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Abstract

Time series for annual means of sunspot numbers, aa-indices of geomagnetic activity and annual numbers of 3-h

time intervals with di�erent values of aa-indices (aa R 4 and aar30) from 1868 to 1997 have been examined by the
method of running-window cross-correlation analysis. It has been found that the solar-geomagnetic correlation varies
over time. In particular, long-term variations of the 23-year running correlation appear to have a quasi periodicity of
about 40±50 years, superposed on a linear trend, where the trend describes a general decrease of the 23-year running-

window correlation between 1868 and the present. Long-term variations of the solar-geomagnetic correlation may
result from the quasi-periodic ¯uctuations of the time lag of geomagnetic indices relative to sunspot numbers,
superposed on an upward linear trend of time lag. Secular variations of the northern hemisphere land-air surface

temperature anomalies and two solar indices that are potential proxy measures for the total solar irradiance (i.e., the
length of the sunspot cycle and the Hoyt and Schatten (Hoyt, D.V., Schatten, K.V., 1993. Journal of Physical
Research 98, 18,895±18,906.) composite index) have been compared with the long-term variations of the solar-

geomagnetic correlation. The extremum points (points where the derivative vanishes to zero) of these variations are
found to occur contemporaneously during the periods of low solar-geomagnetic correlation, suggesting, perhaps, that
the long-term variations of solar-geomagnetic correlation are due to some long-term processes on the Sun and that

they have a measurable e�ect on the Earth. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

The in¯uence of solar variability on climate remains

one of the most important problems of solar-terrestrial

physics due to its signi®cance for long-term weather

forecasting. A large number of studies have been

devoted to this problem (from Wild, 1882; to Bucha

and Bucha, 1998) and several mechanisms have been

proposed to explain long-term climate changes due to

the e�ects of solar phenomena. For example, long-

term changes in the total solar irradiance (Friis-

Christensen and Lassen, 1991; Hoyt and Schatten,

1997; Wilson, 1998), modulation of the atmosphere

transparency properties induced by galactic cosmic

rays and solar ultraviolet variability (Pudovkin and

Raspopov, 1992), and modi®cations of the global elec-

tric circuit and cloud microphysics (Tinsley, 1996,

1997) have been suggested as possible mechanisms

whereby the Sun (and its solar wind) may in¯uence the

Earth's climate.

In particular, Friis-Christensen and Lassen (1991)
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obtained a correlation of high statistical signi®cance
between the global land-air surface temperature

anomalies and the length of the sunspot cycle (Butler,
1994; Butler and Johnston, 1994; Wilson, 1998).
However, when the correlation with meteorological

parameters is calculated for the sunspot numbers or
geomagnetic indices, the results obtained for di�erent
epochs are sometimes contradictory (Herman and

Goldberg, 1978; Cliver et al., 1998).
We suggest that this contradiction may result from

the non-linearity of solar-climate relationships, due to

some long-term processes on the Sun. Hence, the same
phenomena may be expected to manifest themselves in
solar-geomagnetic relations, as well. The aim of this
study is to investigate a particular long-term period-

icity in the solar-geomagnetic correlation and to com-
pare it with the long-term variations of total solar
irradiance and the Earth's temperature, thereby gain-

ing insight on the statistical association between cli-
mate on Earth and changes occurring on the Sun.

2. Approach

In this investigation, we use annual indices of sun-

spot number and geomagnetic data. We do this so that
we can neglect the sporadic sunspot related component
of geomagnetic activity (see Section 5).
Annual sunspot numbers �RZ� from 1868 to 1997

are used as the indicator for solar activity, while
annual geomagnetic aa-indices for the same period (see
http://tango.cept.ipsl.fr/0 isgi/) are used as the indi-

cator for geomagnetic activity. We also examined the
variations of the annual numbers of 3-h aa-indices
between ®xed thresholds because this is of interest for

comparing with the Earth's temperature. Therefore we
used the time series of the T(aa,daa) parameter for the
period from 1868 to 1997 as another indicator of geo-
magnetic activity, where T(aa,daa) is the annual num-

ber of 3-h time intervals having a level of geomagnetic
activity within the interval of aaÿdaa to aa+daa.
In the analysis, we apply a 23-year running-window

correlation (Kishcha and Dmitrieva, 1997) to the series
of RZ and aa/T(aa,daa). We calculate the correlation
coe�cient, r�n�, referred to the year n, using the fol-

lowing expression:

r�n� �

Xn�11
i�nÿ11

�x i ÿ �x �� yi ÿ �y ��������������������������������������������������Xn�11
i�nÿ11

�x i ÿ �x �2� yi ÿ �y �2
vuut �1�

where xi refers to a data set of annual sunspot num-
bers RZ for the 23-year interval from n ÿ 11 to

n + 11, �x refers to the mean value of the x i data set,
yi refers to a dataset of annual indices aa/T(aa,daa) for
the same time interval and �y refers to the mean value

of the yi data set. The 23-year running-window corre-
lation is obtained for each year between 1879 and
1986. (We use a 23-year running window, instead of a

shorter interval, in order to avoid distinctions that
may be attributed to even- and odd-numbered cycles,
e.g., Cliver and Boriako�, 1996.).

3. Long-term variations of the solar-geomagnetic

correlation

Variations of the 23-year running correlation
between RZ and aa from 1868 to 1997 are shown in

Fig. 1. In particular, we ®nd the following: a secular
decrease seems to exist for the solar-geomagnetic corre-
lation, and the correlation appears to vary quasi
periodically relative to the downward linear trend

(with years of high correlation alternating with years
of low correlation).
We also applied the 23-year running-window corre-

lation to the variations of the annual numbers of the
3-h aa-indices between ®xed thresholds T(aa, daa).
Here we used daa=2 and aa changed from 2 to 30.

Variations of the 23-year running-window correlation
between RZ and T(aa) over the entire range of the aa-
indices are represented in Fig. 2 by the ®eld of isolines
of the r�n� values. We see that a value of the aa-index

of about 8 or 9 is associated with r 1 0. Therefore, we
infer that such a level serves as a boundary separating
intervals of disturbed geomagnetic conditions (having

r�n� > 0� from quiet intervals (having r�n�<0�: On
either side of this boundary, long-term variations are
found to occur, being weaker for moderate geomag-

netic activity (aa-values from 12 to 25) and stronger
for both low and high geomagnetic activity levels
(aa R 4 and aar30).

Fig. 1. The 23-year running-window correlation between RZ

and aa-indices. Linear regression ®ts are shown by dots.
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Variations of the 23-year running correlation

between RZ and T(aa R 4)/T(aar30) from 1868 to

1997 are depicted in Fig. 3 (taken from Kishcha and

Dmitrieva (1997)). Plainly, linear trends exhibiting

decreases of the solar-geomagnetic running-window

correlation are again found. The correlation varies

quasi periodically relative to the downward linear

trends.

To estimate the signi®cance level for the obtained

23-year running-window correlation coe�cients r, we
used the method Z as proposed by Fisher for small

data sets (Panofsky and Brier, 1958; Isaev, 1988). The
values of Z are calculated using the expression:

Z � 1

2
ln

1� r

1ÿ r

and distributed in accordance with the normal distri-
bution with the mean-square error given as

Fig. 2. The ®eld of isolines of the 23-year running-window correlation between RZ and T(aa,2) over the entire range of aa values.

Fig. 3. The 23-year running-window correlation between RZ and T(aa R 4)/T(aar30): RZ and T(aa R 4) dashed line, and RZ and

T(aar30) solid line. Linear regression ®ts are shown by dots.
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sz � 1������������
Nÿ 4
p

where N is the number of data points. The statistical

signi®cance of the correlation r is estimated by the fol-
lowing condition: Z=szrtb, where tb is the Student's
parameter at the signi®cance level of b. In particular,

for the case of N= 23, the correlation r is found to be
statistically signi®cant at the signi®cance level of 0.05
when rr0.41.

When investigating long-term variations of running-
window correlation coe�cients, we propose that these
variations can result from the di�erences between the
trends of RZ and aa/T(aa R 4)/T(aar30). To test this

hypothesis, we must eliminate the trends by subtracting
the low frequency components from the initial data
sets. First, the low frequency components of the initial

data were selected by applying an 11-year running
mean to them. As shown in Fig. 4, the ®ltered low-fre-
quency components of RZ display a good agreement

with that of the T(aa R 4) and T(aar30) parameters.
The correlation coe�cients between RZ and T(aa R 4)
and between RZ and T(aar30) are equal to ÿ0.89

and 0.95, respectively. These correlation coe�cients,

calculated for the period from 1873 to 1992, are stat-

istically signi®cant at the 1% level of signi®cance.

Next, these ®ltered low-frequency components of

RZ, T(aa R 4), and T(aar30) were subtracted from

the original data sets to give the high frequency com-

ponents of the initial data; these are plotted in Fig. 5.

Then, we calculated the 23-year running-window corre-

lation coe�cients r�n� between the remaining high-fre-

quency components of the initial data (shown in Fig.

6). We ®nd that the r�n� values for the high frequency

components of the initial data sets appear to vary in

the same manner as shown in Fig. 1. Therefore, we

can reject the hypothesis that the long-term variations

of the solar-geomagnetic correlation result from the

di�erences between the trends of sunspot numbers and

geomagnetic indices.

To study the quasi-periodic peculiarities of the corre-

lation coe�cients (presented in Figs. 1 and 3) we sub-

tracted the linear trends from them. Detrended long-

term variations of the 23-year running correlation

between RZ and T(aa R 4)/T(aar30) are shown in

Fig. 7 (panels 1 and 2). In particular, we ®nd that the

Fig. 4. Top panel Ð low frequency components of RZ (solid

line) and T(aar30) (dots) ®ltered by the 11-year running

mean. Bottom panel Ð the same components of RZ (solid

line) and T(aa R 4) (dots).

Fig. 5. Top panel Ð high frequency ¯uctuations of RZ (solid

line) and T(aar30) (dots) with periods no greater than 11

years. Bottom panel Ð the same ¯uctuations of RZ (solid

line) and T(aa R 4) (dots).
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detrended long-term variations of solar-geomagnetic
correlation vary quasi periodically, having amplitudes

greater in the present century than in the last century

and a quasi periodicity of about 40±50 years; these
variations of the running-window correlation occur in

both analyzed cases (between sunspot numbers and

quiet geomagnetic conditions and between sunspot
numbers and disturbed geomagnetic conditions).

The correlation between RZ and T(aa R 4) is found
to be in phase and approximately equal in magnitude,

but opposite in sign, as compared with the correlation

between RZ and T(aar30). Intervals of low solar-geo-
magnetic correlation correspond to the negative values

on panel 1 and positive values on panel 2, and these

intervals are approximately 1879±1899, 1921±1947,
and 1968±1985. As we shall show in Section 4, these

intervals of low solar-geomagnetic correlation seem to

be important from the perspective of global climate.

It may be that the selected long-term variations of

the solar-geomagnetic correlation arise from the vari-
ations of time shift between geomagnetic indices and

sunspot number (Kishcha and Dmitrieva, 1998, 1999a,

1999b). The values of time delay can be estimated by

the determination of the time shift of maxima of the
crosscorrelation functions in the running 23-year win-

dow. Examples of the crosscorrelation functions for
two 23-year periods associated with the low and high
solar-geomagnetic correlation are presented in Fig. 8.

We see that the low correlation corresponds to the big-
ger time shift of maximum of the crosscorrelation
function and, thereby, to the bigger time delay of aa-

indices relative to the sunspot number.
Variations of the time delay of the geomagnetic indi-

ces aa, T(aa R 4), and T(aar30) relative to the sun-

spot number are shown in Fig. 9. We ®nd that secular
linear trends exist in these variations, whereby the
values of time delay increase from 0 years at the begin-
ning to about 2 years at the end (1868±1997), and

quasi-periodic changes of the time delay (amplitude
about 2±4 years) take place on the linearly increasing
background during the periods of low solar-geomag-

netic correlation.
We suggest that it is the variations of time delay

that cause the above mentioned variations of solar-

geomagnetic correlation. We base our suggestion on
the observed behavior of the long-term variations of
maximum solar-geomagnetic correlation derived by

using the shifts of maxima of the running crosscorrela-
tion functions (see Fig. 10). We ®nd that they are
expressed much more weakly.

4. Long-term variations of the total solar irradiance and

northern hemisphere temperature

Two measures of the solar cycle provide indirect evi-

dence that some global long-term processes on the Sun
may a�ect the long-term variations of solar-geomag-
netic correlation. These include the length of the sun-
spot cycle and the Hoyt and Schatten (1993) composite

index.
In Fig. 11, we compare the variations of the length

of the sunspot cycle (Friis-Christensen and Lassen,

1991) for the period of 1868±1990 (panel 1), the Hoyt
and Schatten (1993) composite index (panel 2), the
northern hemisphere land±air surface temperature

anomalies (Hansen and Lebede�, 1987) from 1868 to
1990 (panel 3), and RZ (panel 4). In the Fig. 11 each
of these variations has been smoothed using a poly-
nomial (sixth order) ®t to obtain the extremum points

(points where the derivative vanished). Also plotted in
Fig. 11 are the derivatives (panels 5±8). Inspection of
the derivatives reveals that for the length of the sun-

spot cycle, the Hoyt and Schatten (1993) composite
index, and the northern hemisphere temperature, van-
ish at nearly the same time (three instances). The de-

rivative of RZ behaves di�erently although, for the last
occurring extremum point, all derivatives occur nearly
simultaneously. These extremum points are found to

Fig. 6. The 23-year running-window correlation between high

frequency ¯uctuations of RZ and T(aa R 4) dashed line, and

between the same ¯uctuations of RZ and T(aar30) solid

line.

Fig. 7. Detrended long-term variations of the 23-year run-

ning-window correlation between RZ and T(aar30) panel 1,

and between RZ and T(aa R 4) panel 2. The times of low

solar-geomagnetic correlation are shown by vertical straight

lines.
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occur during periods of low solar-geomagnetic corre-

lation. (The polynomial ®t has been employed before

by Corbyn (1998) to investigate the correlation

between global temperature anomalies and geomag-

netic activity indices.)

Presuming that the Sun's total irradiance does vary

over time (Foukal and Lean, 1990; Wilson, 1992; Lean

et al., 1995; Willson, 1997; Hoyt and Schatten, 1997),

in particular, we expect the irradiance to have some

e�ect on the Earth's air temperature. Soon et al.

(1996) recently simulated the global climate warming,

using the global land-air surface temperature

Fig. 8. Examples of the crosscorrelation functions for two 23-year periods with the low (1966±1988) (panels 1 and 2) and high

(1947±1969) solar-geomagnetic correlation (panels 3 and 4). Panels 1 and 3 correspond to crosscorrelation between RZ and

T(aar30), and panels 2 and 4 between RZ and T(aa R 4).

Fig. 9. Long-term variations of time delay of the following geomagnetic indices relative to sunspot numbers: panel 1 Ð aa, panel 2

Ð T(aar30), panel 3 Ð T(aa R 4). Linear regression ®ts are shown by dots.
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anomalies derived by Hansen and Lebede� (1987), and

came to the conclusion that a great deal of the global

climate phenomena could be explained by the com-

bined greenhouse gas and solar e�ects. Also, Wilson

(1998) has shown that the Armagh observatory tem-

peratures are strongly associated with the length of the

sunspot cycle.

Likewise, our analysis supports the notion of a re-
lationship between temperature and the Sun, where

extremum points of the global temperature anomalies
coincide with occurrences of low solar-geomagnetic
correlation.

5. Discussion and conclusions

Many processes in the Earth's upper and lower at-

mosphere are de®ned by the total solar irradiance and
depend, in particular, on solar and geomagnetic activi-
ties. Our analysis of solar-geomagnetic correlation

(using a 23-year running-window cross-correlation
analysis) for the time span of 1868±1997 shows that
the correlation has varied over time. These variations
may be the result of a superposition of a 40±50 year

quasi-periodic ¯uctuation on a linear trend, where this
trend describes a general decrease of the 23-year run-
ning-window correlation. Furthermore, the long-term

variations of the solar-geomagnetic correlation may

Fig. 10. The 23-year running-window correlation between RZ

and aa corrected for shifts of maxima of the crosscorrelation

functions (points) and without correction (solid line).

Fig. 11. Left column: variations of the sunspot cycle length Ð panel 1, the Hoyt and Schatten (1993) composite solar irradiance

index (based upon ®ve solar indices, namely cycle length, cycle decay rate, mean level of solar activity, solar rotation and the frac-

tion of penumbral sunspots) Ð panel 2, northen hemisphere land-air surface temperature anomalies from 1868 to 1990 Ð panel 3,

and the sunspot number Ð panel 4. Sixth order polynomial ®ts are shown by dashed lines. Right column: the derivatives of sun-

spot cycle length Ð panel 5, of the Hoyt and Schatten (1993) composite index Ð panel 6, of the northern hemisphere land±air sur-

face temperature anomalies Ð panel 7, and of the solar sunspot numbers Ð panel 8. The times of low solar-geomagnetic

correlation are shown by vertical straight lines.
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result from the quasi-periodic ¯uctuations of time lag

of the geomagnetic indices relative to sunspot numbers
(with the same quasi period). We believe that the linear
trend of the decreasing solar-geomagnetic correlation

may result from the inferred increasing trend of time
lag. These trends may re¯ect the tendency for an inter-
linking of the solar and geomagnetic activities between

1868 and the present (Kishcha and Dmitrieva, 1999a).
The question arises, however, as to what is the main

cause of the ¯uctuations? We suppose that the answer
involves the very nature of geomagnetic activity. In ac-
cordance with our present-day understanding of geo-

magnetic activity, we note that it can be divided into
two main components: sporadic sunspot related ac-

tivity and recurrent geomagnetic activity (Ohl, 1971;
Feynman, 1982; Legrand and Simon, 1989; Wilson et
al., 1998), where recurrent geomagnetic activity is as-

sociated with high speed wind streams from coronal
holes that occur during the declining phase of the solar
cycle. The maximum of the recurrent component is

shifted relative to the sunspot cycle maximum because
the open magnetic con®gurations in the solar corona
are more stable during the declining solar cycle.

Legrand and Simon (1989) estimated that for about
90% of the time the geomagnetic activity is controlled

by the solar wind streams from coronal holes. So it

may be that we can neglect the sporadic sunspot re-
lated activity when the annual geomagnetic indices are
used. Presuming this to be true, we suggest that the

variations of the time lag of geomagnetic indices rela-
tive to sunspot numbers from cycle to cycle link pri-
marily with the stability of the open ®eld magnetic

con®gurations in the solar corona. Hence, they are as-
sociated with long-term variations of the disturbance

level of the Sun's large scale magnetic ®eld.
In support of this hypothesis, we can examine some

statistical associations between the long-term variations

of the solar-geomagnetic correlation and selected par-
ameters relevant to the Sun's large-scale magnetic ®eld

(Fig. 12). For example, it has been known (Nagashima
et al., 1991) that the intensity of galactic cosmic rays
(GCR) is linked with the disturbance level of the Sun's

large-scale magnetic ®eld, varying inversely. In Fig. 12
(panel 1) we plot the Kiel (Germany) neutral monitor
pressure-corrected counting rates for 2.32 GV cuto�

rigidity (taken from Solar-Geophysical Data, No. 645,
part 1, 1998) and the GCR density for 25 GV rigidity,
calculated from the worldwide cosmic ray network

stations relative to the level in 1965 (Belov et al.,
1990), smoothed by an 11-year running mean, and the

Fig. 12. Panel 1 Ð the long-term variations of the solar-geomagnetic correlation (solid lines) and parameters of galactic cosmic

rays: the variations of Kiel (Germany) neutron monitor pressure-corrected counting rate for 2.32 GV cuto� rigidity (points), and

density of galactic cosmic rays for 25 GV rigidity relative to the level in 1965, calculated from the worldwide cosmic ray network

stations (dashed line), smoothed by 11-year running mean. Panel 2 Ð the variations of rotation period of the Sun's large-scale

magnetic ®elds, obtained by Obridko and Shelting (1998) (squares), together with their sixth order polynomial ®t (dots) and the

long-term variations of solar-geomagnetic correlation (solid line).
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solar-geomagnetic correlation. Clearly, they vary inver-

sely. Thus, the GCR varies in a similar fashion to the
Sun's large-scale magnetic ®eld.
Additionally, Obridko and Shelting (1998) recon-

structed the structure of the Sun's large-scale magnetic
®eld from 1915 to 1988 using Ha solar observations.

They found that the solar rotation period changes sys-
tematically from 27 to 29 days during this interval.
Because the solar rotation period is also found to vary

systematically with depth from helioseismology obser-
vations (Kosovichev et al., 1997), it may be that the
change in solar rotation period is indicative of time

variations in the generation zone of the Sun's global
magnetic ®elds. Such time variations could result in

changes in the solar-geomagnetic correlation. In Fig.
12 (panel 2) we display variations of the solar rotation
period, originally obtained by Obridko and Shelting

(1998), together with their sixth order polynomial ®t
and the long-term variations of the solar-geomagnetic
correlation. There is a hint that there is a statistical as-

sociation between them.
It is noteworthy that the extremum points of the

long-term variations for the total solar irradiance
proxies have occurred during the periods of low solar-
geomagnetic correlation, while the same distinguishing

features have not appeared for sunspot numbers. From
this, we infer that sunspot number may not be the best
indicator (or proxy) for determining long-term changes

in solar irradiance. (Hoyt and Schatten, 1998.)
Taking into account the close association between

the length of solar cycle and global land-air surface
temperature found by Friis-Christensen and Lassen
(1991) and others (Butler, 1994; Wilson, 1998), it is not

surprising that the extremum points of the land-air
surface temperature anomalies of the northern hemi-

sphere have also occurred during the periods of low
solar-geomagnetic correlation. We take this as evidence
(albeit a statistical association) that both the long-term

variations of solar-geomagnetic interactions and the
long-term ¯uctuations of the temperature anomalies
depend on certain long-term processes on/in the Sun.

In conclusion, our 23-year running-window corre-
lation analysis of the solar-geomagnetic correlation has

yielded the following results: ®rst, the solar-geomag-
netic correlation varies with time. In particular, long-
term variations of the 23-year running correlation

appear to have a quasi periodicity of about 40±50
years, superposed on a linear trend, where this trend
describes a general decrease of the 23-year running-

window correlation between 1868 and the present.
Second, long-term variations of the solar-geomagnetic

correlation result from the quasi periodic ¯uctuations
of the time lag of geomagnetic indices relative to the
sunspot number, superposed on an upward linear

trend of time lag. Lastly, all extremum points of the
time variations for potential proxy measures of total

solar irradiance, e.g., the length of the sunspot cycle,
the Hoyt and Schatten (1993) composite index, and the

northern hemisphere land-air surface temperature,
have occurred during periods of low solar-geomagnetic
correlation.
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