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Abstract

We present a new daily Group Sunspot Numbers (GSN) reconstruction from the Maunder minimum to Solar Cycle 24/25. This new recon-
struction was obtained as a result of rectifying the raw and uncalibrated GSN database of Vaquero et al. (2016) and incorporating data from
previously unconsidered GSN sources. Notably, a pivotal challenge encountered during the reconstruction of this GSN activity record, lay in the
inter-calibration of di↵erent databases reported by multiple observers. The challenge is further compounded by data gaps that are particularly
prevalent during the Maunder minimum. We have applied a novel methodology to solve these obstacles, entailing the calibration and standard-
ization of all GSN databases relative to a reference observer. Our novel approach employs calibration techniques, ensuring standardized visual
acuity between all individual observers. Moreover, our methodology accommodates variations in climatic, geographic, and instrumental condi-
tions encountered by observers during their respective sunspot observations, thus establishing a uniform comparative framework. Furthermore, a
comparative analysis was conducted with a total of four other di↵erent GSN reconstructions, revealing notable distinctions and resemblances that
can be explained by the implementation of diverse methodologies in the respective GSN reconstruction processes and steps. In addition to the
temporal di↵erences found, both the wavelet and multi-cross wavelet analyses were carried out, which allowed a quantification of the di↵erences
and similarities in the spectral contents of various GSN records. The wavelet analysis results show the similarities and di↵erences of the new
GSN reconstruction with the inter-calibration algorithm when comparing it both temporally and spectrally with other GSN reconstructions. The
periodicities of this analysis are 1.2, 5.5, 10.9, 20.6, 30.9, 58.4, and 119.8 years and 3.47, 5.4, 9.8, 27.8, 66.1, 117.8, and 160.5 days respectively.
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1. Introduction1

Historical observations, instrumental data both terrestrial- and satellite-based, as well as cosmogenic isotopes have been used2

in reconstructing solar activity (Soon et al., 2014; Wu et al., 2018; Brehm et al., 2021; Usoskin et al., 2021; Clette et al., 2023).3

Sunspots forming in the solar photosphere are relatively cooler areas where the solar magnetic fields are concentrated and relatively4

more intense (see e.g. Solanki, 2003; Thomas and Weiss, 2004; Rempel and Schlichenmaier, 2011; Nagovitsyn, Osipova, and5

Nagovitsyna, 2021; Tlatov, 2022a). The use of naked-eye and telescopic sunspot observations has provided scientific information6

on the nature of the Sun’s magnetic activity (see e.g. Spörer, 1887; Maunder, 1894; Hoyt and Schatten, 1998; Clette et al., 2014;7

Baranyi, and Ludmány, 2016; Švanda et al., 2016; Győri, Ludmány, and Baranyi, 2017; Hayakawa et al., 2018; Simpson, 2020;8

Hayakawa et al., 2021; Nagovitsyn, Osipova, and Nagovitsyna, 2021; Nagovitsyn and Osipova, 2021; Pevtsov et al., 2021; Tlatov,9

2022a,b; Velasco Herrera et al., 2022a; Wang and Li, 2022; Clette et al., 2023) that, in turn, is very important for the study and10

understanding of space weather and Earth’s climate (Hoyt and Schatten, 1997; Soon and Yaskell, 2003; Gray et al., 2010; Solanki,11

Krivova and Haigh, 2013; Owens et al., 2017; Pevtsov et al., 2021; Connolly et al., 2021; IPCC, 2021; Nandy et al., 2021; Connolly12

et al., 2023; Soon et al., 2023). Historical telescopic observations of sunspots since 1610 constitute the most direct and the longest13

continuous time series of Sun’s activity data, while the cosmogenic isotopes from ice cores and tree rings as well as nitrate content14

from ice cores provide information indirectly on solar activity over centuries and thousands of years (Soon et al., 2014; Usoskin,15

2017; Tlatov and Petsov, 2017; Cappellotto et al., 2022).16

A particularly relevant period that has continued to confound all solar scientific communities and that has not yet had a complete17

and satisfactory explanation is the Maunder minimum interval of 1645 – 1715. The di�culty and complexity are mostly related to18

its extremely weak and anomalous solar and sunspot activity in terms of its spatial and temporal patterns (Spörer, 1887; Maunder,19

1894; Eddy, 1976; Hoyt and Schatten, 1998; Soon and Yaskell, 2003; Nagovitsyn, 2007; Usoskin et al., 2015; Švanda et al., 2016;20

Vaquero et al., 2016). For previous analyses and the reconstruction of the annual-based group sunspot number (GSN) since the21

Maunder minimum see e.g., Hoyt and Schatten (1998); Vaquero et al. (2016); Velasco Herrera et al. (2022a). There are, however,22

still no correct nor complete reconstruction of sunspot activity during the Maunder minimum for monthly and daily resolutions.23

Sunspot’s drawings and historical photographs have been used to analyze the solar activity (see e.g. Galilei, 1613; Carrington,24

1863; Maunder, 1894; Spörer, 1887; Ribes and Nesme-Ribes, 1993; Hoyt and Schatten, 1998; Makarov and Tlatov, 2000; Vaquero25

et al., 2016; Carrasco et al., 2018; Hayakawa et al., 2018, 2021; Pevtsov et al., 2021), especially to calculate the speed of solar26

equatorial rotation (Carrington, 1863). Historical sunspot observations are another source of information for finding di↵erent solar27

patterns during the Maunder Minimum (Hoyt and Schatten, 1998; Vaquero et al., 2016). But one of the di�culties in using these data28

for analysis is their discontinuity or gaps in recording time. In the absence of continuous sunspot observations, di↵erent interpolation29

methods have been used. It is important to recognize that not just any method can analyze data with gaps. Unfortunately, no30

interpolation has so far succeeded in a full and objective reconstruction of solar activity with a daily resolution during the Maunder31

minimum.32

It has been often suggested that during the Maunder minimum, the solar dynamo stopped operating or functioning, and that33

the regular 11-yr-like sunspot activity cycle was interrupted (see for example, Charbonneau, 2020, for a detailed discussion).34

Furthermore, it has been speculated that certain solar phenomena, also as solar activity cycles with periodicities potentially shorter35

than the established 11-year cycle, may exhibit a cessation in their regular operation. These observed deviations from the expected36

solar activity patterns remain enigmatic, as contemporary scientific understanding has yet to provide a comprehensive physical37

model capable of elucidating these conjectures and puzzles. Further research and theoretical advancements are required to address38
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these intriguing and unexplained occurrences in dynamical variations of solar activity. 39

However, there are no physical reasons to suppose that the solar magnetic processes would stop or interrupted for no particular 40

reason, and then only to be re-activated later (Velasco Herrera et al., 2022a). Conventionally the solar dynamo theory describes and 41

attributes the solar activity cycle as a result of hydromagnetic dynamo fluid processes (Charbonneau, 2020; Brun et al., 2022). 42

In this study, we aim to address the unresolved issues of calibrating raw heterogeneous GSN dataset and data gaps in a compre- 43

hensive reconstruction of the history of sunspot activity as observed by multiple observers since the advent of telescopic observa- 44

tions. The di↵erent calibration methods proposed previously cannot be applied during the Maunder minimum due to the scarcity of 45

solar information during this period (Clette et al., 2023). 46

To overcome these challenges, we employ a novel method to solve the calibration problems of the GSN databases reported 47

by multiple observers, utilizing various instruments and operating under di↵erent meteorological and climatic conditions with 48

observers located in very di↵erent geographical locations and observers making their observations at di↵erent times from the 49

Maunder minimum to the present day. Accurate and objective data calibration is essential to ensuring standardization and reliability 50

of measurements relative to a reference observer. We reported in this work one new daily and monthly reconstruction of GSN with 51

our inter-calibration algorithms. 52

In this paper, we also wish to provide the important but straightforward update to the original Hoyt and Schatten (1998) database 53

with the new 1996 to 2021 GSN data series, in daily, monthly and annual resolutions, adopted from the Pulkovo Observatory. 54

2. Data and Methodology 55

2.1. New HVP GSN composite and update to the Hoyt and Schatten (1998) GSN record 56

To gain a better understanding of solar activity’s past and present variability, it is crucial to analyze all available solar obser- 57

vations. In particular, sunspot activity has continued to be reported by di↵erent observers and observatories all over the world. 58

However, each of these observers can report varying numbers of sunspots on the same day due to di↵erences in instrumentation, 59

climatic conditions, and methodologies employed (see for example the database compiled by Vaquero et al., 2016). This is why 60

there are studies that intercompare di↵erent acuities of solar observers (see e.g., Usoskin, Kovaltsov, and Chatzistergos, 2016; 61

Karachik, Pevtsov, and Nagovitsyn, 2019). Moreover, these methodologies have not been applicable during the Maunder Minimum 62

due to insu�cient data or extended data gaps, which has made it challenging to reconstruct various GSN series. 63

In the World Data Center that was created for the production, preservation and dissemination of the International Sunspot 64

Number (ISN)1, there are also di↵erent GSN databases provided. 65

For the purposes of this study, we exclusively utilized all available daily time series that commenced since the Maunder Mini- 66

mum. However, it should be recognized that the World Data Center does not possess an updated GSN time series that covers the 67

full interval from 1610 to 2021. For example, the GSN series proposed by Hoyt and Schatten (1998) only spans from 1610 to 1995, 68

while the Vaquero et al. (2016) database extends from 1610 to 2010. In addition, the daily data from this database has yet to be 69

calibrated by those original authors probably due to the lack of applicable methodologies for handling data records with gaps. 70

Moreover, it is imperative to underscore that the GSN database, as presented by Vaquero et al. (2016), comprises two distinct 71

versions (v1.12; Date: 2016-05-12 and v1.21; Date: 2020-04-19). Notably, these two versions exhibit significant disparities and 72

inconsistencies. To commence our analysis, it is essential to address the inherent contradictions within the more recent GSN 73

database proposed by Vaquero et al. (2016). 74

1https://www.sidc.be/silso/groupnumberv3

https://www.sidc.be/silso/groupnumberv3
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After analyzing both versions of the GSN database and the contributions from each observer, the results indicate that75

the first/original version of the GSN database (v1.12; Date: 2016-05-12) will be adopted for our HVP-GSN reconstruction.76

This decision is based on its larger number of observations and relatively fewer errors in the relationship between the data77

reported by each observer and the GSN database. In the section related to “Data Availability and Supplementary Material",78

a link containing the files of the two versions of database by Vaquero et al. (2016), the new GSN database, and other relevant79

files is provided.80

Hence, the necessity arises for an updated GSN record spanning from the Maunder Minimum to Solar Cycle 24/25, i.e., 1610–81

2022. This new database should be subjected and open to regular and frequent updates, thereby providing the solar scientific82

community a convenient and free access to this invaluable dataset.83

In light of such motivation, our investigation sets forth with the following objectives:84

1. We have undertaken the task of creating a new composite GSN reconstruction that could be updated even on a daily basis,85

incorporating all the raw GSN observations that have been collected since 1610 up until the present day. As part of this e↵ort,86

we have taken the initiative to correct several errors that were present in the raw original GSN database that was compiled87

by Vaquero et al. (2016) (and we used the v1.12 version), which in turn was a modification of the original Hoyt and Schatten88

(1998)’s database.89

2. To update the GSN time series until 2022, we will use the active catalogue of daily GSN by the Kislovodsk mountain90

astronomical station of the Pulkovo observatory2. The Kislovodsk Solar Station of the Pulkovo observatory is located at 43�91

44.77’ N, 42� 31.42’ E, with an altitude of 2096 m above sea level, 28 km from the city of Kislovodsk, on Mount Shat Zhad92

Maz.93

To compose the GSN datasets spanning from 1610 to 2022, we used the daily GSN values by Vaquero et al. (2016) covering94

the period from 1610 to 2010, along with the GSN values sourced from the Pulkovo Observatory spanning from 1954 to 2021.95

We have named this revised database HVP-GSN records (i.e., after the acronym of three original datasets: Hoyt and Schatten96

(1998); Vaquero et al. (2016) and the Pulkovo Observatory). The added bonus of this e↵ort will be the proper update to the original97

empirical GSN record of Hoyt and Schatten (1998) using the Pulkovo Observatory GSN data series from 1996 to 2021.98

2.2. Algorithm for the Calibration of GSN Datasets from Non-identical Instruments and Heterogeneous Data Collected by Multiple99

Observers100

To fully investigate and understand the nature of solar variability, continuous measurements over an extended period are required.101

Since 1610, sunspots have been observed discontinuously with various telescopes and by di↵erent observers. Such observational102

data gaps is caused by various factors with the replacement of an observer being arguably the most significant, as each observer103

is mortal, leading to altered quality or heterogeneous quality of observations. Additionally, all telescopes di↵er in aperture sizes,104

and it is not possible to construct and build two identical telescopes. To obtain homogenization between data obtained by di↵erent105

instruments, a calibration or correction coe�cient can be attempted, but most of these techniques cannot be applied when there are106

significant data gaps such as the Maunder minimum.107

In addition, there are other important instrumental factors to consider for obtaining high-quality observations of sunspots. The108

diameter of the objective or aperture of the telescope is critical for maximizing the amount of light collected and achieving detailed109

2http://old.solarstation.ru/

http://old.solarstation.ru/
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images. Furthermore, the optical quality of the telescope is significant in terms of the precision of the shape and finish of the optical 110

components, which ultimately a↵ects image quality. The ratio between the focal length and the diameter of the telescope aperture 111

is also a critical factor, as well as the stability of the telescope and temperature control to prevent thermal fluctuations in the optics 112

of the telescope. 113

Weather conditions and geographical locations can also impact the quality of sunspot observations. Sky quality, measured by 114

transparency, is among the most important weather conditions a↵ecting observation quality. A turbulent or cloudy atmosphere, 115

along with the amount of humidity in the air, can reduce image quality. Additionally, altitude and atmospheric turbulence can 116

impact the quality of sunspot observations. 117

To achieve a consistent series of observations, various calibration methods have been proposed. One such technique involves the 118

normalization of the data (see for example Usoskin et al., 2016). This approach has proven successful in reconstructing a series of 119

GSN, but it is not so well applicable when there is a significant data gap, such as during the Maunder minimum. 120

To address this limitation, we used a standardization algorithm whereby the data is standardized with respect to a reference 121

observer. This algorithm facilitates the calibration data from non-identical instruments and data collected by multiple observers, 122

including instances where data gaps are present, such as during the Maunder minimum. Consult Soon et al. (2019) for more details 123

about the algorithm. 124

In order to calibrate each of the individual observers (S i) in the HVP-GSN database, which includes 738 observers represented 125

by i = 1, 2, 3, · · · , 738, with respect to the Pulkovo observatory chosen as the reference observer (r) identified as id = 602 according 126

to the nomenclature of HVP-GSN database (in order to ensure consistency and prevent confusion in the future, we have chosen to 127

retain the original nomenclature used in the Vaquero et al., 2016, database, rather than making any changes to it, while creating the 128

new and updated HVP-GSN database) we used the algorithm proposes by Soon et al. (2019) for generating calibrated records in 129

the presence of missing data. The algorithm is listed as follows: 130

S 0i =
�r

�i
[S i] + [< S r > �

�r

�i
< S i >] (1) 131

Equation (1) can be written as follows: 132

S 0i = KiS i + b (2) 133

The calibration factor (Ki) for each observer (S i), denoted as Ki, can be computed using the following formula: Ki =
�r
�i

, where 134

�r represents the standard deviation of the reference observer’s data (id = 602) and �i represents the standard deviation of the 135

sunspot observations for each individual observer (S i). Additionally, the calibration factor also involves the values of b, which is 136

determined as b =< S r > �Ki < S i >, where < S r > represents the average value of the reference observer’s data and < S i > 137

represents the average value of each individual observer’s sunspot observations. We presents the values of the calibration coe�cient 138

for each of the observers in the HVP-GSN database in the supplementary data files. 139

2.3. Fuzzy Logic Algorithm to Detect Outlier Data from GSN Records 140

In order to detect the GSN outliers found in the HVP-GSN, we have used the science of fuzzy logic (see e.g. Trillas and Eciolaza, 141

2015, for more details of the method) and the algorithm is implemented according to the following steps. 142

1. Start: Commencement of the computational sequences. 143

2. Data Preparation: In this stage, raw GSN data is being prepared and organized for subsequent analysis. This might involve 144

data cleaning, normalization, and appropriate structuring and formatting. 145
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3. Anomaly Identification: During this step, outliers or anomalies in the GSN dataset are identified. These are GSN data points146

that significantly deviate from the overall data pattern and could either be errors or genuinely unusual data. In some cases,147

the identification of atypical or abnormal data is simple and goes directly to the step of Creation of Fuzzy Rules.148

4. Definition of Linguistic Variables: Linguistic variables used to describe data characteristics and anomalies are defined. These149

linguistic variables capture qualitative properties of the data, such as “high," “low," “normal," etc.150

5. Definition of Fuzzy Sets: Fuzzy sets are created for each linguistic variable. These fuzzy sets represent di↵erent degrees of151

membership of GSN data to certain categories. For instance, a “high" set might have membership functions that describe152

how data can be “high" to varying degrees.153

6. Creation of Fuzzy Rules: Fuzzy rules are formulated that establish relationships between linguistic variables. These rules154

define how input variables a↵ect output variables and are based on expert knowledge or experience.155

7. Fuzzy Inference: In this stage, fuzzy rules are applied to input GSN data to derive fuzzy output values. This involves156

combining fuzzy rules according to input contributions and obtaining results in the form of fuzzy output sets. Sometimes157

during this stage, the output fuzzy GSN values do not go to Defuzzification and go directly to Threshold Comparison.158

8. Defuzzification: Fuzzy output sets are converted into numerical values using defuzzification methods.159

9. Threshold Comparison: Thresholds are set to identify which output values will be considered outliers. Values exceeding or160

falling below these thresholds will be classified as outliers.161

10. Filtering and Presentation: In this phase, outlier GSN data is filtered according to the set thresholds and presented appropri-162

ately for review. This may involve removal, labeling, or graphical presentation of outliers.163

11. Evaluation and Adjustment: In the final step, the performance of the fuzzy logic system in detecting and handling outliers is164

evaluated. If necessary, adjustments to fuzzy sets, rules, or thresholds can be made to enhance the accuracy of the process.165

The flowchart of the fuzzy system for detecting outliers in the HVP-GSN records is shown in Figure 1.166

2.3.1. Gapped Wavelet167

Information on solar activity or physical processes and mechanisms can be deduced both from temporal and frequency domains.168

The information of these two algebraic spaces are equivalent (Velasco Herrera et al., 2022b). We will analyze the frequency state169

variability of the solar photosphere with the gapped wavelet transform ( Wg) because the GSN time series has data gaps in the170

observations (Xg(t)).171

The classical wavelet technique (Torrence and Compo, 1998) is appropriate for analyzing times series that does not belong to172

linear Hilbert spaces (LHS-L2 norm, see e.g. Velasco Herrera et al., 2022b, for a detailed discussion) as in the GSN record. But,173

classical wavelet spectrum can only be used for regularly spaced time series. This constraint is clearly true for the daily or monthly174

GSN values which often come with many observational data gaps. This is why we used the gapped wavelet (Wg) algorithm to175

analyze the incomplete daily GSN (see Frick et al., 1997; Frick, Grossman, and Tchamitchian, 1998; Soon, Frick and Baliunas,176

1999; Soon et al., 2019, for more details on the method).177

The gapped wavelet transform (Wg) of a time series with data gaps, Xg(t), is defined by Frick, Grossman, and Tchamitchian178

(1998) as:179

Wg(t, a) =

vuuut 1

a
R 1
�1 h

⇣
t0�t

a

⌘
�
⇣

t0�t
a

⌘
G(t0) dt0

R 1
�1 �

⇣
t0�t

a

⌘
G(t0) dt0

Z 1

�1

 "
h
 

t0 � t
a

!
�C(a, t)

#
�

 
t0 � t

a

!
G(t0)

!⇤
Xg(t0) dt0 (3)180
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Figure 1. Fuzzy logic flowchart used to find outliers of GSN.

with 181

G(t) =
(

1, if the signal is registered
0, lost data or not reported (4)

where t is the time index and a is the wavelet scale, the superscript (*) indicates the complex conjugate. We used the Morlet’s 182

mother function to analyse the power spectral density (PSD) of the Xg. In this case the following values �(t) = e(�t2/2), h(t) = eiwot, 183

and wo = 6 are adopted. The global spectra show the power contribution of each periodicity inside the cone of influence (COI 184

in the form of “U” and shown with black contours). Furthermore, the significance levels of 95% confidence in the global wavelet 185

spectra are shown with a simple red noise model (Gilman, Fuglister, and Mitchell, 1963). The uncertainties of each periodicity are 186

obtained according to the methodology proposed by Mendoza, Velasco, and Valdés-Galicia (2006). 187

The diagram of our gapped Wavelet transform algorithm is shown Figure 2, where solid arrows in either direction on the diagram 188

represent multiplication between functions (", #,�!), the dotted arrow (::::>) represents the subtraction between functions, and) 189

represents the result of the gapped Wavelet transform (Wg). 190

2.3.2. Temporal States of the Sun’s Photosphere 191

There are di↵erent methods to decompose a time series (X(t)) into its di↵erent oscillations. In our case, each of the oscillations 192

represents a state of solar activity in the solar photosphere. We will use the following notation |x(t)i, to designate each of the 193

representation of the temporal states of the solar photosphere. The wavelet analysis shows that the spectrum is discrete and not 194

continuous for the di↵erent solar indices from the photosphere to the solar corona. In the case of spectral analysis, |x( f )i represents 195

each of the frequency states. Let us assume that for any physical system (such as the Sun), there is a finite number of discrete states 196

and not continuous ones. Then X(t) represents all temporal states of solar activity in the photosphere and can be written as follows: 197

X(t) =
NX

i=1

|xi(t)i (5) 198
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Figure 2. The schematic of our gapped wavelet transform algorithm for computing the time-frequency representative results of any underlying time series with
observational data gaps.

where N is the number of states on the solar photosphere. Equation 5 does not imply that the di↵erent states of the system are199

orthogonal. That is, the scalar product or dot product of two di↵erent states of the system is equal to zero. In general: hxi(t)|x j(t)i , 0200

(where i and j represent di↵erent temporary states).201

Joseph-Louis Lagrange defined the dot product of two vectors, which was later generalized to functions. Jean-Baptiste Joseph202

Fourier used the concept of orthogonality between functions and applied it in an integral equation (Fourier, 1822) that bears his203

name: the Fourier transform. It is necessary to clarify and point out that the Fourier transform should be used if and only if the time204

series (function or signal) belongs to the LHS-L2. Because if this requirement is not met, the result is a spectral function, ghost205

function, or noisy spectrum. We suggest studying Methods of Mathematical Physics by Courant and Hilbert (1924, 1937) for an206

in-depth discussion.207

In order to be able to weigh and compare di↵erent states of the solar photosphere, then we used |bxi(t)i. X(t) can be centralized208

and standardized as follows:209

bX(t) =
1
�x

NX

i=1

Xi(t)� < X(t) >=
NX

i=1

|bxi(t)i (6)210

where <> and �x are the mean value and standard deviation of X(t), respectively.211

In the case of the wavelet transform it is necessary that the mother Wavelet function be a complex function in order to obtain the212

di↵erent temporal solar states of the GSN (|xi(t)i). So, we use the inverse wavelet transform (Torrence and Compo, 1998) to obtain213

|xi(t)i as:214

|xi(t)i =
� j�t1/2

C� o(0)

j2X

j= j1

Re(Wn(s j))

s1/2
j

, (7)215

where j1 and j2 define the periodicities range of the specified spectral bands (s j). That is why we use the Morlet function. For the216

Morlet wavelet, � j = 0.6, C� = 0.776, and  o(0) = ⇡�1/4.217

Using Equations 2 and 3, we can rewrite X(t) like this:218

X(t) =
� j�t1/2

C� o(0)

NX

n=1

j2X

j= j1

Re(Wn(s j))

s1/2
j

, (8)219
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Figure 3. Time variations of the original group sunspot numbers by Hoyt and Schatten (1998) in gray line. (a) Daily, (b) monthly and (c) yearly resolutions for
Solar Cycles -12 to 22 (1610–1995).

3. Results and Discussion 220

The initial step in our update of the GSN record involves the integration of previously missing data into Hoyt and Schatten 221

(1998) reconstruction as proposed by Vaquero et al. (2016), complemented by the inclusion of GSN data update sourced from 222

the Pulkovo Observatory. The significance of Hoyt and Schatten (1998) GSN reconstruction arises from its distinction as the 223

pioneering sunspot reconstruction since the Maunder Minimum. In this preliminary update phase, the calibration factor (K) for 224

Hoyt and Schatten (1998) GSN stands at unity (K = 1), denoting a one-to-one alignment with the original record. Subsequent 225

stages of our investigation will encompass an in-depth scrutiny of alternative reconstructions. This comprehensive approach will 226

enable a more holistic assessment of GSN variations and their implications across various reconstruction methodologies. 227

3.1. A Study of Previous GSN Records Including Hoyt and Schatten (1998) 228

Figure 3a-c shows the currently available daily, monthly and annual variabilities of the historical observations in GSN (Rg) 229

by Hoyt and Schatten (1998) from 1610 to 1995, respectively. The three GSN records show the temporal variations of the solar 230

magnetism in the photosphere. In addition to the lack of data, the historical reports of the GSN apparently show very complex 231

forms and morphologies of the solar cycle in solar photospheric activity, especially in the 17th and 18th centuries. For example, 232

the Solar Cycles -12, -11, -2, and -1 have a three-peaked shape that we have previously referred to as the  shape in Velasco 233

Herrera et al. (2022a). This peculiar shape for these solar cycles is not because of an actual interruption of the solar cycle or the 234

solar dynamo (see Velasco Herrera et al., 2022a, for a further discussion of GSN), as has been previously hinted or suggested. The 235

long-running study of the Sun-like stars and in particular of the Sun show that they are probably quasi-stable systems especially 236

during the late evolutionary stage of a solar-mass sized star. This is why we venture to tentatively propose that it may not be 237

physically possible that there are random and unknown magnetohydrodynamic fluid processes in the Sun radiative and convective 238

zones that substantially modify the magnetic field without any explanation, such as the sudden and inexplicable interruption of the 239

solar activity cycle during the sunspot minimum of Maunder (1645 – 1715). It is surely possible to create mathematical models 240

and perform numerical simulations, but it does not mean that these processes exist physically in nature. Di↵erent new and recent 241

studies have indeed shown and suggested the persistence of the solar and magnetic cycles during the Maunder Minimum (see, e.g., 242

Makarov and Tlatov, 2000; Usoskin et al., 2015; Vaquero et al., 2015; Švanda et al., 2016; Carrasco et al., 2018). 243

Hoyt and Schatten (1998) reanalyzed photospheric observations to reconstruct solar activity and obtained a consistent record of 244

sunspot activity (Rg) as a homogeneous and reliable (i.e., at least internally self-consistent) record from 1610 to 1995 (see Figure 2). 245

Since then, Rg composition by Hoyt and Schatten (1998) has not been updated, so it is very important to update the observational 246
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Figure 4. The daily group sunspot numbers GSN actualized. The original Hoyt database is shown with a gray line from 1610 to 1953 (i.e., Cycles -12 to 18). The
Pulkovo observatory database is shown to the right of the black dotted vertical line with a purple line from 1954 to 2021 (i.e., Cycles 19 to 25).

records of the solar photosphere because it is the longest time series available for a scientific understanding of our Sun. Now, we247

have decided to actualize the daily GSN database (Rg) combining the original data from Hoyt and Schatten (1998) from 1610 –248

1953 and then we suggested using daily data from the Kislovodsk Mountain Astronomical Station of the Pulkovo observatory from249

1954 to 2022 (Nagovitsyn, Osipova, and Nagovitsyna, 2021; Tlatov, 2022b) for the purposes of cross-calibration and updates.250

Kislovodsk Observatory uses automatic sunspot recognition techniques (see, e.g. Tlatov et al., 2014), but sunspots with an area less251

than 2 µhm are not taken into account (Tlatov, 2022a). The solar observer M.N. Gnevyshev worked at this astronomical station252

since its foundation for 30 years.253

Figure 4 shows the actualized daily Rg. From 1610 to 1953, the original Hoyt database is shown with a gray line and the Pulkovo254

observatory database is shown to the right of the black dotted vertical line from 1954 to 2022 with a purple line. Figure 4 also255

allows us to distinguish two moments of the GSN actualized. A first part is from 1610 to 1800 where gaps in the time series can256

be observed, particularly before, during, and after the Maunder minimum. The second part is from 1800 to 2021, which is where257

the GSN series can be considered complete. The calibration of the Hoyt and Schatten (1998) GSN with reference to the Pulkovo258

Observatory will be presented later.259

If we only focus on missing GSN data rather than patterns in the solar photosphere, then our guesses may not be physically260

correct. For example, doubting that the solar cycle will continue during the Maunder minimum or that the solar dynamo will be261

interrupted. However, analyzing the GSN time series with the correct mathematical tool allows us to obtain the solar patterns even262

when there are data gaps in the analyzed signal. A lack of data does not mean from the point of view of signal theory that the263

patterns fade or disappear. Information theory and signal theory show that patterns (in this case, solar patterns) lie in di↵erent264

algebraically equivalent spaces, particularly in temporal and frequency spaces. Therefore, given the apparent lack of information, it265

is necessary to search for it or find it in other equivalent spaces. So a paradigm shift in the solar analysis consists in considering the266

GSN, as a relatively complete sample of the Sun’s magnetic activity and not as an incomplete solar time series of the magnetized267

photosphere.268

We particularly want to highlight that there is a substantial di↵erence between the GSN actualized shown in Figure 4 and the269

international sunspot number (ISN) V2.0 of Clette et al. (2014) or even the updated version from Clette et al. (2023). While the new270

GSN-composite clearly shows the Modern maximum in the solar photosphere during the mid-20th century, the ISN V2.0 artificially271

reduced the grand Modern solar maximum by about 20%. In addition, the long-term upward trend of sunspot and solar activities272
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since 1700 has also been reduced in the ISN V2.0 record (see Velasco Herrera et al., 2022a, for more detailed discussion). 273

We also wish to add the comment that it may seem paradoxical that sunspot activity during the Maunder minimum may have 274

been said to be “unknown” owing to the apparent lack of data. But that during the Modern maximum of the mid-20th century, with 275

comprehensive coverage and observation both by satellite-borne instruments and by terrestrial observatories, the various versions of 276

sunspot numbers underwent significant revisions due to the flaws in methodologies (i.e., “Locarno drift for ISN”, “inflation problem 277

for AAVSO number”, etc.), and hence, the sunspot activity in this intensely monitored period is now proposed to be “unknown” or 278

poorly determined and hence needs downward revision. 279

Figure 5. The comparison between the original GSN by Hoyt and Schatten (1998) in gray line and the Pulkovo observatory GSN in purple line when the two
independent records overlapped from 1954 to 1995. a) daily GSN, b) monthly GSN, and c) annual GSN.

One problem may be stemming from the di↵erent consecutive series sewing together with instrumental changes (that also 280

involved the long-term change of the human perception because human observers are part of the observing chain). Also, there is 281

even a disagreement between magnetic field observations by di↵erent instruments on two di↵erent satellite missions: SOHO/MDI 282

and SDO/HMI (which forced the reprocessing of MDI data by multiplying them by 1.4). 283

So if the historical observations of sunspots in the 17th and 18th century are questioned (Hoyt and Schatten, 1998; Usoskin et al., 284

2015; Zolotova and Ponyavin, 2015; Vaquero et al., 2016; Velasco Herrera et al., 2022a), then we must confront the consequences 285

of modifying the historical sunspot data (Velasco Herrera et al., 2022a) with very little evidence. This is important because in order 286

to understand the current solar activity variation, it is necessary to analyze the past and have probabilistic estimates of the behavior 287

of the solar photosphere in the future. Having new and independent photospheric solar indices, such as the new GSN-composite 288

record since 1610 in Figure 4, allows the objective analysis of the past and present of solar activity without personal biases and with 289

the sole objective of knowing the true nature of sunspot and solar activities. 290

Figure 5 displays a comparison between original GSN by Hoyt and Schatten (1998), depicted in gray line, and the GSN from 291

Pulkovo GSN observatory, represented by the purple line, during the period of overlap (i.e., 1954-1995) between the two inde- 292

pendent records. The remarkable similarity during this period has facilitated a relatively confident update of the original Hoyt 293

and Schatten (1998) series from 1610 to 2021. The results show that the two time series agree reasonably well especially for the 294

monthly and annual GSN. In this comparison and internal consistency check of the two independent databases, we also have to 295

account for the limitation3 of the original GSN deduced by Hoyt and Schatten (1998). The correlation coe�cients between these 296

3As the GSN got towards its end, there were fewer stations available to construct GSN, because in the pre-internet era, it was di�cult to compile real time
observations. At the end, only the NOAA Space Environment Laboratory and the British Astronomical Association observations were available. This data paucity
may have caused a drift in the observations. GSN should really have about ten observers as input each year, so that criteria failed towards the end, mainly after 1992.



12 Victor Manuel Velasco Herrera et al / Advances in Space Research xx (2023) xxx-xxx

two GSN records shown in Figure 5 are 0.93, 0.96, and 0.98 for the daily, monthly, and annual GSN data records respectively.297

With the confident matching of both Hoyt and Schatten (1998) and the Pulkovo Observatory GSN records, we then simply proceed298

to produce the empirical update to the Hoyt and Schatten (1998) with the 1610-1995 data series remained the same but with the299

Pulkovo Observatory GSN records from 1996 to 2021 as the straightforward update.300

3.2. Preparing For The New HVP-GSN Database301

In order to derive a novel daily reconstruction of Group Sunspot Numbers (GSN) since from the Maunder Minimum to Solar302

Cycle 24/25, a prerequisite step involves the rectification of GSN observations in the raw data reported by Vaquero et al. (2016).303

Figure 6a presents the compilation of raw uncalibrated data from the original raw GSN database carried out by Vaquero et al.304

(2016), depicted in green line. Notably, the figure appears to indicate the technological evolution of telescopes over time, which is305

characterized by an increase in both the number of observers and telescopes. However, it is observed that some solar cycles, namely306

Cycles -3, 21, and 22, display atypical GSNs that oscillate between 30 and 58, values that are physically unrealistic.307

Prior to any calibration, it is essential to correct for these anomalous values within the database. There are several approaches308

to address this issue, one of which is to exclude the observer (id) that reported these abnormal values. Here, for the purpose of309

identifying and confirming outlier GSN values, we have leveraged the e�cacy of fuzzy logic. For a comprehensive exposition of310

the detailed steps, please refer to section 2.3 where a detailed elucidation of the methodology is presented. This strategic integration311

of fuzzy logic stands as an important new step in refining the integrity of our GSN dataset.312

We discuss here one illustrative instance of outlier GSN values, serving as one representative example. For a comprehensive313

compilation of all rectified GSNs, please refer to the section on Data Availability and Supplementary Material. This comprehensive314

resource provides an extensive accounting of the corrected GSNs. For instance, the observer J.L. Rost of Nuremberg (id = 127)315

reported 35 GSN in solar Cycle -3 and made around 299 observations between 1716 and 1726.316

For another example, we mention the significant issue in the two versions of the GSN databases by Vaquero et al. (2016) pertains317

to observer id=736 (i.e., T. Cragg of Los Angeles). This particular observer, who conducted observations spanning from 1947 to318

2009, reported an astonishing 1,772,626 GSN observations. Such a figure is evidently not physically tenable, and it is imperative319

to rectify these types of errors prior to the utilization of these GSN databases. Intriguingly,Clette et al. (2023) do not document320

instances of such errors.321

However, a direct removal this observer and their observations would result in a data sparsity problem, particularly nearing the322

end of the Maunder Minimum interval. Therefore, we have chosen to rehandle these abnormal GSN values using the di↵use logic323

algorithms (see section 2.3) that nominally locate all the maxima and eliminate them in solar Cycles -3, 21, and 22. The optimal324

results of the HVP-GSN are shown in Figure 6b.325

The elimination of the aforementioned extreme outlying GSN values does not a↵ect our calibration process in any way. However,326

it is worth noting that while some GSN values in solar Cycle -3 were eliminated, there are other GSN values that exceed those327

observed during the 19th and 20th centuries. Thus, it is crucial to carefully scrutinize these data before discarding them from328

the database. From a physical perspective, it remains unclear whether there are extremely high values of GSN after the Maunder329

minimum. While it is possible that this may be a manifestation of the solar dynamo’s response after a prolonged period of low330

solar activity, it may also reflect significant issues in the collection and counting of GSN. Therefore, we have chosen to retain these331

"anomalous" data from solar Cycle -3 and subject them to objective analysis using our calibration methodology.332

It is worth noting that while each user has the choice and ability to eliminate unrealistic values from the data, it is important333

to approach this task with caution and consider the potential impacts on the overall analysis. Di↵erent criteria and methodologies334
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Figure 6. GSN data series. (a) The raw uncorrected GSN data collected by Vaquero et al. (2016) from 1610 to 2010 with outlier values, (b) The corrected GSN data
from 1610 to 2010

for eliminating values may lead to varying results, and it is important to carefully evaluate the rationale behind each approach. 335

Furthermore, it is advisable to document and report any such exclusions or modifications made to the data to ensure transparency 336

and reproducibility in future analyses. 337

Even with a database like the one depicted in Figure 6b, it is neither mathematically nor physically appropriate to compute 338

a daily average of the GSN values. This is because the reported GSN values are provided by di↵erent observers using di↵erent 339

telescopes in vastly distinct geographical locations. 340

Moreover, we emphasize the need for a thorough correction process to make the database usable. It is somewhat surprising that 341

Clette et al. (2023) did not address these issues, which are crucial to report to the scientific community in order to address the issue 342

of using an incomplete and erroneous GSN database. All the corrections and clarifications that we have made can be found in the 343

Supplementary Material. 344

3.3. New Reconstruction of GSNs with a Comprehensive Inter-Observer Calibration 345

One of the key components of the calibration algorithm (Equation 1) is the selection of the reference observer. Several criteria 346

may be considered when selecting the reference observer. One of these criteria is to choose an observer with the most extensive 347

solar monitoring experience and the highest number of sunspot reports, even if the observer is not currently active. For example, 348

among the 738 observers of the HVP-GSN database, the Royal Greenwich Observatory (id = 332) has the highest total number 349

of observations (i.e., 37465) and over a century of sunspot observations (1874 � 1976). From the perspective of the optimization 350

theory, the Royal Greenwich Observatory is considered one of the best candidates as the reference observer. Then, all other sunspot 351

reports from other observers can be calibrated using this reference. In fact, two of the recently published GSN reconstructions 352

(see Usoskin et al., 2016; Chatzistergos et al., 2017, for more details) have indeed chosen the Royal Greenwich Observatory as the 353

reference observer. 354

While the Royal Greenwich Observatory is an ideal selection from a solar historical perspective, our aim is to reconstruct 355

historical sunspot observations as if all observers had the same or similar current technology. The most important criterion for 356

selecting the best reference observer is that they are currently active and have better instrumentation than the Royal Greenwich 357

Observatory. Furthermore, the observer reference should update their equipment regularly, which the Royal Observatory cannot do 358

because it is not active. 359
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This is what data calibration entails from the combined viewpoints of technological advances and both the optimization and360

signal processing theory. In other words, the goal is to estimate what all historical observers would have seen if they had a361

telescope similar to the one used by the reference observer. Therefore, we have selected the second best choice with the second362

longest database of sunspot reports and the second longest observation time as our reference observer of the HVP-GSN database.363

Consequently, all historical observations from 1610 to 2010 will be calibrated using the Kislovodsk Solar Station of the Pulkovo364

observatory (id = 602) as the reference observer. Although this observatory has reported sunspots since 1930, we will use the365

data from 1954 to 2022 for the purpose of our study. Calibration of all GSN data, with respect to the Pulkovo Observatory, means366

physically as if the reference observer was reporting the GSN “since 1610”. This is the meaning of calibrating and homogenizing367

the 410-year long observation of GSNs based on the historical observations from all the di↵erent observers, telescopes and sky368

conditions. It provides a large and homogeneous database of all GSN reports ultimately allowing for a more accurate analysis and369

interpretation of historical sunspot observations.370

Figure 7. New reconstruction of GSN in black lines exhibit time variations that can be observed at di↵erent resolutions. Specifically, we present (a) daily, (b)
monthly, and (c) yearly reconstructions for Solar Cycles -12 to 23 (1610-2008) and the beginning of Solar Cycle 24 until 2010. To generate these reconstructions,
we utilized the database from Figure 6b as input data for Equation 1.

We want to emphasize that, according to the calibration algorithm (Equation 1), the data from the Royal Greenwich Observatory371

must be corrected by the calibration coe�cient K332 = 1.17 (see the supplementary material). This means that if the Royal372

Greenwich Observatory had used the telescope and methodology currently employed by the Pulkovo Observatory (id = 602), the373

number of GSN observed by the Royal Greenwich Observatory would have increased by 17%. This increase represents a substantial374

improvement in the quality of observations, thanks to the new technologies developed for modern telescopes.375

Therefore, using the Royal Greenwich Observatory as the chosen reference observer as both Usoskin et al. (2016); Chatzistergos376

et al. (2017) have done, would result in a 17% decrease in the current GSN data. In particular, especially during the Maunder377

minimum, this adjustment factor would mean a loss of solar information and a failure to fully utilize the technological advances378
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Figure 8. Comparison between our new and calibrated daily GSN reconstruction represented by a black line and: (a) GSN reconstruction of Chatzistergos et al.
(2017) (green line), (b) GSN reconstruction of Usoskin et al. (2016) (pink line), (c) GSN reconstruction of Cliver and Ling (2016) (blue line), and (d) reconstruction
of GSN by Hoyt and Schatten (1998) (red line).

developed over at least half a century in telescope technology. Thus, we consider that it is important to adopt the Pulkovo Observa- 379

tory as the updated reference observer to calibrate all historical GSN data and obtain more observations of sunspot activity during 380

Maunder and Dalton minima while taking full advantage of the latest advances in technology and methodology. It is important to 381

note that not all historical observations require the same calibration coe�cient, as this coe�cient has been obtained according to 382

the number of observations, mean value, standard deviation, and other fundamental characteristics of GSN observations. 383

The present study highlights our new GSN reconstruction achieved through the calibration of each individual historical ob- 384

servation comprising the complete GSN data depicted in Figure 6b, which served as input data for the inter-observer calibration 385

algorithm. The reconstruction was performed at daily, monthly, and annual resolutions, and the results are shown in Figure 7. 386

We wish to emphasize that the calibration process adhered to rigorous mathematical standards, strictly following the calibration 387

approach defined by Equation 1. 388

Our calibration methodology provides a viable solution for obtaining a homogeneous time series, and not just probabilistic 389

estimates of GSN, which were originally observed with telescopes of di↵erent characteristics and by di↵erent observers since the 390

Maunder minimum (see Figure 7). To date, no other calibration methodology has been proposed for handling or even resolving 391

this major problem (see Clette et al., 2023, for an extensive discussion on various GSN calibration issues). Importantly, our 392

methodology does not exclude any database or observer, regardless of the uncertainties associated with their observations due 393

to multiple factors. We have obtained an GSN database from the Maunder minimum to solar cycle 24, using a combination of 394

analytical (inter-calibration algorithm) and statistical (di↵use logic) selection, as indeed also suggested by the most distinguished 395

group of sunspot research experts in Clette et al. (2023). The results in Figure 7 demonstrate that our methodology enables the 396

quantification and estimation of sunspot observation. Our algorithm has thus o↵ered a good potential of overcoming many of the 397
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stated limitations and di�culties rooted in the highly inhomogeneous nature of telescopic observations of sunspots and spot groups,398

and hence significantly enhancing our understanding of the nature of sunspots activity variations.399

3.4. Reconstructing Daily Group Sunspot Numbers400

To demonstrate the reliability of our inter-calibration algorithm, Figure 8 presents a comparison between our new GSN recon-401

struction and four di↵erent daily GSN reconstructions performed using various calibration methodologies. The comparison high-402

lights the e↵ectiveness of our approach in achieving an accurate reconstruction of the GSN data series. Our daily reconstruction of403

the GSN from 1610 to 2021 is depicted as a black line in Figure 8.404

In our analysis, we first compared our newly reconstructed GSN with the previously proposed reconstruction by Chatzistergos405

et al. (2017), which is shown in Figure 8a as green dotted lines spanning from 1739 to 2010. While the Chatzistergos et al. (2017)406

reconstruction exhibits a smooth GSN series with minimal fluctuations, particularly during solar cycle peaks, this may be due to407

the normal distribution assumption used in their methodology. In contrast, our GSN data shows natural fluctuations, as seen in the408

black line. Although both reconstructions show excellent coupling between solar cycle patterns, the reconstruction by Chatzistergos409

et al. (2017) displays lower amplitudes for Cycles 7 to 13, possibly due to suboptimal calibration and a small number of observers.410

In contrast, our inter-calibration algorithm allows for the calibration of di↵erent GSN records found in the HVP databases and411

obtains values on the same day from di↵erent observers located in various geographical regions and climate zones. Furthermore,412

the methodology proposed by Chatzistergos et al. (2017) cannot be applied during the Maunder minimum. It is worth noting that413

our new GSN reconstruction provides a more comprehensive representation of GSN variation in both amplitude and fluctuation by414

utilizing all available data. Additionally, we emphasize that our calibration algorithm is not strictly a probabilistic approximation,415

as proposed by Chatzistergos et al. (2017) and Usoskin et al. (2016), and is discussed in further details below.416

Our second comparison is with the GSN reconstruction by Usoskin et al. (2016), shown as a pink line in Figure 8b. The417

comparison revealed similarities and di↵erences with our own reconstruction that are consistent with the above comparison with418

the Chatzistergos et al. (2017) reconstruction. The close similarities between our new reconstruction and these two previous works419

are expected due to the similar methodologies employed, with only minor modifications. However, our new GSN reconstruction420

emphasizes the use of inter-calibration and the inclusion of all available data to produce a more comprehensive and representation421

of GSN variation.422

In our third analysis, we compared our newly reconstructed GSN with the reconstruction proposed by Cliver and Ling (2016),423

as shown in Figure 8c with a blue line. While there are similarities in the shape and amplitude of both reconstructions, we believe424

that our results o↵er a more comprehensive and complete understanding of the solar activity. One noticeable di↵erence between425

the two reconstructions can be seen at the peak of solar Cycles 14–16, where the GSN values reported by Cliver and Ling (2016)426

are lower than in our GSN reconstruction.427

This discrepancy could be attributed to our use of a larger number of observers and a more extensive database. Our new428

methodology, which incorporates inter-calibration algorithms for each GSN database found in the HVP-GSN databases, allows429

us to obtain the most accurate value for each observation, regardless of the observer’s location or climate conditions. These430

improvements result in a more complete variation in both fluctuation and amplitude of the GSN, providing a more comprehensive431

understanding of the solar activity.432

In Figure 8d, we present our fourth comparison of the recalibrated reconstruction by Hoyt and Schatten (1998), shown with red433

lines, covering the period from 1610 to 1995. This reconstruction is the only daily GSN reconstruction published to date, and is434
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analyzed during the Maunder minimum. Almost a quarter of a century after pioneering work by Hoyt and Schatten (1998), it is 435

intriguing to compare the new information gathered for GSNs. 436

To our surprise, Figure 8d reveals no substantial di↵erences between our reconstruction and the calibrated Hoyt and Schatten 437

(1998) reconstruction during the Maunder minimum. Notably, the di↵erence between the two reconstructions is observed for solar 438

Cycles 7-13, where Hoyt and Schatten (1998) compiled a slightly lower number of GSNs. This di↵erence is likely due to our 439

reconstruction incorporating the latest information and better technology than what was available in the 1990s. 440

There are several additional di�culties in recording and analyzing historical sunspot data during the Maunder Minimum: 441

1. Lack of data: During the Maunder Minimum, solar activity decreased or weakened significantly, leading to a decrease in the 442

number of observed sunspots. This means there are less available data to analyze during this period. Furthermore, Vaquero 443

et al. (2016)’s recommended removal of data reported by Hoyt and Schatten (1998) from the GSN exacerbates this decrease 444

in GSN data during this period. 445

2. Variations in observational instruments: Instruments and telescopes used by di↵erent observers varied in size, quality, and 446

observation capability. This can result in inconsistent measurements of sunspots, making it di�cult to compare the observed 447

GSN values directly. 448

3. Lack of standardization: There was no standard protocol for observing sunspots during the Maunder Minimum. Each ob- 449

server had their own method of observation and data recording, making it di�cult to compare and analyze their data. 450

4. Data quality issues: Many sunspot records during the Maunder Minimum were made by non-professional observers and 451

may have been a↵ected by adverse weather conditions or lack of experience. This can result in imprecise or even incorrect 452

measurements. 453

Therefore, one of the main di�culties in obtaining our new reconstruction of the GSN activity from the historical sunspot data 454

recorded by Vaquero et al. (2016) is indeed the lack of standardization in observations and instruments used by di↵erent observers. 455

Standardizing historical sunspot data is a challenging task for several reasons. Firstly, historical observers used di↵erent instru- 456

ments, techniques, and methodologies to measure and record sunspots, leading to significant variations in the data. Additionally, 457

the quality of historical sunspot records may be low due to the lack of quality standards and control during the observation period. 458

Another di�culty is reconstructing complete time series from fragmented and dispersed historical records. Many historical 459

records have been lost or destroyed over time, making it di�cult to establish an accurate chronology of sunspots. Additionally, 460

some records are incomplete or have gaps due to the lack of observations or interruptions caused by external factors such as wars, 461

natural disasters, or other unforeseen and even technical problems. 462

Standardizing historical sunspot data may also require error correction or removal of outliers, which can be di�cult to do without 463

detailed information about observation conditions and methodology used in each case. Standardization refers to the process of 464

adjusting data to make them comparable. In the context of historical sunspot data, this involves adjusting measurements to be 465

consistent over time and between di↵erent observers and telescopes. 466

Some common standardization techniques include normalization, trend correction, outlier removal, interpolation, and extrap- 467

olation. These methods can help adjust data to more accurately reflect real variations in solar activity over time, enabling more 468

precise comparison between di↵erent datasets and the detection of long-term trends. However, these methods cannot be applied to 469

the Maunder Minimum. 470

Nonetheless, we have now proposed a standardization of historical sunspot data (Equation 1) using a single chosen reference ob- 471

server, and the results show that it can be a solution to this great challenge due to the heterogeneity in observation and measurement 472
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methods used by di↵erent observers over time. Our monthly GSN reconstruction can now be compared with other GSN products473

and independent reconstructions.474

3.5. Reconstructing Monthly Group Sunspot Numbers475

We present the comparison with the monthly reconstruction from Chatzistergos et al. (2017), which is illustrated with green476

lines in Figure 9a spanning from 1739 to 2010. We observe a notable concordance in morphology between both reconstructions,477

spanning from solar Cycle 14 through Cycle 23. It is however apparent that reconstructed GSN values by Chatzistergos et al. (2017)478

are lower from solar Cycle 8 to Cycle 13. This relatively lower GSN values in Chatzistergos et al. (2017) record is potentially caused479

by the exclusion of several observers, particularly the early observations of the Royal Greenwich Observatory.480

In contrast, our methodology includes all available observers, including those of the Royal Greenwich Observatory. While some481

may wish to assume the poor quality of observations from this well-known Observatory at the onset of their sunspot observation482

operations, we posit that such an assumption equates to a dismissal of all pre-1900 observers, including Wolf and classify them as483

erroneous observers.484

Therefore, we wish to highlight the integrity of our reconstruction, given the incorporation of all data and the determination of485

correction coe�cients for each observer. From an information perspective, multiple primary observers equate to a lack of quality486

in all observers, thereby augmenting dispersion and uncertainty. In addition, it can be appreciated that another di↵erence in the487

methodology proposed by Chatzistergos et al. (2017) is that, during the solar Cycle minima 0 to 6, their reconstruction remains488

constant and does not reach the minima values reported by most observers in Vaquero et al. (2016). Moreover, it is incorrect to489

assume a normal distribution of sunspots, as postulated by the methodology of Chatzistergos et al. (2017), due to the asymmetry of490

the onset and end of each solar cycle. It should also be noted that this methodology cannot be applied in periods with scarce or very491

scarce GSN data, such as the Maunder Minimum. In contrast, our method of reconstruction of GSN can be applied at any time,492

including the Maunder minimum, which constitutes one of its distinctive advantages.493

In order to continue evaluating our new GSN reconstruction, we performed a second comparison with the reconstruction by494

Usoskin et al. (2016), which is represented by a pink line in Figure 9b. The similarities and di↵erences with our own GSN495

reconstruction are very similar to those described previously with the reconstruction by Chatzistergos et al. (2017). This is because496

both reconstructions utilized a very similar methodology, albeit with some minor changes. However, it is important to highlight a497

substantial di↵erence between our GSN reconstruction and the reconstruction from Usoskin et al. (2016), which is not observed in498

the reconstruction from Chatzistergos et al. (2017). This di↵erence pertains to the high GSN values in solar Cycles 19, 21, and 22,499

compared to our GSN reconstruction. This discrepancy could be attributed to the correction coe�cient utilized by Usoskin et al.500

(2016).501

We conducted a third comparison with the GSN reconstruction from Cliver and Ling (2016), which is shown in Figure 9c with a502

blue line. The similarities in the shape and amplitude of both reconstructions are not coincidental, as Cliver and Ling (2016) utilized503

the database from the Royal Greenwich Observatory. However, a slight di↵erence between the two reconstructions is observed at504

the peak of the solar Cycle 16, where the GSN values reported by Cliver and Ling (2016) are lower when compared to our GSN505

reconstruction. This could be attributed to our utilization of a larger number of observers, thereby rendering our reconstruction506

more comprehensive and complete in this regard.507

Finally, the fourth comparison we make in Figure 9d is with the already-calibrated reconstruction by Hoyt and Schatten (1998),508

which is illustrated with red lines spanning from 1610 to 1995, utilizing Equation 1. Although Vaquero et al. (2016) reported that509

di↵erent observations included in the original database of Hoyt and Schatten (1998) were eliminated, Figure 9d does not show510
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Figure 9. Comparison between our new and calibrated monthly GSN reconstruction represented by a black line and: (a) GSN reconstruction of Chatzistergos et al.
(2017) (green line), (b) GSN reconstruction of Usoskin et al. (2016) (pink line), (c) GSN reconstruction of Cliver and Ling (2016) (blue line), and (d) reconstruction
of GSN by Hoyt and Schatten (1998) (red line).

there is any substantial di↵erence between these two reconstructions. The main di↵erence in methodology is that we used only 511

one reference observer, while Hoyt and Schatten (1998)’s reconstruction was calibrated using multiple observers. However, the 512

results show that the calibrated reconstruction of Hoyt and Schatten (1998) is very similar to ours. The close similarity between our 513

reconstruction and the calibrated reconstruction from Hoyt and Schatten (1998) is likely due to the fact that both utilize di↵erent 514

observatories as the basis for their reconstructions, with a correction coe�cient of 1.17 between the Royal Greenwich Observatory 515

used by Hoyt and Schatten (1998) and the Pulkovo Observatory used in our study. 516

One additional di↵erence between the two reconstructions is that Hoyt and Schatten (1998) reported higher GSN observations 517

in solar Cycles 19, 21, and 22, which interestingly also agrees with the results of Usoskin et al. (2016), who utilized a very di↵erent 518

methodology from that of Hoyt and Schatten (1998). 519

In summary, our comparison of di↵erent reconstructions reveals that the choice of reference observer is a crucial factor in the 520

reconstruction of GSN activity time series. Furthermore, a larger number of primary observers is likely to increase the divergence 521

between di↵erent reconstructions. 522

Figure 10 depicts a comparison between our annual GSN reconstruction, represented by a black line, and the three other recon- 523

structions compared for the daily and monthly resolutions in Figure 8 and 9, respectively. 524

3.6. Reconstructing Annual Group Sunspot Numbers 525

In Figure 10a, we present a comparison between our annual GSN reconstruction and that of Chatzistergos et al. (2017), repre- 526

sented by a green line. An excellent synchronization between both reconstructions is observed from solar Cycles 19 to 23, while a 527

lower GSN values from solar Cycles 7 to 18 is reported by Chatzistergos et al. (2017). Importantly, there is a significant concordance 528

in the solar minima between both reconstructions from solar Cycles 7 to 23. However, for solar Cycles 0 to 6, the reconstruction by 529
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Chatzistergos et al. (2017) did not reach the bottom of each solar minimum, with relatively higher GSN values during solar maxima530

in these same cycles. This notable discrepancy is possibly attributable to the calibration coe�cients used and the limited use of531

GSN data applied in Chatzistergos et al. (2017)’s methodology, in contrast to the employment of all available information in the532

HVP-GSN database and an objective algorithm used in our new reconstruction.533

In Figure 10b, the second comparison of our reconstruction with Usoskin et al. (2016)’s reconstruction is presented with a pink534

line. Overall, the annual behavior is very similar to the previous analysis of annual GSN produced in Chatzistergos et al. (2017),535

which is expected given the similarity in methodology between these two reconstructions by similar authors.536

It is worth noting that reconstructions by Chatzistergos et al. (2017) and Usoskin et al. (2016) have been extensively used in the537

scientific community, and its comparison with our reconstruction allows for a better assessment of the quality of our results. This538

comparison also reveals that our reconstruction is consistent with one of the most widely used GSN reconstructions in the field,539

further validating our approach. A notable di↵erence in our reconstruction compared to the other analyzed reconstructions is the540

high fluctuations observed in the descending phase of solar Cycles 3 to 5, which are not present in any of the other reconstructions.541

In the third comparison (Figure 10c), the Cliver and Ling (2016)’s reconstruction is presented with a blue line. Overall, an542

excellent synchronization can be observed between both reconstructions. The small di↵erences are shown in solar Cycles 13 to 18,543

where Cliver and Ling (2016) reports a relative lower GSN values.544

The last comparison is shown in Figure 10d. In this fourth comparison, it is made with the Hoyt and Schatten (1998)’s recon-545

struction, which is shown with a red line. The first di↵erence observed in the Hoyt and Schatten (1998) reconstruction is the shape546

of solar Cycles 3 and 4, which is very di↵erent from all other reconstructions analyzed here. A great coincidence is, however,547

notable for solar Cycles 5 and 6. Furthermore, Hoyt and Schatten (1998) reported lower GSN values for solar Cycles 7 to 13. While548

from solar Cycle 14 to 18, as well as solar cycle 20, there is great synchronization. Finally, for solar Cycles 19, 21, and 22, a higher549

number of GSN are reported by Hoyt and Schatten (1998). These di↵erences between these two reconstructions are due to the data550

revisiting in the Vaquero et al. (2016) database, as well as the di↵erent calibration coe�cients and methodologies used in these two551

GSN reconstructions.552

It is important to note that each reconstruction has its strengths and limitations and understanding these factors and issues is553

crucial for the interpretation of results. In this study, we compared our reconstruction with four other primary GSN reconstructions554

to provide a comprehensive assessment of both the agreements and discrepancies among them, which can help to better understand555

the evolution of solar activity over the past four centuries.556

It is interesting to observe how di↵erent solar reconstructions can vary slightly in some details, such as the amount of reported557

sunspots in certain cycles. These small di↵erences may be the result of variations in the methodology used by each study, as well558

as in the quality and quantity of the data used for the reconstruction.559

However, despite these variations, it is encouraging to see that in general, all reconstructions agree on the most important patterns560

of solar activity and the most significant changes in solar activity over time. These comparisons are a valuable tool for improving561

our understanding of the behavior of the Sun and for validating models and theories about the solar cycle and its impact on our562

climate and technology. Our new GSN reconstruction presented in this study was developed using an innovative methodology that563

allowed for standardization of all GSN data reported by di↵erent observers, resulting in greater accuracy in calibration. In addition,564

data from new sources that had not been considered in previous reconstructions were incorporated. These improvements allowed565

us to obtain a GSN reconstruction with higher temporal resolution and greater reliability in the GSN values reported.566
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Figure 10. Comparison between our new and calibrated annual GSN reconstruction represented by shaded area and a black line and: (a) GSN reconstruction of
Chatzistergos et al. (2017) (green line), (b) GSN reconstruction of Usoskin et al. (2016) (pink line), (c) GSN reconstruction of Cliver and Ling (2016) (blue line),
and (d) reconstruction of GSN by Hoyt and Schatten (1998) (red line).

3.7. Wavelet Analysis 567

The temporal comparison of the variations of the new daily GSN reconstructed using the inter-calibration algorithms with other 568

GSN reconstructions in Sections 3.2, 3.3 and 3.4 shows the novelty of our new results. However, it is also necessary to find 569

the spectral contents or periodicities contained in the new GSN record and assess the information relative to other recent GSN 570

reconstructions. 571

Figure 11 shows the full results of the wavelet analysis of the newly reconstructed daily HVP-GSN record based on our inter- 572

calibration algorithm (Equation 1) from 1610 to 2022. The global wavelet spectrum shows periodicities greater than the 95% 573

confidence level for 119.8 and 10.9 years. The periodicities detected with less than the 95% confidence level are 58.4, 30.9, 20.6, 574

5.5, 1.2 years. 575

The periodicity of 119.8 ± 20 years within the uncertainty can be identified to be the periodicity of 120 years. The positive and 576

negative phases of the 120-year periodicity are related to the secular maxima and minima of solar activity as detectable from GSN 577

records, respectively (Velasco Herrera, Mendoza, and Velasco Herrera, 2015; Nagovitsyn and Osipova, 2021; Velasco Herrera, Soon 578

and Legates, 2021; Velasco Herrera et al., 2022a). This periodicity is very stable in isotopes cosmogenic and is present throughout 579

the Holocene (see e.g., Soon et al., 2014). 580

The periodicity of 58.4±10 years, within the broad uncertainty or even a true indeterminacy of estimates, could be the periodicity 581

of 60 years. Such periodicity has been identified as the Yoshimura-Gleissberg cycle (see, e.g. Soon et al., 2014, for discussion and 582

references) and has been proposed that this periodicity is related to the solar system barycenter, i.e. with the inertial motions of the 583

Sun around the solar system center of mass (Cionco and Pavlov, 2018). So this periodicity can be of gravitational origin that has, 584

in turn, been speculated to modulate the solar magnetic field (Stefani, Giesecke, and Weier, 2019). Recently, Nagovitsyn, Osipova, 585
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Figure 11. Time-frequency wavelet results of the new daily group sunspot numbers from 1610-2021 reconstructed by our objective calibration algorithm. The
full range of periodicities was searched and studied but we focus the discussion mainly for periods from 1 year to 120 years in the main text. The time-frequency
regions with wavelet spectral power detection above 95% confidence level are marked with thin black contours. The lower panel shows the calculated wavelet
Power Spectral Density (PSD) in normalized units adopting the red-green-blue color scales. The Cone Of Influence (COI,“U”-shaped curve with shaded outer
zones) shows the possible edge e↵ects in the PSD. The global time-averaged spectrum is presented in the left panel with the red dashed line representing the 95%
confidence level.

and Nagovitsyna (2021) noted a potentially distinct 50-year cycle in their carefully constructed 145-year long records of so-called586

“generative” indices of sunspot activity. Those authors found that this 50-year oscillation has a similar phase variation with the587

north-south asymmetry indices as well, thus hinting at a new secular cycle di↵erent from the traditional Gleissberg cycle of about588

88-year.589

The periodicity of 30.9 ± 5 years is the 30-year solar periodicity has been reported in the analysis of cosmic ray activity records590

by Perez-Peraza et al. (2012). Nagovitsyn, Osipova, and Nagovitsyna (2021) reported and discussed a weak 30-year-like cycle in591

their new sunspot activity indices as well as in the study of sunspot area records with di↵erent sizes. We wish to emphasize that this592

solar activity period should not yet be directly recognized to be connected to the so-called “Bruckner-Egeson-Lockyer" climatic593

cycles of 30-40 years known in the literature (see e.g., Clough, 1905; Halberg et al., 2010). The 22-year periodicity is indeed the594

solar magnetic polarity cycle (the Hale cycle). The 10.9 ± 3-year periodicity, with a broad range of indeterminacy, is the Schwabe595

solar cycle (Schwabe, 1844).596

The periodicity of 5.5±1 years is the 5.5-year periodicity provides individual energetic and geometric information for each solar597

cycle (period, phase, amplitude, duration, etc). This periodicity has also been recognized as a subharmonic of the 11-year solar598

cycle (Polygiannakis, Preka-Papadema and Moussas, 2003; Velasco Herrera, Soon and Legates, 2021). Furthermore this important599

periodicity has been reported in di↵erent solar indices as historical aurora records, SSN, 10Be cosmogenic isotope, polar-facula600

activity records, GSN, and Solar Flare Index (see e.g., Silverman, 1992; Usoskin et al., 2006; Kollath and Olah, 2009; Le Mouël,601

Lopes, and Courtillot, 2019, 2020; Velasco Herrera, Soon and Legates, 2021; Velasco Herrera et al., 2022b)602

The quasi-biennial oscillation (QBO) in solar activity are periodicities roughly between 0.6 and 4 yr (Benevolenskaya, 2000;603

Howe et al., 2000; Mendoza, Velasco, and Valdés-Galicia, 2006; Obridko and Shelting, 2007; Valdés-Galicia and Velasco Herrera,604

2008; Fletcher et al., 2010; Bazilevskaya et al., 2014, 2016; Kiss, Gyenge and Erdélyi, 2018; Velasco Herrera et al., 2018). Although605

it should be clarified that biennial means two years, so it is not clear why the QBO are extended to periodicities up to four years.606

Also, previous researchers have suggested that these periodicities can be plausibly associated with various solar dynamo processes.607

In exploring QBO further, the periodicities between 1 and 2 years are further classified as the mid-term periodicities (MTP). These608
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Figure 12. Time-frequency wavelet results of the new daily group sunspot numbers for periodicities less than one year from 1610-2022.

MTP periodicities have been reported in coronal hole area, long duration X-ray solar emissions, solar wind velocity, and galactic 609

cosmic ray intensity (see e.g., Antalová, 1994; Valdés-Galicia, Otaola, and Pérez-Enríquez, 1996; Mendoza, Velasco, and Valdés- 610

Galicia, 2006; Valdés-Galicia and Velasco Herrera, 2008). Periodicities of less than one year will be analyzed and discussed in 611

another work. 612

3.8. The study of periodicities shorter than one year and di↵erential solar rotation 613

The wavelet spectral analysis of the daily GSN data from Figure 11 reveals that the 11-year and 119-year solar cycle periodicities 614

exhibit the highest spectral power. To highlight periodicities shorter than 11 years, especially those less than 1 year, we filter out or 615

remove all periodicities longer than 1 year as previously shown in Figure 11. The global spectrum of the daily GSN shows that for 616

periodicities less than one year, we can identify periods 3.5, 5.4, 9.8, 27.8, 66.1, 117.8, and 160.5 days. The results are displayed in 617

Figure 12. 618

The periodicity of 160.5 days, with the full range of uncertainty and indeterminacy, can vary between 150 and 170 days. This 619

periodicity is reported convincingly for the first time by Rieger et al. (1984) based on the statistical data of hard X-ray solar flares. 620

Furthermore, Rieger reports a peculiarity in the temporal distribution of these high-energy events of 154 days, since these events 621

are not randomly distributed in time. Rather, they tend to occur in clusters with an average spacing of about 154 days. This type of 622

spatial distribution is a characteristic of abrupt physical processes (see, e.g., Velasco Herrera et al., 2018, 2022c,d) 623

Our study of the newly reconstructed daily GSNs showed that before, during and after the Maunder minimum the Sun’s rotational 624

periodicity has not changed significantly from 27 days. The e↵ect of the solar di↵erential rotation has e↵ects on the solar magnetic 625

field and has been measured from the photosphere to the corona in di↵erent solar indices and various values have been reported 626

between 25 and 31 days that show the di↵erent solar latitudinal speeds (Kane, Vats and Sawant, 2001; Kane, 2002a,b, Velasco 627

Herrera et al. 2022a). These results possibly suggest that there is, empirically, a synchronization of the modulation of the solar 628

rotation among di↵erent solar layers. 629

The solar periodicities less than 20 days reported in this work, that is, periodicities of 9.8, 5.4, and 3.5 days, most likely show 630

certain behavior of the solar photosphere or the internal behavior and interaction processes of the solar magnetic field. Possibly 631

these periodicities maybe a key to probe what happens below the photosphere, as well as to analyze the spatio-temporal variations of 632

magnetic fields within the solar convection zone. However, these smaller-scale magnetic fields have not yet been directly observed 633
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Figure 13. Correlation and dispersion matrix. The dispersion matrix of the various GSN reconstructions (i.e., studied and compared in Figures 8, 9 and 10) is
depicted above the diagonal line of the full matrix. Below the diagonal line, we present the correlation coe�cient values for the di↵erent combinations of the five
GSN reconstructions analyzed in this study. The diagonal elements represent histograms for each of the GSN reconstructions examined in this study.

and measured (Švanda et al., 2016; Tlatov, 2022a). Also, the periodicities of 5.4 and 3.5 days could be related to the disintegration634

of the sunspot groups in a quasi-regular manner, i.e., with the decay of the magnetic fields of the active region of the sunspot group,635

because they represent the evolution of the emerged magnetic field complexes (Muraközy, 2020, 2021, 2022). Therefore, more636

analysis is required to confirm or rule out these plausible physical phenomena but the tentative interpretation emphasizes the need637

for the high temporal resolutions of the solar and sunspot activity datasets.638

3.9. Correlation and dispersion analysis639

In a scatter plot, such as the ones shown in the elements above the diagonal line of the matrix represented in Figure 13, the640

patterns can take the form of a straight line, an ellipse, or another shape (Green, 1976). These representations provide essential641

information regarding the relationship between two GSN reconstructions. When a scatter plot exhibits a straight line that fits the642

scattered points, it implies a strong linear relationship between the two GSN records. The slope of the line reflects the magnitude643

of the relationship. In the case of an narrower ellipse in a scatter plot, it signifies a strong correlation, while if this ellipse is wide, it644

indicates a more uniform correlation between both variables (Green, 1976).645

Figure 13 also displays the scatter matrix among the di↵erent GSN reconstructions analyzed in this study. These graphs are646

situated above the diagonal line of the matrix. In cyan color, the various scatter plots between our new GSN reconstruction and647

the four previously reported GSN datasets are depicted. It can be observed that, in general, these plots assume an elliptical form,648

suggesting strong and homogeneous dispersion.649

Furthermore, on average, the correlation coe�cients between our new GSN reconstruction and the four GSN records, shown650

below the diagonal line of the matrix, are higher when compared to the correlations among the remaining GSN reconstructions.651

We wish to highlight peculiar cases as well. The dispersion between the Usoskin et al. (2016) and Cliver and Ling (2016) recon-652

structions, concerning the Hoyt and Schatten (1998) reconstruction, forms a straight line for GSN values greater than 15, indicating653

a strong linear relationship among these three reconstructions. Additionally, in the diagonal elements of the matrix presented in654

Figure 13, histograms for each of the GSN reconstructions analyzed in this study are represented.655

Having conducted a global comprehensive analysis that considered both dispersion and correlation between our new GSN656
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reconstruction and four previously reported GSN reconstructions, we are now ready to delve into a localized examination using 657

cross-wavelet analysis. This approach allows us to explore next a more localized investigation of the distinctions and similarities 658

between two GSN time series, specifically, to exclusively investigate the covariance between our new GSN reconstruction and each 659

of the four GSN series under comparative scrutiny in this study. 660

3.10. Multi-Cross and Cross Wavelet Analyses 661

Figure 14. The time-frequency gapped cross-wavelet spectrum between our newly developed group sunspot number (GSN) reconstruction and four other distinct
GSN records. In the upper panel, the GSN time series is depicted and analyzed within this study. The new GSN reconstruction is represented by the black line, while
the analized reconstructions are as follows: (a) GSN reconstruction of Chatzistergos et al. (2017) in green line, (b) GSN reconstruction of Usoskin et al. (2016) in
pink line, (c) GSN reconstruction of Cliver and Ling (2016) in blue line, and (d) reconstruction of GSN by Hoyt and Schatten (1998) in red line. The left panel
shows the global cross spectrum. The center panel shows the local wavelet spectrum. The black arrows indicate the relative phase between the time series of the
upper panel The orientations from left to right (!) and from right to left ( ) signify linear, in-phase, and antiphase synchronizations at specific frequencies between
these phenomena. Any other orientation suggests a complex, non-linear covariance or synchronization relationship. The right panel shows the global phase. The
lower panel shows the local phase in black line and the oscillation for the 11-yr periodicity of the solar cycle between the time series of the upper panel.

In addition to the straight time series comparisons presented in Section 3.3, which encompasses four distinct GSN reconstruc- 662

tions, we recognize the necessity of a spectral analysis to reveal intricate patterns and covariances among these time series and our 663

new innovative GSN reconstruction. Traditional spectral analysis encounters two primary challenges: firstly, the presence of data 664

gaps across all time series at varying timescales, and secondly, conventional cross or coherent spectral methods lack the capacity to 665

simultaneously analyze the total of five GSN time series records investigated in this study. 666

Existing methodologies predominantly operate on pairwise time series. That is why we use the gapped cross wavelet (see Soon 667

et al., 2019, for more details on the methodology). In Figure 14a, we present the result of the cross wavelet analysis between 668

the new GSN reconstruction, depicted by the black line, and the reconstruction by Chatzistergos et al. (2017), shown by green 669

line. In the central panel, it becomes evident that the relative phases between these two time series, for periodicities shorter than 670

the 11-year solar cycle, exhibit an average orientation from left to right, this mean that both GSNs show a linear co-variation. 671

Also, this spectral behavior indicates that both GSN reconstructions capture solar variations equivalently. Hence, the di↵erences 672

in amplitudes depicted in Figure 8a between these same GSN reconstructions manifest as arrows pointing in di↵erent directions. 673
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Notably, between 1750 and 1800, there is a discrepancy in arrow directions, possibly attributable to the limited data utilized in674

Chatzistergos et al. (2017) reconstruction.675

Furthermore, for periodicities longer than the solar cycle, some arrows deviate from the left-to-right direction. This discrepancy676

arises from Chatzistergos et al. (2017) reconstruction lacking GSN values between 1610 and 1750. Additionally, between 1750 and677

1800, substantial di↵erences emerge between both GSN reconstructions, potentially due to a smaller dataset used and original GSN678

data gaps. These di↵erences are illustrated in the lower panel, which presents the relative phase of the solar cycle between these679

two reconstructions (depicted by the black line) alongside the oscillation of the solar cycle (depicted by the blue line).680

In the right panel of Figure 14a, the global phase relationship between these two GSN reconstructions is displayed, while the681

left panel focuses on the specific periodicities of the solar cycle and the secular solar periodicity. It is conceivable that these two682

GSN periodicities are spectrally equivalent between 1800 and 2000. However, due to Chatzistergos et al. (2017) methodology683

failing to reconstruct GSN data between 1610 and 1750, it is not possible to strictly compare the covariance between these two684

GSN reconstructions.685

The Figure 14b shows the result of the cross wavelet analysis between the new GSN reconstruction and Usoskin et al. (2016)’s686

reconstruction in pink line. Due to the similarity between the methodologies used by Chatzistergos et al. (2017) and Usoskin et al.687

(2016), the central panel of Figure 14b exhibits a similarity in spectral behavior, thus the result is very similar to what was found in688

Figure 14a.689

Figure 14c displays the outcome of the cross-wavelet analysis between the new GSN reconstruction and Cliver and Ling (2016)s690

reconstruction in blue line. The relative phases exhibit a striking resemblance to the findings in Figure 14a-b. This consistency691

underscores the robustness of our results and strengthens the evidence supporting the validity of our analysis.692

Finally, Figure 14d illustrates the covariance between the new GSN reconstruction and the pioneering GSN reconstruction carried693

out by Hoyt and Schatten (1998) in red line. The relative phases reveal that these two reconstructions are not identical, as not all694

arrows align from left to right; they exhibit di↵erent orientations, primarily due to distinct methodologies employed. The most695

significant disparity between these reconstructions is observed at the onset of the Maunder Minimum.696

The present spectral analysis here highlights that the primary di↵erences among the various GSN reconstructions are previously697

concentrated in the discussion of di↵ering GSN amplitudes. However, there is a noticeable lack of discussion regarding spectral698

di↵erences and similarities. Thus, our new cross-wavelet results demonstrate the spectral equivalence between our GSN reconstruc-699

tion and the four other independent GSN reconstructions. Notably though, three out of these four GSN records fail to reconstruct700

GSN activity during the Maunder Minimum using their proposed methodologies.701

The analysis of dispersion, correlation, and cross-wavelet reveals that the new GSN reconstruction exhibits the highest covari-702

ance, dispersion, and correlation with the four analyzed GSN reconstructions. However, this does not necessarily imply a consistent703

pattern among all GSN reconstructions, as is partially evident in the dispersion and correlation matrix. To shed light on this from a704

spectral content perspective, we will now conduct a spectral analysis of the five reconstructed GSN datasets simultaneously using705

a novel spectral analysis approach. We apply the multi-time series cross wavelet approaches tailored for gapped time series to706

scrutinize the concurrent covariances among the aforementioned five GSN time series (see e.g., Soon et al., 2014; Velasco Herrera707

et al., 2017, for more details on the method).708

Figure 15 shows the multi-cross wavelet analysis between the five time series analyzed in this study that are shown in the709

upper panel with di↵erent colors. The multi-cross wavelet spectrum shows the following periodicities that exist simultaneously710

and commonly in all five GSN reconstructions: 1.2, 2, 3.4, 5.47, 10.8, 19.4, 56.5, and 115.7 years. This result means that all711
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GSNs are equivalent although there are substantial di↵erences that we will discuss below. Of the 8 covariant periodicities, two 712

periodicities are detected with more than or equal to the 95% confidence level, which are the periods of 115.7 and 10.8 years, 713

respectively. The remaining six periodicities have been detected below the 95% significance level. However, this does not mean 714

that these periodicities are spurious or fictitious, but that their spectral power is relatively lower than the spectral power of the 10.8 715

and 115.7 year periodicities. This is very important to emphasize because a global wavelet spectrum is often confused with the 716

interpretation for the Fourier spectral analysis result (see, e.g., Torrence and Compo, 1998; Soon et al., 2019, for more details on 717

the method). The physical significance of these six periodicities has been discussed above when we have analyzed them for our 718

new GSN reconstruction from 1610-2021. 719

Figure 15. Time-frequency gapped multi-cross wavelet spectrum of the covariations between five di↵erent group sunspot numbers reconstructions analyzed from
1610 to 2021. The upper panel shows the five GSN time series analyzed in this work with di↵erent colors: (a) GSN reconstruction of Chatzistergos et al. (2017)
in green, (b) GSN reconstruction of Usoskin et al. (2016) in pink, (c) GSN reconstruction of Cliver and Ling (2016) in blue, (d) reconstruction of GSN by Hoyt
and Schatten (1998) in red, and (e) the new HVP GSN reconstruction in black. The central panel shows the gWTC power adopting the red-green–blue color scales.
The power in red color indicates highest (perfect)-degree of frequency covariance (synchronization) between all GNS time series. The power in blue color indicates
the minimum or null covariance between all GSN-record. The black arrows indicate the relative phase of the synchronization. The orientations from left to right
(!) and from right to left ( ) indicate that there is a linear, in-phase and antiphase, synchronization at a certain frequency between these phenomena. Any other
orientation means that there is a complex, non-linear covariance or synchronization. The left-hand panel shows the global gapped time-averaged wavelet coherence
spectrum with the red dashed line representing the 95 per cent significance level. The panel on the right shows the global gapped frequency-averaged wavelet cross
spectrum. The bottom panel shows the coherence function of 120-yr period in blue continuous line and the instantaneous phase relative for this same period in black
line (see Velasco Herrera et al., 2017, for more details on the method).

The evolution of the covariance is shown in the central panel of Figure 15. We can see the di↵erence with the wavelet spectral 720

analysis of our reconstructed GSN shown in Figure 11. Due to the gaps in all GSNs, the covariance is near zero or exactly zero 721

during the Maunder minimum and very low for the 1750 to 1850 interval, so for the remaining reconstructed GSNs, although they 722

have a daily resolution, have too many gaps between 1750 and 1850 to yield meaningful spectral results. These gaps result in zero 723

or very low covariance from 1610 to 1850 for the periodicities under 30 years. Within this time interval, the periodicities less than 724

30 years, the spectral power is minimal or near zero and therefore only shades of blue with the lowest spectral powers are indicated. 725

This result shows that it is not enough to have some daily GSN data, but it is necessary to use all the GSN data reported by the 726

di↵erent observers in order to minimize the gaps between the observed GSNs. Using only some selected observers with some GSN 727

reported from the point of view of spectral analysis is not correct because these limited techniques and methodologies result in a 728

loss of information for periodicities of less than 30 years. This implies from the point of view of optimization and signal theory that 729

instead of having some daily data with large gaps it is equivalent to having 30-year multi-decade averages for the period from 1610 730

to 1850. These data gaps result in a loss of information on solar magnetic activity variations. 731



28 Victor Manuel Velasco Herrera et al / Advances in Space Research xx (2023) xxx-xxx

Figure 15 also clearly shows the di↵erence of all methodologies used in GSN reconstructions with our objective calibration732

algorithm. During the 1850 to 1950 interval when there are su�ciently dense data series, a mean covariance is observed between733

all the time series, which means that there are fewer gaps in the time series and because there is no update in the di↵erent GSN time734

series after 1990 again. There is a very low or nearly zero covariance for periodicities less than 8 years.735

There is a very high covariance for the periodicity of the 11-yr-like sunspot cycle and for the secular 120-yr solar periodicity736

from 1750 to 2021. The instantaneous phase (represented by the arrows in the central panel) clearly shows the di↵erences between737

the di↵erent reconstructions due to the individual methodologies used. This result can be seen in the global phase found in the738

panel on the right. The fact that the blue line is centered at zero does not mean that all the GSNs are synchronized, but rather739

that the instantaneous phases are in all possible directions and that is why the average is almost zero because of nearly total self-740

cancellation. This multi-cross wavelet analysis between all the reconstructed GSNs clearly shows that from the spectral point of741

view all previously reported GSNs lack solar magnetic information from 1750 to 1850 for periods less than 30 years. In contrast our742

newly reconstructed GSN using all observers with all their GSN data shows the robustness and validity of our new GSN database743

as well as its reconstruction using our objective calibration algorithm (see e.g., result presented in Figure 11).744

The loss of solar magnetic information in the di↵erent GSN time series clearly shows the need to gather as much information as745

possible in order to have a more complete analysis of the solar magnetic activity variation since the Maunder minimum.746

4. Comparison between GSN and SSN747

In section 3, di↵erent comparisons were made between the new GSN reconstruction and other GSN reconstructions. In748

this section a daily comparison will be made between the GSN and the Sunspot Number, SSN (version 2.0) from the Sunspot749

Index and Long-term Solar Observations (SILSO) database hosted at the Royal Observatory of Belgium. The GSN record750

remains to this day the longest direct observational time series of the sun. The daily record of SSN begins in 1818 and is the751

second direct observational record of the sun. The purchase will be made from 1818 to 2022 in order to have the complete752

years. Of the possible 74875 data, our GSN reconstruction contains 63778 data points, while the SSN records have 60230753

data values. Thus our GSN record has 5% more data than the SSN record o↵erred by SILSO.754

Figure 16 shows the result of the comparison between the new GSN reconstruction (cyan dotted line) and the SSN v2.0755

record (black line). It can be seen that in general there is a good overall agreement in terms of sunspot cycle activity shapes756

from solar Cycle 7 to solar Cycle 24. Some di↵erences can be seen in the maxima for solar Cycles 19, 21, and 22.757

5. Summary and Conclusion758

This study proposes a new daily, monthly and yearly reconstruction GSN records from 1610 – 2021 applying a novel method of759

inter-calibration algorithm of the HVP-GSN records based on the Pulkovo Observatory as reference observer. This new HVP-GSN760

dataset can be and will be actively and continuously updated according to the needs and interests of all solar researchers. We are761

also able to assess and confirm the novel and reliability of the result of our daily GSN reconstructions by detailed comparison with762

four other previous GSN reconstructions. Another very important bonus result from this paper is the straightforward update of the763

original Hoyt and Schatten (1998) GSN record from 1610 to 2021 with the 1996-2021 interval fulfilled by the Pulkovo Observatory764

GSN records.765

Indeed, our new daily, monthly, and annual HVP GSN reconstructions compare reasonably well with three other recent GSN766

reconstructions by Cliver and Ling (2016); Usoskin et al. (2016); Chatzistergos et al. (2017). More importantly, our new HVP-GSN767



Victor Manuel Velasco Herrera et al / Advances in Space Research xx (2023) xxx-xxx 29

Figure 16. Comparison between our daily GSN reconstruction (cyan dotted line) and the daily SSN version 2.0 (black line) from 1818 to 2022.

record also compares relatively well with the calibrated Hoyt and Schatten (1998) GSN record both from the direct time series 768

comparison as well as from spectral content perspectives. 769

We would like to highlight a key aspect of our calibration algorithm (Equation 1), its ability to e↵ectively handle gapped time 770

series data, particularly during the Maunder minimum. Furthermore, our objective algorithm is a viable alternative to classical 771

methods of compositing sunspot activity time series such as backbone, cross-calibrating the raw count records, and daisy-chaining 772

of k–factors. This is mainly because it performs an optimization instead of invoking and assuming arbitrary criteria in the process 773

of in-filling any data gaps and so on. 774

Also, we have performed a spectral analysis of our newly reconstructed GSN with the objective inter-calibration algorithm 775

which uses all observers with all their reported data, so our methodology is inclusive and does not exclude any solar magnetic 776

information. We have carried out the time-frequency analyses of the new daily reconstructed GSN records. We report the detection 777

of periodicities of 119.8 (as the secular maxima and minima of solar activity that can be resolved within GSN records), 58.4 778

(Yoshimura-Gleissberg cycle), 30.9, 20.6 (Hale cycle), 10.9 (Schwabe cycle), 5.5 (Quasi-Quinquennial cycle), and 1.2 years. The 779

wavelet spectral analysis shows that our new database is solid, novel and has all the solar magnetic information. The gaps that our 780

reconstructed GSN has show some loss of information for periodicities of less than four years during some small time intervals. 781

These results contrast with the di↵erent GSN reconstructions previously reported and analyzed in this work. 782

Regarding the reported periodicities with the wavelet analysis of our new GSN reconstruction, we want to highlight that 783

all the reported periodicities have been presented and published in previous scientific works (e.g. Polygiannakis, Preka- 784

Papadema and Moussas, 2003; Nagovitsyn, 2007). This fact means that the new methodology applied to the new GSN 785

database reproduces nearly all of the previously reported, claimed or established sunspot periodicities. In this respect, we 786

wish to highlight explicitly that our working hypothesis is that all periodicities detected with the wavelet analisys are present 787

even during the Maunder Minimum, particularly the periodicities of the magnetic cycle (Hale cycle), solar cycle of 11 years 788

(Schwabe cycle), the quasi-biennial oscillation (QBO), and the periodicities shorter than one year such as the Rieger cycle 789

and periodicity of the solar di↵erential rotation. 790

Our main hypothesis is based on the fact that there are no physical reasons to presuppose that the physical properties in 791

the solar cycles during the Maunder minimum must be di↵erent such that the solar dynamo must be operating in a di↵erent 792
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physical reality for solar activity when not in the Maunder minimum phase. The main di↵erence between these solar793

cycles during the Maunder minimum and non-Maunder minimum intervals must be: 1) the amplitude of the oscillations794

or periodicities, and 2) some studies suggest that these periodicities may not exist likely due to the artefacts from the lack795

of data. We highlighted these points because there are no known theoretical model nor understanding to demonstrate the796

absence or disappearance of those short-term periodicities.797

The multi-cross wavelet analysis, however, indicates a loss of information for periodicities of less than 30 years especially for the798

time interval from 1750 to 1850 in the di↵erent GSN records analyzed in this work. We conclude that there is a loss of information799

for well over a century of solar observations from 1610 to 1860 in some of the previous GSN reconstructions. Due to the lack of800

updating of these earlier GSN records, our analysis also indicates a loss of information from 1990 to 2022 for periodicities less801

than 8 years. This surprising hint clearly argues for the need to complete the solar information of sunspots from 1610 to 1850 and802

from 1990 to 2022. That is why our new daily HVP GSN reconstruction meets this need by containing the smallest gaps and the803

smallest possible losses of solar information since the Maunder minimum. In addition, this paper also has been able to provide the804

important update of the original Hoyt and Schatten (1998) GSN records from 1610 till 2021.805
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