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ABSTRACT

This paper investigates the intricate relationship between solar activity and Earth's climate and geomagnetic activity,
utilizing data spanning from 1974 to 2021. Analyzing monthly averaged measures such as Wolf number, total solar
irradiance (TSI), global ocean temperature anomalies (GOTA), and Ap index of geomagnetic disturbances, we employ
various methods including linear correlation analysis, recurrence quantification analysis (RQA), and cross wavelet
transform (XWT). The study reveals a periodically varying correlation between TSI and GOTA with periodicity of
approximately 12 years, emphasizing the intricate interplay between solar activity and climate. The recurrence plots
and RQA unveil periodicity and phase transition after 1995. XWT also show multifrequency transient event ocurring in
1996. Collectively these findings suggest that the transient event might be related to the phase transition around this
time period in the studied system.

Key words: Sun-Earth connections, solar activity, ocean temperature, Wolf number, RQA, correlation analysis, cross
wavelet analysis.

Introduction

Solar activity plays a pivotal role in governing various phenomena associated with space weather.
The intricate processes occurring on the sun not only influence space weather dynamics but also exert a
significant impact on Earth's climate. This is why the study of solar activity and Sun-Earth interactions is
important. Previous results were obtained in the paper [1] and the present article is an extension of the initial
research.

The characterization of solar activity relies on indices designed to quantify its various facets. One
such index is wolf number [2] which is related to number of sunspots on the visible surface of the Sun by the
formula R=k(10G+N) where N is the number of sunspots, G is the number of sunspot groups and k is
correction coefficient. Its dynamic range spans from 0 to 450 within a 24-hour period.

There also exists another solar activity index called total solar irradiance (TSI) [3], which is the flux
of solar electromagnetic radiation measured at 1 A.U. (Astronomical Unit) distance and integrated over all
wavelengths [4,5]. In Sl units TSI is measured in Wm™,

The Ap index [6] is a daily measure for magnetic activity of Earth's magnetic field. It is derived from
K-index, integer ranging from 0 to 9 that describes disturbance in the horizontal component of the magnetic
field. Ap is calculated by converting three-hour K-values into a simpler scale called the a-index, and then
averaging eight of these a-values for the day. The Ap index, as an averaged planetary A-index, provides a
helpful picture of geomagnetic conditions.

We also use global ocean temperature anomalies (GOTA) [7] as climate data. All given datasets are
plotted in figure 1.

The study [8] employed wavelet coherence analysis to reveal an in-phase resonance oscillation
between TSI and sunspot number (SSN), with SSN identified as a primary driver for TSI's periodic variation.
Additionally, intermittent resonance periodicity was observed in the 2-6 month band during the maximum
time of solar cycles, indicating a more complex and unsteady relationship.
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Wavelet coherence analysis was also used to explore the relationship between TSI and the atlantic
multidecadal oscillation (AMO) [9]. The results reveal significant coherence between TSI and AMO,
providing insights into the long-term variations of surface temperature and their connection to solar activity
cycles. The paper emphasizes the importance of understanding this coherence for improved comprehension
of recent climate changes and enhancing long-term forecasting.

Analysis methods

From the group of statistical tools, we use linear correlation analysis, which determines the time
dependance of correlation coefficient between two time series within a window of fixed length sliding
forward in time. Correlation coefficient varies from -1 to 1. This analysis was performed on pairs of time
series: 1) TSI and temperature and 2) TSI and wolf number.

Recurrence quantification analysis (RQA) is used to study complexity of a system. Along with the
construction of the recurrent diagram quantitative measurements are evaluated: recurrence rate (RR),
determinism (DET) and entropy (ENTR) [10].

Cross wavelet transform (XWT) introduced in [11] is an extension of the continuous wavelet
transform applied to two different time series simultaneously. It allows the exploration of common power
and phase relationships between the two series in the time-frequency space. The XWT helps identify whether
specific features in one time series are consistently related to features in another series, providing insights
into potential causal relationships or shared influences. Wavelet coherence (WTC) also introduced in [11] is
a measure that quantifies the degree of coherence or correlation between two time series across different
scales (frequencies) and times. It is derived from the XWT. While XWT reveals areas of common power,
WTC provides a more refined analysis by indicating not only the presence of common power but also the
consistency or phase locking of this power over time. WTC is particularly useful for uncovering locally
phase-locked behavior between the two time series, indicating whether their oscillatory patterns are
synchronized or correlated at specific frequencies and time intervals.
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Fig. 1. (1) wolf number, (2) TSI, (3) GOTA, all averaged monthly and (4) daily Ap index.

Results

Linear correlation analysis of Fig. 4(2) reveals a periodically varying correlation between TSI and
GOTA, accompanied by a linearly decreasing trend. The observed period oscillation in correlation spans
approximately 12 years, while the trend slope registers at around -0.01 years™.

Fig. 4(4) shows strong correlation of above 0.6 between TSI and wolf number. Furthermore, in 1983
correlation starts to increase to levels above 0.75. Around this time, the 11-year solar activity begins to enter
a new minimum. Recurrence diagram of TSI and wolf number in Fig. 2(1,2) shows that they both have
periodic and noisy components. After about 2000 years, the black areas on both recurrence diagrams become
larger, which is related to the beginning of the activity minima [12].

The DET for monthly Wolf number is close to 1. Evolution of TSI’s DET shows that TSI is more
deterministic during solar activity minima. we can conclude this if we observe DET in Fig. 2(4). Its value is
lower during 1980-1990 and increases after 2000. From recurrence plot in Fig. 2(2) one can see that
periodicity in the system is regular from time range of 1974 — 1995 and then also from 2005 — 2020,
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however these two time ranges do not appear to produce regular recurrence patterns with each other (bottom
right and top left quarters of the plot). Together with this, white narrow and short vertical lines around year
1996 in the bottom left quarter of the plot indicate that some sort of phase transition has occured roughly
around 1996.

Cross wavelet analysis shows that wolf number and TSI are coherent in different time regions and on
different time scales. Especially, the modes with a period of about 11 years have the longest coherence. In
addition, for the given time range of 1974 — 2021, phase difference between the modes of the 11-year period
is constant and not equal to 0. Arrow orientation in figures 4 indicates phase difference. This means that
there is a delay between the main periodic activity of the Sun and its radiation measured on Earth. There are
less time intervals and scales of coherence for TSI and GOTA. they are given in Fig. 3(2).

In all coherence plots in Fig. 3 except Fig. 3(2) pronounced horizontal line with period of 3.2 years
starting from 1970 and ending at 1994 can be seen. Furthermore multifrequency oscillations are observed
during the end of this time range, especially on Fig. 3(1), indicating transient behavior, which is close to the
phase transition point seen on the recurrence plot Fig. 2(2).
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Fig 2. (1) - (2) Recurrence diagrams of wolf number and TSI. (3) - (4) Dynamics of RQA measures generated from (1)-
(2). The window size is 10 years.
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Conclusions

Correlation analysis of solar activity and Earth temperature data shows that correlation between
them changes with a period of about 12 years and also decreases linearly. For the given time period (1974-
2021) correlation between TSI and wolf number is positive and increases after 1983. RQA of wolf number
and TSI shows that the determinism of wolf number is close to 1 and the determinism of TSI starts to
increase after 1990. TSI and wolf number are characterized by high coherence and their main 11-year
activity modes has constant nonzero phase difference.

The recurrence plots unveils a regular periodicity in the system during the time spans of 1974-1995
and 2005-2020. However, intriguingly, these two periods do not exhibit regular recurrence patterns with
each other. With further features on the recurrence plot for 1996 this suggests a phase transition occurring
during that time. Coherence plots reveal a pronounced horizontal line with a 3.2-year period, extending from
1970 to 1994. Towards the end of this timeframe, multifrequency oscillations indicate transient behavior
closely aligned with the observed phase transition in the recurrence plot. These findings collectively suggest
that some sort of transient event cause a phase transition in the studied system.

(1) i 5 (2) —71.8
A AR RARARARRARRA AR ’ ’
1 R A A A A A A SASASASASAASASASA A .
U TN EEw 1o
A S ﬁ_*hrhﬁhhhﬁh#hrhshsssswhsbsbn)-b-b—b 0.8 g r0.8 g
g g
(] Q
~ = —~ o =y
& S & S
] 0.6 ] 0.6
> o > o
~ (0] ~ (]
< <
© © o 1]
o =) (o] >
E < ] T A
o . 0.4 g I 0.4
— 10 = 5 T 10 3
+ +
- o -
& &
0.28 0.20
5 3 0.0 0.0
1980 1990 2000 2010 2020
t (year)
—71.0 —1.8
10!
. 0.8% 0.8 3
10 = S
Lo 1 5
() (]
—~ = ~ . ]
& S & S
o 0.6 o 0.6
> o > o
~ (V] ~ (]
{ % [
© © L 1]
o 3 (o] =
2 g a
g 0.4 & 0 0.4 &
- 100 gy . 10 =
b bt
& &
0.23 0.20
: . . 0.0 0.0
960 1980 2000 2020 1980 1990 2000 2910 2020
t (year) t (year)

Fig. 3. (1) Wavelet coherence between wolf number and TSI, (2) TSI and GOTA, (3) Wolf number and Ap
index and (4) TSI and Ap index.
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Fig. 4. (1) Monthly data of TSI and GOTA. (2) Monthly data of wolf number and TSI. (3) Evolution of
correlation between TSI and temperature and its linear trend (dashed gray line). The window size is 11 years.
(4) Evolution of correlation between wolf number and TSI. The window size is 11 years.
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CpaBHUTEJbHBIH AHAJN3 KJIUMATA 3eMJIU, COJTHEUYHON U
reOMArHUTHON AKTUBHOCTH

JI. Bypaunanse, A. I'ypuymenus, O. Xapmmniaanse

Pe3rome

B oTo#f cTaThe uCCIENOBaHBI CIOXKHBIC B3aUMOCBS3M MEXKIy COJHECYHOW AKTHBHOCTHIO, KIMMATOM H
T€OMAarHUTHOM aKTUBHOCTHIO 3eMJIHM, C HCIOJIB30BaHHWEM JaHHBIX 3a mepuoa ¢ 1974 mo 2021 rr. Mur
aHAIM3UPYEM TaKUE CPEJIHEMECSYHBIE IOKa3aTeiu, Kak 4uciio Bombda, MOIHOE CONHEYHOE O0IydeHue
(TSI), rnobanbubie aHomanuu Temrepatypbl okeana (GOTA) u AP MHIEKC T€OMAarHUTHBIX BO3MYIICHHIA,
WCTIONB3YS Pa3IMYHBIA METOABI, B TOM YHWCIE, JHHEHHBI KOPPEISIMOHHBIA aHAIN3, KOJIMYECTBEHHBIN
pexyppentreiii anamu3 (RQA) u kpocc-BeiiBner-npeobpasoanne (XWT). HccrenoBaHue BBISBHIIO
MIEPUOJINYECKH MeHsoIytocs koppeisinuio Mexay 1Sl u GOTA ¢ mepuoIudHOCThIO MpUMEpHO 12 e,
MOYEPKHBasl JTUHAMHUYECKOE B3aMMOJCWCTBUE MEXKAY COJIHEYHOW aKTUBHOCTHIO W KiMMaToM. | 'paduku
pexyppertHocT 1 RQA packpbIBarOT NEpUOAUYHOCTh U Pa30Bbid nepexon nocie 1995 roga. XWT taxoke
MMOKAa3bIBaeT MHOTOYACTOTHOE IEPeXo/HOe coObITHEe, mpousomenmee B 1996 romy. B coBokymHOCTH 3TH
pE3yNIbTaThl MO3BOJISIFOT MPEIIONOKUTh, YTO IEPEXOJHOE COOBITUE MOXKET OBITH CBsi3aHO C (Pa30BBHIM
MIePEX0I0M MPUMEPHO B ATOT IIEPHOJT BPEMEHHU B M3yIaeMOU CHCTEME.

KnioueBble cj10Ba: COTHEUHO-3EMHBIC CBS3H, COJTHEUHAsI aKTHBHOCTD, TEMIIEPATypa OKeaHa, 4yrcio Bonboda,
RQA, xoppenanunoHHbIi aHaIn3, KpocC-BEMBIET aHAU3.
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