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This paper presents a study of the influence of solar activity on the earth’s temperature. In particular, we
focus on the repercussion of the fluctuations of the solar irradiance on the temperature of the Northern and
Southern hemispheres as well as on land and ocean regions. While solar irradiance data are not directly
analyzed, we make use of a published solar irradiance reconstruction for long-time-scale fluctuations, and for
short-time-scale fluctuations we hypothesize that solar irradiance and solar flare intermittency are coupled in
such a way that the solar flare frequency fluctuations are stochastically equivalent to those of the solar
irradiance. The analysis is based upon wavelet multiresolution techniques and scaling analysis methods for
processing time series. The limitations of the correlation analysis applied to the short-time-scale fluctuations
are discussed. The scaling analysis uses both the standard deviation and the entropy of the diffusion generated
by the temperature signals. The joint use of these two scaling methods yields evidencevgfainponent
in the temporal persistence of the temperature fluctuations within the temporal range from a few weeks to a few
years. This apparent kg persistence of the temperature fluctuations is found, by using an appropriate model,
to be equivalent to the vy scaling of the solar flare intermittency. The mean monthly temperature data sets
cover the period from 1856 to 2002.
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[. INTRODUCTION results, we anticipate that the theoretical dynamical equa-
tions for climate are stochastic, nonlinear, and contain
A dominant characteristic of meteorological data is ex-memory effects. However, we do not undertake the daunting
treme variability. The same is true of average global quantitask of deriving these equations here, but rather we examine
ties such as temperature. Morhity discussed this broadband coarse-grained data sets of global temperature and from these
response that makes the predictability of weather patternanalyses deduce these same characteristics of climate varia-
from deterministic primitive equations so uncertain. Thetion.
physics of weather is described by the coupling of nonlinear It might appear from the above considerations that the
hydrodynamic equations of the oceans and atmosphere to theast dynamic of the factors influencing weather and climate
nonequilibrium thermodynamic equations for energy, masss the irradiance from the sun, but nothing could be farther
density, and heat transport, together with the appropriatéom the truth. The historical recognition that the sun warms
boundary conditions and initial values for the field variables.the earth has suggested a direct connection between global
Finally, there is the external driving of these processes by theemperature and solar activity. However, it is also known that
total solar irradianc€TSI). Even the simplest model of these the earth’s temperature is characterized by many factors, af-
nonlinear processes was shown by LorgBfto have non- fecting one another as heat is transferred across different
periodic, that is, chaotic, solutions. Herein we are not inter+egions of the eartfd]. It was established in the first quarter
ested in the weather, except insofar as short-time measuref the last century by Sir Gilbert Walk¢b] that the world’s
ments of meteorological variables can provide a data baseeather is strongly influenced by the variability of the solar
from which to determine longer-time effects, such as theactivity. For example, Sir Gilbert determined that solar activ-
variability in climate. ity affects large-scale pressure differences on the earth’s sur-
Weather is made up of the local, short-time, variations inface and thereby modifies patterns of rainfall. It was estab-
wind, temperature, and precipitation patterns. Climate, on théshed about the same time, circa 1926], that global
other hand, consists of large-scale, long-time, variations imainfall maxima coincide with maxima of sunspot activity.
these same meteorological patterns. Therefore, it should Herooks[6] also gave the variations in solar activity based on
possible, in principle, to average the equations of motion fosunspot number historical records as one of the major causes
weather, across sufficiently large space and time scales, tf climate change on the time scale of a few hundred years.
obtain the equations of motion for climate. Lindenberg and Today, global climate change is analyzed with tools de-
West[3], using such a coarse-graining procedure, providedreloped within the science of complexity, for example, the
the first systematic derivation of stochastic mode rate equakolmogorov-Sinai entropy is used as a quantitative measure
tions for a geophysical hydrodynamic system, starting fromof uncertainty in nonlinear dynamical systems with chaotic
the deterministic primitive equations. Based on these earlgolutions[7,8]. We apply some of these nonlinear techniques
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herein to establish that, because the radiation from the sufew minutes[13]. Therefore, only a small fraction of TSI is
warms the earth, any observable changes in the intensity @fssociated with solar flares. However, the concomitant pres-
TSI induce changes in the earth’s global temperature. Wence of the 11-year solar pseudoperiodic cycles in both TSI
support this hypothesis by analyzing both long- and shortand solar flare frequency makes it reasonable to suppose that
time-scale affinity between solar activity and temperatureduring periods of higher solar activity, when the solar active
fluctuations. regions are slightly hotter and/or larger and more numerous,

Long-time-scale affinity is measured via a correlationthe increased solar activity also induces an increase of the
wavelet multiresolution analysis. In particular, the rise in thesolar flare frequency as a kind of by-product, at least in a
average temperature of the earth over the past century ®ochastic sense. Therefore, even if solar flares cannot di-
found to track the increases in solar activity estimated with aectly account for the irradiance increase over the solar cycle,
TSI reconstruction by Leaat al.[9] based on sunspot num- we suppose that the time evolution of their occurrence con-
ber historical records over the same time period, in a statistains significant stochastic information about solar dynamics.
tically significant way. Short-time-scale affinity, which is not That is, we hypothesize that solar flare intermittency is
detected by the cross-correlation analysis, is ascertained mpupled to and, thereforepimicsthe solar surface intermit-
studying the statistics of solar flare activity which has a nontency.

Gaussian, that is, vy nature that is found to be equivalent  So we suppose that the TSI fluctuations present temporal
to the statistics of the variations in the global temperaturéntermittent patterns that are stochastically in accordance
over the past 140 years. We emphasize that the literature amith the solar flare intermittency: the greater the frequency
the influence of solar activity on the earth’s climate for theof solar flares, the more intense is the total solar activity and,
long time scale is very largésee, for example, some recent therefore, the sun’s irradiance on the earth. This variation in
articles[10,11]) but for the short time scale such evidence issolar activity induces similar 11- and 22-year pseudoperiodic
not as direct. cycles in the earth’s average temperature, as well as trends

The complexity of hydrodynamic turbulence in the earth’sthat move the average temperature up or down for tens or
oceans and atmosphere is exceeded only by the hydromagven hundreds of yeafd0,11,13. The coupling to short-
netic turbulence at the surface of the sun. The nonlinear dyterm (monthly) changes in the global temperature is less evi-
namics of the sun’s plasma may well account for the fact thatlent than those that track the long-term solar cycles, since
science is unable to predict the number of sunspots and thene would anticipate that these short-time temperature fluc-
occurrence of solar flares as a function of time even thougluations should inherit the same intermittent dynamics of so-
these are the most evident manifestation of the solar cyclir activity. Traditional measures, such as cross-correlation
[12]. The 11-year pseudoperiodic solar cycle, which is nowfunctions, would not show the connection between short-
called the Schwabe cycle, is the variation in the number ofime fluctuations of the global temperature and solar flare
sunspots over time, and it consists of a pseudoperiodic practivity, because of strong nonlinear hydrodynamic interac-
cess with a period of between 9 and 13 years, and strontgions across the earth’s surface. For example, the hydrody-
erratic fluctuations[11,13,14. The apparently surprising namic interaction of the atmosphere over land and water
finding that TSI is stronger at sunspot number maxima isvould suppress any direct correlation between the intermit-
explained by the contemporary growth of solar activity tent irradiance of the sun and the earth’s short-time response.
which increases the radiation from bright faculae and plages We do not have a system of primitive equations to de-
that appear on the solar surface associated with solar actiseribe the dynamics of the coupled earth-sun system, so we
regions. This increase in radiation outweighs the dimmingmust extract as much information as possible from data. We
produced by sunspots. use five mean monthly temperature data $gksbal, North,

A number of nonlinear models for this process have beersouth, over land, and over ocean regiotist cover the pe-
proposed, including limit cycles, chaotic maps, and stochasriod from 1856 to 2002. However, we do not analyze these
tic turbulent processes. The latter two approaches give sol@ata sets blindly, but are guided by the nonlinear dynamics
tions in agreement with the observation that the asymptotithat would be produced by the observed intermittency in a
waiting time distribution of solar flares is well fitted by either time of solar flare activity.
an inverse power-law distributiofi5—17 or a Levy distri- The basic idea is that the fluctuations of the TSI, supposed
bution [18]. Note that because the e distribution has an  coupled to the solar flare intermittency, induce a scaling be-
asymptotic inverse power-law behavior, as will be explainechavior in the global temperature fluctuations. Said differ-
in Sec. IV, the two distributions yield equivalent stochasticently, we expect temporal persistence in the alternate inter-
properties. vals of higher and lower global temperatures with an inverse

The frequency variability of solar flares is significant for power-law waiting time distribution, because of the inverse
our study because herein we hypothesize that solar flare fr@ower-law character of the solar flare intermittency. Consid-
guency is higher in concomitance with an increased TSI. Thering a solar flare as an event, the time series for the number
sun’s irradiance varies from day to day mainly in response tmf solar flares has been interpreted as a waiting time interval
the changing projected area and evolution of dark sunspotsetween events. The solar flare waiting time distribution
and very bright faculagl3] that appear and disappear, giv- function is determined to be an inverse power-law probabil-
ing rise to a TSI intermittentlike behavior. An unusually ity density function15—-17. Such dynamical stochastic pro-
bright flare can temporarily increase the TSI by about 1%cesses can be described by generalizations of random walks.
[13] but, in general, solar flares last on average only for aA Levy flight for example, is such a process with a diverging
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second moment. Aevy walk on the other hand, visits the global temperature inherits the intermittentviydike nature
same spatial sites as does ay dlight, but each step takes a of solar flares within the temporal range from a few weeks to
finite time and the second moment is finite. The time necesa few years.
sary to complete a step in a \ewalk is specified by an The long-term cross-correlation analysis between the
inverse power-law waiting time distribution, as first dis- earth regiongNorth-South and land-ocepand the TSI is
cussed by Shlesingat al. [19,20. It has been determined based upon a multiresolution analysis via the maximal over-
[15] that a Lery walk can describe the intermittent solar flare lap discrete wavelet transform{MODWT) [27]. The
signal. Scafetta and Grignd21] established that, in general, MODWT decomposes a data set into smooth, detailed, and
the presence of a lvg-walk process in a given time series residual components associated with particular temporal
can be determined by the joint use of two separate scalingcales. This analysis establishes that the solar cycles and
processing techniques, the diffusion entropy analfBiEA) long-period trends have significant influence on the earth’s
and the standard deviation analy$BDA). We apply the temperature, with differences among the four earth regions.
same approach to the analysis of temperature data sets ambese differences are traced back to the different responses
compare the results with the \ypwalk statistics induced by of these separate regions to the solar activity. This analysis
solar flare intermittency. also shows that the traditional method of correlation analysis
The DEA was developed as an efficient way to detec{10], even as adapted herein to the multiresolution wavelet
scaling and memory in time series for variables in complexanalysis, may suffer from significant limitations.
systems. This procedure has been successfully applied to so- The outline of the paper is as follows. In Sec. Il, we
ciological [22], astrophysica[15], and biological[23] time illustrate the time series under study and highlight their main
series. Moreover, the joint use of the DEA and SDA hasproperties. Section lll is devoted to the wavelet multiresolu-
shown the Ley-like nature of the long-range persistence oftion analysis of the time series and to the study of the corre-
the purine and pyrimidine bases in DNA sequern@s-26. lations between global North-South hemisphere and land-
The joint use of DEA and SDA will establish that théuye  ocean region temperature anomalies on a hierarchy of
walk statistical properties of solar flares are manifest in theemporal scale. We also study the correlation between these
earth’s global temperature fluctuations. temperature data sets and the TSI reconstruction during the
We note that there are two separate scaling exponents shme periods. Section IV shows the implementation of the
interest to us in this case. The first has to do with the probDEA and SDA on the data and presents an interpretation of
ability density functionp(x,t), wherex is the variable of the results in light of the determined stochastic properties of
interest and is the time. The first scaling property has the the solar flare activity. A computer-based model is presented
form to simulate the response of the earth to the solar flare inter-
mittency. Finally, in Sec. V we compare and contrast the
results obtained using the various methods.

il
p(x,)_t‘s t )

where ¢ is the first scaling exponent. The second scaling
index is associated with the standard deviation of the process The termtemperature anomalieis a technical definition

Il. EARTH TEMPERATURE ANOMALIES

of interest and is given by adopted in the current literature on earth’s weather and cli-
_ mate processes to denote the departure of air and sea tem-
V((x=x)%;t)ectH, (2)  perature from the 1961-1990 mean temperature value. The

data analyzed are updated continuously by institutions such
whereH is the Hurst exponent. As is explained in detail in as the Climate Research Uf8] and the Hadley Center for
Ref. [21] and briefly summarized in Sec. 1V, these two ex- Climate Prediction and Research, Meteorological Office
ponents can be obtained using the DEA and SDA methodg9). The earliest attempt at collecting these data was done in
independently. It has been shoy&i] that if a time series is  1986[30] and has culminated in what is recognized as one of
characterized by Gaussian statistics, the two scaling expahe most accurate data files for global air temperature and
nents are identical, that isy=H. If, instead, the process global sea-surface temperat@ST) [31].

under study is characterized by\yewalk statistics, the two The basic data set of global earth temperature anomalies
scaling exponents andH can be related by (HADCRUT) is a combination of land-air temperature anoma-
lies [32] (CRUTEM1) and sea-surface temperature anomalies
5 1 1 3 [33] on a 5% 5° grid-box basis. The merging of the two data
3—-2H «’ sets was discussed by Parle¢rl.[33] and more recently by

Joneset al.[34]. The land surface time series are calculated
wherea is the Levy exponent defined in Eq12) in Sec. IV.  using data from the Global Historical Climatology Network
We refer to Eq(3) as the Ley-walk diffusion relation. The (Version 2 and sea-surface temperature anomalies from the
assessment of this property, that is, the comparison betwedsnited KingdomMmoHssT data set and the NCEP optimum
the values of the exponenés&andH measured for the earth’s interpolated SSTéVersion 2. The data set has been exten-
temperature and their relation to the scaling exponents meaively used in the various Intergovernmental Panel on Cli-
sured for the hard x-ray solar flare waiting time series, ismate ChangélPCC) reports(see, e.g., Nichollgt al. [35]).
used in this paper to prove the conjecture that the earth’dn absolute temperature climatology is also availafale-
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FIG. 1. Global and local earth temperature anomalies in degrees FIG. 2. Global and local earth temperature anomaly spectral
Celsius(years 1856—-2002The smooth lines are the wavelet mul- density analysis against the period; mean of maximum entropy
tiresolution smooth curveS;. spectral estimation with 500 poles, arbitrary unit%]

. This effect is

tails in Joneset al.[36]). The land-air temperature has beenture over the ocean increased by only 0.3 °

corrected for nonclimatic errors, such as changes in the loProbably related to the higher effective heat capacity of wa-
cation of the weather stations and changes in instrumentatid§" compared with that of land, but a small contribution to

[32]. The SST data have been corrected for changes in iffliS 1and warming from human technology cannot be ex-
strumentation that was used before 1983,37-39. The cluded. . .

data that we actually analyze are mean monthly temperature Figure 2 shows the spectral densities of the five tempera-

anomalies that can be downloaded from the Climatic Re!U"® anomalies as a function of time period, expressed in

i . The power spectrum is estimated by the maximum
search Unit, U.K.[40] (Global and North-South tempera- Y°&/S :
tures, period 1856—2002and from the National Climatic entropy methodMEM) [42,43 with 500 poles. We adopt

.~ . the MEM because it is more accurate than tfast Fourier
?gé% Cze(z)r(l)tzer U.S.A[41] (land-ocean temperatures, period transform method or than the Lomb normalized periodogram

- ) [42,43 in estimating the power spectrum of evening sampled
Figure 1 shows the five temperature anomaly data Setgjaia. In fact the adoption of poles can provide an accurate
from which the similarity in the curves is evident. The representation for underlying power spectra that have sharp,
smooth lines are the wavelet multiresoluti® smooth  giscrete lines; see Ref$42,43 for details. Because the
curve of the signalsee Sec. Il for a detailed explanation power spectra of all temperature data sets were estimated
about the multiresolution analy$is’he S; smooth curve is a  with the same method and the values onytlasis are plotted
convenient way to establish a certain kind of mean value tavith the same units, we suggest that the significance of the
center the temperature fluctuations. In fact, fgesmooth  peaks can be evaluated by comparing their relative ampli-
curve is obtained by a wavelet average of the data over tudes. The dominant periodicities involve time periods 12
time scale of 2=2°=64 months. From 1860 to 1915 the months longrelated to the yearly cycle of the earth orbiting
average global earth temperature is almost constant, with the sun, ~10 years long, and 21-22 years long, and several
change of only 0.2 °C. From 1915 to 1945 the temperaturdaarmonics or pseudoperiodicities. The main cycles are all
increased by 0.6 °C. From 1945 to 1980 the average tenestablished solar cycles, with the Schwabe pseudoperiodic
perature remained approximately constant again. Finallygycle being the most widely known; tH@1—22-year cycle,
from 1980 to the present time there is a further increase ikknown as the Hale cycle, is believed to be due to a magne-
the average temperature of almost 0.4 °C. It is interesting teohydrodynamic dynamo action that periodically regenerates
observe that the Northern hemisphere and the land temperthe solar magnetic fielftl1,13,14,44
ture data sets appear more noisy than the Southern hemi- Again, we notice a similarity between the Northern hemi-
sphere and ocean temperature data sets, respectively. Tisighere and land regions and the Southern hemisphere and
phenomenon is probably due to the fact that the Northermcean regions. It is also interesting to observe that the annual
hemisphere contains most of the earth’s land, while theperiodicity is very prominent for the Northern hemisphere,
Southern hemisphere contains most of the earth’s oceans. Wwhich contains most of the land, and is very weak for the
fact, the high heat capacity of water reduces the temperatur@cean region. Here again the explanation may be the high
fluctuations of the oceans. We expect that the climate oveeffective heat capacity of the water associated with the glo-
land will be more random than that over the ocean, becaudeal ocean circulation that moves water between the Northern
in contrast to the relative homogeneity of the ocean’s surand Southern hemispheres. For example, two well known
face, the land presents deserts, forests, valleys, and mouphenomena associated with the interaction between the at-
tains, making its temperature less correlated than that of theosphere and ocean circulation are the ETdNBouthern
nearly homogeneous ocean. The data also show that durir@scillation and the North Atlantic Oscillatidd]. The power
the period 1980-2002, the temperature over the land inspectra for all temperature data sets show several peaks with
creased by an average of almost 0.6 °C, while the tempergeriods between two and seven years and also a peak at 14
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FIG. 4. WMA, with J,=6, of the global earth temperature
FIG. 3. Global temperature anomalies against annual reconanomalies during the period 1856—2002.

struction of TSI based on the sunspot number. The figure clearly

shows the S_chwabe or 11-year solar pseudocycles. TSI slightly inyansforms. Wavelet transforf27,46 analysis makes use of

creases during the period 1910-2000. functions, the wavelets, which are localized in both time and
frequency. There exist continuous and discrete versions of

years for the Southern hemisphere and ocean. All these peaite wavelet transform. We make use of wavelet multiresolu-

can probably be associated with circulation phenomena togjon analysi\WMA) via the MODWT[27]. It is possible to

because they seem to affect the earth regions differently, bufrove[27] that, given an integel, such that 30<N, where

a contribution due to some minor solar cycles cannot by js the number of data points, the original time series rep-

excluded[14]. Note that the periods of about 10 and 21-22yesented by the vectot can be decomposed as follows:
years are supposed to depend on the Schawbe and Hale solar

cycles. Their statistical significance is made clear by the Jo
power spectrum concerning the global temperature, where X=SJO+E D;j, (4)
the amplitudes of the corresponding peaks are higher than =1

those of all the other peaks. Such behavior is less manifest in
the spectra of all local temperature sequences. A valid reason
may be that the amplitudes of the annual cycle and of th

. i j i
several pseudocycles associated with the thermodynamic i(.er-he':)J detail represents changes on a scale=s?', that is,

. . . i j+1
teractions between the atmosphere and ocean are, in p it. captures all fluctuations with a period betweeragd 2

. . . ) . at'tme units, while theS; smooth curve represents averages
compatible with or sometimes higher than those induced b)/ ’ Jo

the two main solar cycles. on a scale ofr=2%. The scaling coefficient characterizes

To emphasize the relation between the earth’s temperatuf8€ width of a wavelet. We define the wavetesidualsas
and solar activity, in Fig. 3 we display the global temperature %
anomalies against the mean annual reconstruction of the TSI, R, =X-S, = D, ©6)
based on the number of sunspots during the period 1860— Jo Jo =
2000[9]. A recent study of the spectrum of the sunspot num-
ber sequence using the continuous wavelet transform can beis then evident that we can interpret the residuals as fluc-
found in Ref.[14]. The TSI reconstruction shown in Fig. 3 tuations about the local mean value evaluated on the time
describes the radiant energy emitted by the sun over alcaler=2%.
wavelengths that falls per second on 2 autside the earth’s Figure 4 shows the WMA, witldy=6, of the global earth
atmosphere normalized to the mean earth-sun distéhce temperature anomalies during the period 1856—2002. Note
AU) [45]. The figure, where the presence of the Schawbehat the integers here correspond to months. The analysis is
cycle is evident, shows also a definite tendency for the soladone by using the 8-tap Daubechieast asymmetriscaling
activity to increase, especially during the time period 1910 tcand wavelet filte]27]. According to Eq.(4) the sum of all
1950, although to a smaller extent this increase is also oheurves of Fig. 4 gives the original data set. Thgsmooth
served in the period from 1980 to 200&ee Ref[58]). It is curve gives an excellent mean trend of the data. We observe
plausible, as the figure shows, that this increasing solar athat theD¢ detail contains most of th@®@—13-year cycle and
tivity has contributed to the increase in the earth’s globathe D; detail contains most of the one-year cycle.

Sj_1:Sj+Dj. (5)

temperature taking place in the same time periods. Figure 5 shows the WMA, witlly=6, of the other four
temperature data sets. We observe thatDhe D,, andD3
1. WAVELET MULTIRESOLUTION ANALYSIS fluctuations for the four data sets are significantly different

from one another. More specifically, the temperature fluctua-
The broad spectrum of variation in the global temperaturéions in the Northern hemisphere and over the land appear to
time series suggests that we analyze these data using wavelet larger than those over the ocean and in the Southern hemi-
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nents between Northern and Southern hemispheres and between
FIG. 5. WMA, with J,=6, of the four regional earth tempera- land and ocean regions.
ture anomalies.

relation among the various earth regions. However, we no-

sphere. On the other hand, tbg andDg detail curves have h .
almost the same amplitudes for the four data sets and loo¥ce that the smooth curves do not yield a substantial change

somewhat similar. This analysis suggests that the fluctuatiorfd correlation upon increase of the indgxwe think that the
with a temporal scale>25=232 months express global tem- large correlation values that the smooth curves reach at
perature properties, while the fluctuations at a temporal scalg 8 d0 not carry any significantly new information with re-

7<25=32 months are more influenced by local temperature?P€Ct t0 the smaller values of the indexor this reason we
properties. focus our attention on the details, which in fact show a much

larger change in correlation intensity when moving from
small to large values df
Figure 7 shows a detailed comparison between $he
Multiresolution correlation analysis via wavelefd7]  smooth curve of the Northern hemisphere and the corre-
evaluates the correlation between pairs of partemsooth, sponding curve of the Southern hemisphere, and between
residual, or detail curvesobtained via the WMA. For any the Sy smooth curve of the land and the corresponding curve

Multiresolution correlation analysis

given pair of data setsx(, y;), i=1,... N, the linear cor-  of the ocean. Th&; smooth curves are obtained by using

relation coefficient is given by the formula S;=Ss+Dg, [see Eq(5)], and contain the 11-year pseudo-
periodic cycles induced by the sun. These curves illustrate a

2 X —X)(Yi—) behavior similar to the reconstructed TSI shown in Fig. 3. In
i all five cases and in the specific case of the ocean, we find

r= ) ) remarkable correspondence between the maxima ofSthe
\/2 (X;—X)? \/2 (yi—y)? smooth curve and those of the TSI that characterizes the
| I

11-year solar cycle. In particular, note the good correspon-
_ __dence of the maxima of the four last cycles which occurred
where, as usuak is the mean of the former sequence 3nd approximately in 1959, 1970, 1981, and 1991. This figure

is the mean of the latter sequence. The value bés be-  also shows a good correspondence with the irradiance curves
tween—1 (negative correlationand 1(positive correlation

A value ofr~0 indicates that the variablesandy are un-

correlated. 0.6 -~ Northr (sofic) »
Figure 6 illustrates the correlation coefficienof smooth _ 8'2 Soutl{dastty - FAvh

and detail components between Northern and Southern hemi- § 0 VA AY AV e¥ Y

spheres and between land and ocean regions shown in Fig. 5. 8 '8-2 v {f\}\;’ A VoY

The figure shows that the small detalls, D,, and D5, E T N

which approximately cover a temporal scale up to one year, S gg Land.(solid) p

are not significantly correlated. ThB; details between T 0.4 [OCeandash) N

North and South are even slightly anticorrelated. This anti- g 02 A Ao

correlation is a consequence of thg detail containing most Eoo0 B W WAV Ay i veas

of the annual cycle, but the Northern and Southern hemi- :8& \V,’A\v/ YAl

spheres having inverted seasons. The and Dg details
show a significant correlation with a probability above 99%.
Therefore, because these details are included iGteand Sy
smooth curves, respectively, we suggest thatSheand Sy FIG. 7. Comparison ofs smooth curves regarding the North-
smooth curves are the best curves to indicate the global coGouth hemispheres and land-ocean regions.

1860 1880 1900 1920 1940 1960 1980 2000
year
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TABLE I. Correlation coefficientr between the TSI and the of correlation at short time scales, as Fig. 6 shows. There-

wavelet smooth curves of the temperature data sets. fore, the traditional correlation method of analysis may not
properly reflect the true nature of the phenomenon under

Global North South Land Ocean study.
s, 0.76 072 0.75 0.69 0.78 To overcome this limitation, in this section we address the

issue of establishing whether the temperature fluctuations are
characterized by some type of memory, under the specific
form of scaling properties that survive for at least from one

month to a few years. We investigate whether these scaling
of Fig. 3. In both cases we find that in the period of time properties take the form of fractional Gaussian statistics or of

from 1910 to 1950 and in that from 1980 to 2000 the soIarLéVy statistics. The latter statistics, as we mentioned, were

cycle yields oscillations about a mean temperature value si@tpund to properly describe solar flare activitys]. There-

nificantly increasing with increasing time. In Table | we re- 10r€; if the temperature fluctuations were shown, in a con-

port the coefficient of correlation between the TSI and the/iNcing way, to mirror the Ley statistics induced by the

S,—S, smooth curves of temperature, in several cases. Theolar flares, that would be strong evidence for the direct cou-

smooth curves for the ocean temperature are more correlat@nd Of global temperature and solar activity. In fact, as we
with the TSI, while the land region is less correlated. How-Pointed out in the Introduction, the solar flare frequency is

ever, the correlation between TSI and tBg-S; smooth expected to be a sufficiently good indicator of solar activiy.
curves of all earth regions is always significant: we obtain Before illustrating the results supporting our conjecture,

r~0.8 and the probability that the two data sets are correlVe present a short review of the basic issues concerning this
Iated = 2love O problem. We build up an artificial sequence that simulates

Also we observe that the Northern hemisphere is slightl)}he occurrence in time of artificial solar flajgs] and evalu-

warmer than the Southern hemisphere. This may be due fe the solar flare frequency sequence, that is, the sequence

the higher effective heat capacity of water, but it may also bé’f the ImfI_T].ber of solar fIareg dthat OCCU(; 1;0; a given .]E!”.‘el
due to the small effects of the ellipticity of the earth’s orbit lntervkﬁ. IS S_?_%lljence provi ﬁs a moae o:j an gr.tl 'C'?]
and the inclination of the earth’s axis of rotation. Moreover, ONthly mean sequence that Is supposed to drive the

because of the hydrodynamic interaction of the atmospher@Onthly mheanhalr_tgmperatu;eDzérX)maélengVe USZ this mﬁdel
over land and water, if in a given time region the temperaturé0 prove that the joint use o and can detect that
e Levy scaling coefficient embedded in the solar flare se-

over land is greater than that over the ocean, immediatelg; . tted 1o th h
afterward the opposite effect takes place, and the temperatu ence Is transmitted to the earth’s temperature sequences.

over the ocean is greater than that over the land. In fact, the )

land-ocear; smooth curve of Fig. 6 shows that in the time A. How to reveal Levy scaling

regions of persistent temperature incres®10-1950 and  gcale invariance has been found to hold empirically for a
1980-2000the temperature over the land is greater. Insteady,mber of complex systenjds], and the correct evaluation
in the time regions of persistent temperature decré880—  f the scaling exponents is of fundamental importance in
1910 and 1950-198Q@he temperature over land is less thanassessing if universality classes exis0]. The DEA and

Sy 0.80 0.77 0.78 0.74 0.82
S 0.82 0.77 0.80 0.77 0.84

that over the ocean. SDA techniques are based on the prescription that the num-
bers in a time serie§;} are the fluctuations of a diffusion
IV. SCALING ANALYSIS trajectory (see[15,21-25,49,5]Lfor detailg. Therefore, ac-

In th . . died th lati cording to the prescription of Rdf21], we shift our attention
n the previous section we studied the correlation among,,m the time serie$¢;} to the probability distribution func-
the temperature fluctuations of different regions of the eartqion (PDP) p(x,t) or the corresponding diffusion process

and the TSI. In particular, using a standard technique, W&ierex denotes the variable collecting the fluctuations and is

Seferred to as the diffusion variable. The scaling property

tails with a time scale larger than a few years, but we did NOL.kes on the form

find any significant correlation|i(| <0.15) within time scales

up to a few months. This lack of short-time correlation 1 X

among different regions of the earth may suggest that the p(x,t)=— F(—(s), (8)
fluctuations in solar activity do not have a significant influ- t t

ence on the earth’s short-time temperature fluctuations. How-

ever, this need not be the case. The data illustrated in Figs.Wwhered is the scaling exponent. The DER1] is based on
and 5 suggest that each region of the earth is subject to the evaluation of the Shannon entrofft) using the PDF
different type of random fluctuation. Moreover, Fig. 7 sug- (8). If the scaling condition of Eq(8) holds true, it is easy to
gests that similar temperature properties may appear in difrove that

ferent regions with a random time shift, this being a reason-

able consequence of the hydrodynamic interaction of the _ _

atmosphere over land and water, but also that different earth )= _J PO.HINLp(x,)]dx=A+4 In(t), ©)
regions respond in different ways to the same solar action.

The correlation method could mistake these effects for a lackvhereA is a constant.
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There are two main forms of anomalous diffusion. Therandom walker to always step in the same direction and by
first is the generalization of Brownian motion proposed bythe same amount any time an event occurs. Therefore, we
Mandelbrot [48], known as fractional Brownian motion find it convenient to adopt the same random walk prescrip-
(FBM) and yielding for the diffusion process a standard de-tion that provided an efficient method of analysis of solar

viation (see the SDA21]) that scales in time as flares[15], since the main purpose of this section is to estab-
lish that air temperature anomalies inherit thevy statistics
D(t) = (xZt)— (x;t)ZectH, (100 of solar flares.

L e . i Thus, we proceed as follows. Given a sequeiigg, with
This kind of anomalous diffusion fits the scaling definition of j=0,1, ..., ofrandom time intervals distributed according

Eq. (8) with 6=H becauseé=(y) is a Gaussian function of Eq. (14), we build up a new time serie&;} with the

[21]. e . following prescription. The discrete timeuns from 0O to the

A second Torm of anomalous diffusion is obtained by gen-payimum possible value allowed by the data under study,
eralizing the central limit theorer{CLT) [52,53. The pre-  5nq jgeally to infinity. At the integer timeat which an event
scriptions of the generalized central limit theoré¢@®CLT) occurs, we set,=1. For integer times at which no event
are as follows. Let us assume that the diffusing variatite occurs: we seEli:O. It is evident than the times with no

the stl_Jm oft irrl]de?er;]qler?thrandom \t/)arti)ﬁ_tt)leg_, tp%SiEVe O events are much more numerous that the times with an event.
negative, each of which has a probability distribution, sym- - - , : m
metric around»=0. Let us assume also that for large valuesThe times Wl-th events are given h-)yt[Elle']f wherela]
of |7, this distribution is an inverse power law. w?th index denotes the integer part af The times at which no event
m P ’ occurs fit the conditiod =L, 7]1<i <[={"7'7]. This time

p>1. We assign to it the following analytical form series generates a diffusion process with a scaling given by

1 -1 o=1/(u—1) for 2<u<3, namely, by Eq(13).
Po(m)=>(u—1) , (12) This particular approach to kg statistics yields a diffu-
2 (T+|9h* sion process with finite second moments. In fact, by using

this procedure the walks, some of which may have very large
whereT is a positive constant introduced to avoid short-timejntensities, are turned into the signal time persistence, lasting
divergences and to set the normalization condition. Note thafyr extended times in the case of exceptionally intense walks.
2<pu<3 ensures that, although the first momentrefiz] is  Consequently, as shown in Ref§4,55, the asymptotic time
finite, the second moment afis not. This divergence of the eyolution of the second moment has the form of ELp).
second moment violates the conditions necessary for thg¢ne power indexH can be related to the index in such a
CLT. Then, aCCOfding to the GCLT, fﬂr—>°°, the diffusion way as to be associated W|mby means of the Lw_wa"(
becomes stable and the Fourier transformpgk,t) ap-  diffusion relation(3), which we rewrite here as
proaches the ey form

11 1 L
3-2H u-1 o (15

p(k,t)=exp(—b|k|“t), (12) 5o

whereb=TY®*~1 js a generalized diffusion coefficient, de-
termined by the strength of the fluctuations, ame pu—1.
The stable form of Eq(12) yields scaling, namely, it fits the
condition of Eq.(8), and the scaling coefficierdtis given by

In the Introduction we pointed out that the joint use of the
DEA and SDA independently determinésandH, and there-
fore provides a compelling method for establishing theyLe
nature of the statistical process under study by checking the

1 validity of Eq. (15). Here we limit ourselves to pointing out
—_= . (13 that the assessment of this property is used to verify the
a p-1 conjecture that air temperature anomalies inherit theylLe
nature of solar flares.

In the recent literaturgl9,2( frequent use is made of the
Levy-walk model. The main idea of a’lkg walk is that the
random walker takes a step in a time proportionaﬁqﬂL B. Artificial sequences as an illustrative example
forward or backward, with the same intensity. We adopt the
Lévy-walk model and replace the distribution Ed.1) with
the corresponding time distribution

With the help of the earlier theoretical remarks we can
address the important issue of a stochastic model for air tem-
perature anomalieg56]. This is done as follows. We first
create a sequendg;}, which can be considered as a model
(14) for solar flares. Then we derive from this sequence a further
(T+7)* sequence f,}, whose values are obtained by recording the
frequency of events of the earlier sequence. We make the
The special form of Ley walk we adopt here is that origi- assumption that the air temperature fluctuations are propor-
nally proposed in Ref.49], which later[15] turned out to be tional to the values of this new sequence because the higher
especially convenient to analyze the solar flare waiting timehe solar flare frequency the higher the solar activity. We
distribution. The solar flare activity consists of impulsesrestate an important aspect discussed in the Introduction. The
separated by a waiting time interval whose distribution carsolar flare intermittency is not the direct cause of the earth
be well fitted by Eq(14). Thus, it is convenient to force the temperature fluctuations, since the radiation energy of the

nw—1

W(r)=(u—1)
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1 I ] 6 = 3
2 I I I 5 s v
3 H H “I 5182 HOT5. e =067
g T R —~ | i 5
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[a] (tme) t and (index) i 5, 1 0 o oS
' 5 A
g 20 DEA O o
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SN _ 001 0. 1 10 100
0 200 400 600 800 1000 1200 1400 1600 (diff. time) 1

[b] (time) t (general units) FIG. 9. DEA and SDA of the Ley-walk sequence shown in Fig.
8. The large picture refers to the analysis of the original 510 000
FIG. 8. Computer-generated intermittent sequence of impulsegata point sequendg;}. The small picture refers to the analysis of
with a Levy waiting time distribution witha=1.5. The sequence the 1700 data point frequency sequence shown in Fiy. Bhe two
& is always zero except at the occurrence of the event, when straight lines show the two theoretical scaling coefficieft®.67

=1. The timet indicates the temporal units, while the index andH=0.75 fora=1.5.[Note that for the SDA we plot the natural
indicates the position in the time seriéa) shows the first 3085.5  |ogarithm of D(t).]

=1650 data points which correspond to the first 5.5 time ufiifs.

shows the frequency of impulses for each unit of time. This last

sequence counts 1700 data points for 1700 time units obtained frorﬁ?r%utjrethan?ma“es’ which thOU|df eﬁldrefrlmry beHCIVC\)IS(\-'.'IIyr rti_
a 1700<300=510 000 long data sdt;} of the type of(8a). ated to the frequéency sequence ot sofar fliares. However, the
number of data points on temperature anomalies is much less

than the number of data points for solar flares. Instead, the

solar flares is relatively small. Instead, we suppose that thaumber of data points for the artificial temperature anomalies
periods of higher solar activity, when the solar active regiongroduced in this example is comparable to that for real data,
are slightly hotter and/or larger and more numerous, are alsdiscussed in the next subsection.
characterized by an increased solar flare frequency, at least in We now apply the DEA and SDA to both the artificial
a stochastic sense, because solar flares can be seen as a kiothr flares and artificial temperature anomaly time series of
of by-product of solar activity. In other words, we hypoth- Fig. 9. The results of this analysis are fitted with straight
esize that all solar phenomena are coupled in such a way thhes of the type of Eqs(9) and(10), yielding the two theo-
it is sufficient to study the dynamical evolution of one of the retical scaling coefficient$=0.67 andH=0.75 for a=1.5
solar phenomena, in this case the solar flare waiting tim@btained by using Eq(3). The large graph refers to the
series, to have a reliable stochastic representation of the evanalysis of the original 510 000 data point sequefi&é.
lution of the entire solar activity and, therefore, of the TSIThe inset depicts the analysis of the 1700 data point fre-
that ultimately heats the earth and drives its temperaturequency sequendd,}, shown in Fig. 80). The two graphs in
Thus, we suppose that the artificial solar flare frequency serig. 9 show a very good agreement with theory. In particular,
ries{f} is virtually the model for the air temperature anoma-we stress that the SDA and DEA plots, shown in the small
lies. inset, are obtained with the shorter data set having a length

Let us see how this is done in practice. First, we generateompatible with the mean monthly temperature data sets.
a sequence; of positive numbers distributed according to a Therefore, in the diffusion time intervallt<50, the statis-
Levy distribution with @=1.5 andb=20 that produces dif- tics generated bji=1700 data points is rich enough to ob-
fusion effects equivalent to those of the inverse power distritain a satisfactory PDF and, consequently, reliable scaling
bution Eq.(14) with u=a+1=2.5 andT=b“=90. Then we  properties. The small inset of Fig. 9 shows the typical bifur-
build a sequence of 510 000 data poifgg according to the cation associated with the two scaling laws that characterize
earlier rule, that is¢§;=0 almost always except at the occur- Lévy-walk statistics.
rence of the event whefyj= 1. This is our model to simulate The results of Fig. 9 confirm an important property of
the occurrence of solar flares. The numbierdl,2, . . ., are  scaling, that being that the long sequence of 510000 values
measured in natural units of . Figure &a) shows the first corresponding to the solar flare activity and the short se-
1650 data points of this long sequence. Then we choose guence of 1700 values expressing the intensity of tempera-
time unit, for example, such that 1 time uaB00 natural ture fluctuations yield the same anomalous statistics, vjLe
units. In the temperature data the time unit is one monthtype, with the same accuracy. This result is a consequence of
Therefore, Fig. 8 shows the first 5.5 time units of the the fact that in the latter case the temperature intensity is
sequence. In Fig.(8) we show the frequency of impulses for proportional to the number of solar events occurring in the
each time unit. The frequency time ser{dg} contains 1700 given unit of time, and consequently the random walker
data points. In conclusion, Fig(& illustrates the model for moves in the time unit by a space quantity proportional to
solar flares and Fig.(B) the model for mean monthly tem- that of the random walker of the former sequence. The two
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g(t)=H In(t) for the SDA and become straight lines as a
consequence of the linear-log representation we are adopting.
For values oft larger than 50, saturation effects due to the

25 SDA"H=0.95 limitations in the number of data points appear. The scaling
2 s appears after the first month and persists for several months.
The values of the scaling exponeiitsand § are obtained b
15 % g exp y

/DEAB:

0.90

S(1)-S(1) and In[D@/D(1)]

1 /
0.5

10

fitting the first ten points. We measure for the global tem-
perature,H=0.95+0.02 and$=0.90+0.02; for the North,
H=0.89+0.02 and$=0.85+0.02; for the SouthH=0.96
+0.02 and$=0.91+0.02; for the landH=0.88+0.02 and
6=0.84+0.02; for the oceanH=0.98+0.02 and §=0.93

+0.02.

The high values of the exponents imply a strong persis-

FIG. 10. DEA and SDA of the global temperature anomalies.tence of the temperature fluctuations. This means that the
The error for the two scaling exponentszi€.02. temperature changes gradually month by month. We observe

that both scaling exponen&andH are slightly larger for the

diffusion trajectories are equivalent, and consequently th&outhern hemisphere than for the Northern hemisphere and
diffusion algorithm[21] yields the same statistics with the for the ocean than for the land, indicating a stronger persis-
same accuracy. Therefore, \hediffusion can be realized on tence. These effects may again be explained as being due to
the basis of only 1700 data points, a fact that at first sighthe higher heat capacity of water than that of land, leading to
might seem questionable. In the same way, the fact that then increase in temperature persistence. Finally, we note that
monthly mean temperature fluctuation is associated to théhe standard deviation scaling exponehtsare larger than
occurrence of a large number of solar flares makes this aphe diffusion entropy scaling exponenssfor all five tem-
parently meager sequence equivalent to the sequence of sofsérature data sets. This means that the tails of the PDF of the
flares, and consequently statistically rich enough to deteglyo diffusion processes are slower than those of correspond-
Levy statistics. ing Gaussian distributions. The scaling exponefisnd H
satisfy the Ley-walk diffusion relation(3) within the accu-
racy of our statistical analysis.

These results suggest thatviyewalk properties emerge

Now we are ready to apply the DEA and SDA to the from the global and local temperature anomalies, which in

temperature data sets and, with the help of theyhwalk turn are related to the intermittency of the solar activity. In
model. we can relate the résults that we obtain to the turbuf@ct, the waiting time distribution of solar flares can be fitted

lent properties of the solar flares, discovered in eafti&— with an inverse power-law distribution of the type of Eyl)
18]. Figures 10 and 11 show the numerical results obtaineith #=2.14+0.05[15]. The value ofu=2.14-0.05 would
by using the DEA and the SDA for all five temperature imply Levy-walk statistics with=0.88+0.02 andH =0.93
anomaly data sets. On the ordinate axis we pld{t)/D(1)] +0.02[Eq. (3)] for an uncorrelated or shuffled data §&5]

and S(t)—S(1); thus, all curves start from 0. The straight that would lose any temporf'i,l correlation among the solar
lines are functions of the typi(t) =& In(t) for the DEA and flares and conserve only their \ye component. We observe
that the above values give a differenele- §=0.05+0.02

that is compatible with the difference betweldnand § that

t (months)

C. Scaling analysis of temperature anomalies and their affinity
with the solar flare intermittency

— 35 — 35

£ °,[. North A4z | Land we measure for all the temperature data sets. In particular,

g 25 Hoo 80 g 25 as 1 we haveH—6=0.05+0.02 for the global temperature and

. e 2 Y for both South and ocean regions and we hbeive 5=0.04

b DA e D e +0.02 for North and land regions.

7 05 el 7 o5 el To understand the actual valueskdfand § that we mea-

o os " ® o2 - sure for the five temperature data sets, first we have to notice
{8) t (montns) (¢} t (months) that the waiting time sequence of solar flare is also slightly

= *° [ South ZA= *°[Ocean correlated[15]. For the solar flare data, using the DEA we

s 2_: S .. measures=0.94+0.02, as Fig. 12 shows. We observe that

g H=0.96 g7, H=098 g this value of  is compatible with6=0.93+0.02 measured

E s /ﬂ 809118 s /f &0.93 for the ocean temperature. The ocean, in fact, is the region of

5 [ 5 77 the earth that should better follow the solar activity, at short

5 °‘z 7 °‘2 as well as long temporal resolution, for the reasons of exten-

1

10
{b) t {months)

1 10
{d) t {months)

sion, homogeneity, and heat capacity discussed earlier. These
important properties reduce the occurrence of uncorrelated

FIG. 11. DEA and SDA of the North-South hemisphere andévents in the ocean temperature that would decrease the val-
land-ocean region temperature anomalies. The error for the twdies of the scaling exponents, as we have already explained
scaling exponents i0.02.

above. Also, we observe that the occurrence of uncorrelated
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' - mistakenly interpreted as indicating that the fluctuations in
/ solar activity have no observable influence on the short-time
fluctuations in the earth’s temperature. To overcome this
3 .f limitation, in Sec. IV we have addressed the issue of estab-
= M lishing whether the temperature fluctuations are character-
U’é 5 agﬁ’ ized by some type of memory that could be associated with
%) gﬁf the solar intermittency, under a specific form of scaling prop-
o/{ erties that could survive for at least a few years.
1 O/ In any case, the MODWT gives an alternative analysis of

4t -0.59 + 0.94 In(n)

the temperature data that allows a deep study of the correla-
s tion among the main four regions of the earth and confirms
1 10 100 known influences of solar activity on the earth’s temperature.
(number of solar flares) n For example, we recover the 11-year sunspot cycles on the
FIG. 12. DEA of the unshuffled waiting time sequence of solareartﬂS telmperature, as well as equivalent long periods of
flares during the period 1991-2000. The value of the scaling expo(-aar.t cooling or warming that IaSte.d for seve(al decades. We
nent is =0 94+0.02. notice that the trend of the TSI during the period 1860—2000

is strongly correlated with th8; andSg smooth temperature

events would slightly reduce the \yglike memory and in-  CUrves. _ _
crease the Gaussianity of the data. This might explain why In particular, the analy3|s suggests that the increase of the
the difference betweemd and & slightly decrease€0.04 earth’s temperature dl_Jrlng the Ia.stl 80 years is partially re-
against 0.05 for the North and land regions. Finally, we lated to the increase in solar activity. While anthropogenic
observe that the scaling properties for the waiting time ofddded greenhouse gases may also have partially contributed
solar flares persist for 200 consecutive flares, and the waitinp the increase of the earth temperature during the last cen-
time for clusters of 200 solar flares may last for severafUry [9], we observe that natural phenomena like eruption of
months. The largest waiting time between two consecutiv&/olcanoes and several side effects of the solar variability can
solar flares during the period 1991—2000 lasted for almosgontribute to climate chand&9]. For example, the increased
three months, and on average there are nearly 60 solar flar8lar activity may favor an increase of the water vapor con-
per month[15]. Therefore, the temporal resolution of these C€ntration in the air, which is known as one of the stronge_st
clusters is compatible with the temporal range of the scalin@réenhouse gases, as well as the melting of snow and ice,
of the temperature data sets that persist for at least oyyhich will lower the reflection of the earth and increase the
months, as Figs. 9 and 10 show. absorption of solar energyt]. The increase of the concen-
All the above evidence suggests that ay-ike intermit- tration of atmospherlc Cgpand other greenhouse gases may
tency of solar activity induces an anomalous persistence d}iS0 be partially due to the fact that the warming of the
the alternating periods of high and low temperature on eartrP¢€ans may reduce the uptake of these gases from th air
In fact, periods with higher frequency of solar flares corre-However, it is still not easy to quantify the contribution to
spond to periods with higher solar activity during which theth€ climate change effect made by natural phenomena
sun is slightly hotter. So the fluctuations of the solar flareB9ainst that caused by human industrial actiyy]. The
frequency should stochastically mimic equivalent fluctua-@nalysis given here shows that during the last 20-30 years
tions in the earth temperature, in particular the ocean temthe temperature of the land has mcreased. more than .the tem-
perature, according to the simulation made using the simpl@€rature of the ocean, even though the higher effective heat

theoretical model illustrated in the earlier subsection. capacity of the water may play an important role in explain-
ing this effect. In any case, the influence of the solar activity

on the earth’s temperature is also consistent with the pres-
ence in the temperature data of long solar pseudocycles such
In this paper we study the influence of the solar activityas, for example, the strong 11-year sunspot and solar flare
on the earth’s temperature. In particular, we focus on how t@ycle shown byDg detail andS; smooth curves.
detect the Ly nature of the solar intermittency in the tem-  To establish whether the temperature fluctuations are
perature monthly mean fluctuations of the Northern andcharacterized by memory properties that mirror the solar in-
Southern hemispheres as well as in the land and ocean reermittency within a temporal range of a few months, we
gions. jointly use DEA and SDA21]. In fact, the solar flare activity
First, by using the MODWT to decompose the tempera{15] is assumed to reflect the turbulent nature of the dynam-
ture data sets into smooth and detail curves at different temies of the sun, through the kg-walk model. In fact, since
poral scales, we study thecale by scaleross correlations solar flares arise from solar activity, when they are collected,
between the temperature data sets. This analysis is able the solar flare frequency time series resembles other solar
detect global cross correlations only for time scales largeactivity time series like the sunspot number time series, and
than a few years, but with no significant correlation thus it should provide a good proxy for TSI at least from a
(—0.15<r<0.15) at time scales of a few months or less. Asstochastic point of view. Also, we observe that such a link
explained in Sec. IV, this lack of cross correlation betweenbetween solar flare frequency and solar activity has already
short-time-scale details of the temperature data sets could xeen used to estimate the long-time-scale fluctuation of the

V. CONCLUSION
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TSI before 160Q13]. In fact, by considering that flares usu- flare statistics is not unexpected due to the fact that the
ally occur near sunspot groups and that the aurora borealmcean, being very large, homogeneous, and with a high heat
below the arctic circle are caused by solar flares, it was poszapacity, affords ways to respond directly to the solar activ-
sible to estimate the number of sunspots and the TSI bity. The land region, instead, is subject to more random fluc-
calculating the frequency with which the aurora borealis waguations because of its inhomogeneous morphology. The dif-
seen in Europgl3]. ference between North and South seems to be mainly due to
A more direct relation between solar flare frequency timethe different percentage of land and ocean that each hemi-
series and TSI for the short-time-scale fluctuation is left to asphere contains.
further study. Herein this hypothesis is indirectly supported In conclusion, the results of this paper are remarkable
by the fact that we have revealed the presence of fhwy Le from two points of view. The first is that the analysis con-
statistics of solar flares in the alternating periods of high andirms the efficiency of a method of analysis of time series
low temperature on earth, in the form of alyewalk. In fact,  based on the joint use of the DEA and SDA, which is the
we have shown that the scaling indic®andH, given by the  only efficient way known to us to detect W statistics in the
DEA and SDA, respectively, fits the constraint ofiyewalk ~ form of a Levy walk. The second is that this analysis proves
diffusion relation Eq.(3) where a is the Lary exponent of that the earth’s temperature fluctuations inherit the scaling
the solar flare waiting time series. properties of the solar flare intermittency. This fact supports
According to the Ley-walk diffusion relation(3), Levy-  the hypothesis that the TSI stochastically resembles the solar
walk statistics yields a scaling expondmtmeasured by the flare frequency time series and that solar intermittency influ-
SDA slightly larger than the scaling exponehineasured by ences the global earth temperature also at relatively short
the DEA. The numerical results show that the difference betime scales. This correspondence cannot be determined using
tween the scaling coefficientd — §=0.05 obtained for the more traditional correlation methods and it suggests that the
temperature data sets coincides with the theoretical one olsun is a light Ley pulsar.
tained by using in Eq(3) the inverse power-law exponent
u=2.14 of the waiting time distribution of solar flares mea- ACKNOWLEDGMENTS
sured in Ref[15]. Moreover, there is very good agreement
between the expone@=0.93+0.02 measured for the ocean  N.S. thanks the Army Research Office for support under
and the exponent=0.94+0.02 measured for the waiting Grant No. DAAG5598D0002 and P.G. gratefully acknowl-
time sequence of solar flares. As explained earlier, the sigedges the financial support received from the ARO through
nificant affinity between the ocean temperature and the solgsrant DAAD No. 19-02-0037.
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