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RESUMEN

En el presente trabajo se hace un anilisis espectral y una reconstruccion del indice geomagnético aa, usando los métodos de
ondiculas y de regresion iterativa (ARIST). La serie del promedio anual de aa (1868-1998) se descompuso en niveles de frecuencias.
ARIST se aplicd a cada nivel para identificar las principales periodicidades y sus amplitudes y fases. Las frecuencias mas relevantes
al 95% de confianza fueron entre 2-5 afos, entre 5-10 afios, y alrededor de 11-12 afios, 23 afios, 31 afios, 44 afnos, 100 afios y 156
afos. Para la tendencia a largo plazo se aplico un ajuste lineal. Usando las frecuencias significativas, se calcul6 una suma de ondas
sinusoidales y se afiadio6 a la tendencia a largo plazo, con lo que se pudo recoinstruir el indice aa. Las series temporales reconstruidas
y originales tienen un indice de correlacion de r = 0.72 en el periodo 1868-1998. Se extendi6 la reconstruccion para el periodo
1800 — 2050 AD. La reconstruccion para 1800-1867 muestra valores bajos similares a los del periodo 1868-1920. Los valores para
2000-2050 muestran niveles de actividad geomagnética similares a los presentes, con un pequefio decremento en 2010-2025. La
misma técnica fue aplicada al suavizamiento de 3 afos del indice aa y la correlacion entre la serie original y la reconstruida es de
r = 0.91. Este mayor indice de correlacion proviene del hecho de que se remueven las fluctuaciones de alta frecuencia; sin
embargo, la tendencia a largo plazo es similar a la obtenida con las series anuales.

PALABRAS CLAVE: Indice aa, periodicidades, reconstruccion de aa, ondiculas.

ABSTRACT

Spectral analysis and reconstruction of the geomagnetic activity aa index using the wavelet transform and an iterative
regression method (ARIST) is presented. The aa annual average data (1868-1998) was decomposed in frequency levels using the
best wavelet packet decomposition tree. ARIST was applied at each level to identify the main periodicities and amplitudes and
phases. The most relevant frequencies at the 95% confidence level were found at periods between 2-5 years, between 5-10 years,
and around 11-12 years, 23 years, 31 years, 44 years, 100 years and 156 years. The last level of wavelet decomposition is the long-
term trend, and a linear fit was applied to this level. Using significant frequencies, a sum of sine waves was calculated and added
to the long-term trend, to obtain a reconstructed aa index time series. The original and reconstructed aa time series have a
correlation coefficient r = 0.72 in the period 1868-1998. The reconstruction was extended beyond the data interval, for the period
1800 — 2050 AD. The reconstructed past aa values (1800-1867) show low values, similar to the period 1868-1920. The forecasted
values of aa for years 2000-2050 show geomagnetic activity levels similar to the present ones, and a small decrease in the period
2010-2025. The same technique was applied to the 3-year running average of the aa index and the correlation of this data with the
reconstruction was higher (r = 0.91) because of the removal of high-frequency fluctuations. The long term trend of the recon-
structed series is similar to the one obtained with aa annual averages.

KEY WORDS: aa index, wavelet transform, aa periodicities, reconstructed series.

INTRODUCTION activity index (aa), available since 1868 and which was de-

fined by Mayaud (1971; 1972; 1973; 1980), to describe the

The solar modulation of geomagnetic activity and its
corresponding effects on the Earth’s atmosphere is a very
well known fact. Also the 11-year solar cycle and the associ-
ated variability that it causes on the electromagnetic envi-
ronment of Earth—-the Geospace have largely been studied
(Gorney, 1990; Kivelson and Russel, 1995; Gonzalez et al.,
1999).

The sunspot number has been largely used to infer about
the long term variability of the solar activity. The longest
time series of geomagnetic activity is the 3-hour antipodal
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characterization of the geomagnetic activity by using the K
indices of two antipodal observatories. A planetary charac-
terization may be reached because diurnal and annual varia-
tions in each hemisphere are cancelled using antipodal ob-
servatories. The aa index is the average of the 8 aa 3-hour
indices of the day, similar to the Ap definition (Rostoker,
1972; Rangarajan, 1989; Menvielle and Berthelier, 1991) .

Nowadays records are available from the observato-
ries of Melbourne in Australia and Greenwich in England.
The slight changes that occurred in the sites of the antipodal
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geomagnetic observatories (Menvielle and Berthelier, 1991)
have not affected the time series. The observatories loca-
tions were: Northern Hemisphere, Greenwich (1868-1925).
Abinger (1926-1956) and Hartland (1957); Southern Hemi-
sphere, Melbourne (1868-1919); Toolangui (1920-1979) and
Canberra (1980). The invariant magnetic latitude of the an-
tipodal observatories is about 50°.

Reconstruction of the aa index for a period near 500
years have been made using relations with the sunspot num-
ber (Kane, 1978; Silverman 1985). Calculations of aa index
for specific periods, as the Maunder minimum, also have
been made (Mendoza 1997, Cliver et al., 1998a; 1998b). A
reconstructed aa series for the period 1844-1880 was ob-
tained by Nevanlinna and Kataja (1993) who have derived
the aa series 1844-1880 using a correlation between hourly
magnetic declination data at Helsinki and aa series.

In this work a spectral analysis using wavelet trans-
form is made on aa annual averages (1868-1998). The aa
data is broken down in frequency levels using the best wave-
let packet decomposition tree and a regression model is ap-
plied using the most significant periodicities to obtain a re-
constructed aa time series which was extended over the pe-
riod 1800-2050. A similar technique was developed and used
by Rigozo et al. (2001), in order to reconstruct the sunspot
number series for a 1000 years period. A comparison with a
smoothed series, the 3 year running average of the aa index,
is also made in order to evaluate the influence of high fre-
quencies in the reconstruction.

WAVELET ANALYSIS

The wavelet transform is a very powerful tool to ana-
lyze non-stationary signals and enables us to obtain expan-
sions of a signal using time-localized functions — wavelets,
that have good properties of localization in time and in fre-
quency domain (Kumar and Foufola-Georgiou, 1997,
Percival and Walden, 2000). The wavelet transform may be
continuous or discrete.

The discrete wavelet transform may be used in multi-
resolution analysis, which is concerned with the study of sig-
nals or process represented at different resolutions and de-
veloping an efficient mechanism for going from one resolu-
tion to another (Percival and Walden, 2000). In this work the
best wavelet packet decomposition tree was used to decom-
pose the aa data in frequency levels. This method is a gener-
alization of the wavelet decomposition and it offers a richer
range of possibilities for signal analysis. In the wavelet de-
composition analysis, the signal (S) is decomposed in an ap-
proximation (A) and in a detail (D). The detail contains the
high-frequency part of the signal, whereas the approxima-
tion contains most of the characteristic frequencies of the
signal. In the first step of the decomposition, S =A; + D;. In
a next step, the approximation itself is split in a second level
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approximation, A; = A, + D, and S = A, + D, + D,. The
most suitable decomposition of a given signal is selected on
an entropy-based criterion and the process is repeated until
this criterion is reached (Percival and Walden, 2000). In wave-
let packet analysis, both details and approximations are split.
Thus, in a first step S = A; + D,. In a second step both ap-
proximation and detail are split, A; = AA, + DA, and D=
AD, + DD,, and the signal is S = AA, + DA, + AD, + DD,.

ITERATIVE REGRESSION ANALYSIS

It is well known from the classical spectral analysis
that a quasi-stationary and quasi periodical time series could
be represented by a sum of sine functions of n periods, ex-
pressed as

f(t)=$rnsin(2nTL+¢n), (1)

n

where r, is the amplitude of the n-th frequency, 7, is the pe-
riodicity and ¢, is the phase.

In order to identify the main periodicities, its ampli-
tudes and phase in each wavelet decomposition level, an it-
erative multiple regression model (Wolberg, 1967), labeled
ARIST “Analise por Regressdo Iterativa de Séries
Temporais”- Iterative Regressive Analysis of Time Series
(Rigozo and Nordemann, 1998) was used.

The ARIST method gives information on frequency,
amplitude and phase as well as their standard deviation. In
this work the ARIST was applied to each one of the wavelet
decomposition levels and the most significant periods at 95%
(amplitude higher than two times the standard deviation) were
analyzed and used in the reconstruction of aa.

RESULTS AND DISCUSSION

The period of 1868-1998 of aa annual averages was
used in this work. aa series presents some well know char-
acteristics. Besides a cyclical variation associated to the 11-
year solar cycle, the aa shows an increasing trend in both
minima and maximum values of the cycle (Gorney, 1990).
The level of the magnetic activity is much lower during mini-
mums of low sunspot activity cycles than during minimums
of high sunspot activity cycles. Whereas sunspot number
returns to low values at each solar minimum, aa minima re-
flect the long-term level of solar activity revealed by cycle-
averaged sunspot number. Other well known feature in the
aa time-series is the dual peak structure (Gonzalez et al.,
1990; Gorney, 1990), showing a peak near sunspot cycle
maximum and other in the descending phase. This second
peak is caused by geomagnetic disturbances due to coronal
hole fast streams, which are more frequent in this part of the
solar cycle.



In Figure 1 the best wavelet packet decomposition tree
for aa is shown. These are the decomposition levels for aa
and they were chosen based on the entropy criterion. In this
decomposition, 20 frequency levels were obtained.

As explained in the Wavelet analysis section, at a first
step the signal is decomposed in an approximation (1,0) and
a detail (1,1). At each node of the decomposition tree, the
information to be gained by performing each split is quanti-
fied and based on entropy criterion, the decision to decom-
pose or not the level is taken. In the second step, the approxi-
mation (1,0) was decomposed in a new approximation (2,0)
and a detail (2,1), and these one were decomposed: (2,0) =
3,00+ (3,1 and (2,1)=(3,2) +(3,3), s0 (1,0)=(2,0) +(2,1)
=(3,0) + (3,1) + (3,2) + (3, 3). This process is repeated until
the last levels shown in Figure 1.

In Figures 2 and 3 the decomposition frequency levels
are shown. The levels are shown in growing order of peri-
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ods. In Figure 2 the levels (1,1), (3,2), (5,15), (6,28), (6,29),
(5,13), (5,12), (4,2), (5,7) and (7,26) are shown. In Figure 3
the levels (7,27), (6,12), (6,7), (7,13),(7,12), (5,2), (5,1), (6,1),
(7,1) and (7,0) are shown.

After the determination of frequency levels, the ARIST
method was applied to each one and the statistically signifi-
cant periods (95%) were selected. These periodicities are
shown in the upper part of each panel in Figures 2 and 3. For
the last level, (7,0), the so-called scaling level, proportional
to the average of the series (Percival and Walden, 2000), a
linear fit was applied and the correlation coefficient of this
fit was r = 0.99.

The 11-year related solar cycle signal has a set of peri-
ods between 8-14 years, with one at 11.10 years. It is also
observed that there is a band of periodicities in the high fre-
quency part of spectrum, between 2 to 5 years. Among them,
a period near 4 years is observed, which has been found in
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several geomagnetic acitivity indices spectral analysis
(Fraser-Smith, 1972; Delouis and Mayaud, 1975; Claa de
Gonzalez et al., 1993; Rangarajan and Iyemori, 1997) and it
is not present in the sunspot number (solar) spectrum (Claa
de Gonzalez et al., 1993). This period is supposed to be caused
by the dual-peak structure in the aa index (Cliia de Gonzalez
et al., 1993) and this dual-peak distribution could be caused
by the fact that the distribution of intense magnetic storms
has a separation of about 3-4 years (Gonzalez et al, 1990).
An alternative explanation is that this 4-year periodicity could
be caused by a similar periodicity in the high-speed streams
associated with sector boundary passages (Rangarajan and
Iyemori, 1997).

The solar magnetic cycle is also observed with a pe-
riod of 24 years. The existence of this cycle has been ques-
tionable (Cliver et al., 1996) and whereas it has been found
in spectral analysis by some authors (Currie, 1973, Courtillot
et al., 1977), others have not been able to detect it (Fraser-
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Smith, 1972; Delouis and Mayaud, 1975; Clta de Gonzalez
et al., 1993). Longer periods are observed around 31, 44
years, 100 and 156 years.

Periods near 30 years that were found in this work also
have been found in other spectral analysis ( Fraser-Smith,
1972; Delouis and Mayaud, 1975; Claa de Gonzalez et al.,
1993; Rangarajan and Iyemori, 1997).

Longer periods were found in this work (100 and 156
years) because the wavelet filtering have isolate long-term
trends and the ARIST method has the ability to detect sinu-
soidal variations even when a full period is not present (ARIST
can fit a part of a sine wave signal).

The periods statistically significant shown in Figures 2
and 3 were used in Equation 1 to obtain the reconstructed aa
time series. In Figure 4 the original (continuous line, period
1868 1998) and reconstructed (dotted line, period 1800-2050)

40 ' | ' |

Reconstruction of the aa index

aa index time series are shown in the upper panel. The corre-
lation coefficient of both series (original and reconstructed)
for 1868 1998 is r = 0.72, what indicates that the reconstruc-
tion explains about 50% of the series, and it indicates that the
reconstruction describes reasonably the general behavior of
aa. However, the observed disparities on several occasions
could be expected on the basis that only 50% of the variance
between the two series is explained by the linear fit.

In the lower panel the relative difference between the
two series is shown, the dotted lines indicates the levels of =
25% and the dashed line the levels of = 50%. About 75% of
the data points have a relative error lower than 25% and about
97% have a relative error lower than 50%, what is expected
because of the correlation explain only 50% of the variance.
In some ocassions high deviations are observed.

In Table 1 the statistics of both time series is presented,
average, standard deviation and relative deviation (100* stan-
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—— original

2050
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lalalsl
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1 I 1 I 1 I T
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Fig. 4. Upper panel: reconstructed (dotted linne) aa index annual averages extended over the period 1800-2050 and original (thin line) data
(1868-1998). Lower panel: relative differences (%) between original and reconstruction aa annual averages (1868-1998). Continuous line:
0%, dotted line: = 25%, dashed line: = 50%.
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Table 1

Statistics of reconstructed and original aa index annual
average time series

1868-1998 aa original  aa reconstructed
Mean 19.29 nT 18.32 nT
Standard deviation 6.08 nT 541 nT
(sd/mean)*100 31.51% 29.53%

dard deviation/average) for the whole period. It is seen that
the average and standard deviation are similar, and the rela-
tive deviations are near 30%.

In the work of Rigozo et al. (2001), the reconstruction
of the sunspot number series using a sum of sine waves re-
sulted in a better correlation with original data than the one
obtained in this work for aa series. Such results were ob-
tained because the sunspot number series is more uniform,
and a sum of sine waves could describe better it than the
more irregular aa series. Feynman (1982) has shown that
the aa index can be decomposed in two parts, one dependent
only on solar activity/sunspot number and the other an ex-
cess over the observed linear trend. Rangarajan et al. (1998)
have also shown that aa can be decomposed in a part depen-
dent on sunspot number and that the residual is expressed by
using 12 components. The smaller number of components
needed for aa series dependent on sunspot number is consis-
tent with the reconstruction of sunspot number with fewer
components obtained by Rigozo et al. (2001).

It was observed by Rigozo et al. (2001) that this tech-
nique (wavelet + ARIST) gives good results in terms of long-
term trends and averages for long periods. In some individual
cases, however, a large deviation between original data and
the reconstruction can be observed. As this sum of sine waves
is data fit, it would be expected that some of data points could
not be accurately described by the function. However, it seems
that, for the objective to study the long term behavior of a
time series, this technique could give significant and inter-
esting results.

The reconstructed past aa values (1800-1867) have
shown low values, similar to the period 1868-1920. The fore-
casted values of aa for years 2000-2050 show geomagnetic
activity levels similar to the present ones, with a small de-
crease in the period 2010-2025.

Cliver et al. (1998b) analyzing recent aa data suggests
that the long-term component of solar forcing will level off
or decline during the solar cycle 23. It is observed in our
reconstruction that aa levels in the future (2000-2050) are

108

similar to the present ones, which is in agreement with the
forecast of Cliver et al. (1998b). They forecast that geomag-
netic minimum between cycles 23 and 24 (2007) will not
exceed the value of 18.6 nT (1996 minimum) and 1987 mini-
mum (19.0 nT). Our result forecast a minimum in the aa for
2008 of 19.7 nT.

RECONSTRUCTION USING A SMOOTHED aa
SERIES

In order to verify if the reconstruction could be affected
by biased annual aa values because of severe storms that
sporadically could occur in a specific year, the same recon-
struction technique was performed using the 3-year running
average of the aa index. The best wavelet packet decompo-
sition tree (not shown) was determined for this smoothed
series similarly as for the aa index annual averages. The main
difference between the two wavelet decomposition trees was
that in the 3-year running average series the detail (1,1) is
decomposed itself in sub-levels. Applying ARIST to these
frequency levels, only periods higher than 3 year were found
to be statistically significant (95%), as expected. The removal
of these periods resulted in a correlation better than the one
obtained with annual averages; the correlation coefficient
between original and reconstructed 3-year running averages
was r=0.91 (80% of the variance is explained by this corre-
lation against only 50% in the annual averages).

In Figure 5 the original (continuous line, period 1868-
1998) and reconstructed (dotted line, period 1800-2050) 3-
year running average of the aa index are shown in the upper
panel. In the lower panel the relative difference between the
two series is shown, the dotted lines indicates the levels of +
25% and the dashed line the levels of + 50%, as in Figure 4.
Almost all data points have a relative error lower than 25%
(only 4 points have deviations higher than 25%). In Table II
the statistics of both time series is presented, average, stan-
dard deviation and relative deviation for the whole period. It
is seen that the average and standard deviation are much more
similar than the ones for annual averages (Table I). The rela-
tive deviation is about 28 %, similar to the one of annual av-
erages (30%).

Table 2

Statistics of reconstructed and original aa index 3-year
running average time series

1868-1998 aa original  aa reconstructed
Mean 19.29 nT 19.09 nT
Standard deviation 5.46 nT 5.32nT
(sd/mean)*100 28.30% 27.87%
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Fig. 5. Upper panel: reconstructed (dotted linne) aa index 3-year running averages extended over the period 1800-2050 and original (thin line)
data (1868-1998). Lower panel: relative differences (%) between original and reconstruction aa 3-year running averages (1868 1998).
Continuous line: 0%, dotted line: + 25%, dashed line: = 50%.

The general trend of both reconstructions is similar, both
showing lower values until 1920-1930, an increase in geo-
magnetic activity from this period by around 2000 and a level-
off and a slight decline for the period 2000-2050. A major
difference is observed in the period 1800-1850, when the
values of the 3-year running average reconstructed series are
higher than the annual average reconstruction by about 30%),
whereas in the remaining of the period the difference is of
about 10%.

CONCLUSIONS

A spectral analysis of the aa index (1868-1998) was
made in this work. The aa data was decomposed using the
best wavelet packet decomposition tree in frequency levels.
In every level the ARIST method was applied and the most
significant periodicities were observed in the band 2-5 years,
8-14 years, and frequencies at 22, 33, 44, 100 and 156 years,

besides a long-term trend. The reconstructed aa was then
calculated, giving a correlation coefficient of r =10.72 with
original data. The reconstruction was calculated to the pe-
riod 1800-2050. In the past reconstructed, 1800-1867, geo-
magnetic activity levels were low, similar to the period 1868-
1920 (observed). The reconstructed 3-year running average
of the aa index shows a better correlation with data (r=0.91)
because of the removal of high-frequency oscillations. The
long-term trend of both reconstructions is similar, and the
forecasted geomagnetic activity shows similar values to the
present ones, which could imply that the long-term increase
trend in the aa observed in the last century may be leveled
off or declining.
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