
manuscript submitted to Earth and Space Science

22-Year magnetic solar cycle [Hale cycle] responsible1
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Key Points:6

• 22-year Hale cycle solar minima show for the period 1890-1985 a high solar sen-7

sitivity (1,143 ◦C per W/m2)8

• 22-year Hale cycle temperature profile amplitude (0,215 ◦C) is higher than for the9

11-year Schwabe cycle (0,122 ◦C)10

• Influence of the sun on climate becomes underestimated when the 22-year Hale11

cycle is ignored in climate science12
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Abstract13

Reconstructions for global temperature development show an upward oscillation for the14

period of the 1880s through 1980s. This oscillation is being associated with natural vari-15

ability and the temperature rise between the 1910s and 1940s with increased solar ac-16

tivity. The temperature impact of the 11-year solar cycle [Schwabe cycle] and the phys-17

ical mechanism involved are insufficiently understood. Here, for the 22-year magnetic18

solar cycle [Hale cycle] a seawater surface temperature impact is described of 0,215 ◦C19

(0,238 ± 0,05 ◦C per W/m2); the derived impact for the 11-year cycle is 0,122 ◦C (0,13520

± 0,03 ◦C per W/m2). Also, a parallel development is described for seawater surface tem-21

perature [HadSST3 dataset] and the minima of total solar irradiance [LISIRD dataset]22

after a correction based on the 22-year solar cycle polarity change. With the correction,23

the combination of the primary and secondary minima shows for the period 1890-198524

a high solar sensitivity: 1,143 ± 0,23 ◦C per W/m2 (with 90,5% declared variance). This25

implies that the Sun has caused a warming of 1,07 ◦C between Maunder minimum (late26

17th century) and the most recent solar minimum year 2017 - which is well over half of27

the intermediate temperature rise of approximately 1,5 ◦C. The results demonstrate that28

the 22-year cycle forms a crucial factor required for better understanding the Sun-temperature29

relation. Ignoring the 22-year cycle leads to significant underestimation of the Sun’s in-30

fluence in climate change combined with an overestimation of the impact of anthropogenic31

factors and greenhouse gases such as CO2.32

Plain Language Summary33

Global temperature development shows an upward oscillation for the 1880s through34

1980s. This oscillation is associated with natural variability: increased solar activity largely35

explains the temperature rise between the 1910s and 1940s. However, the temperature36

impact of the 11-year solar cycle is insufficiently understood. Here, for the 22-year mag-37

netic solar cycle a seawater surface temperature impact is described of 0,215 ◦C, while38

the derived impact for the 11-year cycle is only 0,122 ◦C. Also, a parallel development39

is described for seawater surface temperature and the minima of total solar irradiance,40

after a correction based on the 22-year solar cycle polarity change. With this correction,41

the combination of the primary and secondary minima shows for the period 1890-198542

a high solar sensitivity: 1,143 ◦C per W/m2. This also implies that the Sun caused a43

warming of 1,07 ◦C between Maunder minimum and solar minimum year 2017, well over44

half of the intermediate temperature rise of approximately 1,5 ◦C. The 22-year cycle forms45

a crucial factor for better understanding the Sun-temperature relation. Ignoring the 22-46

year cycle leads to underestimation of the Sun’s influence in climate change (+ overes-47

timation of anthropogenic factors and greenhouse gases such as CO2).48

1 Introduction49

In a 2006 Dutch scientific report by the Royal Netherlands Meteorological Insti-50

tute (KNMI) in collaboration with the NIOZ, is reported that prior to 1950 the influ-51

ence of humans on temperature had been negligible (de Jager et al., 2006). This makes52

the period prior to 1950 ideally suited for studying the influence of the Sun on temper-53

ature. In the current research, the influence of the Sun on seawater surface temperature54

is being studied for the period 1890-1985. This time frame includes 3 periods in which55

the temperature trend has changed direction plus it includes a total of 10 solar minimum56

years. According to experts, prior to 1880 insufficient data is available for a reliable es-57

timate of the global seawater surface temperature; only after the year 1950 the uncer-58

tainty margin decreases to a low level for most regions of the world (Smith & Reynolds,59

2003). Among experts there is consensus that the heat content of the ocean system is60

probably the best indicator of global warming (Cheng et al., 2019); logically, the warm-61

ing of the seawater surface temperature is therefore probably a more relevant indicator62
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than the warming of the atmosphere. In this study the HadSST3 dataset is used for sea-63

water surface temperature.64

There is controversy about the solar influence on climate on a wide range of aspects.65

Estimates for the temperature effect of the 11-year solar cycle [Schwabe cycle] vary from66

less than 0,05 ◦C (barely recordable) (de Jager et al., 2006) to more than 0,25 ◦C (Camp67

& Tung, 2007). However, a much larger temperature effect is expected for the same amount68

of energy when it involves a much longer timespan. For a 200-year cycle, the temper-69

ature effect is 2 to 4 times larger than for the 11-year cycle, particularly due to accumu-70

lation of energy within the ocean system (de Jager et al., 2006); for even longer periods71

the impact can be 5 to 10 times larger (Shaviv, 2005, 2012). The controversy also con-72

cerns the share of the Sun in the 0,8 ◦C warming in the 20th century: available estimates73

range from 7% (0,056 ◦C) to 44-64% (0,35-0,51 ◦C) (Scafetta, 2013). The compilation74

method of the historical dataset for total solar irradiance [TSI] is an important part of75

the controversy as well (Solanki et al., 2013). Since the 1990s, even the scientific legit-76

imacy has been debated in relation to the compilation method used by different research77

groups involved; among experts this issue is known as the ACRIM-PMOD controversy78

(Scafetta et al., 2019). Large opinion differences have arisen with regard to the TSI con-79

struction method. The widely adopted method of Lean et al. (1995) (Lean et al., 1995)80

is based on just 2 magnetic components and produces a curve which shows the highest81

TSI values in the late 1950s. While, for example, the method of Hoyt & Schatten (1993)82

(Hoyt & Schatten, 1993) is based on 5 magnetic components and produces a curve which83

shows the highest TSI values near the beginning of the 21st century. This means that84

estimates for the influence of the Sun on the climate differ both numerically and funda-85

mentally to a great extent; numerically, the controversy involves impact differences of86

nearly a factor of 10.87

In climate science the influence of the Sun is studied, among other things, by means88

of the 11-year solar cycle. However, fundamentally, it has been established since the be-89

ginning of the 20th century that the 22-year magnetic solar cycle [Hale cycle] forms the90

origin of the 11-year sunspotscycle (Hale, 1908). This is important because two consec-91

utive 11-year cycles exhibit structural differences; an illustrative example for this involves92

the Gnevyshev-Ohl rule (Zolotova & Ponyavin, 2015), which relates to the number of93

sunspots between 2 consecutive maximums. It is therefore remarkable that the 22-year94

cycle is hardly taken into consideration in climate science. IPCC reports do not even bother95

to mention the existence of the 22-year Hale cycle (Hiyahara et al., 2008). Descriptions96

elsewhere in the scientific literature indicate that manifestations of the 22-year cycle are97

being presumed to be not sensitive to the polarity change; however, the foundation for98

such assumptions is unclear. Because, for example, in 2008 it has been determined that99

since Maunder minimum the coldest phase of the 22-year cycle takes place (under the100

influence of cosmic rays) during the minima that occur when the polarity is positive; the101

magnetic solar poles are then located in their original position (IPCC, 2013); the mag-102

netic solar poles are then located in their original position (Hiyahara et al., 2008).103

This study therefore distinguishes two categories of solar minima: (1) primary min-104

ima, which arise during the phase when the magnetic polarity is positive with the poles105

in the original position; and (2) the secondary minima, which arise during the phase when106

the magnetic polarity is negative and the poles have switched positions. This is crucial107

because solar radiative forcing trend analysis is usually based on solar minimum years,108

for, the phase of the solar cycle must be taken into account. This is explained by the fact109

that minima are both ”more stable” and ”more relevant” than maxima (IPCC, 2013).110

IPCC AR5 presents a definition for the TSI which refers only to the minima. In terms111

of the physical processes involved this is explained by the fact that the number of sunspots112

and solar flares is relatively small during the minima. Both represent the two magnetic113

components in the Lean method, which also represent the basis of the LISIRD TSI dataset114

used in this study. The maxima are accompanied by relatively large fluctuations, which115
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exhibit higher uncertainty than the minima. This is because the result at the maxima116

depends more strongly on the magnetic components used in the reconstruction (Lean117

et al., 1995; Hoyt & Schatten, 1993). This explains the fundamental relevance of the choice118

made in this study to use the perspective of the solar minimum years as the most im-119

portant point of reference for studying the climate impact of the 22-year magnetic so-120

lar cycle.121

2 Materials and Methods122

The materials used in this study involve datasets for global sea surface tempera-123

ture and total solar irradiance. For global sea surface temperature is used the Hadley124

Centre Sea Surface Temperature dataset [HadSST3 : https://www.metoffice.gov.uk/125

hadobs/hadsst3/data/download.html (MetOffice, 2020)] presented by the Hadley Cen-126

tre Met Office, who’s sea surface temperature datasets serve in IPCC AR5 (IPCC, 2013).127

For total solar irradiance is used the Lasp Interactive Solar IRadiance Datacenter dataset:128

Historical Total Solar Irradiance Reconstruction, Time Series [LISIRD: http://lasp129

.colorado.edu/lisird/data/historical tsi/ (Kopp, 2019)]], which is an unofficial130

dataset presented by LASP principal investigator Dr. Greg Kopp. On Greg Kopp’s TSI131

Page the LISIRD is being described to represent the best values available. The LISIRD132

uses for the pre-satellite period 1611-1978 the SATIRE-T TSI dataset with some refine-133

ments included (Kopp et al., 2016); for the satellite period 1979-2018 it used the Community-134

Consensus TSI Composite (Dudok de Wit et al., 2017). Though Kopp’s LISIRD data135

set has no official status, his work as a lead researcher in solar irradiance assessment with136

satellites is featured with multiple references in IPCC AR5.137

Because sea surface temperature is being claimed to be unreliable before 1880 due138

to insufficient data (Smith & Reynolds, 2003) and the ACRIM-PMOD controversy in-139

dicates that there are unsolved problems with TSI data starting from the mid-nineties140

minimum (Scafetta et al., 2019), the period 1880-1985 is used here as the main research141

period for studying the solar-climate connection. This choice is also justifiable because142

prior to 1950 the influence of humans on temperature had been negligible (de Jager et143

al., 2006); however, the HadSST3 dataset indicates that the rise of sea surface temper-144

ature started in the 2nd half of the 1970s.145

The data analysis starts with a correlation assessment (based on Pearson correla-146

tion coefficient calculated with Excel) for the full data set (1880-2018) and the chosen147

research period (1880-1985), combined with an assessment focused on the solar minimum148

years and solar maximum years separately.149

Then a temperature profile for the Hale cycle is constructed from the chosen re-150

search period (with 5 full Hale cycles included). Average values for the two separate Hale151

cycle minima and the two separate Hale cycle maxima serve as reference points in or-152

der construct the profile. A linear upward trend is first removed with an improvisation153

method in order to make sure that the beginning and ending of the Hale temperature154

profile show the same value. The slope of the applied trend removal has been checked155

to be a realistic value that is representative for the temperature rise in the period 1880-156

1985. The profile is then constructed based on consistent patterns between snippets of157

the profile found at the surrounding years near the minima and maxima.158

Because the minima are known to represent the most stable and most relevant phase159

of the solar cycle, only the Hale cycle minima are then used to serve for studying the solar-160

climate connection in depth with the introduction of a correction based on the 22-year161

cycle solar polarity change. The use of a correction based on the 22-year Hale cycle in-162

volves an innovative element that has not been introduced before in reports focused on163

studying the solar-climate connection. This is initially done for just the minimum years164

involved, which requires a separation between primary and secondary solar minimum years;165
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analyses are made here based on the use of a correlation test combined with an explained166

variance test (based on R2 method via linear regression analysis calculated with PSPP167

software). The correction serves to neutralize a structural temperature difference between168

the primary and secondary solar minimum years. An additional analysis is also presented169

for Hale cycle minima based on multiple years 3 up to 9 years; an analysis based on 11-170

year minima is presented as well but it is not taken into consideration for analysis due171

to overlap between various periods (because for 11-year minima periods some years be-172

come included in multiple minima periods - which is obviously not acceptable).173

Finally, the solar sensitivity is calculated for 3 different perspectives (at the top at174

the atmosphere, for earth surface after adjusting for the shape of the earth & albedo with-175

out an amplification factor, and for earth surface after adjusting for the shape of the earth176

& albedo with an amplification factor). These 3 perspectives are described for the min-177

ima period 1890-1985, for the 22-year cycle and for the 11-year cycle.178

The data analysis is available as a spreadsheet. The section ’Electronic Supplemen-179

tary Material’ presents online resources available in 2 formats: in (1) Excel format (data180

+ results including calculations) and in (2) CSV format (data + results excluding cal-181

culations). The files are available at a repository download location. The spreadsheet182

describes for the period 1880-2019 the LISIRD TSI dataset + the HadSST3 dataset +183

all correlations (based on Pearson correlation coefficient) + all explained variances (based184

on R2 method via linear regression) featured in figures 1 through 4. For the purpose of185

reproducibility a detailed summary is presented for each of these figures; the data shown186

in each figure is processed in the data files as follows:187

• Figure 1: LISIRD TSI (column C), HadSST3 (column D); columns I to AW show188

data + correlations with regard to the periods 1880-2018 and 1880-1985 for: max-189

ima, primary maxima, secondary maxima, minima, primary minima, and secondary190

minima.191

• Figure 2: Temperature profile Hale cycle (column CW), temperature profile Schwabe192

cycle (column CX); columns BB to CS present the underlying calculation method193

for the Hale cycle temperature profile. The Hale cycle temperature profile is com-194

posed of 4 series of data around the TSI minima and maxima years, whereby the195

profile of the primary minima years is split into 2 parts (column BX and column196

CN therefore contain the same data). The trend has been removed from each of197

the 4 reference profiles based on a slope corresponding to a temperature increase198

of 0,0028 ◦C per year (= 0,28 ◦C per 100 years); a higher or lower value would mean199

that the second primary minimum (for year 22) in figure 2 would not end exactly200

at zero. Only the values labeled with a * have been processed in the Hale cycle201

temperature profile. The Schwabe cycle temperature profile has been derived from202

the Hale cycle temperature profile.203

• Figure 3: [TOP] LISIRD (column DY), HadSST3 (column DZ); [BOTTOM] LISIRD204

with corrected secondary minima (column EG), HadSST3 (column EH). The cor-205

rection value is the lowest value, for which the average correlation value of the pri-206

mary and secondary data combined is found.207

• Figure 4: 1-year mean corrected LISIRD (column FH) & HadSST3 (column FI);208

3-year mean corrected LISIRD (column GG) & HadSST3 (column GH); 5-year209

mean corrected LISIRD (column HF) & HadSST3 (column HG); 7-year mean cor-210

rected LISIRD (IE column) & HadSST3 (IF column); 9-year mean corrected LISIRD211

(column JD) & HadSST3 (column JE); 11-year mean corrected LISIRD (column212

KC) & HadSST3 (column KD). The correction value represents the lowest value213

for each minimum period whereby for the minima combination the average cor-214

relation value of the primary and secondary data is found.215
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3 Results216

With the Hale cycle taken in consideration, correlations between TSI and seawa-217

ter surface temperature are described first. The period around the minimum years 1890218

to 1985 is then used in order to calculate the temperature profile for the 22-year Hale219

cycle (+ the temperature profile for the 11-year Schwabe cycle). Also, based on the min-220

imum years a description for the solar sensitivity in the long-term perspective is presented.221

A distinction is made between: (1) ’primary minima’ which are formed during the phase222

with the magnetic poles in the original position and (2) ’secondary minima’ which are223

formed during the phase when the poles have switched positions.224

Figure 1. The individual phases of the solar cycle show correlations for the LISIRD TSI total

solar irradiance and HadSST3 seawater surface temperature that are significantly higher com-

pared to the values for the entire cycle. The minima show structurally higher correlation values

with respect to the maxima. The TSI has a structural impact due to the 22-year magnetic solar

cycle, which is expressed in relatively high ’primary TSI minima’ [P] and ’primary TSI maxima’

[Ps] (relative to in respective the ’secondary TSI minima’ [S] and ’secondary TSI maxima’ [Sp]).

This structural phenomenon is in accordance with the Gnevyshev-Ohl rule, which is associated

with just the maxima of the sunspot cycle according the literature (Zolotova & Ponyavin, 2015).
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3.1 Total solar irradiance (TSI) & temperature correlate higher during225

minima than during maxima226

Figure 1 describes a stable correlation (r = 0,42) for the TSI and seawater surface227

temperature showing the same magnitude for both the period 1890-1985 and the period228

1880-2018. However, for both the minima and maxima of the solar cycle the correlations229

are at a significantly higher level; in accordance with expectations (Hiyahara et al., 2008),230

the correlation for the individual phases shows the highest level for the minima.231

Moreover, correlations at both the primary & secondary minima and the primary232

& secondary maxima reach an even higher level. For the period 1880-1985, very high cor-233

relations with almost the same value are found for both the primary and secondary min-234

ima. And for the primary and secondary maxima the same correlation value is found.235

This indicates that during the course of the 22-year cycle, the fluctuation of the TSI-temperature236

correlation shows a high degree of regularity.237

The structurally higher correlations in the primary and secondary minima series238

(compared to the combination of both series) appear also directly related to the Gnevyshev-239

Ohl rule; in figure 1 the dashed green curves show the impact for both the TSI minimums240

and the TSI maximums separately.241

3.2 Temperature profile for the 22-year & 11-year solar cycle242

The HadSST3 seawater surface temperature profile for the 22-year solar cycle has243

been determined based on the period 1882-1988. This period includes: 5 secondary max-244

imums, 5 primary minimums, 5 primary maximums, and 5 secondary minimums. The245

mean values for these 4 categories serve each as a separate reference point. The aver-246

age value is then determined for the years around each of these 4 reference points. This247

results in 4 reference profiles that each show a temperature difference within the range248

of 0,20-0,27 ◦C that manifest in 7 to at most 11 years (with an average value of 0,236249

◦C). The trend has subsequently been removed from each of the 4 reference profiles. Fi-250

nally, the temperature profile is compiled by means of the years around the 4 reference251

points. In particular the years around the minimum reference points have been used for252

this because the years around the two maximum reference points show less consistency253

compared to the other 2 reference profiles (the method section describes the procedure254

in detail). The profile for the 11-year Schwabe cycle is derived from the profile of the Hale255

cycle; only the minima of the Hale temperature profile served as reference points.256

The temperature profile for the Hale cycle is shown in figure 2. The length of the257

Hale profile is only 21 years because the Hale cycles in the research period were relatively258

short: the average length of the Hale cycles in the period 1890-1985 is approximately 21259

years. For the Hale cycle profile, the largest temperature difference is found between the260

primary minimum and the phase that follows 8 years after the primary minimum. The261

temperature difference between the primary minimum and the temperature peak is 0,215262

◦C. The temperature difference between the primary minimum and the secondary min-263

imum is 0,059 ◦C.264

By the way, the TSI primary maximum occurs 4 years after the TSI primary min-265

imum and the TSI secondary maximum occurs 5 years after the TSI secondary minimum.266

So, the TSI secondary maximum coincides with the highest temperature value in the 2nd267

part of the Hale cycle (which starts from the secondary minimum and ends at the pri-268

mary minimum).269

Figure 2 shows that the first part and the second part of the Hale cycle show an270

asymmetrical temperature trend. During the first part, the fluctuations are more frequent271

and the amplitude is higher relative to the second part. The temperature peaks relatively272

late in the first part and it peaks relatively early in the second part. In addition, the pro-273
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Figure 2. Seawater surface temperature profile for the Hale cycle based on the period 1882-

1988 (which includes e.g. 5 primary minima and 5 secondary minima) shows a maximum impact

of 0,215 ◦C. During the first part of the Hale cycle, the fluctuations are larger than during the

second part. The temperature profile for the Schwabe cycle shows a maximum impact for seawa-

ter surface temperature of only 0,122 ◦C.

file of the Hale cycle shows an oscillation with fluctuations that take 2 to 7 years, which274

corresponds to the variation described for the duration of the ENSO cycle. This is not275

entirely surprising as it is known that there are strong statistical relationships between276

ENSO and the activity of the Sun (Narsimha & Bhattacharyya, 2010).277

For the period 1882-1988, the radiative forcing between all adjacent maxima and278

minima shows an average value of 0,86 W/m2. Combined with the average maximum279

temperature difference within the profile of 0,215 ◦C this results in a solar sensitivity within280

the Hale cycle of 0,25 ◦C per W/m2 at the top of the atmosphere (TOA); converted to281

Earth’s surface this results in a value of 1,43 ◦C per W/m2 (via a conversion factor of282

0,175: 25% based on Earth’s spherical formation in combination with 70% albedo). How-283

ever, the impact of an amplifying factor for the TSI signal at the top of the atmosphere284

has not yet been taken into account in this latter result. In the section discussion & con-285

clusion an amplification factor with a value of 6x is used in order to find the solar sen-286

sitivity on Earth’s surface for the Hale cycle, which results in a value of 0,238 ◦C per W/m2.287

Likewise, for the 11-year cycle a considerably lower solar sensitivity on Earth’s surface288
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is found: 0,135 ◦C per W/m2. Within the conceptual framework of the IPCC, both the289

22-year Hale cycle and the amplification factor are being ignored (IPCC, 2013).290

For the sake of completeness, figure 2 also shows the temperature profile for the291

11-year Schwabe cycle (which has been derived directly from the Hale cycle profile). A292

striking feature of the profile for the Schwabe cycle is that it contains 2 peaks of approx-293

imately the same height. This finding is not entirely surprising neither because of the294

fact that for the 11-year sunspot cycle 2 maxima are also described - which typically arise295

in a time frame of 2 to 4 years. In the literature the first sunspots peak relates to UV296

radiation and the second peak to geomagnetic disturbances (+ aurora phenomena) (Gnevyshev,297

1977).298

3.3 Primary & secondary TSI minima show high correlation with sea-299

water surface temperature300

The upper part of figure 3 describes for the period 1890-1985 a high correlation for301

TSI and seawater surface temperature with a declared variance of around 90% for both302

the primary and secondary minima. This involves the same correlations that are described303

for the minima in figure 1; in figure 3 the TSI scale has been adjusted to show the dy-304

namics visually. For the primary and secondary minima separately, the temperature fol-305

lows the trend of the TSI (with exception for the first transition of the secondary min-306

ima where both factors move in opposite directions). However, when the distinction be-307

tween the primary and secondary minima is ignored, 6 out of 9 transitions show an op-308

posite movement between the TSI and the temperature. This dynamic for the combi-309

nation is inconsistent with the dynamics for the primary and secondary minima sepa-310

rately.311

The introduction section describes that during the minima of the primary phase312

temperature typically reaches the lowest level since the Maunder minimum. Regarding313

the physical mechanism involved it is known that during the negative phase of the so-314

lar cycle the supply of cosmic rays (which is associated with cloud formation (Svensmark,315

2015)) is more sensitive because then the supply comes more via the equator of the Sun,316

while during the positive phase the supply comes more via the poles (Hiyahara et al.,317

2008). This implies that based on the direction of cosmic rays supply one can conclude318

that the relationship between TSI and temperature directly depends on the polarity of319

the Sun. During the negative phase (which starts at around the primary maximum, dur-320

ing the transition from the primary minimum to the secondary minimum) a relatively321

small amount of energy is needed for a temperature increase, while during the positive322

phase (which starts around the secondary maximum, during the transition from the sec-323

ondary minimum to the primary minimum) more energy is required for the same tem-324

perature rise. Logically this means that a structural correction is needed to describe (and325

better understand) the relationship between the TSI and the temperature - although the326

use of a correction is not necessary for a comparison between individual years when these327

involve the same phase of the 22 year cycle.328

In the bottom part of figure 3 a correction has been applied to the secondary TSI329

values. Due to the correction the correlation for the combination of the primary and sec-330

ondary minimum values shows the mean value of both minima phases separately. This331

result implicates that in the bottom part of figure 3 the explained variance for the com-332

bination ends up at a likewise high percentage (90,5%) as seen for both minima sepa-333

rately, while in the top part of figure 3 the explained variance is much lower (56,6%). In334

addition, after using the correction the TSI and temperature move in the same direc-335

tion at all 9 transitions. The solar sensitivity for the combination is 1,20 ◦C per W/m2336

at the top of the atmosphere (TOA); converted to Earth’s surface this produces a value337

of 6,86 ◦C per W/m2 (via a conversion factor of 0,175: 25% based on spherical soil in338

combination with 70% albedo). However, this does not yet take into account the influ-339
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Figure 3. (top) HadSST3 seawater surface temperature plotted against LISIRD TSI (+1360

W/m2) shows that for the period 1890-1985 very high correlations are only found for the primary

[P] and secondary [S] minima separately; (bottom) after a correction of +0,142 W/m2 focused

on the secondary TSI values, a very high correlation is also found for the combination of the

minima. With the use of a regression analysis, the solar sensitivity at the top of the atmosphere

(TOA) for this period is established at: 1,20 ◦C per W/m2 for the LISIRD TSI values above

1360 W/m2 (based on a declared variance of 90,5%). The values for the minimum year 1912 have

been used as reference point.

ence of the amplifying factor on the TSI signal at the top of the atmosphere; the discus-340

sion & conclusion section assumes an amplification value of 6x which results in a solar341
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sensitivity on Earth’s surface of: 1,143 ◦C per W/m2, which is only slightly lower than342

the value at the top of the atmosphere.343

The solar sensitivity of 1,20 ◦C per W/m2 TOA (for Earth’s surface: 1,143 ◦C per344

W/m2) for the period 1890-1985 combined with the solar sensitivity during the 22-year345

solar cycle of 0,25 ◦C per W/m2 TOA (for Earth’s surface: 0,238 ◦C per W/m2) implies346

that the long-term solar sensitivity is 4,8x higher than during the short-term perspec-347

tive of the 22-year cycle. Compared to the 11-year cycle the long-term solar sensitivity348

is 8,4x higher.349

According the LISIRD TSI dataset, the total solar irradiance between Maunder min-350

imum (1360,274 W/m2 TOA) and the most recent primary minimum year 2017 (1361,215351

W/m2 TOA) has increased by 0,941 W/m2 TOA. Based on the long-term solar sensi-352

tivity of 1,143 ◦C per W/m2 after taking into account Earth’s shape (25%), albedo (70%)353

and the amplifying factor (6x) for the TSI signal, this results in a temperature rise at354

Earth’s surface of 1,07 ◦C (based on the TSI signal of 1,20 ◦C per W/m2 TOA, the value355

is slightly higher: 1,13 ◦C).356

For the primary and secondary minima separately, the solar sensitivity (TOA) is357

in respective: 1,10 ◦C per W/m2 and 1,22 ◦C per W/m2.358

The magnitude of the correction is with a value of more than 0,1 W/m2 about one359

tenth of the average fluctuation of the TSI during an 11/22 year solar cycle. This rep-360

resents the same magnitude found at the structural variations of the sunspot cycle based361

on the Gnevyshev-Ohl rule (Zolotova & Ponyavin, 2015).362

3.4 Multi-year TSI minima show a comparable trend with seawater sur-363

face temperature after correction364

The correction method aimed at the secondary TSI minimum values has also been365

applied to the minima based on the 3-year, 5-year, 7-year, 9-year and 11-year average366

values.367

Figure 4 shows that the magnitude of the correction for the 3-year to the 9-year368

average is slightly smaller (0,110-0,138 W/m2) than the correction value for the 1-year369

minima (0,142 W/m2), but the values show consistently the same order of magnitude.370

The 11-year average shows an even smaller correction value (0,100 W/m2); however, be-371

cause there is an overlap between various periods the result for the 11-year period is dis-372

regarded in this analysis.373

Figure 4 shows for the 1-year to 9-year minima that the first five values of both the374

LISIRD TSI and the seawater surface temperature are lower than the last five minima.375

Also, the first five values always show the lowest value at 1912 and the highest value at376

1933; for the last five values the year 1976 always shows the lowest value.377

Only the 1-year to 5-year minima show the same direction of the trend at all 9 tran-378

sitions for the LISIRD TSI and the HadSST3 seawater surface temperature after apply-379

ing the secondary TSI correction. For the 7-year and 9-year minima, eight out of nine380

transitions show the same trend direction; only the transition between 1943 and 1954381

shows opposite trends. Figure 1 presents an explanation for this exception because the382

1958 maximum (+ the immediately surrounding years) is the largest outlier in the LISIRD383

TSI dataset. This phenomenon also explains why in figure 4 the highest average TSI value384

is found at the 1954 minimum for both the 7-year and 9-year average, while the 1-year385

to 5-year show the highest level for both the TSI and the temperature at the 1943-value.386

For the 1-year to 9-year minima, the explained variance is within the bandwidth387

of 89.2-92.8% after applying the correction aimed at the secondary minima. With increas-388

ing length of the minima periods the value of the explained variance fluctuates only a389
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Figure 4. After applying a correction aimed at the secondary minima, the 1-year, 3-year,

5-year, 7-year, and 9-year periods around the minima show similar dynamics. The first 5 values

of both the LISIRD TSI and the HadSST3 are below the last 5 values. For the first 5 values the

1912 minimum always shows the lowest value and the 1933 minimum shows the highest value; for

the last 5 values the 1976 minimum always shows the lowest value.

few percent from the 90,5% explained variance found at the 1-year minima for the pri-390
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mary and secondary minima separately, as well as for the combination of both minima391

including the correction.392

When the correction value based on the 1-year minima period (0,142 W/m2) would393

have been applied to all other perspectives, only the explained variance for the 3-year394

period would show a small drop (from 92,5% to 92,4%). The 5-year to 9-year periods395

would then show a further rise for the explained variance.396

4 Discussion & Conclusions397

This article investigates the Sun’s impact on climate with the 22-year magnetic so-398

lar cycle. The solar sensitivity is described in 3 forms: (1) in terms of the TSI at the top399

of the atmosphere; (2) this value is then converted to Earth’s surface via a correction400

for the spherical Earth ( 25%) and the albedo factor ( 70%); (3) finally, it has also been401

corrected with an amplifying factor which increases the temperature impact of the TSI402

signal at the top of the atmosphere.403

For a calculation of the temperature impact of the Sun over a certain period, it is404

not strictly necessary to make the conversion to Earth’s surface when phase differences405

within the 22-year cycle are taken into account. However, this conversion does become406

necessary for a description of the solar sensitivity on Earth’s surface in terms of the ra-407

diative forcing. Therefore, the impact of the amplification factor will now be discussed408

in more detail here (without going into the possible physical mechanisms involved).409

Since the 1990s experts have speculated about the impact of an amplifying factor410

for the TSI signal formed by the Sun at the top of the atmosphere. Literature has taken411

into account the possibility that the magnitude of the amplification factor could theo-412

retically vary at the order of 2x to 10x (Stott et al., 2003). However, there is no consen-413

sus about the exact magnitude; therefore, controversy also exists on this matter. Esti-414

mates appear to depend, among other things, on the TSI dataset used (Haigh, 2007).415

Based on 20th century data, the estimates range from 2x-3x (Haigh, 2007), 3x (Stott416

et al., 2003), 4x-6x (Ziskin & Shaviv, 2012) up to as high as 4x-8x (Holmes, 2018). The417

IPCC confirms that there is great uncertainty about the radiative forcing of the Sun (Haigh,418

2007). The most detailed estimates have been described based on the 11-year solar cy-419

cle, where the values for the amplification factor are relatively high: 5x-7x (Shaviv, 2008).420

As far as is known, there are no descriptions which indicate that there are concrete rea-421

sons to assume that the magnitude of the amplifying factor for the TSI signal also fluc-422

tuates. Therefore, it is assumed here that there is a stable amplification factor with a423

value of 6x combined with a bandwidth of 5x-7x.424

This implies that the Sun’s sensitivity at Earth’s surface is (only) slightly lower com-425

pared to the value measured at the top of the atmosphere. After all factors have been426

taken into account, the result via the chosen amplifying value (6x) amounts to 95% of427

the TOA value. If the amplification value were slightly lower, then the Earth’s surface428

would have almost the same value as the TSI at the top of the atmosphere (with an am-429

plification value of 5,7x it would produce almost exactly the same value). The bandwidth430

for the amplifying factor is used here to describe an indication for the uncertainty mar-431

gin of the solar sensitivity specific to the perspective of Earth’s surface after all factors432

have been taken into account.433

For the three perspectives examined, the following values are found in regard to434

solar sensitivity:435

• 11-year cycle:436

- Solar sensitivity based on just TSI at top of atmosphere [TOA]: 0,142 ◦C per W/m2.437
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- Solar sensitivity converted (earth shape: 25% & albedo 70%) to surface with-438

out amplifying factor: 0,81 ◦C per W/m2.439

- Solar sensitivity converted to surface with amplifying factor (5-7x): 0,135 ± 0,03440

◦C per W/m2.441

• 22-year cycle:442

- Solar sensitivity based on just TSI at top of atmosphere [TOA]: 0,25 ◦C per W/m2.443

- Solar sensitivity converted (earth shape:25% & albedo 70%) to surface without444

amplifying factor: 1,43 ◦C per W/m2.445

- Solar sensitivity converted to surface with amplifying factor (5-7x): 0,238 ± 0,05446

◦C per W/m2.447

• Period 1890-1985:448

- Solar sensitivity based on just TSI at top of atmosphere [TOA]: 1,20 ◦C per W/m2.449

- Solar sensitivity converted (earth shape:25% & albedo 70%) to surface without450

amplifying factor: 6,86 ◦C per W/m2.451

- Solar sensitivity converted to surface with amplifying factor (5-7x): 1,143 ± 0,23452

◦C per W/m2.453

This overview shows that the solar sensitivity at Earth’s surface depends especially454

on the magnitude of the amplification factor. The value of the solar sensitivity at Earth’s455

surface increases when the amplifying factor decreases. This also applies to the albedo456

factor because a lower albedo value leads to a higher result in the calculation of the so-457

lar sensitivity for Earth’s surface.458

This implies that solar sensitivity for the long-term perspective is more than 4x (4,8x)459

higher than during the short-term perspective of the 22-year magnetic solar cycle; when460

compared with the perspective of the 11-year sunspot cycle, the value for the long-term461

perspective is more than 8x (8,4x) higher. These values are approximately 2x higher than462

the ratios described in literature relative to the 11-year solar cycle (de Jager et al., 2006;463

Shaviv, 2005, 2012). These results also confirm earlier descriptions based on periods that464

go further back in time, which show that the temperature impact during the 22-year cy-465

cle is much larger (here 78%) than during the 11-year cycle; in a study by Scafetta &466

West (Scafetta, 2005) a 54% higher value is reported for the 22-year cycle (0,17 ± 0,06467

◦C per W/m2) versus the 11-year cycle (0,11 ± 0,02 ◦C per W/m2). Related literature468

also confirms that the change of magnetic polarity plays a key role in this (Hiyahara et469

al., 2008).470

The IPCC describes in AR5 (2013) a temperature effect for the 11-year cycle with471

fluctuations at the order of 0,03-0,07 ◦C (mean value 0,05 ◦C) (IPCC, 2013); the tem-472

perature profile for the 11-year cycle in figure 2 shows fluctuations with an average value473

of 0,122 ◦C which is more than 2x higher than the IPCC description.474

Based on long-term solar sensitivity, it has been calculated that the Sun can be held475

responsible for a temperature rise of approximately 1,1 ◦C since Maunder minimum (late476

17th century). Estimates for the total warming since Maunder minimum are in the or-477

der of 1,5 ◦C (PAGES2k Consortium, 2019). Estimates for the temperature difference478

between a passive and active Sun are in the order of 1 ◦C (Shaviv, 2012) (up to 2 ◦C).479

Since the start of the Holocene 11,700 years ago, the activity of the Sun has shown the480

highest change between Maunder minimum and the early 21st century (Usoskin et al.,481

2007). An estimate is also available which describes that the increase in solar activity482

since the emergence of life on Earth can explain about half to 2/3 of the temperature483

increase (Karoff & Svensmark, 2010; Scafetta, 2013). These estimates are consistent with484

the long-term solar sensitivity described here based on the period 1890-1985.485
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Because the solar minimum years do not coincide with the start and end of the 20th486

century, it is not possible to make an exact calculation based on the minima for the share487

of the Sun in the seawater surface temperature rise between 1900 and 2000, which is about488

0,416 ◦C. However, an indicative calculation can be made on the basis of the secondary489

minima in the period 1902-2008 (this period covers almost the entire 20th century). For490

the proportion of the Sun, the percentage here amounts to 62,1% of the 0,671 ◦C warm-491

ing of the seawater surface temperature between 1902 and 2008; this percentage is not492

far below the upper limit of 69% described by Scafetta & West for the period 1900-2005493

(Scafetta & West, 2008). For the period 1890-2017 the Sun provides a share of 58,2%494

in the warming of 0,928 ◦C. Both percentages are around 60% - just below the upper495

limit of 64% of the bandwidth described in the introduction for the global warming in496

the 20th century (Scafetta, 2013).497

For the 21st century, a comparison between the primary minimum years 1996 and498

2017 provides a remarkable picture, because based on the solar sensitivity of 1,2 ◦C per499

W/m2 the entire temperature rise (103.6%) is explained by the Sun. However, a com-500

parison between the primary minimum years 1954 and 2017 yields a percentage of the501

sun that is less than half (46.4%).502

From an energetic point of view, the solar sensitivity for the long-term perspective503

at Earth’s surface (with the amplification factor included) shows with a value of 1,143504

± 0,23 ◦C per W/m2 a measure for the equilibrium climate sensitivity parameter (λ).505

The temperature impact of this is comparable to a climate sensitivity for the doubling506

of CO2 with a bandwidth of 3,38-5,08 ◦C (based on: 3,7 W/m2 x 1,143 ± 0,23 ◦C per507

W/m2). The midpoint of this bandwidth is found at the value 4,23 ◦C, which is below508

the upper limit of the bandwidth that the IPCC applies for climate sensitivity: 1,5-4,5509

◦C (IPCC, 2013). An additional comment follows based on the period 1912-1965.510

Based on the dynamics in the lower part of figure 3, the period 1912-1965 shows511

an almost perfect correlation (combined with an explained variance of 99%) between the512

minimum values of LISIRD TSI and HadSST3 seawater surface temperature. If the cal-513

culation had been made on the basis of the period 1912-1965, the solar sensitivity would514

drop from 1,20 ◦C per W/m2 to 1,05 ◦C per W/m2 (with the use of an unchanged cor-515

rection aimed at the secondary minima of 0,142 W/m2). The warming after the Maun-516

der minimum would then amount to 0,99 ◦C based on the period 1912-1965 and the so-517

lar sensitivity would amount to 1,00 ± 0,20 ◦C per W/m2 based on the amplifying fac-518

tor (6x). This is energetically comparable to a climate sensitivity for doubling CO2 with519

a bandwidth of 2,96-4,44 ◦C. This bandwidth corresponds to the upper side of the IPCC520

bandwidth. The explained variance of 99% for the 53-year period 1912-1965 offers hardly521

any impact for influences other than the Sun. This suggests that the Sun is most likely522

responsible for the temperature trend at least until 1965. Based on the period 1912-1965523

the solar sensitivity for the long-term perspective is 4,2x higher than the short-term per-524

spective of the 22-year cycle and 7,4x higher than the short-term perspective of the 11-525

year cycle.526

The correction shows that there is an opposite temperature effect present around527

the phenomenon related to the Gnevyshev-Ohl rule. Moreover, the phenomenon itself528

applies to both the TSI maximums and the TSI minimums in the full period starting from529

1880 (see figure 1). The magnitude of the correction appears to be more or less indepen-530

dent of the length of the minimum period used in the calculation; the bandwidth of the531

correction ranges from 0,110-0,148 W/m2 for the values based on 1 to 9 year periods around532

the TSI minima. This means that there is a structural temperature effect that, in terms533

of magnitude, approximately corresponds to the average impact of the fluctuations based534

on the Gnevyshev-Ohl rule. The direction of the temperature effect can be explained on535

the basis of a sensitivity difference for the influence of cosmic rays during the positive536

and negative phase of the Hale cycle (Hiyahara et al., 2008). During the negative phase,537

the climate is more sensitive to the supply of cosmic rays than during the positive phase.538
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The secondary minimum falls in the middle of the negative phase (see figure 5). As a539

result the influence of the loss of cosmic radiation due to the poloidal maximum is rel-540

atively large, which results in relatively high temperatures during the secondary TSI min-541

ima. Both the mechanism involved with this temperature effect (as a result of the change542

of the magnetic solar poles), as well as the magnitude of the associated impact of the543

temperature effect (comparable with the impact of the Gnevyshev-Ohl rule) have been544

identified by approximate.545

Figure 5. The amplitude of the poloidal solar magnetic field is largest during the years

around the TSI minima; Wilcox Solar Observatory data shows that the field changes po-

larity during the TSI maxima (source: (WSO: Solar Polar Field Strength [.gif ] http://

wso.stanford.edu/gifs/Polar.gif)). The Lt.Solid (blue) and Dashed (red) graphs show ac-

tivity of the magnetic north pole and inverted south pole, respectively; the Med.Solid (black)

graph represents the average magnetic activity and the Hvy.Solid (bold black) graph represents

the smoothed average. The LISIRD TSI is added at the bottom.

The temperature development might be directly related to background solar irra-546

diance [BSI], which concerns the radiation of the Sun excluding the influence of solar flares547

and sunspots. BSI involves a dynamic component on top of the base level in the signal548

from the Sun measured at the top of the atmosphere. Uncertainty margins for the base-549

line (which itself is estimated at around 1361 W/m2 since 2008) are significantly lower550

than for the TSI fluctuations which arise from magnetic activity due to solar flares [TF ]551

and sunspots [TS ]. This might also explain why the correlation between sunspots and552

temperature is low; for, both do not involve the background component at all. Equation553

(1) (Lean et al., 1995) defines that TSI [T(t)] represents the sum of different components.554

Equation (1) contains only 2 magnetic components (in accordance with the Lean (Coddington555

et al., 2016) method); however, a dynamic BSI component that fluctuates over time on556

top of the base level component [TQ] is missing:557

T (t) = TQ +4TF (t) +4TS(t) (1)

For the period 1890-1985, the LISIRD TSI dataset shows high correlations with558

the NRLTSI2 dataset (0,903), IPCC AR5 dataset (0,938) and Satire S&T dataset (0,944).559

Correlations among the other 3 TSI datasets fall within the bandwidth 0,927-0,998. For560

the period 1985-2012, the LISIRD TSI dataset shows a high correlation with the NRLTSI2561
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dataset (0,961) but lower correlations are found with the IPCC AR5 dataset (0,846) and562

Satire S&T dataset (0,868). For this period correlations among the other 3 TSI datasets563

fall within the bandwidth 0,941-0,984. For the entire period 1890-2012, the LISIRD also564

shows comparable correlations with the other datasets (0,916-0,926); correlations among565

the other 3 TSI datasets fall within the bandwidth 0,925-0,995. The period until the year566

2012 has been considered here because the IPCC AR5 TSI dataset ends in the year 2012.567

Here the conclusion is made that the Sun is responsible for the formation of an cli-568

mate oscillation with an upward slope. With consideration of the 22-year TSI cycle, the569

high explained variances with a bandwidth of 89-93% for the various minimum periods570

around the period 1890-1985 (99% for the 1912-1965 minima) leave little room for a large571

influence of other factors, such as CO2. However, when the 22-year cycle is ignored, it572

is not possible to notice (nor to describe) this strong relationship between solar activ-573

ity and temperature.574

The IPCC climate models do not take into account temperature effects that arise575

as a result of: (1) the changes of the magnetic solar poles within the 22-year cycle; the576

same applies to (2) the influence of an amplifying factor on the impact of the TSI sig-577

nal at the top of the atmosphere. Climate models also do not take into account the dy-578

namics that ensure that (3) the solar sensitivity within the 11-year TSI cycle is signif-579

icantly lower than in the multi-decadal long-term perspective. In determining short-term580

trends, climate models neither take into account (4) the impact of the upward phase of581

the multi-decadal cycle, which can be directly connected with the Gleissberg cycle min-582

ima of the Sun (Feynman & Ruzmaikin, 2014), nor do climate models consider the in-583

fluence of very long-term solar related cycles such as for example: Jose cycle 179 years584

(Jose, 1965), de Vries/Suess cycle 248 years (Holmes, 2018), Eddy cycle 1000 years (Holmes,585

2018), and Hallstatt cycle 2400 years (Usoskin et al., 2016) / Bray cycle 2500 years (Holmes,586

2018). The missing of this set of 4 solar-related factors in climate models points towards587

a significant structural underestimation of the Sun’s impact on the climate, leading to588

an overestimation of the impact of CO2 and other natural greenhouse gases. Fundamen-589

tally it is important that the greatest temperature effects due to the change of the mag-590

netic poles can be expected around the solar minima, because during these periods the591

magnitude of the poloidal magnetic field reaches the highest magnitude - see figure 5.592

Finally, one side note is made here: for, the influence of mankind on the climate system593

has become evident particularly through ozone layer depletion resulting from the use of594

artificial greenhouse gases (especially CFCs); despite the relatively large influence of the595

Sun, the impact of anthropogenic influences must therefore be acknowledged.596

The following abbreviations are used in this manuscript:597

ACRIM Active Cavity Radiometer Irradiance Monitor Satellite
HadSST Hadley Centre Sea Surface Temperature
IPCC AR5 Intern. Panel on Climate Change Ass. Report 5 (2013)
KNMI Koninklijk Nederlands Meteorologisch Instituut
LISIRD Las Interactive Solar Irradiance Data Center
NIOZ Nederlands Instituut voor Onderzoek der Zee
NRLTSI Naval Research Laboratory Total Solar Irradiance
PMOD Physikalisch Meteorologisches Observatorium Davos
SATIRE Spectral And Total Irradiance REconstructions
TSI Total Solar Irradiance
WSO Wilcox Solar Observatory
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ogy to create a new total solar irradiance record: Making a composite627

out of multiple data records. Geophys. Res. Lett., 44 , 1196-1203. doi:628

https://doi.org/10.1002/2016GL071866629

Feynman, J., & Ruzmaikin, A. (2014). The Centennial Gleissberg Cycle and its630

association with extended minima. J. Geophys. Res.-SPACE , 119 , 6027-6041.631

doi: https://dx.doi.org/10.1002/2013jA019478632

Gnevyshev, M. N. (1977). Essential features of the 11-year solar cycle. Sol. Phys.,633

51 , 175-183. Retrieved from http://adsabs.harvard.edu/full/1977SoPh..634

.51..175G635

Haigh, J. D. (2007). The Sun and the Earth’s Climate. Living Rev. Sol. Phys., 4 , 1-636

64. doi: https://dx.doi.org/10.12942/lrsp-2007-2637

Hale, G. E. (1908). On the probable existence of a magnetic field in sun-spots. As-638

trophys. J., 28 , 315-343. Retrieved from http://articles.adsabs.harvard639

.edu/full/1908ApJ....28..315H/0000315.000.html640

Hiyahara, H., Yokoyama, Y., & Masuda, K. (2008). Possible link between multi-641

decadal climate cycles and periodic reversals of solar magnetic field polar-642

ity. Earth Planet. Sci. Lett., 272 , 290-295. doi: https://doi.org/10.1016/643

j.epsl.2008.04.050644

Holmes, R. I. (2018). Thermal Enhancement on Planetary Bodies and the Rele-645

vance of the Molar Mass Version of the Ideal Gas Law to the Null Hypothesis646

of Climate Change. Earth Sci., 7 , 107-123. doi: https://doi.org/10.11648/647

–18–



manuscript submitted to Earth and Space Science

j.earth.20180703.13648

Hoyt, D. V., & Schatten, K. H. (1993). A Discussion of Plausible Solar Irradiance649

Variations, 1700-1992. J. Geophys. Res.-SPACE , 98 , 18,895-18,906. doi:650

https://doi.org/10.1029/93ja01944651

IPCC. (2013). Climate Change 2013: The Physical Science Basis. Contribu-652

tion of Working Group I to the Fifth Assessment Report of the Intergovern-653

mental Panel on Climate Change (T. F. Stocker et al., Eds.). Cambridge,654

United Kingdom and New York, NY, USA: Cambridge University Press.655

Retrieved from https://www.ipcc.ch/site/assets/uploads/2018/02/656

WG1AR5 all final.pdf (Citations: page 56 (Technical Summary): ”Longer657

term forcing is typically estimated by comparison of solar minima (during658

which variability is least).” Citation page 689 (Chapter 8): ”The year 1750,659

which is used as the preindustrial reference for estimating RF, corresponds to660

a maximum of the 11-year SC. Trend analysis are usually performed over the661

minima of the solar cycles that are more stable. For such trend estimates, it662

is then better to use the closest SC minimum, which is in 1745. ... Maxima to663

maxima RF give a higher estimate than minima to minima RF, but the latter664

is more relevant for changes in solar activity.”)665

Jose, P. D. (1965). Sun’s motion and sunspots. Astron. J., 70 , 193-200. doi:666

https://dx.doi.org/10.1086/109714667

Karoff, C., & Svensmark, H. (2010). How did the Sun affect the climate when life668

evolved on the Earth? - A case study on the young solar twin κ1 Ceti. arXiv669

preprint , 1-5. Retrieved from https://arxiv.org/pdf/1003.6043.pdf670

Kopp, G. (2019). Historical total solar irradiance reconstruction, time series. Re-671

trieved from http://lasp.colorado.edu/lisird/data/historical tsi/672

Kopp, G., Krivova, N., Wu, C. J., & Lean, J. (2016). The Impact of the Revised673

Sunspot Record on Solar Irradiance Reconstructions. Sol. Phys., 291 , 2951-674

2965. doi: https://doi.org/10.1007/s11207-016-0853-x675

Lean, J., Beer, J., & Bradley, R. (1995). Reconstruction of solar irradiance since676

1610: Implications for climate change. Geophys. Res. Lett., 22 , 3195-3198. doi:677

https://doi.org/10.1029/95gl03093678

MetOffice. (2020). Met office hadley centre observations datasets: time series679

(annual globe). Retrieved from https://www.metoffice.gov.uk/hadobs/680

hadsst3/data/download.html681

Narsimha, R., & Bhattacharyya, S. (2010). A wavelet cross-spectral analysis of682

solar-ENSO-rainfall connections in the Indian monsoons. Appl. Comput. Har-683

mon. Anal., 28 , 285-295. doi: https://doi.org/10.1016/j.acha.2010.02.005684

PAGES2k Consortium. (2019). Consistent multi-decadal variability in global685

temperature reconstructions and simulations over the Common Era (Supple-686

mentary Materials). Nat Geosci., 12 , 643-649. doi: https://doi.org/10.1038/687

s41561-019-0400-0688

Scafetta, N. (2005). Estimated solar contribution to the global surface warming us-689

ing the ACRIM TSI satellite composite. Geophys. Res. Lett., 32 , L18713. doi:690

https://dx.doi.org/10.1029/2005gl023849691

Scafetta, N. (2013). Discussion on common errors in analyzing sea level accelera-692

tions, solar trends and global warming. Pattern. Recogn. Phys., 1 , 37-57. doi:693

https://doi.org/10.5194/prp-1-37-2013694

Scafetta, N., & West, B. J. (2008). Is climate sensitive to solar variability? Phys.695

Today , 61 , 50-51. doi: https://dx.doi.org/10.1063/1.2897951696

Scafetta, N., Willson, R. C., Lee, J. N., & Wu, D. L. (2019). Modeling Quiet Solar697

Luminosity Variability from TSI Satellite Measurements and Proxy Models698

during 1980-2018. Remote Sens., 11 , 2569. doi: https://doi.org/10.3390/699

rs11212569700

Shaviv, N. J. (2005). On climate response to changes in the cosmic ray flux and ra-701

diative budget. J. Geophys. Res.-SPACE , 110 , A08105. doi: https://doi.org/702

–19–



manuscript submitted to Earth and Space Science

10.1029/2004ja010866703

Shaviv, N. J. (2008). Using the oceans as a calorimeter to quantify the solar radia-704

tive forcing. J. Geophys. Res.-SPACE , 113 , A11101. doi: https://doi.org/10705

.1029/2007JA012989706

Shaviv, N. J. (2012). The Role of the Solar Forcing in the 20th century climate707

change. In A. Zichichi & R. Ragaini (Eds.), International seminar on nuclear708

war and planetary emergencies - 44th session (p. 279-286). Singapore: World709

Scientific Publishing Co. Pte. Ltd. Retrieved from http://citeseerx.ist710

.psu.edu/viewdoc/download?doi=10.1.1.708.9707&rep=rep1&type=pdf711

Smith, T. M., & Reynolds, R. W. (2003). Extended Reconstruction of Global Sea712

Surface Temperatures Based on COADS Data (1854-1997). J. Clim., 16 , 1495-713

1510. doi: https://doi.org/10.1175/1520-0442-16.10.1495714

Solanki, S. K., Krivova, N. A., & Haigh, J. D. (2013). Solar Irradiance Variability715

and Climate. Annu. Rev. Astron. Phys., 51 , 311-351. doi: https://doi.org/10716

.1146/annurev-astro-082812-141007717

Stott, P. A., Jones, G. S., & Mitchell, J. B. (2003). Do Models Underestimate the718

Solar Contribution to Recent Climate Change? J. Clim., 16 , 4079-4093. doi:719

https://doi.org/10.1175/1520-0442(2003)016〈4079:dmutsc〉2.0.co;2720

Svensmark, H. (2015). Cosmic rays, clouds and climate. Europhys. News, 46 , 26-29.721

doi: https://doi.org/10.1051/epn/2015204722

Usoskin, I. G., Gallet, Y., Lopes, F., Kovaltsov, G. A., & Hulot, G. (2016). So-723

lar activity during the Holocene: the Hallstatt cycle and its consequence724

for grand minima and maxima. Astron. Astrophys., 587 , A150. doi:725

https://doi.org/10.1051/0004-6361/201527295726

Usoskin, I. G., Solanki, S. K., & Kovaltsov, G. A. (2007). Grand minima and max-727

ima of solar activity: new observational constraints. Astron. Astrophys., 471 ,728

301-309. doi: https://dx.doi.org/10.1051/0004-6361:20077704729

Ziskin, S., & Shaviv, N. J. (2012). Quantifying the role of solar radiative forcing730

over the 20th century. Adv. Space Res., 50 , 762-776. doi: https://dx.doi.org/731

10.1016/j.asr.2011.10.009732

Zolotova, N. V., & Ponyavin, D. I. (2015). The Gnevyshev-Ohl Rule and Its733

Violations. Geomagn. Aeron., 55 , 902-906. doi: https://doi.org/10.1134/734

s0016793215070300735

–20–


