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A B S T R A C T   

The sea surface temperature (SST), anomalies (SSTA), Oceanic Niño Index (ONI), and Multivariate ENSO (MEI) 
index in El Niño 1 + 2 and El Niño 3.4 regions, Pacific Decadal Oscillation (PDO) and Atlantic Multidecadal 
Oscillation (AMO), as well as the meteorological parameter Southern Oscillation Index (SOI) were cross corre
lated to sunspot counts (SS) from cycles 19 to 24 (1954–2019). Over the 1954–2019 period, the SS or Schwabe 
cycles did not show strong cross-correlation coefficients (cc-ρ) with values falling between 0.063 and 0.100 (p <
0.05). It seems that the Total Solar Irradiation (TSI) constant variability (±0.1%, ±1.361 W m− 2) due to the SS 
cycles balanced out throughout the whole period. The cc-ρ coefficients for SST and SSTA versus each individual 
SS cycles were between 0.100 and 0.200 with lag times between maxima of each being from a few to 48 months. 
The ONI showed a cc-ρ < 0.1, while MEI reached up to 0.2 through all SS cycles. The slope of the cc-ρ changed 
from negative to positive over 6–12 months periods, with peaks in slope change occurring somewhere between 2 
and 3 years. The SOI cc-ρ varied by around 0.200 through cycles 19–21, but for SS 22–24 it was not noticeable. 
Interdecadal indexes PDO and AMO showed cc-ρ of up to 0.283; with a possible association of 8%, with a lag time 
of 1–3 years. During the ascending and descending phases of each SS cycle, the cc-ρ were 0.288 and − 0.233, 
respectively for SST in El Niño 3.4 region, but in El Niño 1 + 2 were negligible. The ONI and MEI showed cc-ρ up 
to 0.448 and 0.480 respectively with lag times of 1–15 months in ascending phase of the SS cycle. The SS vs SOI 
had cc- ρ up to +0.420 to − 0.567 in the ascending phases, while PDO and AMO registered cc-ρ up to 0.417 and 
− 0.491. AMO appeared systematically associated with SS cycles from 10.0 to 30.2% during descending and 
ascending phases, respectively. Compiled SS counts for all the ascending and descending phases of the SS cycles, 
gave a clear spectral coherence (quasi sine-function distribution); for SST and SSTA, lag times of 9–48 months 
were observed with inverse and direct linear relationship, and peaks of − 0.38 and 0.39, respectively. The ONI 
and MEI with SS counts have similar cc-ρ values: 0.245 and 0.387. Around 6–15% of the ONI and MEI can be 
explained by SS during ascending and < 4% in descending phases. It seems that over the relatively short time 
scales of SS cycles, either on their initial ascending or final descending phases, the studied indexes seem to be 
influenced. Even though it was difficult to elucidate the physics behind the observed cross-correlations, these 
results can be used to help improve understanding and aid the predictions of ENSO, PDO and AMO oceano
graphic events in the Pacific and Atlantic oceans.   

1. Introduction 

Essentially, the most important external source of energy to Earth is 
the sun. It has been determined this flux of energy can vary slightly in 
time. There are some solar cycles with markedly different periods (Ding 
et al., 2022) that affects the heat flux or solar constant reaching the 

Earth. Due to astronomical fluctuations of the Earth’s orbit relative to 
the sun there is the predictable Milankovitch cycle with periods of tens 
to hundreds of thousands of years (Lindsey, 2009; Ding et al., 2022). The 
non-harmonic Suess or de Vries cycle spans 210 years due to variations 
of the cosmic ray-production (Suess, 1980; Raspopov et al., 2008). The 
Gleissberg cycles are 2–3 strong long cycles preceded by 2–3 weak ones 
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on time scales of around 105 years; since 1700 there has been 3 
Gleissberg cycles (1700–1810, 1810–1910, 1910–2010, Dewitte et al., 
2022; see also Peristykh and Damon, 2003; Peek, 2018). The Grand solar 
minimums (or Maunder Minimum) are periods where sunspot numbers 
are low or practically disappear over many decades, and the last 
occurred in 1645–1715. Within the human life timescale, the most 
important cycles are the sunspots cycles (Schwabe cycles), with a time 
span of just over 11 years (Hathaway, 2015). Fröhlich (2013) has sug
gested the magnetic Hale cycles that comprise two consecutives 
Schwabe cycles last around 22 years. 

The above cycles affect the so-called solar constant, or the flux of 
energy at the upper atmosphere, which is about 1360 W m− 2 (Hath
away, 2015) or 1.92 Ly day− 1 (Ormaza-González and Sánchez, 1983). 
Kopp and Lean (2011) have reported that the most accurate accepted 
solar constant value is 1360.8 ± 0.5 W m− 2. Of this flux of energy, 
50–75% reaches the Earth’s surface (Ormaza-González and Sánchez, 
1983; Lindsey, 2009) and the remainder is reflected and/or absorbed by 
clouds, particles, gases, etc. (Horning et al., 2003). About 90–93% of 
that energy reaching the surface is accumulated in the oceans (Trenberth 
et al., 2014; Clutz, 2017). The solar constant is affected by variations in 
sunspot number or counts (SS, Bhowmik and Nandy, 2018), and other 
solar activity parameters by around 0.1%, i.e., about 1.361 W m− 2. 
Sunspot cycles are characterized by increasing and then decreasing SS 
numbers (Hathaway, 2015). Fröhlich (2013) suggested that the solar 
constant can vary by up to 4.0 W m− 2 over two SS cycles, i.e., a 22-year 
Hale cycle, and proposed a simple relationship between SS and the solar 
total irradiation constant (TSI), by assuming a direct relationship be
tween the two. 

TSI = 1353.6 + 0.089SS;
(
r2 of 0.71, 95–99%confidence

)
(1) 

The surface-subsurface layers of the ocean that interact with the 
lower atmosphere alternately release and absorb heat energy. The work 
of Zhou and Tung (2010) reported the impact of the TSI on global SST 
over 150 years, finding signals of cooling and warming SSTs at the valley 
and peak of the SS cycles. Schlesinger and Ramankutty (1994) report a 
global cycle of 65–70 years for SST that is affected by greenhouse 
anthropogenic gases, sulphate aerosols and/or El Niño events, but they 
did not imply any external forcing such as the SS. There have been other 
studies on how solar radiation variability could affect temperature (Lean 
et al., 1995; Meehl et al., 2009; Tsonis et al., 2015); recently, Cheke et al. 
(2021) have studied those solar cycles of SS that would affect the El Nino 
Southern Oscillation (ENSO) indexes. 

There are well known oceanic events that show periodicity with low 
or high frequencies: 25–30 and 3–7 years, respectively. These include 
the Pacific Decadal Oscillation (PDO, Mantua et al., 1997; Mantua and 
Hare, 2002; Zhang et al., 1997; Yim et al., 2013), Atlantic Multidecadal 
Oscillation (AMO, Enfield et al., 2001; Condron et al., 2005; Gray et al., 
2010) and Interdecadal Pacific Oscillation (IPO, Henley et al., 2015), as 
well as El Niño (Busalacchi et al., 1983, see COAPS Library’s: 
http://www.coaps.fsu.edu/lib/biblio/coaps-a.html) or La Niña (Yuan 
and Yan, 2012). During El Niño events, the surface and subsurface lose 
energy to the atmosphere and the opposite occurs during La Niña 
(Trenberth et al., 2014; Fasullo and Nerem, 2016); these events have a 
periodicity of 3–7 years. The Interdecadal oscillations have a series of 
impacts; e.g., the PDO gives rise to teleconnections between the tropic 
and mid-latitudes (Yoon and Yeh, 2010), and the effects include: 1) 
ocean heat content (Wang et al., 2017a, 2017b), 2) the lower and higher 
levels of the trophic chain including small pelagic fisheries (tuna and 
sardines; Ormaza-González et al., 2016a, 2016b), 3) biogeochemical air- 
sea CO2 fluxes (McKinley et al., 2006), 4) the frequency of La Niña/El 
Niño (Newman et al., 2003). The interactions between decadal oscilla
tions PDO/IPO and AMO may also affect ocean heat content (Chen and 
Tung, 2014). All these low and high frequency oceanographic events 
have a direct impact on local, regional, and global climate patterns, and 
there is growing evidence that the driving source of energy is the sun 

(Gray et al., 2010). Thus, Huo and Xiao (2016) have found a positive 
strong cross-correlation between El Niño 2015–2016 and SS, as well as 
with the El Niño Modoki Index. White et al. (1997) reported that heat 
anomalies produced by variable solar irradiance are stored in the upper 
ocean layer, driving SST changes of 0.01–0.03 K and 0.02–0.05 K on 
decadal and interdecadal periods, respectively. Zong et al. (2014) in 
their review of the impact of the 11-year SS cycle and multidecadal 
climate projections have found global SST variations of 0.08 ± 0.06 K 
and 0.14 ± 0.02 K during the 11- and 22-year Hale Cycles, combined 
with a response lag time of 1–2 years in relation to the SS (see also, 
Kristoufek, 2017). Liu et al. (2015) and Asma et al. (2019) have reported 
that effective solar radiation plays a role in the modulation of annual 
and decadal ENSO (El Niño and the Southern Oscillation) fluctuations. 
Also, Qian (2017) has found a direct influence of SS cycles (long time 
scale) on the ENSO in El Niño region 3 (5◦S to 5◦N, 150◦W to 90◦W) and 
SS from 1408 to 1978; equally, Hassan et al. (2016) have also reported 
comparable results using the Markov method. More recently, Leamon 
et al. (2021) have stressed the need of accounting for solar activity 
changes in short term climate variability. The influence of SS minimum 
counts has even reported to affect rain season in Central Europe (Lau
renz et al., 2019) with a lag of 3–4 years. Yamakawa et al. (2016) have 
reported that solar impacts in terms of SS numbers not only affect the 
troposphere but also the sea surface, even though SS abundance is only a 
partial measure of solar activity (Scafetta, 2014). Thus, whatever affects 
the solar irradiation falling on the surface of the oceans, including vol
canic eruptions (Fang et al., 2020), and cloudiness for example, it would 
affect the gain or loss of heat content of the oceans. The cited works tried 
to find the physical reasons for these connections, but they remained 
unknown or difficult to explain. 

The impacts of events such as El Niño or La Niña are enormous for the 
global ocean surface and atmosphere, with subsequent dramatic impacts 
on the wellbeing of many countries including Ecuador, Perú, and 
Colombia (Glantz, 2001; Ormaza-González and Cedeño, 2017). Ideally, 
the accuracy of predictions of these events should be improved (Thomas, 
2017), and thus a series of models are nowadays regularly run (see 
https://iri.columbia.edu/our-expertise/climate/forecasts/enso/curre 
nt/, Tao et al., 2020, Chen et al., 2022). Hypothetically the outputs of 
the models would improve if the role of fluctuations of the sun’s energy 
from the Schwabe cycles that affects the afore mentioned events, are 
better understood. 

The work reported here investigates how fluctuations of sunspots 
over time (1954–2019) may cross-correlate with low and high frequency 
oceanic events such as the sea surface temperature (SST), anomalies 
(SSTA), Oceanographic El Niño Index (ONI), Multivariate ENSO Index 
(MEI), Southern Oscillation Index (SOI) in the central and east equato
rial Pacific Ocean; and PDO, as well as on the AMO in the North Pacific 
and Atlantic basins. The hypothesis is that even small variations of the 
TSI can be reflected in these tele-connected indexes (Llanes-Cárdenas 
et al., 2020). 

2. Material and methods 

Sunspots have been observed and registered since ancient times; 
Chinese astronomers and Anaxagoras registered them centuries ago, and 
Galileo Galilei (1613) wrote letters about sunspots and even made 
drawings on their position. Vaquero (2007) reported that consistent 
registration of SS can be found as early as 1600. However, data on sea 
surface temperature have been measured consistently only since the 
1950s, especially in the Central Pacific. Reconstructed data has been 
extrapolated back to early 1900s, but they can be biased or uncertain 
(Jones, 2017). Therefore, the time series from 1954 to 2019 of SS, PDO, 
AMO, SOI, ONI and MEI, as shown in the Fig. 1, were selected for this 
work. This period cover sunspots cycles 19–24. 

Data for monthly sunspot number (SS) were taken from the Royal 
Observatory of Belgium, Brussels, World Data Center SILSO (http:// 
www.sidc.be/silso/datafiles). 
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Data sources for other variables are given below. Note the the 
following geographic extents for El Niño areas: El Niño regions 3 + 4 
(5◦North-5◦S, 170–120◦W) and El Niño regions 1 + 2 (0–10◦S, 90◦W- 
80◦W).  

• Sea surface temperatures (SST) and SST Anomaly (SSTA): The 
Monthly Extended Reconstructed Sea Surface Temperature Version 4 
(ERSSTv4, 1981–2010 base period). The Optimum Interpolation 1/ 
4◦ Daily Sea Surface Temperature (OISST.v2, 1981–2010 base 
period), http://www.cpc.ncep.noaa.gov/data/indices/.  

• Oceanic Niño Index (ONI): Huang et al., 2014): ERSST.v4 for El 
Niño/La Niña events since 1950 till December 2019: This index is the 
average of three sequential months of SSTA. http://www.cpc.ncep. 
noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml.  

• Multivariate ENSO Index (MEI): This is a subsequent bi-monthly 
index that includes SST, sea level pressure, surface winds (meridi
onal and zonal), surface air temperature and outgoing Long-wave 
Radiation (OLR500) data (Wolter and Timlin, 1993, 1998, 2011; 
Zhang et al., 2019; Albert et al., 2022). https://www.esrl.noaa.gov/ 
psd/enso/mei/table.html.  

• Southern Oscillation Index (SOI). This monthly index follows large- 
scale fluctuations in air pressure occurring between the western 
and eastern tropical Pacific during high frequency events of El Niño 
and La Niña. (Climate Prediction Center - Southern Oscillation Index 
(noaa.gov), Rasmussen and Carpenter, 1982; Allan et al., 1991, 
Können et al., 1998; and Barnston, 2015)  

• Pacific Decadal Oscillation (PDO): The PDO Index is based on 
NOAA’s extended reconstruction of SSTs (ERSST Version 4) in the 
area: 20 N–65 N and 120E–100 W). It is constructed by regressing the 
ERSST Anomaly against the Mantua PDO Index for their overlap 
period, to compute a PDO regression map for the North Pacific 

ERSST Anomaly. The PDO Index closely follows the Mantua PDO 
Index at https://www.ncdc.noaa.gov/teleconnections/pdo/.  

• Atlantic Multidecadal Oscillation is an Index of multidecadal SST 
centred on the North Atlantic Ocean between 20 N–65 N and 100 
W–0E (d’Orgeville and Peltier, 2007). The data is accessible at: 
https://www.esrl.noaa.gov/psd/data/timeseries/AMO/ 

All Indexes have data from April 1954 to December 2019. The 
analysis was done using Excel and/or R statistical tools. The cross- 
correlation exercises were calculated using the complete series of SS 
solar cycles, and the SST Anomalies (in El Niño regions El Niño 3.4 re
gion and El Niño 1 + 2 region), ONI, MEI, AMO, SOI and PDO Indexes. 
For the SS cycles 19–24 and their impact on the mentioned indexes, 
linear cross-correlations with monthly lags up to a maximum of 48 
months, were conducted for:  

1. the whole time series (1954–2019),  
2. individual cycles,  
3. ascendant/descendent phases of each SS cycle; and,  
4. all ascendant and descendent phases of all cycles together. 

2.1. Statistical approach 

To determine if there was a relationship or association between 
sunspots and ENSO-oceanographic variables, the cross-correlation 
technique was used, since many of these associations may not occur at 
the same time between the analysed series but at a later or earlier time 
(Zhai, 2017). However, for the correct application of cross-correlation, it 
is necessary to have a “stationary” series, i.e., both, the means and 
variances of the series are independent of time (Brown, 1957). This is 
because, if they were time-dependent, the series would be 

Fig. 1. Behaviour of monthly counts of SS, ONI, MEI, PDO and AMO. The Indexes start at t = 0, 12, 24 and 36 months (panels a, b, c, and d respectively). The SS 
series starts at t = 0 in the four panels. The left vertical axis gives the values for the Indexes, and SS counts at the right vertical scale. The end of each Schwabe cycle is 
marked by vertical dashed lines. 
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autocorrelated leading to the existence of a significant relationship be
tween the series when in fact there is none, which is called “spurious 
correlation” (Jenkins and Watts, 1968). To avoid spurious correlations, 
it was ensured that the stationarity condition applied. When stationarity 
was not obtained in both chronological series, the differentiation process 
of the series was carried out to achieve this condition, and additionally 
in the cases of non-stationary series, as a precaution, the cointegration of 
the series was verified. (See Granger, 1986; Podobnik and Stanley, 2008, 
Tunnicliffe, 2016). 

The cross-correlation was calculated through the formula (2) 

ρxy(k+) =
1
N
∑

[(
Xt − μX

σX

)

*
(

Yt+k − μY

σY

)]

(2) 

Where: 
Xt is the value at time t of the independent stationary series 
Yt+k is the value at time t + k of the dependent stationary series 
μX, μY, σX and σY are the mean and standard deviation of Xt y Yt 

respectively 
As the time series was shown to be stationary, the relationships be

tween sunspot variability and variations in oceanic indexes were 
investigated using time-lagged linear cross correlation relationships. 

2.2. Statistical treatment of data 

The time series of sunspot and ocean indexes were analysed for their 
stationarity condition through the Augmented Dickey-Fuller (ADF) test 
(see Sun et al., 2016). In cases where the series presented non- 
stationarity, it was identified whether the trend of the series was sto
chastic. Accordingly, the series was transformed with their first differ
ences as indicated in formula 3a and 3b. However, in very few cases did 
we resort to the third difference of the series to obtain its stationarity. 

L(Xt) = (Xt − Xt− 1) (3a)  

L(Yt) = (Yt − Yt− 1) (3b) 

To proceed with the calculation of the cross-correlations of the series 
analysed, it was previously established whether to work with the orig
inal series or with the differentiated series that presented stationarity. 
Thus, in the case where the residuals of the regression between the SS 
series and each of the ENSO index series were stationary, i.e., the series 
were cointegrated, the cross-correlation was calculated using the orig
inal time series. In other cases, the calculation was made with the 
differentiated time series to ensure stationarity. 

2.3. p-values and coefficients 

The R statistical program provides the cross-correlation coefficients 
for each of the lags analysed. Additionally, confidence intervals of 90% 
and 95% were established for these coefficients with their respective p- 
values; those coefficients found to be statistically significant above 90% 
(p < 0.10) are presented (Lander, 1994). 

The degree of cross-correlation (cc-ρ) in terms of Pearson coefficient 
is referred to as high, moderate, and low when the coefficient is between 
±0.5 and ± 1.0, ±0.3 to ±0.49 and less than ±0.29 respectively (htt 
p://www.statisticssolutions.com/pearsons-cross-correlation-coefficie 
nt/). Even though the p values found for the reported r, were < 0.1, and 
there was high e consistency in the lag time for all the time-series for all 
indexes and regions, a due caveat must be exercised in interpreting the 
high or low cc-ρ reported. The degree of association (%) between the 
indexes and the SS was estimated by (cc-ρ)2 × 100. One of the main 
characteristics of this work is the use of oceanographic data from in situ 
measurements, and for that reason data before 1954 was not considered. 

3. Results and discussion 

Maxima in the PDO, AMO, ONI, and MEI series were offset by 0, 12, 

24 and 36 months (Fig. 1, panels a, b, c, and d respectively), with the SS 
series starts at t = 0 in the four panels. It has been reported that the lag 
times for responses of some Indexes to SS cycles (SS) are around 12–36 
months (see fig. 1 of Hassan et al., 2016), and Fang et al. (2020) have 
reported that ENSO responds with a 2–3 years of lag time after a major 
volcanic eruption. From 1954 to the present time, each sunspot cycle 
from 19 to 24 has occurred with a period of around 11 years (Hathaway, 
2015), which is slightly less than the 11.2 years reported by Dicke 
(1978). The highest SS activity is seen in cycle 19 with around 250 SS/ 
month, followed by <150, and at cycle 21 around 200, before decreasing 
steadily over cycles 22 to 24 to just over 100 SS/month. Cycle 24 is the 
lowest contemporary value of SS activity that is comparable only to 
cycles 12–15 (around 1880–1930) and is the lowest in the last 200 years 
(Clette et al., 2014). The negative or cold PDO phases (1947–1976, 
2000-present) are within SS cycles 19–20 and 23–24, whilst cycles 21 
and 22 are within the positive or warm phase of the PDO (1977–1999). 
As the PDO and AMO Indexes are displaced from 0 to 36 months on the 
time scale (Fig. 1), some peaks and troughs relative to SS activity can be 
seen. A cold phase of AMO was between the 1960s and 1990s, whilst the 
warm phase is from the 1990s to the present (McCarthy et al., 2015). 

The ONI and MEI curves, both indicators of ENSO events, behave 
similarly throughout the study period (April 1954–December 2019), 
MEI has the highest anomaly peaks (> 2.0) when compared to ONI. In 
general, ONI and MEI curves indicate the highest positive anomalies 
between 1978 and 1995, a period that coincides with the warm and cold 
stages of PDO and AMO respectively (Maleski and Martinez, 2018). The 
highest peaks of MEI and ONI occur during the ascending and 
descending phases (period of increasing/decreasing number of sun
spots) of the Schwabe cycles; that is, they never coincide directly with 
the maximum period of sunspots in the cycles, except in 1959 (Fig. 1, 
panel a). The two highest MEI peaks occur during the descending phase 
of solar cycle 21 and ascending phase of solar cycle 23. In mid-2016 both 
Indexes increased reaching the third highest peak of this period during 
the descending phase of SS 24.Conspicuous negative peaks (1953–1954, 
1974–1975, 1999–2000, and 2010–2011) of these Indexes occurred on 
the low plateaus or just after the start of ascending phases of SS. 

3.1. Whole series (1954–2019) 

All variables (Fig. 2) were cross correlated with SS at lag times from 
0 to 48 months over the six SS cycles. In general, at p-values of <0.10 
and < 0.05, the spectral coherence from cross-correlation was low or 
poor, with cc-ρ varying between − 0.063 and 0.100 with lag times be
tween 3 and 46 months. In the ENSO area El Niño 1 + 2 region there was 
not a cross-correlation for SST, but for SSTA at lag 9 there was a positive 
cross-correlation of 0.066. In El Niño 3.4 region, SSTs correlated posi
tively at lag 16 with cc-ρ of 0.066. Regarding the SSTAs in this region, 
negative cross-correlation was found at lags 46 (− 0.080), and 16 
(0.070). The index ONI did not show any cross-correlation during this 
period, but the MEI did at lag 21 (0.074). The SOI correlated with cc-p −
0.109 to +0.075 at lag time ranges of 30–48 months. The low-frequency 
indexes AMO and PDO have their highest correlation at lags 38 (0.088) 
and 4 (0.095) respectively. The response lags for AMO are in the range 
reported by Kristoufek (2017), who suggested a surface thermal 
response of around 24–36 months. The negative or positive cross- 
correlations would be a result of short-time variations of the indexes; 
for example, the PDO (https://www.ncdc.noaa.gov/teleconnections/ 
pdo/) in 1954 it was − 1.05 and 0.02 or in 1986, − 0.3 and 1.00 in 
September and October, respectively. The small cc-ρ values, though 
statistically significant, mean sunspots would explain a correspondingly 
small fraction (0.4–1.0%) of these indexes. 

The low cross-correlations found would support Lean et al. (1995), 
who suggested that since 1860, the increase of 0.25C can be attributed to 
direct solar forcing, according to their simple pre-industrial parame
terization. On the other hand, Reid (2000) informed a TSI change of 1% 
in the last 400 years, whilst Kopp and Lean (2011) have reported a total 

F.I. Ormaza-González et al.                                                                                                                                                                                                                  

http://www.statisticssolutions.com/pearsons-cross-correlation-coefficient/
http://www.statisticssolutions.com/pearsons-cross-correlation-coefficient/
http://www.statisticssolutions.com/pearsons-cross-correlation-coefficient/
https://www.ncdc.noaa.gov/teleconnections/pdo/
https://www.ncdc.noaa.gov/teleconnections/pdo/


Global and Planetary Change 217 (2022) 103928

5

solar irradiance (integrated overall wavelength spectrum) of around 
0.1% over the last 30 years. More recently, Scafetta et al. (2019) re
ported that TSI had variations of 0.15–0.45 W m− 2 in the period 
1980–2018 that are based on direct satellites observations. 

The TSI fluctuations are strongly correlated to SS (Hansen et al., 
2013), the range of variation of 0.07% (Gray et al., 2010) lays around 
1366 is ±0.95 W m− 2. This sort of variation may impact surface ocean 
heat content because 1) the total TSI integrates over all the wavelengths 
from UV to IR, and 2) the heat capacity (3.9 J g− 1C− 1) of the seawater is 
huge; an increase of 1C (24–25C) of 1000 kg of water requires 2 W/ 
month. If a TSI of 0.24 W m− 2 flows through the ocean surface for one 
month, the increase of SST would only be 0.12C in the first meter of the 
mixed layer, assuming neither loss nor gain due to external physical 
factors. 

The relatively poor cc-ρ values can also be explained by how SS cy
cles are affected by internal processes in the sun, such as the hypothe
sized Minimum of Maunder (Eddy, 1976; Shindell et al., 2001; Ineson 
et al., 2015; Mörner, 2015; Le Mouël et al., 2019), which would be re
flected on a global and regional basis. Lockwood (2010, 2013)), and 
Komitov and Kaftan (2013) argue that a grand solar minimum is coming 
as SS cycle 24 develops. There has not been a solar activity decline such 
as that found in SS 23–24 over the last 930 years, and such a solar 
minimum may last through cycles 24, 25, and 26 (Hady, 2013). 
Recently, Miyahara et al. (2021) reported that the Maunder Minimum 
would depend on how SS 25 will behave; this cycle started in May 2020 
(Leamon et al., 2020). 

3.2. Individual cycles 

Cross-correlation analysis was split into individual SS cycles from 19 
to 24. Almost no cross-correlation between SST and SS cycles was found, 
except in cycle 19 (Fig. 3). On the other hand, cc-ρ values observed for 
SSTA in both regions were from 0.157 up to 0.206, indicating a low but 
statistically significant cross-correlation (Fig. 3). The SSTA in El Niño 1 
+ 2 region appeared to be affected in all cycles except 22; with positive 
cc-ρ between 4 and 12 lags, only in SS cycles 21 and 23 showed negative 
cc-ρ. In general, the SSTAs in El Niño 3.4 region and El Niño 1 + 2 region 
were cross-correlated against almost every SS cycle and the slopes of the 
linear cross-correlation were basically positive in El Niño 3.4 region, 
with the highest cc-ρ for all cycles except SS 20. The SSTAs in El Niño 3.4 
region had similar cc-ρ coefficients to those in region El Niño 1 + 2 
region. The SSTA cross-correlation coefficients values were not better 
than 0.206 in both regions, with higher variability in El Niño 1 + 2 than 
El Niño 3.4 regions both in response time and cross-correlation co
efficients (Fig. 3). 

The magnitude of the SSTAs can slightly change depending on the 
reference used. There are 5 versions of ERSST (Huang et al., 2017) and 
currently, version 5 tends to be used in El Niño studies; here we used 
ERSSTv4 (Huang et al., 2014). Huang et al. (2017) stated that there is 
not a noticeable difference between ERSSTv4 and ERSSTv5. The negli
gible cross-correlation of SST and sunspots could be explained as the 
changes of the variability of SST is in the order of 0.5C, which is <2% of 
the SSTs readings, except during El Niño o La Niña. On the contrary, 
SSTAs fluctuations of 0.1C are around 20% of 0.5C anomalies; thus, it 
becomes more noticeable. The SSTAs values of +0.5C and − 0.5C are the 
boundaries for El Niño and La Niña; higher or lower these values define 
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the events respectively. 
Surface winds plus other coastal oceanographic and meteorological 

variables such as surface currents, upwelling, wind, cloudiness, water 
vapor, etc. could play an important role in this high variability. In El 
Niño 1 + 2 region, winds are not only generated in the local area but 
farther away, including the trade winds of the western Atlantic (Ormaza- 
González and Cedeño, 2017). Also, ENSO processes in the western Pa
cific could add variability in the SSTA in El Niño 3.4 region. 

3.2.1. ONI and MEI 
El Niño Index ONI (Fig. 4) showed low-poor spectral coherence (cc-ρ 

<0.1) with the SS cycles, except in 19 and 22 with cc-ρ coefficients of 
− 0.167 (lag 25) and − 0.200 (lag 39) respectively. On the other hand, 
the MEI showed to be cross correlated throughout all the SS cycles with 
the highest positive coefficients of 0.173 (SS 19, lag 2), 0.181 (SS 20, lag 
20), 0.209 (SS 21, lag 14), 0.254 (SS 24, lag 5), and negative coefficients 
− 0.182 (SS 19, lag 28), − 0.315 (SS 20, lag 12), − 0.210 (SS 21, lag 14), 
and − 0.215 (SS 22, lag 5). Overall, the linear cross-correlation averaged 
0.204 and − 0.230. The lag time for both indexes varied amply, the 
positive mainly occurred within the first 6 months, and the negative 
within the year; however, cross-correlation was also determined in the 
period 27–38 months. Huo and Xiao (2016) found strong a cross- 
correlation between SS and El Niño Modoki during 2015 (SS 24). Zhai 
(2017) also has found a cross-correlation of − 0.109 between El Niño/ 
Southern Oscillation (ENSO) and SS in El Niño 3 region (5◦S ~ 5◦N, 
150◦W ~ 90◦W), which can be considered as a thermal transition zone 
between regions El Niño 1 + 2 and El Niño 3.4. 

The variability of the slope in cross-correlations could arise from: 1) 
SS numbers showing large variations from 1 month to another, 2) 
regional meteorological conditions (particularly cloudiness), ocean 
surface currents that exchange heat in/out region El Niño 3.4 region, 3) 
equatorial Kelvin waves (Gill, 1982; Webb et al., 2020), 4) the fluctua
tion of the SOI index (http://www.cpc.ncep.noaa.gov/data/indices/ 
soi), 5) volcanic eruptions (Fang et al., 2020), and 6) the reference 
period for ONI, which changes every 5 years (Lindsey, 2013). The most 
recent ONIs (v4 or v5) are supposed to be better and more consistent as 
data acquisition improves. On top, the ONI has a variable reference 
period of 30 years; thus for 1950 to 1955 the reference period is 
1936–1965; for 1956–1960; 1941–1970, etc. This could produce vari
ability on this index affecting the cross-correlation with SS. From the 
statistical point of view, the variability of the correlations (sometimes 
positive or negative) could be a reason why cc-ρ are small for the entire 
time interval. In the referred work of Huo and Xiao (2016) using 
reconstructed time series found a cross correlation of around 0.1, while 
here with actual acquired data of the indexes the cc-ρ is averaging 0.204 
and − 0.230. 

Regarding MEI, this additional Index for El Niño events had higher 

cross-correlation coefficients than ONI across the six cycles, but with 
rapid changes of the slope signal, which could be attributed to the dif
ferences between these indexes.  

1. The ONI is established by the SSTAs in El Niño 3.4 region, while the 
MEI combines five oceanographic and meteorological variables, 
which are: sea-level pressure (SLP), sea surface temperature (SST), 
zonal and meridional components of the surface wind, and outgoing 
longwave radiation (OLR)) over the tropical Pacific basin 
(30◦S–30◦N and 100◦E–70◦W, https://psl.noaa.gov/enso/mei/).  

2. Atmospheric variability: Zhang et al. (2019) have discussed how 
atmospheric noise can affect important uncertainties when coupled 
ENSO models are analysed; thus, it is plausible to argument this noise 
is affecting the slope variability of the cross-correlations coefficients. 

Therefore, the better cross-correlation found with the MEI than with 
the ONI, could be mainly explained in terms of these differences 
mentioned above. 

3.2.2. PDO 
This interdecadal Index (Fig. 4) had cc-ρ coefficients ranging from 

0.240 (SS 21, lag 24) to − 0.282 (SS 24, lag 9). The correlations were 
mainly negative in cycles 19 (lag 9) and 20 (lag 14); then, positive 21 
and 22 and again negative in 23 and 24. These coefficients would sug
gest an influence of SS over the PDO would be up to 8%, and the signal of 
them would be in synchrony with the cold (1954–1978, 2000-present) 
and warm (1979–1999) phases of the PDO. 

3.2.3. AMO 
This inter-decadal index (Schlesinger and Ramankutty, 1994; Kerr, 

2000; d’Orgeville and Peltier, 2007; Li et al., 2016) for the North 
Atlantic basin registered higher cross-correlation with cc-ρ >0.100 
through all cycles than its sister index PDO of the Pacific. The Fig. 4 
shows the highest positive (0.235) and negative (− 0.281) coefficients (p 
< 0.05). Up to 8% of the AMO signal could be ascribed to SS at some 
moment between 1 and 30 months, but mainly in the lower range (<10 
months). Another study as the one from Gray et al. (2016), has reported 
lag time responses of mean-sea-level pressure over the Atlantic to SS 
cycles of 36–48 months over a longer time series study of 32 solar cycles. 

It can be observed from Fig. 4 that generally PDO and AMO corre
lations seem to alternate; Li et al. (2016) reported these indexes are in 
quasi opposite phase. This coincides with the phases of the AMO, posi
tive 1930–1965 (SS 19), negative from around 1965 to 1998 (SS 20–22), 
and positive from 1998-present (SS 23–24), see http://appinsys.com/gl 
obalwarming/amo.htm. It is noteworthy to observe that the cross- 
correlation slopes of the PDO and AMO are opposite respectively dur
ing the cycles 19, 20, and 23 (cold phase PDO), but in concordance in 
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cycles 21 and 24, but in cycle 22, PDO does not cross-correlate to SS at 
cc-ρ >0.100. d’Orgeville and Peltier (2007) have shown that PDO and 
AMO are correlated one to another with a lag time of about 13 years, 
which is closed to one Schwabe cycle period. 

3.3. Ascending and descending phases of solar cycles 

As the SS cycles are best cross-correlated to the variables studied on a 
response time from 2 to 36 months, there was the need to study their 
influence during the ascending and descending phases, which have >50 
and- >66 months each (see Fig. 1). 

The SST the regions El Niño 3.4 and El Niño 1 + 2 presented cc-ρ 
coefficients >0.15 during the descending phase of the SS cycles 19, 20, 
and 22, with negative slope. The highest coefficients were + 0.288 and 
− 0.233 in El Niño 3.4 region during the ascending and declining phases, 
respectively. Thus, the influence of the SS cycles could reach 8.3% on the 
SSTs values, but they are more susceptible during descending phases, 
especially in those cycles which have the highest SS counts in the ana
lysed series, therefore with the highest change of TSI. In El Niño 3.4 
region the SSTs response was much clearer than for El Niño 1 + 2 region, 
as in the later there is influence on coastal processes were waves, tides, 
coastal surface currents upwellings, winds, interactions between the 
Humboldt and Panama Bay water masses, as well as variable changes in 
cloudiness, rain, etc. These conditions and variability can produce dra
matic impacts of the SSTs in short scale, producing El Niño Costero 
(Ramírez and Briones, 2017; Song et al., 2021), or rapid and short sea 
surface coastal warming (Ormaza-González and Cedeño, 2017; Lüb
becke et al., 2019). Even rapid cooling, due to pulses of the Humboldt 
current (Montecino and Lange, 2009), like the one registered in mid- 
March 2021 (Ormaza-González, 2021) or more recently February 
2022 (https://twitter.com/FranklinOrmaza1/status/1494308514034 
032640). All these factors would be enlarged or mask the SS signals in 
El Niño 1 + 2 region. 

The SSTA (Fig. 5a/b) in El Niño 1 + 2 region cross-correlated with SS 
many times, especially during descending phases of all cycles except SS 
22 with cc-ρ up 0.389 (SS 24) and main lag times from 5 to 13 months. 
The SS cycles (20 and 24) during cold phase PDO showed alternate 
cross-correlation reaching a maximum 0.389 and negative − 0.314 (p <
0.05). During the ascending phase in El Niño 1 + 2 region (blue bars, 
Fig. 5a) the cc-ρ peaked at 0.393 (p < 0.05). In the cycles 19 and 24 the 
highest cc-ρ were found, − 0.460 and 0.394 (p < 0.05) respectively. 
These coefficients coincided with the largest (over 2 years) and most 
intense (<− 1.5C) La Niña during 1954–1955, and 2010–2012 (Fig. 12). 
It must be noticed that during cycle 21 two big events El Niño 
(1983–1985) and La Niña (1984–1985) were registered as well as in 
cycles 23 and 24 with coefficients just around 0.2. The highest co
efficients would mean an influence up to 21.2% and 15.5% of the SS on 
the SSTAs in El Niño 3.4 region. These results would suggest the cross- 
correlations are stronger in El Niño 3.4 region due to the less 
dispersing oceanographic-meteorological conditions than in El Niño 1 +
2 region. Also, these findings would suggest that during the cold phase of 
PDOs (see NOAA, 2016), the cc-ρ in El Niño 3.4 region tends to be 
higher, as the solar energy reaching the ocean surface increases as the 
cloudiness tend to decrease significantly during prolonged periods 
around or over in El Niño 3.4 region (Porch et al., 2006). 

3.3.1. The ONI Index 
There was not a clear spectral coherence of the ONI during the 

declining phases (Fig. 6); only in cycle 19 (lag 25) and 20 (lag 12) 
registered cc-ρ (p < 0.10) of − 0.222 and − 0.196 respectively, but in the 
ascending phases of cycle 21, period of two big El Niño and La Niña, the 
coefficient had a clear pattern from lags 1 to 15 months reaching to 
0.448 (p < 0.05, lag 15) which is the highest coefficient found, implying 
a possible SS influence of up to 20.1% and 4.9% during ascending and 
descending SS phases respectively (see Fig. 6). The ONI cross- 
correlations were not in accordance with what was found with SSTA 
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in El Niño 3.4 region, the main reason is that ONI measures the average 
of three consecutive months, while SSTA is just the monthly average of 
daily measurements as well as the sunspots counts. 

The atmospheric ENSO index SOI, showed to be correlated with cc-ρ 
from 0.200 (SS 20, lag 31) up to 0.567 (SS 22, lag 15) that shows the SOI 
could be explained up to 32.1% by the SS during ascending phases, 
whilst for the descending phase cc-ρ was lower (0.092 to 0.200). 

3.3.2. The MEI Index 
The Multivariate ENSO Index does not only consider the SST 

Anomaly but also sea-level pressure and other variables (Allan and 
Ansell, 2006; Wolter and Timlin, 1998). The MEI correlated in all 
ascending and descending phases of SS cycles (Fig. 7). During the 
ascending phase, it was notorious in SS 19 the highest cc-ρ of 0.480 (lag 
6); in general, the cc-ρ was >0.270, thus the influence of SS counts 
would be in the range of 7.3 to 23.0% at some moments of this phase. 
The SSTA and ONI also showed moderate cross-correlation coefficients 
(±0.3 to ±0.49) during this cycle, which in turn has the highest SS 
monthly counts (>280 SS) rendering the highest change of TSI in the 
studied period. The sun cycle 19 is the most intense since the last 100 
years, the contrary is the cycle 24 (NWS, 2021). In general, the 
ascending phase of the SS cycles takes a shorter time than descending 
phase, therefore the slope of the curve is steeper (Fig. 12); then the 
increasing change of the TSI influences in a clearer way the studied 
indexes. It seems that during the ascending phases, El Niño events are 
prone to develop as TSI increases (as well as UV radiation does, NWS, 
2021), while during plunging SS phases, when the TSI tends to diminish 

(see Formula (1)), could lead to La Niña events, like the 2020–2022 
occurrence (Ormaza-González, 2021). In a more detailed view, warm 
events tend to occur in both; at the beginning and after the valley or peak 
of the cycle and have a variable delay time up to 24–36 months, which is 
within to the findings of Huo and Xiao (2016). The delay time is due to 
the slow heating/cooling by the TSI fluctuations over time in surface 
oceanic waters. However, this heating is also affected by others ocean
ographic and atmospheric parameters mention above. The descending 
phase of the cycles has a softer slope than the ascending phase, but a 
quicker response (0–12 months) of the ocean surface SST and ONI/MEI 
that could trigger neutral or cold events more cogently. Most of the La 
Niña events occur during the descending phase or just when 
approaching or leaving the valley or minimum SS counts (Fig. 12) when 
the TSI decreases and reaches the minimum (Scafetta et al., 2019). La 
Niña 2020–2022 is a good example, the lowest SS counts (<2 counts/ 
months) occurred during extended periods when reaching the valley of 
the SS 24. The valley of SS 24 has had an extended period of close to 3 
years, during which there have been weeks and months without sun
spots, before the SS 25 started in December 2020 (NASA, 2021a, 2021b; 
Pishkalo, 2021). 

The weakest sunspot cycle (SS 24) over the last 100 years (NWS, 
2021) has had four La Niña events: 2007–2009, 2010–2012, 2016–2017, 
and 2020–2022 (Fig. 12), it is the only cycle with that number of La Niña 
events. A plausible reason is that during this cycle the number of sun
spots (i.e., sun activity) is one the lowest, it has the 4th smallest intensity 
since Cycle 1 (1755) reaching only to 114 sunspots (of an average of 
179), so it is the weakest cycle in the last two centuries (Clette et al., 
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2014); therefore, less energy has hit the ocean surface allowing a cooling 
effect during the last 12 years. Recently, Leamon et al. (2021) have re
ported that solar activity (measured by sunspots) affects the ENSO in
dexes, producing La Niña event at the end of the Hale cycles (22 years) 
or by the culmination of a descending phases. Three important excep
tions are La Niña 1988–1989, 1998–2002, and 2010–2012 that are 
registered during cycles 22–24 during the rising phase (Fig. 11). 

3.3.3. PDO 
The Pacific Decadal oscillation gave positive and negative linear 

slopes during the descending phases of all cycles except SS 22 (Fig. 6), 
while during the ascending phases cross-correlation (p < 0.100) was 
observed in SS 19, SS 20, and SS 24. Cross-correlation coefficients up to 
0.417 (lag 4) and − 0.491 (lag 9) were notorious SS 19 (Apr/54-Nov/ 
58), and SS 24 (Jan/08-Feb/14) respectively during ascending phases, 
while for the descending phase in SS 24 the highest cc-ρ was found 
(− 0.348, lag 9), and the main lag times were between 1 and 24 months. 
Huo and Xiao (2016) and Xiao et al. (2017) have reported that at 
interdecadal scale, the variations of solar energy, on indexes such as the 
PDO, could be more detectable in wide-open areas like Tropical Pacific, 
even though the complexity of the sea and atmosphere relationship 
response to solar energy input. These authors suggest that solar energy 
variation can even modulate El Niño Modoki, which is another ocean
ographic expression of El Niño (Ashok et al., 2007; Ormaza-González, 
2016). The variation of solar energy due to sunspots on long time scales, 
yet with very weak changes, could produce decadal and millennial 
timescale impacts on global thermohaline circulation that in turn affect 
heat distribution (Bond et al., 2001, van Loon et al., 2007, Gray et al., 
2013). The PDO, according to these linear cross-correlations could have 
been affected up to 24.1% by sunspots with a cc-ρ reaching the 
boundaries of 0.500, which in turn is the lower limit of a high cross- 
correlation coefficient. 

3.3.4. AMO 
During the ascending phases, moderate cc-ρ coefficients, between SS 

and AMO (Fig. 7) was found with values over 0.27 in all cycles except 21 
and 23, whereas the cycles 19 and 22 showed higher spectral coherence 
than the others (Fig. 7), with cc-ρ values − 0.467 and − 0.550 respec
tively in the range of moderate and high cross-correlation. In general, 
the slopes of the linear cross-correlations were highly variable. During 
descending phases cross-correlations were found in all cycles, the 
highest spectral density was in SS 19 and 20, with the highest coefficient 
of 0.354 in SS 19; the influence of the SS on AMO could account up to 
30.2%. There is a certain opposite cross-correlation behaviour between 
PDO and AMO; somehow while the latter presented a lower spectral 
density in the declining phase, the first presents the highest on ascending 
phase. The results found could be explained as the AMO is in the 
opposite phase to the PDO (Enfield et al., 2001; Condron et al., 2005); i. 
e., warm in periods 1930–1964 and 2000-present (cold PDO), and cold 
in 1965–1999 (warm PDO). An explanation of this would probably be 
the different size of their geographical basins, the thermohaline circu
lation, and continental weather interaction. The PDO and AMO are 
inter-decadal cycles of 25–30 years, therefore during the ascending and 
descending of SS phases (i.e., increasing/decreasing TSI values) they 
would be strengthened or weakened, as shown by the linear cross- 
correlations. 

A further exercise was compiling all ascending and descending 
phases of all cycles in one series each, which gave a longer phase scale 
than individual cycles. There was a clear correlation of the Schwabe 
ascending and descending phases in all indexes. During the ascending 
phase, the SST in El Niño 1 + 2 and El Niño 3.4 regions (Fig. 8a/b) 
showed cc-ρ from <0.1 to 0.350; the variability of the spectral coherence 
is high in El Niño 1 + 2 region while in El Niño 3.4 region the spectral 
coherence function resembles a sine function with a maximum cc-ρ of 
− 0.35 (lag 8) and + 0.28 (lag 40). During the downward phase (Fig. 9a/ 
b); the spectral coherence of the cross-correlations showed different 
fluctuations, SST in El Niño 1 + 2 region showed a less variable response 

Fig. 8. Linear cross-correlation cc-ρ for all ascending phases of SS cycles agaisnt SST and SSTA in El Niño 1 + 2 and El Niño 3.4 regions. Panels: a) SST in El Niño 1 +
2 region; b) SST in El Niño 3.4 region; c) SSTA in El Niño 1 + 2 region, d) SSTA in El Niño 3.4 region. 
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than in the rising phase. The cc-ρ were up to 0.10–0.15 (1% to 2.2%) in 
the descending but in the ascending from − 0.35 to 0.28 (12.2% to 
7.8%). 

During the ascending phases, the SSTA in El Niño 1 + 2 and El Niño 

3.4 regions (Fig. 8c/d), the spectral coherence was stronger and less 
noise showing resemblance of a sine curve with a minimum of − 0.4 to 
maximum of >0.15 at lags 10 and 44 respectively, while in El Niño 3.4 
region the values were 0.35 and 0.29 at lags 7 and 40 months in the same 

Fig. 9. Linear cross-correlation cc-ρ for all descending phases of SS cycles agaisnt: a) SST in El Niño 1 + 2 region; b) SST in El Niño 3.4 region; c) SSTA in El Niño 1 +
2 region, d) SSTA El Niño 3.4 region. 

Fig. 10. Linear cross-correlation cc-ρ for all ascending phases of SS cycles agaisnt: a) PDO; b) ONI, c) MEI, and d) AMO.  
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order. Throughout the descending phases were similar in both regions 
(Fig. 9c/d) with a negative cc-ρ (around 0.39) and a lag time lag of 9; 
while the positive cc-ρ had a lag response of around 41 months and close 
to 0.3 in El Niño 3.4 region; the lag time is similar in El Niño 1 + 2 
region. In the region El Niño 1 + 2, the spectral coherence was much 
more variable than in El Niño 3.4 region due to the oceanographic 
variability typical of coastal areas. 

The spectral coherence functions of the indexes ONI and MEI (El 
Niño 3.4 region) were similar (Figs. 10 and 11b/c) to SST anomalies in El 
Niño 3.4 region in both lag response time and cc-ρ. The obtained spectral 
coherence of the cross-correlations functions would suggest a negative 
slope of the linear cross-correlation of ONI, MEI, SSTA, and lower SST in 
El Niño 3.4 region at the beginning of the cycles, as there is a least 12–24 
months of low SS counts (less energy) before the sun start up increasing 
SS number, so the start of a new SS cycle. The negative cc-ρ of ONI, MEI, 
and SST would imply the occurrence of la Niña events of at least lower 
SST at the beginning of the ascending phase (or ending of descending 
phase) as there is lower heat content in the sea surface of El Niño 3.4 
region due to lower TSI and SS counts. The highest cc-ρ would mean at 
least 14.4% of the index signals are due to SS activity. 

The interdecadal indexes PDO and AMO correlated in a different 
manner in both ascending (Fig. 10a/d) and descending (Fig. 11a/d) 
phases. During the ascending phase, the PDO showed highly alternated 
slopes of the linear cross-correlation from positive to negative (Fig. 9a) 
in lags of 2–3 months around coefficients varying from − 0.2 to 0.1, 
while the fluctuation of AMO smoothly fluctuated on larger lags from 9 
to 24 months, with negative and positive slopes and similar coefficients 
(0.1 to > − 0.2). However, during the descending phases, the pattern of 
fluctuation was somehow the contrary. 

From the statistical point of view, the correlation coefficients from 
the cross-correlation method are a good measure of temporal similarity 
between time series. In other words, a high correlation coefficient does 
not imply a cause-effect relationship but rather means that the past 
values of the sunspots are good predictors of the values of the index 
series, as indicated by Hacker and Hatemi-J (2006). From the physical 

point of view, some authors have reported that SS cycle dynamics can 
produce 0.04–0.05C fluctuations of the sea surface temperature at a 
meter depth (Shaviv, 2008; Spencer, 2010). Zhou and Tung (2010) have 
found warming of 0.08C per each W m− 2 variation of the TSI, and Shaviv 
(2008) suspects there is an unknown amplification phenomenon of the 
TSI impact on the sea surface, which could include solar wind and high 
sensitivity of the UV-region spectrum. Given the apparent, however 
discussed, climate system response to solar irradiance variability (see 
Dewitte et al., 2022), the results reported here imply that even though 
they are small in magnitude, but not negligible. The results also open the 
need for a continuous space-based solar irradiance monitoring as well as 
in situ measurement of the actual solar energy reaching the surface of 
the ocean. Improving the understanding of the physical causes of the 
solar irradiance, cosmogenic variability, UV irradiance variability and of 
the pathways by which the studied indexes respond to direct as well as 
indirect solar radiative forcing. 

In this work all known statistical tools were used to avoid spurious 
correlation. The ENSO modelers should consider in some way the im
pacts of the SS cycles oscillations, especially during, their ascending or 
descending phases as well as their peaks and valleys, plus the possible 
amplifiers of solar energy. The needs and strives for a better modelling 
skills are amply recognized (Tao et al., 2020; Chen et al., 2022). For 
example, in the late northern hemisphere summer, there were some 
failed predictions for El Niño event 2018 (http://www.bom.gov.au/clim 
ate/enso/), the ONI was > +0.5C but the SOI did not match (http:// 
www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/enso.shtml), 
as it should be in order to declare El Niño o La Niña (Bjerknes, 1969; Hu 
et al., 2020). One year later, Ludescher et al. (2019) predicted a strong El 
Niño by the end of 2020 with a probability of 4 out of 5 based on the 
algorithm so-called System Sample Entropy (Ludescher et al., 2014: 
Meng et al., 2020) that had rightly predicted three previous events. The 
announced El Niño 2020 did not only occur but there was the contrary 
event: La Niña with an ONI -1.3C and matched SOI by the end of the 
predicted year. Thus, generally, most current models are weak to pro
vide consistent projections beyond 6 months, Yang et al. (2021) have 

Fig. 11. Linear cross-correlation cc-ρ for all descending phases of SS cycles: a) PDO; b) ONI, c)MEI, and d) AMO.  
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recently discussed a series of variables to get El Niño, prediction models. 
La Niña 2020–2022 has extended for a third year in a row (see Johnson 
2021; Jone, 2022). By last December La Niña CPC - Climate Weather 
Linkage: El Niño Southern Oscillation (noaa.gov), was declared 
extended up to March–April 2022 (Climate Driver Update (bom.gov.au)) 
with negative and positives SSTAs through the end of the first semester 
(El Niño Southern Oscillation (ENSO) region sea surface temperature 
forecasts - Met Office). It was also projected with 60% chances, that 
transition to ENSO-neutral would start during Abril-June [(CPC - 
Climate Weather Linkage: El Niño Southern Oscillation (noaa.gov), 
January 10, 2022)]. Now, at July 2022, La Niña is predicted to go all 
along 2022, and even more, some voices are saying till 2023. 

The results presented here are in harmony to La Niña 2020–2022, 
because cycle 25 have just started after a long period of very low sun
spots counts and months without them; also the PDO Indexes have been 
strongly and continuously negative; during 1999–2022, − 0.65C; 
2020–2021, − 1.05C; and last semester 2022, − 2.08C; see, https://www. 
ncdc.noaa.gov/teleconnections/pdo/. This cold PDO phase started 
around 2000 and will last till 2025–2030, and it converges the fact, that 
since 2018 the SS monthly counts were <10 with many weeks without 
any SS (http://www.sws.bom.gov.au/Solar/1/6). These low SS counts 
continued through the end of 2019. The input of solar heat has been at 
its lowest values since the 1950s. 

4. Conclusions 

Over the studied period 1954–2019, sunspot numbers decreased 
from a monthly maximum between 225 (SS 21) to a minimum around 
20–25 (SS 24). The SS 24 had 913 days without SS counts until 
December 2019 (Burud et al., 2021), being this cycle the weakest since 
1755; and the SS 25 will probably be weaker than or like SS 24 (Ineson 
et al., 2014; Chowdhury et al., 2021; NASA, 2021a, 2021b). Thus, the 
Earth has been receiving slightly decreasing solar energy over this 
almost 7-decade period. 

In general, the influence of the whole series of Schwabe cycles 
(19–24) and the studied indexes had statistically significant but poor o 
limited cross-correlation coefficients (0.063–0.100), with a possible in
fluence of 0.4–1.0%, with lag times from 3 to 46 months. Recently, Le 
Mouël et al. (2019) have ratified the strong link between climate and 

solar activity arguing that the mechanisms must be complex and in the 
realm of non-linearity with UV radiation variation, solar wind, etc. as 
possible variables. The Schwabe cycles fluctuations could have an 
important impact on the global climate (Ermolli et al., 2013). None
theless, Gil et al. (2014) have found no significant statistical relation 
between sunspots and global temperature. 

On the ocean surface the influence of sunspots could chiefly be due to 
UV energy fluctuation (Ineson et al., 2014) as this radiation penetrates 
down to 75–100 m depth in the water column (Smyth, 2011). van Loon 
et al. (2007) suggested that even though SS cycles produce weak 
changes on the Total Solar Irradiation (TSI) of about 0.07% (Gray et al., 
2010), these can still produce decadal and millennial impacts on global 
thermohaline circulation (Bond et al., 2001; Gray et al., 2016). 

Thus, 1) short term differences between individual cycles, like the 19 
and 24 for example with different maxima of SS counts or time length; 2) 
the medium time scale variation behaviour of inner solar processes 
during several cycles (Maunder Minimum); 3) the variability of the UV 
radiation; and 4) longer processes as the Gleissberg cycle with a period 
of roughly 80 to 90 years cycle could be slightly affecting the impacts of 
SS cycles over the studied indexes on decadal periods. 

Individual SS cycles (19–24). The SST and SSTAs showed low cross- 
correlation against every individual SS cycle in El Niño 3.4 and El Niño 
1 + 2 regions with coefficients from 0.100 to 0.200 with lag times from 
few months to 2–3 years. In El Niño 1 + 2 region, the sunspot activity 
could influence the SST and SSTA, but the relatively low coefficients 
may well reflect high seasonal and inter-annual variability in coastal 
oceanographic conditions; while in El Niño 3.4 region, the influence of 
regional oceanographic and meteorological conditions could be the 
driving factors. 

The ONI Index showed to be poorly cross-correlated with cc-ρ values 
<0.100, only twice approached to − 0.200. On the other hand, the MEI 
registered around ±0.200 through all cycles and predominant lag times 
within 12 months. The SOI showed cross-correlations with SS cycles 
(19–21, and) averaging a coefficient of 0.200 with lags times range of 
9–34 months. The SOI temporal behaviour has also been associated with 
SS and it could enhance or affect the oceanographic Indexes of the 
equatorial Pacific (Higginson et al., 2004). 

The PDO would have been affected up to 8% by the individual 
Schwabe cycles, and it is in synchrony with the periods of cold and warm 

Fig. 12. Sunspots monthly counts curves per cycle. Red and blue lines represent El Niño and La Niña events. Note that Cycle 24 finished on December 2019 (National 
Weather Service, 2020). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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phases. There is a direct and consistent relationship between PDO with 
ONI or MEI has been reported extensively (e.g., Jia and Ge, 2017; Kar
mouche, 2020). Equally, AMO could have been associated also up to 8% 
to individual SS cycles, with a spectral coherence within the lag time of 
1–3 years. The PDO and AMO cross-correlations seemed to alternate. Li 
et al. (2016) said these indexes are in quasi opposite phases (see also htt 
p://appinsys.com/globalwarming/amo.htm). It is noteworthy that the 
slopes of the PDO and AMO linear cross-correlations are negative and 
positive respectively for cycles 21 and 22 (warm PDO), but in concor
dance in cycles 19, 20, 23, and 24 (cold PDO). 

In El Niño 3.4 region, during the ascending and declining phases of 
the SS cycles cross correlation with SSTs had coefficients up to +0.288 
and − 0.233, respectively, which represents an influence of up to 8.2% 
on the SSTs values. In El Niño 1 + 2 region cross correlations were 
negligible in both ascending and descending phase. It seems that short- 
time expressions of SS cycles, either at the beginning of their ascending 
or descending phases, have a positive but variable effect on the SSTs 
depending on each cycle. Thus, the warm events El Niño of 1957–1958 
(SS 19), 1965–1966 (SS 20), 1981–1982 (SS 21), 1987–1988 and 
1991–1992 (SS 22), 1997–1998 (SS 23), 2015–2016 (SS 24) have each 
one its own peculiarity. On the other hand, the cold events of La Niña 
tend to occur after an El Niño at the middle of the ascending phases 
(1988–1989, 1999–2001, 2010–2012) or when approaching, during and 
leaving the minimum of the cycles (1954–1956, 1973–1974, 
1975–1976; 1995–1996, 2007–2009, 2017–2018, 2020–2022). The last 
three La Niña events are associated with extremely low and lengthy 
periods of absence of sunspots (see Schrijver et al., 2011). On the other 
hand, the so-called equatorial Pacific neutral conditions in El Niño 3.4 
region (https://iridl.ldeo.columbia.edu/maproom/ENSO/ENSO_Info. 
html), seems to span a longer period after La Niña, and vice versa 
after El Niño. 

The ENSO Indexes ONI and MEI also showed stronger cross- 
correlations to the ascending phase of the Schwabe cycles, with a lag 
time of 1–15 months, probably affecting up to 20.1% during cycle SS 21 
(big El Niño and La Niña), but during the declining phase the ONI was 
affected by 4.9%. Besides, it was found that warm events tend to occur in 
the ascending phases (as TSI increases) or at the top of the cycles. These 
warm events have a delay time of 24 months (see Huo and Xiao, 2016), 
whilst cold events are mostly associated with a descending phase but 
with a quicker response time of 0–12 months. 

The MEI index could have been influenced from 7.3% up to 23%. The 
MEI correlated in all ascending and descending phases of SS cycles. The 
SOI had similar cross-correlation coherence to those oceanographic in
dexes during ascending and descending phases. These results would 
provide evidence on how SS affects the studied Indexes during the 
ascending/descending phases of their cycles. In some cycles, the impact 
will be stronger and in other weaker depending on intensity and 
behaviour in time of the cycle. 

The PDO registered the highest linear cross-correlation coefficients 
up to 0.417 and − 0.491 during ascending phases, except the SS cycle 
21. During descending phase, the highest cc-ρ was − 0.348 with lag times 
were between 1 and 37 months, in all cycles. Meanwhile, the AMO index 
appeared to be systematically influenced through all cycles during both 
ascending and descending phases with an influence of SS up to 30.2% 
and 10% respectively. During the studied period fluctuations of TSI were 
up twice this value in some cases like in 1984 and 1989. These changes 
can be reflected by PDO and AMO Indexes. However, the Intergovern
mental Panel on Climate Change (IPPC, 2001) considers this fact too 
small to drive climate changes (Wang et al., 2017a, 2017b). 

Further exercises, using the compiled data for all the ascending and 
descending phases of all 6 cycles, suggested that SST and SSTA in both 
regions showed to have inverse and direct linear relationship with SS at 
lags times around 9 and direct 50 months, respectively. The spectral 
coherence resemblance a sine function, which is much more defined 
during ascending phases. The coefficients were stronger during 
ascending than descending phase. The variations from 8 to 15% of these 

indexes could be explained by the fluctuations of Schwabe cycles. 
The indexes used to define cold or warm events in the Central 

equatorial Pacific Ocean, SOI, ONI, and MEI responded to the ascending 
SS phase in a comparable manner to SST and SSTA in El Niño 3.4 region, 
with a minimum cc-ρ of − 0.33 and − 0.38 and maxima of 0.39 and 0.25 
in the same order, and similar lag times of around 8 and 40 months. 
From this data, we could suggest that at the beginning of the cycles there 
is inverse linear regression, but a direct relationship from 8 to 9 months 
to over 40 months, then again inverse linear relationship for about 12 
months. During the descending phase, both indexes showed a direct 
linear relationship for nearly 2 years. The variations of ONI and MEI 
could be justified 6–15% and 4% by the variation of SS during the 
ascending and descending phases of the cycles, respectively. The inter
annual cycles PDO and AMO seemed not to be strongly affected by the 
ascending and descending phases, probably because these indexes have 
fluctuations in the order of 25 years (>2.5 SS cycles). During cold PDO, 
La Niña events are more frequent and stronger than El Niño, and vice 
versa during warm PDO. In here, the SS cycles 19–20, 23–24, and 21–22 
were registered during cold, warm, and cold PDOs. 

Finally, did Schwabe cycles 19–24 influence the ENSO events, PDO, 
and AMO indexes in the Pacific and Atlantic Oceans? Yes, it has been 
found a wide range correlation coefficient from 0.100 to about 0.500 
statistically significant (p < 0.05) with lag times from few months to 
over 2 years between the Schwabe cycles and the ocean indices chosen 
here. These results could be a potential source to improve predictive 
skills for the understanding of ENSO, PDO and AMO interannual and 
decadal fluctuations. Better predictive models are imperative given that 
El Niño or La Niña has vast impacts on lives, property, and economic 
activity around the globe, especially when dramatic peaks of El Niño 
occur. The new cycle 25 has started and could have a major oceanic 
swing follow suit, and the next El Niño would be in around 2023–2024 
according to historical events and results presented here. 
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Können, G.P., Jones, P.D., Kaltofen, M.H., Allan, R.J., 1998. Pre-1866 extensions of the 
Southern Oscillation Index using early Indonesian and Tahitian meteorological 
readings. J. Clim. 11, 2325–2339. 

Kopp, G., Lean, J.L., 2011. A new, lower value of total solar irradiance: Evidence and 
climate significance. J. Geophys. Res. Lett. https://doi.org/10.1029/2010GL045777, 
38L01706.  

Kristoufek, L., 2017. Has global warming modified the relationship between sun spot 
numbers and global temperatures? Physica A. 468, 351–358. https://doi.org/ 
10.1016/j.physa.2016.10.089. 

Lander, M.A., 1994. An exploratory analysis of the relationship between tropical storm 
formation in the Western North Pacific and ENSO. Mon. Weather Rev. 4 (3), 57–71. 
http://marefateadyan.nashriyat.ir/node/150. 

Laurenz, L., Lüdecke, H.-J., Lüning, S., 2019. Influence of solar activity on European 
rainfall. J. Atmos. Solar-Terres. Phys. 185, 29–42. https://doi.org/10.1016/j. 
jastp.2019.01.012. 
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