in CMIP6.
This is therefore a region that warrants further investigation using higher spatial resolution models.
The main contribution of this work is a better understanding of the projected impact of different
climate modulators on wind speed variability and wind potential in regions of interest for wind
generation in South America. This is essential for wind resource evaluation, long-term system

planning and risk assessment in current and future wind projects.
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V. DISCUSION GENERAL

En este estudio, analizamos la influencia de los moduladores climaticos SPA, SAA, ENSO, AAO
en el comportamiento del recurso edlico en América del Sur mediante simulaciones de velocidad
del viento, SLP y SST de 14 modelos de CMIP6. Investigamos el comportamiento futuro de
WS100, WPD y AEP a mediano plazo (2030-2069) y largo plazo (2070-2099) bajo el escenario
medio de emisiones SSP2-4.5. Ademas, utilizamos datos mensuales, diarios y horarios de reanalisis
del ERAS como referencia para comparar con los resultados de los modelos de CMIP6 durante el

periodo historico de 1980-2014, utilizado como base para calcular las diferencias futuras.

Los modelos CMIP6 en su mayoria reflejaron de forma razonable caracteristicas de los patrones
atmosféricos analizados, como la amplitud de las oscilaciones, el periodo de retorno y la huella
espacial sobre los campos de SST y SLP. Los modelos ACCESS-CM2 y CanESMS5-CanOE
destacan por su capacidad para capturar la sefial de los patrones analizados y su influencia en
WS100. No obstante, el rendimiento general de los modelos CMIP6 para representar el forzamiento
local y regional continua siendo limitado, especialmente en regiones con orografia compleja (De

Souza Ferreira et al., 2024; Wu et al., 2020).

A pesar de estas limitantes, los resultados encontrados en la presente investigacion permiten
establecer de manera consistente, a escala regional, la relacion entre WS100 y sus principales
moduladores climaticos a gran escala, asi como los impactos sobre WPD y AEP en el futuro.
Adicionalmente descubrimos otro modulador de WS100, el cual nombramos Patrén Patagonia-
Antartica (PAT). Este hallazgo reviste gran relevancia para la planificacion y explotacion del
recurso edlico en Ameérica del Sur, ya que posibilita la identificacién de las zonas con mayor o

menor potencial edlico en funcidn de las variaciones proyectadas de dichos patrones.

V.1. Influencia de los moduladores climéaticos sobre WS100 durante el periodo histdrico

El analisis EOF aplicado, en combinacion con el método de correlacion de Pearson, constituye una

herramienta robusta para detectar la influencia de los moduladores climaticos sobre el campo de

126



WS100, en las tres subregiones analizadas: REG1 (nordeste de Brasil), REG2 (norte de Chile y
Argentina), y REG3 (Patagonia). Los EOF se destacan por aislar las sefiales coherentes con
diferentes patrones atmosféricos sobre el recurso edlico en este caso, permitiendo identificar las
regiones donde WS100 se incrementa o disminuye segun la fase de cada patron. Es una técnica que
logra reducir la dimensionalidad de campos atmosféricos complejos, resumiendo la informacion
en unos pocos modos representativos o componentes principales (PC), lo que facilita la
interpretacion fisica de la relacion entre el viento y sus moduladores climaticos (Farjami & Hesari,

2020; Sinha et al., 2020; Wang et al., 2024; Watts et al., 2017; Zhou et al., 2022).

Nuestros resultados revelan que el SAA es el principal modulador de WS100 en el nordeste de
Brasil (REG1), dado por una relacion positiva, con coeficientes de correlacion de hasta 0,55 en la
serie mensual (0,54 en invierno y 0,46 en verano), entre la intensidad del SAA y la PC1 para REGI,
que explica el 59,1% de la varianza total en dicha region. Esta correlacion, mas fuerte en invierno
que en verano, también coincide con la intensificacion del SAA durante el invierno (Cabos et al.,

2017), lo cual demuestra su influencia sobre WS100 en esta region.

En la Patagonia (REG3), encontramos que el comportamiento de WS100 estd dominado
principalmente por un patrén de anomalias del SLP, al que denominamos Patron Patagonia-
Antartica (PAT), centrado alrededor del Pasaje de Drake y que afecta el flujo de los vientos del
oeste en la region. Al sur de los 40° S, el flujo del oeste prevalece en niveles bajos durante todo el
ano (Garreaud et al., 2009), por lo que la variabilidad del viento en la Patagonia responde
fundamentalmente a las variaciones en el viento del oeste. Encontramos correlaciones negativas
significativas, de hasta -0,83 en verano y -0,75 en invierno (-0,81 en la serie mensual), entre PAT
y PCI para la REG3, que explica el 52,2% de la varianza total en la region. Esto significa que la
fase positiva del indice PAT provoca una disminucién de WS100 sobre la Patagonia y un

incremento durante la fase negativa.

La AAO es responsable en segundo lugar de la variabilidad de WS100 sobre la Patagonia,
principalmente en verano, lo cual estd determinado por coeficientes de correlacion positivos de
hasta 0,52 (0,42 en invierno y 0,46 en la serie mensual), entre el indice AAO y la PC2 para la

REG3, que explica el 22,8% de la varianza total. La fase positiva de la AAO provoca un aumento
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de WS100 en el extremo sur de la Patagonia y una disminucion al norte de los 45° S, lo cual

coincide con los resultados de Bianchi et al. (2017, 2022).

Ademas, para la zona chilena de la Patagonia se encontr6 cierta influencia de la SPA, que se
manifiesta con mayor claridad en invierno, con coeficientes de correlacion de hasta 0,49 (0,4 en
verano). El SPA influye en los mecanismos que causan variaciones en el gradiente de presion y la
intensidad de los vientos del oeste sobre la region de la Patagonia, y también presenta una
correlacion negativa con el ENSO (Gomez-Fontealba et al., 2022). Esta relacion deberia explorarse
con mayor detalle en el futuro, puesto que no encontramos relaciones significativas entre el ENSO

y el comportamiento de WS100 en ninguna de las regiones analizadas.

En el caso del norte de Chile y Argentina (REG2), solo se encontrd un coeficiente de correlacion
débil de 0,3 para el ERAS entre la intensidad de la SPA y la WS100 en los casos extremos de
WS100, principalmente durante la primavera. Un futuro analisis con mayor resolucion espacial
sobre esta region permitiria comprender mejor el comportamiento del recurso edlico y sus
moduladores climaticos, dadas las limitantes mencionadas anteriormente de los modelos de CMIP6

para capturar las caracteristicas del viento en regiones con orografia compleja.

V.2. Variaciones futuras de WPD y AEP e influencia de los moduladores climaticos

Segun nuestros resultados, las areas con mayor WPD en el futuro permanecen sobre el nordeste y
sureste de Brasil, con valores de hasta 300 W/m? cerca de la costa, Uruguay, el centro-este y sureste
de Argentina, aumentando hacia el extremo sur del pais sobre la Patagonia con valores superiores
a 300 W/m?. La Patagonia chilena también muestra altos valores de WPD, y hacia el norte de Chile,
sobre los Andes en la frontera con Argentina, los cuales se aprecian mejor en invierno, con valores
de hasta 300 W/m?. Encontramos que los principales cambios en WPD y AEP se concentran en dos

regiones fundamentales: el nordeste de Brasil y la Patagonia.

En la region nordeste de Brasil, se espera un aumento significativo de WPD, de hasta un 20 % para
el periodo 2030-2069 y superior al 30 % para el periodo 2070-2099, lo que coincide en gran medida

con los resultados de De Jong et al. (2019) y Karnauskas et al. (2018). Esto resulta en un aumento
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de AEP de hasta un 18 % para el periodo 2030-2069, que se duplica hasta alcanzar el 37,6 % para
el periodo 2070-2099, coincidiendo con De Jong et al. (2019). Este aumento parece estar
directamente asociado con una tendencia positiva en el SAA, que prevalecera en el futuro como el
principal modulador de WS100 en esa region y, por lo tanto, su influencia también se refleja en
WPD. Ademas, se observa un aumento en el coeficiente de correlacion, especialmente en invierno,
de 0,5 durante el periodo historico a 0,62 durante 2070-2099, lo que demuestra aun mas la

influencia del SAA en WS100, puesto que su intensidad aumenta en invierno (Cabos et al., 2017).

En contraste, para la region de la Patagonia, aproximadamente entre 40°S y 50°S, tanto en el lado
chileno como en el argentino, se esperan disminuciones de WPD de hasta un -20% para los periodos
2030-2069 y 2070-2099. Para el lado argentino de la Patagonia, se proyecta una disminucion de
AEP de hasta un -33,6% para el periodo 2030-2069 y de hasta un -31,5% para el periodo 2070-
2099. Mientras que, para el lado chileno de la Patagonia, se proyecta una disminucion de hasta -
32,9 % para el periodo 2030-2069 y de hasta -33,8 % para el periodo 2070-2099. Estos resultados

son consistentes en cierta medida con los encontrados por Esnaola et al. (2024).

El PAT muestra una influencia significativa sobre WS100 en la region de la Patagonia, la cual es
inversamente proporcional y continua manifestandose en el futuro. WPD muestra una tendencia
negativa, consistente con la tendencia positiva mostrada por el PAT. Esta relacion es mas
pronunciada en invierno, aunque nuestros resultados muestran que tiende a debilitarse desde 1980
hasta 2099, pasando de un coeficiente de correlacion -0,65 a -0,51 en el lado argentino y de -0,6 a

-0,46 en el lado chileno, e incluso desaparece casi por completo durante el verano.

En el noreste de Argentina, encontramos diferencias significativas entre los modelos,
principalmente en el signo del cambio en el futuro de WPD y AEP. Tampoco encontramos una
relacion clara con ningln patron atmosférico que influya en WS100 en esta region, posiblemente
debido en gran medida a las limitaciones aun presentes en los modelos CMIP6, como mencionan
varios autores (De Souza Ferreira et al., 2024; Wu et al., 2020). Por lo tanto, esta es una regioén que
justifica una mayor investigacion utilizando modelos con mayor resolucioén espacial. También
tenemos en cuenta que es importante centrarse por separado en regiones de interés mas pequefias,
dada la diversa orografia de América del Sur, y trabajar con datos de mayor resolucion temporal

para obtener resultados mas precisos.
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Los resultados obtenidos permiten aprobar parcialmente la hipotesis de investigacion, dado que se
comprobd que la variabilidad del viento en América del Sur estd efectivamente modulada por
patrones climaticos de gran escala, principalmente el SAA y el PAT, este ultimo encontrado a raiz
del presente estudio. Estos moduladores ejercen un impacto significativo sobre el potencial edlico
en regiones clave del continente, como el nordeste de Brasil (+30%) y la Patagonia (-20%) hacia
finales de siglo. Sin embargo, la influencia de otros moduladores como el SPA, la AAO y el ENSO
fue débil o inconsistente en algunas regiones, lo que limita la confirmacion total de la hipdtesis

para toda América del Sur.

Las implicancias de estos resultados son relevantes para el desarrollo estratégico de la energia
edlica en la region. El fortalecimiento del SAA sugiere que el nordeste de Brasil consolidara su rol
como una de las zonas con mayor WPD del continente, con un aumento en AEP de hasta +37,6%,
favoreciendo la expansion de parques edlicos y la planificacion de infraestructura energética en esa
region. En contraste, la tendencia negativa de WPD en la Patagonia, con disminuciones de AEP
cercanas a -33%, vinculada a la influencia del PAT, indica que sera necesario ajustar las estrategias
de inversion y operacion en esa zona, sobre todo durante los meses de verano. En conjunto, este
estudio demuestra que el impacto y evolucion de los moduladores climaticos debe considerarse
como un factor clave en la planificacion a largo plazo del sector eolico sudamericano,

especialmente bajo los efectos del cambio climético.

VI. CONCLUSIONES GENERALES

Los resultados obtenidos en esta investigacion muestran que el Anticiclon del Atlantico Sur (SAA)
es el principal modulador de WS100 sobre el nordeste de Brasil, dado por una correlacion positiva.
Esto significa que un aumento en la intensidad del SAA, provoca un aumento de WS100, mientras
que este disminuye con un debilitamiento del SAA. Esta relacion tiende a hacerse mas fuerte hacia
el futuro, especialmente en invierno durante el periodo 2070 — 2099. Descubrimos ademas un
patron de anomalias de SLP con centro en el Pasaje de Drake, al que denominamos patréon

Patagonia - Antartica (PAT), y que constituye el principal modulador de WS100 sobre la Patagonia,
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dado por una correlacion negativa. Esto significa que la fase positiva del PAT provoca una
disminucion de WS100 sobre la Patagonia y un aumento durante su fase negativa. Esta relacion

tiende a debilitarse hacia el futuro, particularmente en verano durante el periodo 2070 — 2099.

Los principales cambios en la densidad del potencial edlico (WPD) y la produccion anual de
energia eodlica (AEP) en el futuro se concentran en dos regiones fundamentales: el nordeste de
Brasil y la Patagonia. Se prevé un aumento significativo de WPD de maés del 30% para 2099 en el
nordeste de Brasil, asociado principalmente a una tendencia positiva del SAA. Por otra parte, se
proyecta una disminucion de WPD de hasta un -20% en la Patagonia asociada a una tendencia
positiva en el PAT y su relacion negativa con WS100 sobre esta region. Estos cambios equivalen a
un aumento de AEP de hasta un 18% para 2069 y un 37,6% para 2099 en el nordeste de Brasil,
mientras que en la Patagonia se proyecta una disminucion de hasta un -33,6% para 2069 y un -

33,8% para 2099.

Es importante tener en cuenta, para futuras investigaciones, la necesidad de definir regiones de
interés mas pequenas, dada la diversa orografia de América del Sur. Ademas, es necesario
incorporar modelos regionales con mayor resolucion espacial que permitan obtener resultados mas
precisos. La principal contribucion de este trabajo es que brinda un mayor conocimiento sobre el
impacto de diferentes patrones atmosféricos en la variabilidad de la velocidad del viento y el
potencial edlico terrestre en regiones de interés para la generacion edlica en América del Sur. Esto
es esencial para la evaluacion del recurso edlico, la planificacion del sistema a largo plazo y la
evaluacion de riesgos en proyectos eolicos. Este trabajo ademdas puede ser replicado en otras

regiones del mundo para contribuir al manejo eficiente del recurso eolico terrestre en el futuro.

VI.1 Continuidad de la investigacion

La region de América del Sur con més de 25.000 km de costa tiene un gran potencial edlico marino
(off-shore), especialmente a lo largo de las costas de Brasil, Colombia y el sur de Chile (Shadman
et al., 2023). La zona centro sur de Chile en particular tiene un alto potencial para implementar la

energia eolica off-shore, con valores que oscilan entre 745 y 1240 W/m2 sobre el mar (Mattar &
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Borvaran, 2016). Segiin Mattar & Guzman-Ibarra (2017) el area entre 30 y 32°S es la mas adecuada
para implementar un proyecto eodlico off-shore debido a su densidad de potencial edlico (entre 700
W/m2 y 900 W/m2), factores de capacidad entre 40% y 60% y costo nivelado de energia entre 100
y 114 USD$/MWh.

Los resultados de Mattar et al. (2021) muestran que hasta el 80% de la costa chilena presenta
resultados favorables para la explotacion del recurso edlico, basandose en estimaciones del costo
nivelado de energia de 2000 a 2054 utilizando las proyecciones climaticas RCP4.5 y RCP8.5. Sin
embargo, hasta el momento, estos recursos no han sido explotados comercialmente en Chile, ni en
el resto de América del Sur (Shadman et al., 2023). Aunque en el caso de las costas de Chile ya se
encuentran en fase de concesion maritima tres proyectos a cargo de las empresas de inversion
extranjera Deep Wind Offshore (https://www.deepwindoffshore.com) y Viento Azul Biobio
(https://www.vientoazulbiobio.cl), que comenzarian a operar en la década de 2030 en las costas de

la Region del Biobio.

Es por ello por lo que, como continuacion del presente estudio pretendemos extender la
investigacion sobre el futuro del potencial edlico off-shore en América del Sur, con énfasis sobre
las costas de Chile. Para ello utilizaremos modelos regionales con mayor resolucion espacial, que
permitirdn obtener resultados mas detallados, teniendo en cuenta la complejidad de la linea de
costa. Estos resultados contribuirdn a la eficiencia en la futura explotacion del recurso e6lico en los
proyectos mencionados anteriormente y a incentivar el desarrollo de nuevos proyectos de este tipo
en la region de América del Sur, en aras de alcanzar el objetivo de cero emisiones netas propuesto

por el IPCC en el marco de las Naciones Unidas.
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