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Abstract. Geomagnetic activity levels during the declining
phase and solar minimum period of the solar cycle are con-
siderably different from those during the solar maximum
phase. Previous studies revealed variations in the pattern of
recurrent activity from cycle to cycle as well as variations
in the average geomagnetic activity levels during a solar cy-
cle. During the declining phase of a solar cycle (and so-
lar minimum), the solar and interplanetary causes of geo-
magnetic activity are substantially different from those dur-
ing the solar maximum phase. Co-rotating fast solar wind
streams originating from large polar coronal holes, extending
towards the Sun’s equator, interact with the Earth’s magne-
tosphere, resulting in recurrent geomagnetic activity partic-
ularly during solar cycle minimum periods. This is a well-
known phenomenon with respect to 27.0- and 13.5-day re-
currence geomagnetic activity, and it is well-known to be re-
lated to sectorial (non-axial) poloidal magnetic field struc-
ture in the Sun. Published results of the recent solar-cycle-
23 minimum showed that the presence of 9.0- and 6.7-day
recurrent geomagnetic activities can be attributed to the sec-
torial spherical harmonic structure present in the solar mag-
netic field. In this study we performed a wavelet and Lomb-
Scargle analysis of the geomagnetic activity K index at Ler-
wick (LER), Hermanus (HER) and Canberra (CNB) for the
period between 1960 and 2010, overlapping with solar cycles
20 to 23. Daily mean K indices are used to identify how sev-
eral harmonics of the 27.0-day recurrent period change dur-
ing each solar cycle when comparing high and mid-latitude
geomagnetic activity, applying a 95% confidence level. In
particular the behaviour of the second (13.5-day), third (9.0-
day) and fourth (6.7-day) harmonics are investigated by do-
ing a wavelet analysis of each individual year’s K indices
at each location. Results obtained show that particularly dur-
ing solar minima the 27.0-day period is no longer detectable

above the 95 % confidence level, and that geomagnetic activ-
ity is in fact dominated by higher harmonics like 13.5-, 9.0-
and 6.7-day periods. These findings in fact are in line with
previous investigations and confirm the results obtained by
researchers using other geomagnetic activity indices like aa
and C9. The wavelet-spectrum analysis also reveals that dur-
ing the downward phase of cycle 23 and the very long mini-
mum of 23-24 between 2002 and 2008, the 27.0-day activity
period drops below the 95% confidence level. This is con-
firmed by Lomb-Scargle analyses of every year’s K index
activity. Results obtained in this study support evidence by
other investigations that this can be attributed to the lack of
coronal-mass ejection (CME)-dominated solar activity dur-
ing solar minima, periods characterized by strong solar dipo-
lar magnetic fields, less sunspot numbers than at solar max-
ima, and multiple prominent co-rotating solar wind streams
present. This analysis further confirms previous studies by
other authors that the pattern of recurrent activity is dictated
by the configuration of coronal holes which give rise to re-
lated high-speed streams during a solar cycle by analysing
K indices at both high- and mid-Ilatitude magnetic observa-
tories.
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1 Introduction

Solar cycles are characterized by changing recurrent geo-
magnetic activity which varies with the strength of the so-
lar magnetic field and the emergence of sunspots; e.g. during
solar maxima the Sun’s magnetic field is primarily toroidal,
which changes gradually during the declining phase of the
solar cycle to a poloidal dipolar field (e.g. Solanki et al.,
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Figure 1. A plot showing the axial dipolar spherical harmonic solar
magnetic field g(l) coefficient as well as the smoothed monthly mean
sunspot numbers between 1975 and 2010, and Carrington rotations
1690-2024.

2006; Love et al., 2012). This results in the gradual disap-
pearance of sunspots and associated coronal-mass ejection
(CME)-driven solar activity, with the appearance of large
areas of open magnetic flux accompanied by coronal-hole-
driven solar activities during solar minimum, while the value
of the dipolar solar magnetic field also fluctuates during a
solar cycle (Legrand and Simon, 1991), as shown in Fig. 1
for the axial dipole spherical harmonic coefficient g?, reach-
ing very small values during solar maximum, and maximum
strength during solar minimum. Past studies have shown that
the dominant periodicity for geomagnetic activity recurrence
is a 27.0-day period (Maunder, 1905; Bartels, 1932; Cliver,
1995; Tsurutani et al., 2006). Using a wavelet analysis, Tor-
rence and Compo (1998) showed that the power of the recur-
rent activity in the C9 index during 1950-2004 varies sub-
stantially during a particular solar cycle. In fact they showed
that the temporal pattern of power clearly varies from cycle to
cycle, and that intermittent 27.0- and 13.5-day periods, cor-
responding to one- or two-component co-rotating streams,
are evident. Torrence and Compo (1998) also showed that
the 27.0-day recurrent activity was unusually weak during
the mid-1960’s solar minimum. In a recent study by Love
et al. (2012) the following question was addressed: to what
extent do other harmonics also play a role during various
phases of different solar cycles, and if a possible correla-
tion exists with recurrent solar magnetic field variations, par-
ticularly during periods of sunspot minimum as has been
experienced for the years during minimum 23-24? During
2008, fewer sunspots have been detected than in any year
since 1913. Studies on solar wind data in 2005 show 9.0- and
6.7-day recurrence periods (Temmer et al., 2007), while the
same periods, corresponding to the 3rd and 4th harmonics of
the fundamental 27.0-day solar rotation period, could also be
identified in geomagnetic activity (Lei et al., 2008) for years
around solar cycle minimum 23-24.

In this investigation a wavelet signal processing method
was used to analyse the K index geomagnetic activity vari-
ations at Lerwick (60.13°, —1.18°), a high-latitude auro-
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ral magnetic observatory, as well as Hermanus (—34.425°,
19.225°) and Canberra (—35.32°, 149.36°), two mid-latitude
observatories. This was done in order to determine similari-
ties and differences in the behaviour of the different harmon-
ics (13.5-, 9.0- and 6.7-day) of the fundamental 27.0-day so-
lar rotation during the time interval between 1960 and 2010
which includes four solar cycles. The annual time series,
based on daily mean K indices, show strong non-stationary
periodic behaviour where the different harmonics appear in-
termittently with varying strengths. In addition, the Lomb—
Scargle (Lomb, 1976; Scargle, 1982) method is also em-
ployed for comparison purposes.

2 Data

The 3h K index data for Canberra (CNB) were down-
loaded (http://www.ga.gov.au/oracle/geomag) for the period
1985-2010 and then used to calculate daily mean values for
each year. A complete record of 9496 days with no miss-
ing days was obtained for CNB. In the case of LER, data
were retrieved from the British Geological Survey web page
(http://www.geomag.bgs.ac.uk/data_service/data) for the pe-
riod 1960-2010, with only 28 days of missing data out of
a total of 18628 days. HER data were not available for
1962, while in the case of 1974, too many data gaps con-
sisting of several days at a time were present, rendering this
year unsuitable for any analysis. A total record of 17898
days of which 52 days contained no data could be com-
piled for HER. Daily means were only determined when
more than 90 % of data were available, and in the case of
missing daily mean values spline interpolation was used to
fill single day gaps. For both Hermanus (HER) and Lerwick
(LER) the missing days consisted of single days scattered
randomly between 1960 and 2010. The spline interpolation
subsequently did not have any influence on the spectral anal-
ysis results. The Wilcox Solar Observatory solar daily mean
magnetic field data between 1976 and 2010 were also ob-
tained (http://wso.stanford.edu/), but as too many consecu-
tive days were sometimes encountered with missing data, no
interpolation was applied; therefore it was regarded as an ir-
regular time series. All graphs and plots in this paper were
done with the plotting package SigmaPlot (www.systat.com),
while the contour plot in Fig. 5 was the result of output gener-
ated using the Interactive Data Language (IDL) (http://www.
exelisvis.com/ProductsServices/IDL.aspx) wavelet applet.

3 Wavelet and Lomb-Scargle analysis

Wavelet analysis is a powerful tool to decompose a time
series into time-frequency space and to determine both the
dominant modes of variability, in particular when these time
series contain non-stationary power at different frequencies
(Daubechies, 1992). In this investigation a Morlet wavelet
(Morlet et al., 1982; Torrence and Compo, 1998), ¢ () con-
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sisting of a plane wave modulated by a Gaussian, was ap-
plied:

(p([) — t_1/4€iwor€_t/2,

where wy is the non-dimensional frequency, and while ¢ is the
non-dimensional time parameter. Wavelets allow the analysis
of non-stationary signals to investigate the periodicity con-
tent and localization in time or space. This space/time local-
ization is possible as the wavelet function ¢ is defined in a
finite interval. In wavelet analysis it is therefore possible to
represent signals f(¢) by series such as follows:

fo=>"> celo.

Jj=—00k=—00

where <p,{ = ¢(2/1 —k) are called the mother wavelets (Mor-

let in this investigation) and c,{ are the wavelet coefficients,
whose amplitude (power) are directly proportional to the sig-
nal they represent. For the purposes of this investigation Mor-
let orthogonal wavelet functions of order 5 were chosen, as
they are symmetric and provide an effective representation of
high-order polynomials, which are suited for the detection of
short-period behaviour in K index time series consisting of
daily mean values. Wavelet transforms were also employed
by Balasis et al. (2006) to perform a fractal spectral analysis
of the 2001 Disturbance storm-time (Dst) index time series
at solar maximum.

The Lomb-Scargle method on the other hand was used
to verify results obtained from wavelet analysis. This spec-
trum analysis method, being a variant of the Fourier trans-
form with particular application to unevenly sampled data,
represents a signal as the sum of sine and cosine functions of
infinite duration. The computer algorithm (Press et al., 1992,
chapter 13.8) is applied to the daily mean values for each
year between 1960 and 2010. In the case of our K indices
the statistical properties and characteristic periodicities vary
with time, so we could only obtain information about the fre-
quency content without any localization in time.

4 Results and discussion

The wavelet power spectra obtained by analysing the daily
mean K indices at LER and HER for each individual year be-
tween 1960 and 2010 inclusive, made it possible to identify
periodic components to a confidence level of 95%. In par-
ticular the short-term periodicities corresponding to the 2nd,
3rd, and 4th harmonics of the fundamental solar rotation pe-
riod of 27.0 days were investigated during each solar cycle in
this time interval. In the case of CNB, data without gaps of
several consecutive days for K indices were only available
between 1985 and 2010, and allowed a comparison between
CNB and HER, located at mid-Iatitudes, as well as LER sit-
uated at high-latitudes, for this particular time interval.
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Figure 2. Recurrence periods as identified by wavelet analysis of
LER annual time series K indices from 1960 until 2010.

In order to determine the short-period K index geomag-
netic activity recurrence, a Morlet wavelet analysis was per-
formed for each year between 1960 and 2010 for both LER
and HER, while in the case of CNB the time interval was be-
tween 1985 and 2010. This enabled the identification of 6.7-,
9.0-, 13.5- and 27.0-day periods in the annual data intervals
at a confidence level of 95 %, and particularly the behaviour
of these periodicities during the various solar cycles investi-
gated. Results obtained for LER, HER and CNB are shown
in Figs. 2—4.

A power spectrum for LER is shown in Fig. 5 for 2007
when solar activity was extremely low, showing that the short
periods and particularly the 13.5-day periodicities are the
most prominent.

From these figures it is quite clear that the different pe-
riodicities appear without a fixed pattern during each year
and that the average power scales according to the particu-
lar harmonic. During the time interval particularly between
2002 and 2009, the power spectra at LER, HER and CNB
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Figure 3. HER recurrence periods as identified in the annual time
series of K indices using wavelets from 1960 until 2010.

are dominated by the 13.5-day period, with the 27.0-day pe-
riod below the confidence level of 95 %. This phenomenon
is indeed also observed during and around solar cycle min-
ima occurring at 1965 and 1976. This is possibly due to
magnetic storms that result from the sporadic occurrence of
coronal-mass ejections, and the fact that fast streams from
coronal holes during solar cycle minima are more dominant.
This finding is in line with results obtained by Katsavrias et
al. (2012) who found that the 27.0-day period could not be
detected at a confidence level of 99 % during the minimum
of cycle 23 in the case of the interplanetary magnetic field
components. It has been proposed in previous investigations
of periodicities in solar wind parameters (e.g. Mursula and
Zieger, 1996) that activities dominated by a 13.5-day peri-
odicity are due to the occurrence of two high-speed streams
per solar rotation. On the other hand the power of the 6.7-day
periodicity during solar minima is on average 30 % stronger
than during solar maxima for the period stretching from 1965
until 2010 as shown by the behaviour observed at LER and
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Figure 4. Periods identified in the annual time series of K indices
as recorded at CNB between 1985 and 2010 using a Morlet wavelet
analysis.

HER. In fact during 2006 the 6.7-day period is the dominat-
ing periodicity above a confidence level of 95 % at both LER,
HER, and CNB, as revealed by a Lomb-Scargle analysis.
The 27.0-day period could not be clearly identified, and only
appears as a broad peak stretching from 26 to 30 days dur-
ing 2006 below the 95 % confidence level. A Lomb-Scargle
spectrum analysis of the solar magnetic field in 1995, 2005
and 2006 revealed that only the 13.5-day period is present,
suggesting a correlation between solar magnetic field and
geomagnetic activity periodicity as shown by K index be-
haviour, particularly during solar cycle minimum when it is
observed that the 27.0-day period appears to be less signifi-
cant as revealed by both wavelet and Lomb-Scargle analysis.
Several publications have appeared over the years on results
obtained by studying the behaviour and influence of solar cy-
cle and solar wind parameters on geomagnetic activity levels
(e.g. Crooker et al., 1977; Kojima and Kakinuma, 1990; Mur-
sula, 1999), periodicities in the interplanetary magnetic field
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Figure 5. Morlet wavelet K index power spectrum for LER during
2007 showing the periodicities at a confidence level of 95% (in-
dicated by the white contour lines). The absence of the 27.0-day
geomagnetic-activity recurrence interval is to be noted.

(Gonzalez and Gonzalez, 1987), and solar excursion phases
during several solar cycles (Mursula and Zieger, 1998). Re-
sults obtained by these and other authors showed that the ori-
gin of periodicities in geomagnetic activities is linked to the
domination of solar activity during solar cycle minimum by
coronal holes (e.g. Sheeley Jr. et al., 1976), responsible for
multiple-component high-speed streams, while during solar
maximum CMEs are the main drivers of geomagnetic ac-
tivity (Gosling et al., 1991). It is also known that the struc-
ture of the heliosheet is controlled by the strength of the so-
lar dipole configuration, i.e. during sunspot maximum inter-
vals, the heliosheet has a complex non-dipolar structure, con-
trolled by sectorial solar magnetic fields, as shown by Love
et al. (2012). The occurrence rate of CME-related storms
has a tendency to follow the sunspot cycle with large mag-
netic storms occurring during solar maxima (Richardson et
al., 2001).

Figure 1 shows plots of monthly mean values of both the
axial dipole spherical harmonic coefficient g‘l’ (Wilcox Ob-
servatory models at solar radius Rs = 2.5) and sunspot num-
bers between 1975 and 2010 and Carrington rotations 1690—
2024. From these plots, it is clear that also the axial dipo-
lar solar magnetic field behaved differently during the mini-
mum of 23-24, particularly between 2003 and 2010. Instead
of reaching a maximum value like in the previous solar cy-
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Lomb-Scargle: 2008 K indices
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Figure 6. A Lomb-Scargle analysis of the periodicity at HER, LER
and CNB during 2008 showing the dominance of the 9.0- and 13.5-
day periods above the 95 % confidence level.

cles, g? stayed at a relatively low level, while the sunspot
numbers diminished to a very low minimum. This compli-
ments the finding of Love et al. (2012) that the solar dynamo
reached a state of unusual asymmetry during the recent min-
imum 23-24, resulting in a non-axisymmetric heliosheet that
led to the strong 9.0- and 6.7-day geomagnetic activity recur-
rence.

The 9.0- and 13.5-day periodicity seem to play an impor-
tant and distinguishable role particularly during the down-
ward phase and minimum periods of several solar cycles as
revealed in this investigation. This was quite evident during
1985, 1994, 1996 and 2008 at all three observatories, but not
around 1975 at HER, the minimum of cycle 20. A Lomb-
Scargle analysis confirmed the wavelet analysis results. In
particular for 2008, as shown in Fig. 6, only the 9.0- and
13.5-day periods can be distinguished above the 95 % level.
Although a 26- and 28-day periodicity can be identified in the
spectrum of the solar magnetic field during 2008, the solar
activity is dominated by the 13.5-day period. In fact during
2005 and 2006 only the 13.5-day periodicity can be seen in
the solar magnetic field spectrum, while in 2009 the 27.0-day
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periodicity has recovered its power and is starting to be the
most dominant period, and in the process coinciding with the
rising period of cycle 24.

5 Conclusions

Several interesting features regarding the behaviour of the
different harmonics of the 27.0-day synodic rotation of the
Sun have been revealed by this wavelet and Lomb-Scargle
spectrum analysis of K indices at both high and mid-latitudes
during 1960-2010, as observed at LER, HER, and CNB.
Of particular interest is that recurrent geomagnetic activity
changes over the time interval of each solar cycle, partic-
ularly the 6.7-, 9.0-, 13.5-day and also the 27.0-day peri-
ods. At solar cycle maximum, the dominant interval for geo-
magnetic activity recurrence is a 27.0-day period, coinciding
with low solar magnetic field strength and maximum sunspot
numbers. During solar maximum periods, solar activity is
predominantly characterized by increased levels of coronal-
mass ejections, which act as the main drivers for the ob-
served increase of geomagnetic activity (Gosling et al., 1991;
Cliver, 1995; Richardson et al., 2001). At solar minimum
on the other hand, the solar activity conditions are charac-
terized by low sunspot numbers, with semi-isolated coronal
holes emitting high-speed solar wind streams (Neupert and
Pizzo, 1974), responsible for lower geomagnetic activity as
reflected by K index behaviour. The study by Richardson et
al. (2001) concluded that storms associated with streams are
most prevalent during the decay and minimum phase of the
solar cycle. These storms are generally small or medium in
size in comparison to solar maximum conditions. The declin-
ing phase of cycle 23 and the following very low and unusu-
ally long minimum of 23-24 were different than previous so-
lar cycles (e.g. Russell et al., 2010). Studies for the years near
minimum 23-24 showed high levels of semi-persistent 9.0-
and 6.7-day recurrence intervals in solar wind data (Tem-
mer et al., 2007), while the same harmonics have also been
identified in auroral electrons (Emery et al., 2009). Love et
al. (2012) made an analysis of the geomagnetic activity aa
index and concluded that the presence of high levels of oc-
currence of particularly the 9.0- and 6.7-day periods during
the minimum of 23-24 is related to unusually low levels of
sunspot numbers as well as the sectorial spherical harmonic
structure of the solar magnetic field. The spectral analysis of
daily-mean K indices at LER, HER, and CNB revealed that
solar minima during the period between 1960 and 2010 are
characterized by the occurrence of the 4th, 3rd, and 2nd har-
monics of the synodic solar-rotational period. In fact it is also
revealed in this investigation, using a Lomb-Scargle spec-
tral analysis, that the solar magnetic field is dominated by
the 13.5-day period during solar minima. This can possibly
be the result of the non-axisymmetric structure in the solar
magnetic field during periods of low sunspot numbers, par-
ticular during the downward and minimum phase of cycle 23,
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when the poloidal field is dominating (Love et al., 2012). It
is also observed that the 27.0-day rotational period drops be-
low the 95 % confidence level during this period, which can
be due to solar activity dominated to a large extent by solar
winds originating in coronal holes, having a direct influence
on the heliosphere and the ensuing geomagnetic activity as
recorded by K indices at observatories located at both high
and mid-latitudes. Although data for CNB are only available
for the period 1985-2010, spectrum analysis results obtained
for this observatory are in line with what is observed at LER
and HER for the same period.
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