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Abstract

In this paper, we advance the possibility of strong geomagnetic storms (called
sometimes super geomagnetic storms) exciting oscillation modes of the mag-
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i N netosphere with some defined periods. To determine this possibility, we ana-
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lyze the whole period of duration of some particularly strong geomagnetic
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storms through the Fourier transformation. We obtain some results on the
strongest geomagnetic storm of the time series, the one from March 1989.
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1. Introduction

Geomagnetic storms (GS) are variations of short period on the Earth’s magne-
tosphere, ranging a few hours to some days. A super geomagnetic storm (SGS) is
a GS characterized by values of the Dst index below —250 nT, and this kind of
phenomena seems to show some oscillations during its declining phase on the
times series of Dst index. Fortunately, they are not (as the more intense earth-
quakes) very frequent.

The GS classification is done according with the intensity of the lowest value
measured during the event, and as seen in the work from [1], they can be labeled
as seen on Table 1. All GS events have three common phases that can be ob-
served on the time series of the Dst index. According to the studies of [2] and
[3], these phases have the following features:

- A Storm Sudden Commencement (SSC) marks the beginning of an increas-
ing of Dg; index above the mean values. This increasing occurs because of the
solar wind’s increased pressure, due to the impact of an ICME (an Interplanetary

CME, originated from the impact of the fast solar wind from a CME that comes
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Table 1. Types of GS according to Dg; index following [1].

Dgr (nT) Classification of the GS
—-30 to —50 Weak
—50 to =100 Moderate
—100 to —250 Strong
> =250 Severe

from upper regions of Sun’s Corona with the daily solar wind that has a mean
value of 400 km-s™") on the dayside magnetosphere. The result is an increase on
the ring current in the eastward direction of the Earth. This is the initial phase of
the GS, and can take from some minutes to a few hours;

- Then, comes the main phase. A southward magnetic B, component (that
presents negative values on the time series) in the Interplanetary Magnetic Field
(IMF) that makes the ring current flows westward, causing a decrease on the
geomagnetic field (it is seen on the Dst time series). It can last hours or even
some days, and it is where a GS reaches its lowest peak on Dy index. It endures
as long as B, stays southward;

- Finally, after reaching the lowest peak on Dst index and the B, magnetic
component of the IMF return to zero or to positive values, the recovering phase
of the GS starts, where Dst values slowly recover to the mean values before the
SSC. This phase can last from some hours to days.

The origins of GS, according to the works of [4] [5] and [6], are linked to solar
phenomena, namely, the coronal mass ejections (CME) and coronal holes (CH),
both phenomena occurring in Sun’s Corona.

Some works, as [7], presented studies done on calm and geomagnetically ac-
tive times. In this work, the study is focused on the SGS events. On time series of
Dst index, some oscillations during the main and the recovering phases of a SGS
can be seen, and these oscillations seem to be a physical mechanism of the
Earth’s magnetosphere that tries to recover itself during a SGS. The geoeffectivi-
ness of a GS is linked to the physical mechanism studied by [8].

This study is a contribution to both, fundamental studies on magnetosphere
and to the characterization of the economic and technological impacts that a se-
vere SGS (as the Quebec event on March 1989), can cause. In this study, our aim

is to contribute to a better understanding of SGS and its complex dynamics.

2. Data Selection

At the beginning of this study, the selected data for all the GS with index Dst <
—250 nT, given on hourly means and available in the period from 1957 to 2014
comes from World Data Center for Geomagnetism, Kyoto

(http://wdc.kugi.kyoto-u.ac.jp/). These dataset gave a good idea of the quantity

of SGS on this period, as well as the distribution of events.
On Figure 1, some SGS events can be identified between the years of 1957 and

2014. Some gaps can be noted as well, corresponding to periods of solar minima
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Figure 1. Time series for hourly means of DST index from 1957 to 2014. We can see gaps
of values < —250 in the middle of the 60 s, a great one between the middle 70 s and the
beginning of the 80s, in the middle of the 90 s and after 2006.

on the solar between cycles 20 and 21, between solar cycles 22 and 23, and dur-
ing solar cycle 24 (the actual cycle, where no SGS occurred until this moment).
But Dst resolution is given on hourly means, which is not enough to study all
the oscillations and frequency modes that could exist. For this reason, the Dst
time series were changed for Sym-H index time series (given in nT as well), from
World Center of Geomagnetism as well, because this one has a resolution given
in minute means. According with the explanation of T. Iyemori et a/ from WDC

(that can be found on http://wdc.kugi.kyoto-u.ac.jp/aeasy/asy.pdf), Sym-H index

has the same pattern from Dst index, and is derived from 6 magnetic stations
between the latitudes between 60° and —60°. So it can be used for analysis of
global geomagnetic phenomena [9].

The dataset for Sym-H starts on 1981, so the study on SGS before this year
was not done. Besides, a set of 23 events since then was found on the available
data, and they are summarized on Table 2.

With the data starting on 1981, and ending on 2014, there’s one striking fea-
ture. As presented on the work of [6], the 24™ solar cycle (the current one, that
begun on late 2008) had few intense solar events, or some strong ones that hap-
pened, as the CME from 07/23/2012, missed the Earth, as seen on [10]. Conse-
quently, there were not occurrences of SGS since 2006 until 2014, not on Dst
time series nore on the Sym-H time series.

Some data on CMEs events from catalogues from the Solar Maximum Mission
(https://www2.hao.ucar.edu/mlso/solar-maximum-mission/smm-cme-catalog),
and from LASCO/SOHO mission as well (http://cdaw.gsfc.nasa.gov/CME_list/)

were checked, due to the need to recognize the physical features of the events.

0.?: Scientific Research Publishing 745
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Table 2. Magnetic storms which enter our study.

Year Date Minimum Sym-H (aT)

1981 April 13 —343
March 2 -252
1982 July 14 —436
June 6 -256
1986 February 9 -379
March 14 -720
September 19 -292

1989
October 21 —-337
November 17 -332
1990 April 10 -311
March 25 —-337
1991 October 29 —284
November 9 —402
1992 May 14 -363
April 7 -320

2000
July 15 -347
March 31 —435
2001 April 11 -280
November 6 -320
October 31 —429

2003
November 20 —490
2004 November 8 -393
2005 May 15 -305

3. Methodology

As seen on Table 2, 23 SGS were detected between 1981 and 2005. Even with
some works done previously using the Sym-H index, it was tested to see how
much reliable the index can be to this work.

The geomagnetic data used comes from INTERMAGNET global network
(http://www.intermagnet.org), and on this part of the study, the data from three

magnetic observatories were used: Vassouras (VSS), Huancayo (HUA) and Ad-
dis Ababa (AAE). We used the time series of each observatory of H geomagnetic
component, the most sensible for GS events, as studied by [6] and [11] and the
SYM-H series for the time spam comprising the severe GS that occurred on
11/31/2003 (the so called “Halloween Storm™).
To have a better visualization of the SGS on each dataset, the results for each
time series were normalized using the Equation (1):
RV - MV
( RV - MV )

max

(1

746

0:%3: Scientific Research Publishing


http://www.intermagnet.org/

M. A. Garcia, A. R. R. Papa

where RV are the raw dataset values from each time series (both from magnetic
observatories and Sym-H index), MV is the mean value of each time series, and
divided each value for the maximum (positive or negative) value found. After
the normalization of datasets, all the time series were smoothed.

The values of Sym-H data were multiplied by (-1), just for a better visual ad-
just. This was done because the H components are given on positive values, by

Equation (2):
H=y(X) +(Y) )

where X and Y are geomagnetic components of the magnetic field of the Earth
on the model proposed by International Association of Geomagnetism and
Aeronomy (IAGA), which was adopted in August 2001, and where the geomag-
netic components are given on values of X, Y and Z instead of H, Dand Z Vi-
sually, the four time series show the very same pattern for the SGS.

These results can be seen on Figure 2.

The Pearson’s Correlation coefficients between series and their values are

shown on Table 3. The Pearson Coefficients, as usual, are calculated in this way:

CoV( X,
pyy = 2 )
xOy

where COV(X, y) is the covariance between two measurements sets X and Y,
and o, and o, are the standard deviation of each dataset.
Clearly, Sym-H index data has a good correlation with H component from

three observatories on different regions, what means that Sym-H index can be

0.8 T T T T T T 5 T 5 T L

" 1 n 1 L 1 " 1 L 1 "
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Noramalized and Smoothed H Components and Sym-H

Figure 2. Time series for normalized and smoothed H component and Sym-H index for
SGS of October 2003. Time is given on minutes and shows the entire duration of the SGS.
Pointed-dashed line is the AAE H component data. Dashed line is for HUA H compo-
nent, dotted line is for VSS, and solid line for Sym-H series multiplied by a constant fac-
tor (—1).
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Table 3. Pearson’s Correlation coefficients (P.C.C.) and significances.

AAE HUA VSS SYM-H

AAE P.C.C. 1 0.56658 0.86776 —0.84244
Sig. - 0 0 0

HUA P.C.C. 0.56658 1 0.76534 -0.77361
Sig. 0 - 0 0

VSS P.C.C. 0.86776 0.76534 1 -0.90704
Sig. 0 0 - 0
SYM-H P.C.C. —0.84244 -0.77361 —-0.90704 1
Sig. 0 0 0 -

used for the analysis of global geomagnetic events. The great advantage of using

Sym-H index on this kind of analysis is that we do not need another observato-

ries geomagnetic data.

This enables the study of negative peaks of Sym-H < —250 nT, to investigate
the oscillations during the occurrences of SGS. The use of this index makes
things easier, because the values that characterize a SGS are already known from
Dst.

The methodology used on this paper is summarized below:

1) Identification of the years that have one or more SYM-H peaks < —250 nT;

2) Identification of the months and days where these SGS were detected,;

3) Find the time spams that covers the entire events (beginning, main and re-
cover phases);

4) Find the first value < =50 nT in the beginning of the main phase, and the last
value > —50 nT in the recovering phase. This criteria is used due the fact that
storms with values above —50 nT are too weak to cause severe damages to
Earth’s technological environment;

5) Application of a Fourier Transform (FFT) on the time series, taking the data
from the space of time to the space of amplitudes and frequencies;

6) Taking out the negative values of the frequencies from the series, and plot the
data;

7) Then, as a last step, an application of log,, on the scale of the amplitudes was

done.

4. Results and Discussion

Our method was applied on the SGS of March 13, 1989, and the results can be
seen on what follows.

This is the most known SGS of last decades, causing great problems in Que-
bec, Canada. [12] points clearly: it putted the Hydro-Quebec system down for 9
hours, causing a prejudice of billions of dollars, and almost disrupted the U.S.
seaboard power grid as well.

The results after taking out the values above —50 nT from the series at the be-

ginning and the end of the event (because GS with values higher than this thre-
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Figure 3. Times series for Sym-H index during the Quebec’s magnetic storm, March
1989. The lowest value found was —720 nT. Visually, there are many oscillations, as the
Earth’s magnetosphere was “trying” to recover itself as show time spams before the lowest
value of —720 nT.

shold would not cause severe problems for Earth’s technological environment)
are shown on Figure 3.

To put the Sym-H time series in a proper way, the Figure 3 shows the dura-
tion of the needed part of the SGS, given in minutes. The analysis began at 03:52
of March 13, 1989, and ended at 23:01 of March 15, 1986, totalizing 4,030 mi-
nutes, or two days, 19 hours and 9 minutes.

The lowest value found was —720 nT, being the most severe event in all the
studied time series between 1981 and 2014. The main cause of this SGS was a
CME “swarm” that happened between March 3 and 10, according with Solar
Maximum Mission CME catalogue, as [13] have studied.

We have used the Fourier Transform (FT) on this dataset, to take the data in
the domain of time, as a function in the form h(t), to another function, g(f),

in the domain of frequency, as seen on Equation 4:
h(t)—>g(f) (4)

After taking out the negative values from the frequencies and applying a log,,
on the Amplitude axis, the result can be seen on Figure 4. The data presents a
curious feature: as the amplitude values follow a decreasing tendency, there are
some evident modes on frequency with intervals Af that seem to have an ap-
proximately constant value.

We devised a way to find the values for Af. Firstly, all values of frequencies
below 0.1 min™" were removed from data, due to the existence of great resonance
on amplitudes between 0 and 0.1 m™". Then, a smoothed curve of the data was
done, and finally, some peaks were found.

After these procedures, we look for the values of the most outstanding peaks,

&8
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Figure 4. Fourier Transform applied on data for the March 13, 1989 SGS. Visually, some
constant frequencies intervals Af can be seen.
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Figure 5. The smoothed data curve and the peaks found on SGS of March 1989.

as seen on the Figure 5, smoothing the data. So we took the 7 peaks listed on
Table 4.

The values found were slightly different from each other, so we looked for the
statistical variance (0).

The mean value found is 0.06 minute™, that is 60.0 uHz. The founded values
for Af and oare listed on Table 5.
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Table 4. Frequency modes found on the SGS of March 1989.

Frequencies (minute™)

0.1370

0.1975

0.2593

0.2913

0.3551

0.4229

0.4818

Table 5. Values for Af and o; corresponding to Table 4.

Af (minute™) o (minute™)
0.0604 0.001
0.0619 0.002
0.0319 0.011
0.0639 0.003
0.0678 0.005
0.0589 0.001

So, found that this frequency interval is Af = 0.06 minutes™” = 1 mHz, and using the
well-known relationship between period and frequency, given by the Equation (5):

T =7 (5)

We find that Af corresponds to a time interval At = 0.3 hours = 18 minutes
between each oscillation mode. This value has particularly called our attention
because it recovers the same value seen on the work of [14]. This value
represents the change of regime of the magnetic component H.

On the set of SGS we have, more 10 present defined modes.

Still having in mind our method of analysis, we present on Figure 6, and Ta-
ble 6 & Table 7 for the SGS from July 1982; and Figure 7, and Table 8 & Table
9 for the SGS from April 2001.

5. Conclusions

The first feature that can be seen is that, for the case of March 13, 1989 SGS,
there are some oscillations present on Sym-H data during the main phase of a
SGS. The origin of them could be linked to plasma coupling phenomena occur-
ring due to the intense magnetic reconnection processes, or may be as conse-
quence of consecutive impacts of ICMEs on Earth’s magnetosphere.

In the investigation of Sym-H times series relationship with H geomagnetic
component of VSS, HUA and AAE, the data used refers to the Halloween 2003

event, due to the availability of the dataset. The results were as expected, because

&

"

Scientific Research Publishing

751



M. A. Garcia, A. R. R. Papa

Sym-H index series is obtained with a corrected average mean value of H com-
ponent of six stations. However, our analysis proved that Sym-H is trustworthy
for this study.
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Figure 6. The smoothed data curve and the peaks found on SGS of July 1982.

Table 6. Frequency modes found on the SGS of July 1982.

Frequencies (minute™)
0.15633
0.19982
0.25201
0.30174
0.34857
0.39117
0.45607

0.48216

Table 7. Values for Af and g; corresponding to Table 6.

Af (minute™) o (minute™)
0.0435 0.0011
0.0522 0.0020
0.0497 0.0011
0.0468 0.0001
0.0426 0.0014
0.0649 0.0065
0.0261 0.0072

<Af> = 0.0465 min™' = 0.775 mHz > <AT> = 1290.3226 s = 0.3526 h = 21.156 minutes.
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Figure 7. The smoothed data curve and the peaks found on SGS of April 2001.

Table 8. Frequency modes found on the SGS of April 2001.

Frequencies (minute™)
0.1851
0.2029
0.2432
0.2662
0.2904
0.3330
0.3711
0.4288

0.4865

Table 9. Values for Af and ¢; corresponding to Table 8.

Af (minute™) o (minute™)
0.0179 0.0070
0.0403 0.0009
0.0229 0.0052
0.0243 0.0047
0.0426 0.0017
0.0380 0.0001
0.0577 0.0071
0.0577 0.0071

<Af> = 0.0377 min™' = 0.6283 mHz > <AT> = 1591.5964 s = 0.4421 h = 26.5260 minutes.

’::.g Scientific Research Publishing 753



M. A. Garcia, A. R. R. Papa

As well, on LASCO/SOHO catalogue, there are four CMES events with high
speed values are seen between October 19 and October 28. Two of them are
HALO CMEs, which according with previous works are the more effective ones
to cause a GS. On October 28; the HALO CME had a liner speed of 2459 km/s,
and the one for October 29 has a linear speed of 2029 km/s. These are the poten-
tial candidates for causing the Halloween 2003 event.

The frequencies scale found by the Fourier Transform are the Nyquist fre-
quencies, so the frequency axis values are fractions of inverse of minutes, from 0
to half of a minute.

One of the values for variances found is great (0.011 minute™), contrasting
with the others, showing that the value for Af found (0.0319 minute™) is far
from a mean value of the other values found. However, this value for frequency
is important to find the coming ones after it. The other variances were very small
in contrast with mean Af values.

The most striking feature of the analysis was that the pattern of Earth’s mag-
netosphere seems like a dumped harmonic oscillator, whose amplitude decreases
as time pass by, but with a constant time interval between each oscillation (in the
case, t = 18 minutes). It can be suggesting that all features in the recovering
processes in Earth’s magnetosphere after the shock of a severe GS are gradual
and constant, as the imputing energy event ceases.

The energy input of a SGS can be linked to physical mechanism previously
investigated. The relationship between the velocity of a magnetic cloud and the
magnetic field of this structure seems to be the main source of energy of a GS. At
the same time, some physical reaction due the plasma coupling on GS can be
inputting energy as well and causing these frequencies’ modes.

The values found for the three SGS we analyzed on this paper are 18 minutes
(for March 1989 SGS), 21.156 minutes (for July 1982 SGS), and 26.526 minutes
(for April 2001 SGS). As said in this work, these values are near the value found
in a previous work, where two different power laws intercepted each other. This
means that this value between each oscillation is pointing to constant changes in
the magnetospheric recovering mechanism for every SGS that has evident fre-
quency modes.

This study had the focus in helping to enhance the knowledge about SGS, the
dynamics of the phenomena and its effects on Earth. As well, it provides an easy
form of analysis the data, and proofs that Sym-H index can be helpful and used

instead of a set of magnetic observatories in some cases.
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