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Malaysia has launched initiatives for utilizing renewable energy (RE) as a source of electricity since 2011 by establishing renewable energy-related laws and policies. Malaysia's geographical location and climate have led to a limited amount of intermittent RE resources. Thus, a more thorough study of the various factors affecting the RE-based electricity generation is needed for energy output optimization. This article aims to understand the impact of El Niño-Southern Oscillation (ENSO) events on wind and solar reanalysis datasets using the Wavelet Transform. The thirty-year ERA5 solar and wind datasets were used in the study, together with the multivariate ENSO Index (MEI). As a result, the selected sites experienced an increase in solar irradiation during moderate to very strong El Niño and a decrease during the La Niña period. The wind speed increases during La Niña and decreases during El Niño, with the exception of the high wind speed during the Northeast monsoon season. Also, there was a significant coherence relationship between the wind and solar datasets with the ENSO index at a specified period. Therefore, the ENSO is essential as an input factor for future development plans for wind and solar power, energy predictions, and risk assessment.
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INTRODUCTION
Environmental concerns have led to a keen interest in expanding the use of different renewable resources in generating electricity. Malaysia is conveniently located close to the equator, benefiting solar exploitation. Malaysia's monthly solar irradiation is around 111–167 kWh/m2 (Mekhilef et al., 2012). The irradiation during the Northeast Monsoon is high and during the Southwest Monsoon is low (Mekhilef et al., 2012). Malaysia typically has sunshine all year round (Gomesh et al., 2013) and could produce solar energy up to 6.50 GW (Ahmad et al., 2011). However, the amount of exploited solar energy depends on many factors, including the solar panel efficiency and available land area for project installation. The country also receives irradiance more intensively in northern Malaysia than in the southern region. However, in tropical countries, such as Malaysia, clouds are very variable, especially during monsoon seasons, because of high humidity and uncertain weather conditions.
The wind is yet another renewable energy (RE) source that has potential for specific locations in Malaysia. With wind energy technology becoming increasingly popular and used worldwide, wind energy costs have already declined significantly and are therefore competitive with conventional power stations. Malaysia's strong wind blows from the South China Sea and the Indian Ocean, where Kudat and Mersing are the country's windiest sites (Albani et al., 2017; Albani and Ibrahim, 2017; Albani et al., 2019). Wind speed is an essential factor in determining the position of wind energy. Hence, understanding the characteristics of wind speed data is very important.
The El Niño-Southern Oscillation (ENSO) is one of the world's most prominent climate phenomena and is the Western Pacific Ocean's mixed ocean-atmospheric convective system. ENSO refers to asymmetric oscillations in the tropical Pacific Ocean between the cold state of La Niña and the hot state of El Niño, which occur on an interannual basis approximately every 2–7 years (Timmermann et al., 2018), (Mcphaden et al., 2006). It is essential to define ENSO's impact, especially in Malaysia that is situated in a low wind speed region (Albani et al., 2018). The energy is produced in the area with relatively low wind speed generally at the edge of economic viability. Usually, the wind turbines run below the rated power and the cut-in wind speed. Accordingly, a decrease in wind speed would cause production to drop, which is proportionally more massive compared with high wind speed sites. Several works in the literature explicitly discussed ENSO's impact on several sectors in Malaysia, such as agriculture and aquaculture sectors (Al-Amin and Alam, 2016; Kamil and Omar, 2016; Nadia Kamil and Omar, 2017; Mohd Hassan et al., 2018). Nevertheless, there is less research, in particular, about the effect of ENSO on RE resources in Malaysia. This is due to the fact that most RE impact and forecasting studies in the country were only considering prominent factors such as the impact of monsoonal seasons (Ibrahim et al., 2015; Muzathik et al., 2009), design and position of devices (Fadaeenejad et al., 2014; Humada et al., 2016), and local site characteristics (Ibrahim and Albani, 2016; Albani et al., Feb. 2013).
In the analysis method aspect, regression is used as one of the most common methods for evaluating the relationship between two variables. This method is restricted by the fact that it offers a general overview of the relationship between two series (Bonkaney et al., 2019). The other fascinating mathematical technique for evaluating relationships is the wavelet analysis (WA). The strength of this technique lies in its decomposition properties in the space of time-frequency. In addition, WA can work for nonstationary time series and even sense the existence of significant periods (Sleziak et al., 2015). The WA technique presents two wavelet transform classes: the continuous wavelet transformation (CWT) and the discrete wavelet transformation (DWT). The latter is often used for the reduction of noise and data compression, whereas the former is useful for feature extraction. The CWT expands a time series into a time-frequency space and is indeed a suitable method for examining two time series together, which can be connected in some way. Also, the Cross-Wavelet Transform (XWT) can be created from the CWT, which explores regions with very high common power and further reveals the phase relationship. Besides, the Wavelet Transform Coherence (WTC) is determined from two XWTs, which is a measure of how coherent the cross-wavelet is in time-frequency space.
The WA technique has already been applied by several researchers across many disciplines (Sleziak et al., 2015). There are also studies about the use of WA in energy applications (Ali et al., 2020). Linear regression and WTC were used to evaluate the power consumption, and it was found that the WTC approach offers an insight into the impacts of the significant power consumption factors (Avdakovic et al., 2013). The application of WA in RE study is also reported in (Kirinus et al., 2018; Chellali et al., 2010). Hence, in this study, the ENSO effect on solar and wind variables for Malaysia was investigated using the WTC to determine the time-frequency causal association between ENSO and solar/wind data.
METHODOLOGY
Data Descriptions
This study will use three selected locations (Figure 1; Table 1) for thirty years (1989–2018) of ERA5 solar and wind datasets. The ERA5 is an improved climate reanalysis dataset (Mateus et al., 2020), distributed by Copernicus Climate Change Service (C3S) and processed and published by the European Centre for Medium-Range Weather Forecasts (ECMWF). Several studies have been conducted to compare the performance of ERA5 data with the ground measured data. The ERA5 reanalysis product shows closer agreement than ERA-Interim reanalysis across Sweden for 2013–2017, except in mountainous areas (Minola et al., 2020). The disagreement of ERA5 for data on mountainous areas was also reported by Sianturi et al. (2020); however, for other measurement locations in France, the ERA5 shows a higher correlation, mostly above 0.9. Moreover, the performance evaluation of ERA5 and MERRA2 reanalyses for solar data was also studied in Indonesia (Sianturi et al., 2020), where the result showed the correlation coefficient in all stations for ERA5 (0.31–0.96) was higher than that for MERRA2 (0.21–0.85), suggesting a stronger relationship between ERA5 estimate with the ground observation of solar radiation. In the East African tropical region, the correlation for ERA5 data compared to data from the meteorological sensors at five stations was ranging from 0.976 to 0.996 (Ssenyunzi et al., 2020).
[image: Figure 1]FIGURE 1 | The selected sites in Malaysia.
TABLE 1 | The coordinates, parameters, and periods of data at selected sites.
[image: Table 1]Another dataset required in this study is the ENSO indexes. The ENSO cycle is the most noteworthy ocean-atmosphere coupled phenomenon to impact global climate variability interannual time scales. The multivariate ENSO Index (MEI) is one of the ENSO indexes applied for Southeast Asia (Wolter and Timlin, 1998). The other ENSO indexes are Niño3, Niño4, and Niño3.4 (Rao and Ren, 2017). The advantages of MEI include the following: (i) better in incorporating additional information, (ii) the nature of the coupled ocean-atmosphere system being better reflected than either component; (iii) less vulnerable to occasional data glitches in the monthly update cycles. Hence, MEI is used as ENSO indicators in this study. The new version of the MEI (MEI.v2) was developed using five variables to yield a time series of ENSO conditions from 1979 to the present. The variables include the following: sea-level pressure (SLP), sea surface temperature (SST), surface zonal winds (U), surface meridional winds (V), and Outgoing Longwave Radiation (OLR). The two datasets, solar or wind, and MEI need to consist of equally spaced observations in space or time to be applicable in WA.
Wavelet Coherence
Wavelet coherence (WTC) power was useful to reveal an area with high common power. It was also helpful in measuring how coherent the XWT in time-frequency space. The equation below is the WTC of two time series that was defined by (Torrence and Compo, 1998):
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where [image: image] is the smoothing operator. It was similar to a conventional correlation coefficient and was useful for WTC as a localized correlation coefficient in time-frequency space. The smoothing operator has been described as follows:
[image: image]
where Sscale denotes smoothing along the wavelet scale axis and Stime smoothing in the time. Based on Torrence and Compo (1998), the suitable Morlet wavelet smoothing operator was given as follows:
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where c1 and c2 are normalized as a constant and Π is a rectangle function; 0.6 is a factor of the empirically determined scale decorrelation length for the Morlet wavelet (Torrence and Compo, 1998).
A basic or 'mother' wavelet shape is chosen before WA, e.g., Morlet, Haar, or Daubechies and Paul or Gaussian Derivative (DOG). The selection of the basic wavelet depends on the nature of the data and the information that the study will extract or filter. The Morlet wavelet, a flat wave modulated by Gaussian (Venables and Ripley, 2002), is chosen from the different wavelet types because it provides the right balance between space and frequency (Shu et al., 2008).
RESULT AND DISCUSSIONS
Data Analysis
Figure 2 presents the boxplot that illustrates the overall trend and provides a useful way of displaying the range and other data characteristics for a large group of data. Figure 2A presents the boxplot for 30 years of solar data at the selected sites. The highest solar radiation is at Kudat, 287.19 W/m2 in April 1998, and the lowest is 152.41 W/m2 in January 1996. For Langkawi, the highest is 290.76 W/m2 in March 1998, and the lowest is 161.11 W/m2 in December 2005. In Mersing, the highest solar radiation was 266.07 W/m2 in March 1990, and the lowest is 123.85 W/m2 in December 1991. Figure 2B presents a boxplot for wind energy, where the median data are 2.88 m/s, 2.39 m/s, and 3.19 m/s at Kudat, Langkawi, and Mersing, respectively. Kudat and Mersing's minimum data are 1.63 and 1.84 m/s, respectively, whereas Langkawi’s minimum data are 1.38 m/s. The maximum data for Kudat, Mersing, and Langkawi are 4.73 m/s, 6.09 m/s, and 4.48 m/s, respectively. Apparent abnormal or outlier points occur as a result of data far from the significant data values.
[image: Figure 2]FIGURE 2 | Boxplot of monthly mean data of wind speed and solar radiation for Kudat, Langkawi, and Mersing.
Figure 3 shows the dimensionless median absolute deviation (DMAD) of ERA5 wind/solar data and MEI. To assess the impact of ENSO events on wind speed and solar irradiance variability, it is crucial to establish data deviations from normal ranges. The median absolute deviation (MAD) is the median of the absolute deviations from the data median. The MAD provides a robust measure of statistical dispersion and central tendency (Venables and Ripley, 2002). The sets of standardized indexes varying from negative to positive can be generated using DMAD. The DMAD value can be either positive or negative and indicates the number of MADs from the median (Mohammadi and Goudarzi, 2018). The strength of the ENSO event based on the MEI index is defined in (Mazzarella and Giuliacci, 2009). The MEI strength is classified into very weak (Strength Index (SI) = 1, 0 ≤ MEI<0.6), weak (SI = 2, 0.6 ≤ MEI<1.2), moderate (SI = 3, 1.2 ≤ MEI<1.8), strong (SI = 4, 1.8 ≤ MEI<2.4), very strong (SI = 5, 2.4 ≤ MEI<3.0), and extreme (SI = 6, MEI = 3.0). Moreover, the strongest and most powerful of El Niños, namely, Super El Niño, was reported by Hameed et al. (2018). Super El Niño only normally occurs once every 2 decades, and its climate effects are considered to be much greater globally than those of a typical El Niño (Rao and Ren, 2017; Panmao et al., 2016). At least thirty El Niño events since 1900 have been recorded, with 1982–1983, 1997–1998, and 2014–2016 events among the strongest on record (Takahashi and Martínez, 2019). A significant increment of solar irradiance is expected during El Niño and decrement during La Niña. Also, solar irradiance usually is high during Southwest Monsoon (SWM) between May and September and low between November and March during the Northeast nonsoon (NEM) (Mekhilef et al., 2012). During the transition monsoon in April and October, the solar irradiance was also low and brought heavy rain and thunderstorm, with the weather being slightly warmer in the morning. In Kudat, the highest monthly mean solar data were recorded in April 1998 (287.20 W/m2), whereas the lowest data (152.41 W/m2) were recorded in January 1996. The solar irradiance increased during the transition monsoon due to the very strong El Niño event that occurred in April 1998. In Mersing, the highest monthly mean solar energy is in March 1990 (266.07 W/m2), whereas the lowest was 123.85 W/m2 that occurred in December 1991. Although the value of MEI is low, the solar DMAD is still higher due to SWM seasons. In Langkawi, the highest monthly mean solar irradiance occurred in March 1998 (290.76 W/m2), whereas the lowest was 161.11 W/m2 in December 2005. The strong El Niño that occurred in March 1998 resulted in higher solar DMAD. Moreover, the ENSO influence on wind speed data is always different for each ENSO event, as each event has unique characteristics in terms of specific pattern changes, timing, and intensity. The wind speed is generally quite lower during the weak El Niño but much higher during moderate to very strong El Niño in the NEM period. The value of wind DMAD in Kudat was higher during the NEM period of 1998, whereas MEI data also peaked at that year. A significant peak was also recorded during the NEM period of 2016 in Kudat, Langkawi, and Mersing, showing that wind speed and MEI data were highly correlated on that year.
[image: Figure 3]FIGURE 3 | The dimensionless median absolute deviation (DMAD) of ERA5 wind/solar data and the multivariate ENSO index (MEI).
Wavelet Analysis
Figure 4 shows the wavelet power spectrum for WTC of solar and wind data with the MEI values. WTC is used to interpret the coherence and phase lag between two time series as a function of time and frequency. The horizontal axis represents the time scale, whereas the vertical axis represents the period (1/frequency). The legend in the right figure indicates the spectral power of the wavelet at the color level. The area affected by the edge-effect and conical in shape is called the cone of influence. The thick contour shows the 5% significance level against yellow noise. The coherency was presented based on the color code from low coherency (dark blue) to high coherency (yellow). In addition, black arrows indicate the phase difference between the two sets of time series, only plotted for coherence equal to or greater than 0.5. The phase arrow pointing to the right was interpreted as in-phase, where the solar or wind data decrease with the decrease of MEI value. Also, they are antiphase if the phase arrow points to the left. The solar or wind data led the ENSO by 90° if the phase arrow was pointing down and vice versa. In Kudat, the most significant correlation with the in-phase relationship between both solar and wind data and the ENSO index can be identified in the 16–64-month period band. In other words, a positive relationship does exist between both solar and wind data and the ENSO index for a periodicity mentioned period, suggesting the strong seasonal relationship between the two variables.
[image: Figure 4]FIGURE 4 | The Wavelet Coherence (WTC) of wind and solar with multivariate ENSO index.
Moreover, the solar and wind data were leading ENSO by 90°. In the period between 4 and 8 months, another significant coherence is also identified at a certain observed period. Furthermore, the two observed bands' coherence is greater than 0.8, suggesting a strong correlation between the solar/wind data and ENSO in Kudat. The sites in Mersing and Langkawi also showed significant coherence at a specified period. The significant coherence occurred at 16–64-month period band for both sites, where the relationship of solar data and ENSO is in-phase, indicating a positive correlation. However, at 4–16-month period band, the relationship is antiphase. In contrast to solar-ENSO, less coherency was presented in the wind-ENSO time series relationship for Mersing and Langkawi. The average coherence between the two time series is also weak (less than 0.5).
THE IMPACT SUMMARY
El Niño and La Niña events have enormous implications on the RE sector worldwide, especially wind and solar energy, as the events will influence the region's weather conditions. These events happened because the ocean temperatures were warmer or colder than the normal value (Cai et al., 2014). Surface water is exceptionally warm during El Niño in the central and eastern equatorial Pacific Oceans. The trade winds from east to west are declining, and the warm waters in the Western Pacific usually travel east along the equator (Chen et al., 2019). This will cause wetter conditions, including major precipitation and flooding in the Eastern Pacific countries, and dry conditions causing the drought in Western Pacific countries (Paquette and Fender, 2016). El Niño's impacts are more direct and substantial in South America than in North America. Massive floods occurred in Northern Peru and Ecuador during the strong or extreme El Niño. Also, Southern Brazil and Northern Argentina are wetter than average, mostly in spring and early summer. Central Chile experiences a mild winter with heavy rain, and often the Peru-Bolivian Altiplano is subjected to severe winter snowfalls. The Amazon River Valley, Colombia, and Central America experience drier and hotter weather. Malaysia and other parts of Southeast Asia tend to have long-term drought and dry weather. On the other hand, La Niña is the opposite of the El Niño phase, where trade winds reinforce and warm water and precipitation enter the western equatorial Pacific. This results in colder surface water in the equatorial Pacific Ocean, dry conditions in Eastern Pacific countries, and much wetter conditions, including heavy rains, in Western Pacific countries. During the time of La Niña, drought plagues the coastal regions of Peru and Chile. Heavy rains occur in Northern Australia and Southeast Asia, including Malaysia.
The WA revealed the influence of ENSO on the wind speed and solar irradiance data in Malaysia. These results agree with existing studies on the RE-ENSO relationship, as reported by Greene et al. (2010). Thus, the ENSO effect should be included as a variable in the project finance planning and forecasting to minimize uncertainty and loss.
The wind speed is an essential parameter in determining the potential energy output of a wind turbine. The energy in the wind is the cube of wind speed (Pryor and Barthelmie, 2010; Johnston et al., 2012; Carvalho et al., 2017). Thus, the decrease of wind speed will have a massive impact on the energy output, especially with the low wind speed region such as Malaysia (Albani, 2013; Albani et al., 2013; Albani et al., 2020), where the wind speed is close to the cut-in wind speed. The temperature is expected to increase during the El Niño event, which leads to a slight reduction in air density and energy production (Pryor and Barthelmie, 2010; Pryor and Barthelmie, 2013). The rise of temperature might increase the operational costs and affect the wind turbine equipment efficiency and performance (Gaetani et al., 2015). Also, the severe increase in wind strength will challenge wind turbines' design, especially small scale in size. This will cause the wind turbine to shut down (Devis et al., 2018) due to the fact that the wind speed exceeds the cut-out wind speed.
The ENSO impact depends on the ENSO event intensity and varies from region to region. During El Niño, Malaysia experienced a substantial decrease in rainfall and increased temperature that led to drought disaster (Nadia Kamil and Omar, 2017). The association between El Niño and the global temperature was also reported in several works in the literature (Revadekar et al., 2010; Yang et al., 2018). Less rainfall intensity meant less cloudiness and the rise of solar irradiance. High solar irradiance will positively increase energy production by solar photovoltaic. Still, the increase in temperature during El Niño would negatively affect the performance of solar photovoltaic output (Huld et al., 2008; Fesharaki et al., 2011; Thevenard and Pelland, 2013; Jerez et al., 2015; Amelia et al., 2016; Perez et al., 2019). The solar photovoltaic efficiency would drop by 0.5% with every 1°C rise in temperature (Patt et al., 2013). During La Niña events, the cloudiness and heavy rainfall intensity have commonly occurred, mostly if the event was concurrent with the NEM season. The changes in solar irradiation and the existence of cloudiness will affect the solar production output and projected long-run cash flow (Yang et al., 2018). The most affected is the concentrated solar power (CSP) as it cannot use diffuse light (Arent et al., 2014), and also the availability of rainwater reduces CSP's performance (Chandramowli and Felder, 2014).
CONCLUSION
In the present study, the WA technique was applied to understand the relationship between solar/wind data and ENSO at three selected Malaysia sites. The thirty-year ERA5 reanalysis of monthly mean solar irradiance and wind speed datasets from 1989 to 2018 has been used and analyzed. For the ENSO index, the dataset of MEI was selected. The boxplot, DMAD, and WTC have been used to analyze the datasets. The results revealed that significant coherence occurs between the wind and solar data and the ENSO index at different periods. The wind speed value was less than the normal range during a weak El Niño, and it was remarked that the site experienced rises of wind speed during the NEM season of a moderate to very strong El Niño. On the other hand, the solar irradiance rises compared to the normal range during El Niño and decreases during La Niña events. The significant coherence tends to be in-phase with the ENSO, which influences the distribution of wind/solar data within the period of approximately 16–64 months for Kudat. In Mersing and Langkawi, the solar datasets show the apparent significant coherence with the ENSO index at a specific period; however, for wind-ENSO, the coherency was weak.
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