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Abstract: The irregular pulsation Type II (Pi2) is an electromagnetic wave that has a frequency range of 6.6 — 25 mHz. It
occurs within the magnetosphere at the onset of substorm just at the end of the growth phase. The 1-second resolution
geomagnetic H-field data used in this paper were obtained with the fluxgate magnetometers at four ground stations in low-
latitudes; Abidjan (ABJ), Lagos (LAG), Ilorin (ILR) and Addis Ababa (AAB) on selected days. The 1-second resolution of the
north-south magnetic component (Bz) data was obtained from the Advanced Composition Explorer (ACE) spacecraft which is
situated in the Geocentric Solar Ecliptic (GSE) coordinates. The SuperMAG Lower (SML) index which is an improved version
of the Auroral Lower (AL) index was used to identify substorm onsets and their times of occurrence. The coherence of ground
H and satellite Bz were filtered using the Pi2 passband. The points at which the filtered coherence of H and Bz were greater
than 0.5nT2 were recorded. Applying the wave-packet analysis on the filtered H ground data, the 3D scalogram was used to
detect Pi2 spikes, and their universal times (UTs), frequencies, and magnitudes were recorded. It was observed that on days
where no Pi2 was recorded by the coherence method, the wave-analysis method revealed that there were Pi2 events. A
correlation value of 0.96 between the times of Pi2 occurrence using the coherence method and the times of Pi2 occurrence
using the wave-packet scalogram was obtained.
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1. Introduction

Generally, pulsations are distortions in signals in which fast temporary changes in the amplitudes of the
signal from a baseline are either upwards or downwards and then return to the normal state. These
distortions are caused by geomagnetic disturbance externally from outside the atmosphere (magnetic
storms) or internally from the magnetosphere (magnetic substorms). Auroral substorms are associated
with fast changes in magnetic field topology that give rise to the acceleration of energized particles toward
the inner regions of the magnetosphere. Geomagnetic pulsations were first observed in the ground-based
measurements of the 1859 Great Aurora events [20]. Geomagnetic pulsations with regular magnetic
amplitudes are called continuous pulsation (Pc1-Pc6) while those with irregular amplitudes are called
irregular pulsations (Pil-Pi3). Pi2 pulsations are damped ULF waves generally described by an abrupt
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commencement followed by a decay in amplitude which typically only sustains for a few periods ranging
from 40 to 150 seconds or frequencies ranging from 6.7 to 25 mHz [2]. Although most Pi2 is explicitly the
outcome of the onset or intensification of the substorm expansion phase [15], where the amplitudes of the
magnetic field lie in the range of 0.25 to 2.5 nT [27] and some others have been documented during times
without substorm activity [26] [11] [12], and [5].

One of the major problems caused by these pulsations is that they enhance GPS delay. The ULF waves
propagating down through the ionosphere can cause oscillations in the Doppler shift of HF radio
transmissions that are correlated with the magnetic pulsations recorded on the ground [1]. The plasma
instability mechanism which is the interchange of momentum between plasma particles and high-
frequency noise results in the appearance of an effective "collisional" viscosity, which in turn may, like
ordinary binary collisions, induce an increase in the dissipative instabilities [7]. The paper [3] suggested
that the frequency variations of pulsations during storms are related to the partial distribution in the ring
current in the equatorial region.

The paper [23] agreed that Pi2 is most frequently observed close to the midnight meridian between
20:00 UT and 24:00 UT. At high latitudes, the characteristics of Pi2 pulsations are quite distinct when
compared to those at middle and low latitudes; being generated by different mechanisms [8] [14]. At lower
latitudes, the Pi2 pulsations are well-defined while closer to the poles they are irregular and complex,
polluted by a pronounced level of background noise, particularly in the Pil band [21] [16][19]. The paper
[29] showed that Pi2 is compressional at lower latitudes and primarily transverse at auroral latitudes. The
paper [18] wrote that at high latitudes, Pi2 is encountered exclusively in a limited range of local times
around magnetic midnight consistent approximately to the extent of the substorm current wedge.

The middle and low latitudes Pi2 have similar frequency spectra [24]. Although Pi2 pulsations on the
dayside are often hidden by signals from other sources, numerous observations of dayside Pi2 have been
made over a range of latitudes straddling the geomagnetic equator [22] [25]. The fast mode waves
spreading across the ambient magnetic field around midnight make it difficult for Pi2 to be detected on
the dayside.

A brief introduction of how Pi2 signals are detected has been done in section 1. The literature review
of recent works and their gaps were styled in section 2. In section 3, the methodology used for this work
was well documented and in section 4, the results were recorded. We discussed these results in section 5
and concluded the paper in section 6.

2. Literature Review

Pi2 was generated during the expansion phase onset by the swift reconfiguration of the magnetotail [17].
Recent research has proved that the passband of Pi2 varies from high latitude to low latitude in terms of
their magnetic amplitudes and propagation mechanism [6]. According to [9], when the solar wind speed, v
> 430 km-1, the vertical component of the total magnetic field, Bz < 0 nT, the geo-dipole angle, 6 > 78°,
then a Pi2 event occurs. The drawback of Gussenhoven’s conditions is that Pi2 events can occur without
any storm. For a quiet magnetosphere where the measure of the general level of geomagnetic activity over
the globe for a given day index, ap = 0.

The paper [10] implemented that a Pi2 can be detected when the total magnetic field, B < 6.5 nT; the
vertical component of the total magnetic field, Bz < 2 nT; the geo-dipole angle, 6 < 101° and the solar wind
speed, v < 390 km-l. Recent works have relegated these conditions for the occurrence of Pi2 since the
magnetosphere is a resonant cavity where some of these pulsations resonate in the field lines and drive
the field currents into the ionosphere.

For a non-quiet magnetosphere where ap 0 and the planetary 3-hour-range geomagnetic index, Kp >
2, Chae-Woo Jun et al., (2013) suggested that the Pi2 pulsations can be sampled when the Pi2 power value
with dominant frequency within the frequency domain (6.7 - 25 mHz) in the 3-minute interval using the
Fourier transform method of time series data is more than 0.02 (10-1.7) nT2 and this value is 10 times
higher than the preceding 9-minute values and the following 17-minute values. The pitfall of this
assumption is that the occurrence of Pi2 is not a function of the power value because when the solar wind
speed increases, there is the possibility of increased power by the Pc4 whose frequency bands are within
that of Pi2.

The most recent method for detecting Pi2 is the consideration of the Bz value from the satellite data
and H-component of the magnetic data on a ground observatory and obtaining their coherence. The author
[28] stated that Pi2 pulsations were considered when the compressional oscillations observed at both day
and night satellites are coherent oscillations with midnight ground H, with higher amplitudes in the night
sector when the coherence level is greater than 0.6. This confirms that the selected daytime Pi2 oscillations
are not continuous pulsations (Pc). Characteristics of Pi2s are identical at night and different at day
between satellite and ground. Gharmy (2012) suggested that when the coherence of the H- component of
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the magnetic field on the ground and the Bz of the satellite data is greater than 0.7, then a Pi2 event can
be selected. External stimulation such as solar wind pressure, compressional waves are generated inside
the magnetosphere and propagate tail-ward reflecting between two boundaries, such as the magnetopause
and the plasmapause, giving rise to standing waves at discrete frequencies [13]. Pi2 is associated with a
compressional wave, excited by sudden compression of the inner magnetopause at the substorm onset [4].
The Bz satellite data are signatures of the compressive wave.

The methods of detecting Pi2 by previous researchers are changing as new techniques of detecting Pi2
are emerging due to advanced technologies and the development of wave-related software in recent times.
This paper presents the newest method to detect Pi2 occurrence which is the wavelet analysis method. A
wavelet scalogram is a graphic representation of a signal in terms of its frequency, times of occurrence,
and magnitude. The beauty of this new method is that the H-ground data when filtered can show the Pi2
wave-packet spikes which are identified visually. In this study, we examined Pi2 occurrences at the
equatorial latitudes where there are high equatorial ring currents that support radio communications.

3. Methodology

We used the 1-min SML index which is an electrojet index that is similitude to the AL index downloaded
from the SuperMAG website (https://supermag.jhuapl.edu/indices/) for each day considered. The days in
which data are well archived are considered for this study. The selected days were 30 August 2006, 1
October 2009, 11 December 2010, and 6 February 2011 for which large amounts of data were available.
The SML index is preferred in this work due to its improved spatial coverage of magnetic activities from
110 observatories as against the 12 observatories for AL. The SML index is used to measure the level of
substorm activities. The ground H-magnetic data used are 1-sec data obtained from the MAGDAS archives
obtained from https://data.icswse.kyushu-u.ac.jp. The data were for the ground stations at Abidjan, Lagos,
Ilorin, and Addis Ababa. The parameters of the stations are shown in Table 1. The 1-second resolution
ACE satellite data were obtained from the ACE Science Centre Home for the selected days
(https://izw1.caltech.edu/ACE/ASC/level2/lvI2DATA_MAG.html). The ACE spacecraft observes and
measures magnetic fields from the GSE coordinates.

Table 1. List of The Selected Magdas Stations

8.94°N 69.36°E

UT+1 LAG 6.52°N 3.38°E 8.86°N 76.90°E
UT+1 ILR 8.47°N 4.54°E 10.57°N 78.38°E
UT+3 AAB 9.04°N 38.77°E 5.31°N 112.14°E

The substorm onsets were identified where there is an abrupt decrease in the magnetic field indicating
the substorm expansion phase as shown by the SML indices. The timings and SML indices for the onsets
are displayed when the ‘hand raised’ pointer is on the point of onset on the webpage. The UTs of the
substorm onsets as displayed by the SML were obtained from the SML data. The raw type of the 1-sec
ground data was converted to the original signal using a source code in MATLAB. The original H-signals
were normalized and combined with the normalized de-noised Bz data to obtain their coherences. The
coherence of H and Bz was filtered using the Pi2 passband of 6.6 mHz to 25 mHz. In this work, a Pi2 event
was confirmed when the coherence is greater than 0.5nT2 being the midway for the Bz-H relation.
Coherence measures the degree of linear dependency of two waves by testing for similar frequency
components. If two signals correspond to each other perfectly at a given frequency, the magnitude of
coherence is 1 but if they are totally unrelated, coherence will be 0. Partial coherency which ranges from
0.5 to 0.9 shows some levels of linear dependency for signals whose coherent peaks are low.

However, the Pi2 wave packets are obtained when the original H data is filtered within the Pi2 band.
The 2D and 3D scalograms of the filtered Pi2 wave packet were obtained by using the cross-wavelet
technique in MATLAB to display any part of the filtered Pi2 signal with a high power magnitude. The
visible spikes whose prominences are 0.6 times the magnitude(max) were identified and recorded in terms
of its

Frequency, magnetic local time, and magnitude. The UTs of the Pi2 spikes were obtained from the
scalogram data. The plot of the UTs of the Pi2 as analyzed by the wavelet analysis method and the UT's of
the substorm onsets as shown by the coherence method was done to show the correlation between the two
UTs.
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4. Results

4.1 Events on 30 August 2006

The substorm onsets occurred at 05:38UT, 17:00UT, and 19:20UT with corresponding SML indices of -
46.48nT, -15.39nT, and -45.34nT respectively as seen in Fig. 1.
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Fig.1. The SML indices showing substorms on 30 August 2006

The two stations considered on 30 August 2006 were ILR and AAB. Using the condition of coherence >
0.5,

There was no Pi2 in ILR while there were two Pi2s in AAB at frequency points 12.5 mHz and 16.5 mHz
as shown in Fig. 2. Thus, there was no Pi2 event in ILR while there were two Pi2 events identified in AAB.
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Fig. 2. The H-component, Bz-component, and the coherence of Bz-H on 30 August 2006

In the wave packet analysis, the H-data for the two selected stations were denoised separately and
then filtered using the passband of a Pi2 using the MATLAB code. The result is displayed and the Pi2
events are selected where the prominence of the spectral spike is more than 0.6 of the magnitude(max) of
the scalogram. In this case, the magnitude(max) is 0.6 for ILR and 2.0 for AAB, thus any spike higher than
0.36 for ILR and 1.2 for AAB is selected as a Pi2 spike as seen in Fig. 3. This process was done for all other
cases. There were four Pi2 events each in ILR and AAB as shown in Tables 2 and 3 respectively.

This is a clear indication that whereas the coherence method indicated that there were no Pi2 events
in Ilorin, the wavelet method showed four Pi2 events. Furthermore, whereas the coherence method
indicated two Pi2 events in Adidas Ababa, the wavelet method showed four Pi2 events.

(b)
Fig. 3. The 2D and 3D scalograms of filtered Pi2 wave packet for (a) ILR and (b) AAB on 30 August 2006

Table 2. The Magnitudes, Frequencies, Ut, And Lt of the Four Pi2 Events in Ilr On 30 August 2006

10:04 am
0.5103 9.59 33590 0920 10:20 am
0.4251 7.79 36410 1007 11:07 am
0.3907 10.28 61300 1702 06:02 pm
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Table 3. The magnitudes, frequencies, UT, and LT of the four Pi2 events in AAB on 30 August 2006

09:22 am
1.981 7.79 32980 0910 12:10 pm
1.516 16.7 33090 0912 12:12 pm
2.011 11.02 33680 0921 12:21 pm

4.2 Events on 1 October 2009
The substorm onsets occurred at 03:03UT, 03:37UT, 04:58UT, 10:35UT, 14:07UT, 22:11UT and 22:40UT

with corresponding SML indices of -75.90nT, -107.73nT, -77.69nT, -64.64nT, -93.89nT, -55.94nT and -
54.22nT respectively as seen in Fig. 4.
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Fig. 4. The SML indices showing substorms on 1 October 2009

The two stations considered on 1 October 2009 were ILR and AAB. Using the concept of coherence >
0.5, there was no Pi2 event at both ILR and AAB as shown in Fig. 5.
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Fig. 5. The H-component, Bz-component, and the coherence of Bz-H on 1 October 2009
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Fig. 6. The 2D and 3D scalograms of filtered Pi2 wave packet for (a) ILR and (b) AAB on 1 October 2009

The magnitude of a signal indicates the maximum displacement of the signal from its equilibrium
position (zero level). In the frequency domain, the magnitude shows the power level or strength of the
signal which is represented by the spectra spikes. In the wave packet analysis, it was shown in Fig. 6 that
the magnitude(max) is 0.45 for ILR and 0.3 for AAB, thus any spike higher than 0.27 for ILR and 0.18 for
AAB is selected as a Pi2 spike. There was one Pi2 event in ILR and three Pi2 events in AAB as shown in
Tables 4 and 5 respectively.

Table 4. The magnitude, frequency, UT, and LT of one Pi2 event in ILR on 1 October 2009

04:08 am
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Table 5. The magnitudes, frequencies, UT, and LT of the three Pi2 events in AAB on 1 October 2009

09:43 pm
0.2799 6.33 79710 2209 01:09 am
0.2372 11.81 79850 2211 01:11 am

4.3 Events on 11 December 2010

The substorm onsets occurred at 00:32UT, 03:39UT, 12:24UT, 14:34UT, 21:12UT and 22:38UT with
corresponding SML indices of -37.01nT, -37.33nT, -24.43nT, -38.51nT, -23.27nT and -20.38nT respectively
as seen in Fig. 7.

v P

20100211 2010121 20101211 20001211 2000121 20107212

00:00UTC o448 UTC 0938 UTC 1424UTC 19:12UTC 00:00UTC
30 0
SuperMAG Auroral Electrojet Indices - AESME UL
B 0
o
100l WS\ 100
(A
Y IS Y ) O S N O |
"Waa W, v Y Pl ~ | \ VNV
% o]t ~ 4/ YA 4 L Vv o
01 18 I 3 A 5 ’ 200
i 28 m’!:to sut:m sn’b‘:xo substo
- substo t
400, 400
20100211 201002 201002m 20101211 200002m 20000212
0:00UTC 0448 UTC 0938 UTC 1424UTC 19:12UTC 00:00UTC

Fig. 7. The SML indices showing substorms on 11 December 2010

The four stations considered on 11 December 2010 were ABJ, LAG, ILR and AAB. Applying the concept
of coherence > 0.5, there was one Pi2 event each in ABJ, LAG, and AAB while ILR had three Pi2 events as
shown in Fig. 8.

Fig. 8. The H-component, Bz-component, and the coherence of Bz-H on 11 December 2010

(@) (b)

- =

(@) (d)
Fig. 9. The 2D and 3D scalograms of filtered Pi2 wave packet for (a) ABJ, (b) LAG, (c) ILR, (d) AAB on 11 December
2010

However, using the wave-packet analysis, it was shown in Fig. 9 that the number of identified Pi2 were
2,4, 4, and 7 in ABJ, LAG, ILR, and AAB respectively as recorded in Tables 6, 7, 8, and 9.
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Table 6. The magnitudes, frequencies, UT, and LT of the two Pi2 events in ABJ on 11 December 2010

0.3598 9.59 1877 0031 00:31 am
0.2326 10.28 76670 2118 09:18 pm

Table 7. The magnitudes, frequencies, UT, and LT of the four Pi2 events in LAG on 11 December 2010

01:31 am

0.1939 6.78 5455 0130 02:30 am
0.1859 7.27 76430 2114 10:14 pm
0.2501 10.28 76670 2118 10:18 pm

Table 8. The magnitudes, frequencies, UT, and LT of the four Pi2 events in ILR on 11 December 2010

01:31 am

0.2124 6.78 5596 0133 02:33 am
0.2028 7.27 76420 2114 10:14 pm
0.2424 10.28 76670 2118 10:18 pm

Table 9. The magnitudes, frequencies, UT, and LT of the seven Pi2 events in AAB on 11 December 2010

03:21 am

0.2627 6.78 5496 0132 04:32 am
0.2978 7.27 19850 0531 08:31 am
0.3966 13.57 21350 0556 08:56 am
0.3092 15.58 31170 0839 11:39 am
0.3029 7.27 76390 2113 00:13 am
0.2818 9.59 76650 2118 00:18 am

4.4 Events on 6 February 2011
The substorm onsets occurred at 00:48UT, 02:54UT, 06:08UT, 08:43UT, 11:25UT and 16:58UT with
corresponding SML indices of -52.38nT, -106.00nT, -116.63nT, -139.97nT, -247.15nT and -332.99nT
respectively as seen in Fig. 10.
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Fig. 10. The SML indices showing substorms on 6 February 2011

The two stations considered on 6 February 2011 were ABJ and ILR. Applying the coherence method,
there was no Pi2 identified in ABJ and one Pi2 was identified in ILR as shown in Fig. 11.



Journal of Computational Mechanics, Power System and Control Vol.8 No.1 Jan 2025

Normatized B2 signal o Nomakzed KBz original signals Coheronce W o8Bz

me(secs) 104 me(secs) o
Normaszed H signal Normalized B2 signal Normakzed HeBz original signals Coherence W o8
- 2 1 " » | —_— ]

9k

] ] 1 ..

Ime(sacs) 10t Sma(vecs) 10t Sma(ecs)

Fig

Fig. 12. The 2D and 3D scalograms of filtered Pi2 wave packet for (a) ABJ and (b) ILR on 6 February 2011

But, using the scalogram method, two Pi2 each were identified in ABJ and ILR as shown in Fig. 12
and recorded in Tables 10 and 11.

Table 10. The magnitudes, frequencies, UT, and LT of the two Pi2 events in ABJ on 6 February 2011

12:54 pm
0.3168 11.02 82580 2256 10:56 pm

Table 11. The magnitudes, frequencies, UT, and LT of the two Pi2 events in ILR on 6 February 2011

5. Discussion

5.1 The New Method of Identifying Pi2 using a Scalogram of the Pi2 Wave-Packet

This section has revealed that the sampled days reported not to have any Pi2 event using the coherence
method (see Figs. 2, 5, 8, and 11) have Pi2s when the wave-packet scalogram method is used (see Tables 2
—11). The verification of whether there were Pi2 occurrences or not was undoubtedly confirmed by the new
method of Pi2 identification as seen in Table 12. The new method which is the scalogram method is an
improved version of the coherence method because it shows the vivid Pi2 spikes with the times of
occurrence and corresponding Pi2 frequencies. In this work, the use of SML indices which is an
improvement over conventional AL indices coupled with the wave-packet analysis which decomposes the
signal into its various frequencies has made the new method clearer and easier to use.

10
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Table 12. Verification of Pi2 occurrences using the coherence method and scalogram method

Yes (2)

No (0) Yes (4)
No (0) Yes (1)
Yes (2) Yes (3)
Yes (5) Yes (2)
No (0) Yes (4)
Yes (1) Yes (4)
Yes (1) Yes (7)
No (0) Yes (2)
Yes (1) Yes (2)

5.2 The Correlation Coefficient between the two Universal Times (UTs)

The UTs recorded by the SML indices show when the substorm onsets occurred. The UTs obtained from
the scalograms also show when the Pi2s occurred. Only Pi2s whose prominence of the spectral spike is
more than 0.6 of the magnitude(max) of the scalogram were selected to ensure the visual significance of
each Pi2 spike. The selection of the two UTs was done randomly as tabulated in Table 13. The Uts recorded
by the SML indices were plotted against the UTs obtained from the scalograms and the correlation
coefficient, R2 was 0.96. This shows that there is a high correlation between the times of occurrences of Pi2
recorded by the SML indices and the scalogram as seen in Fig.14.

Table 13. The randomly selected two UTs by SML indices and Scalogram
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0531
0556
0622
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Fig. 14. A plot of the two UTs showing their correlation coefficient

11
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6. Conclusion

We examined Pi2 pulsations observed at the four magnetometer stations separated in latitude along the
same meridian such as ABJ, LAG, ILR, and AAB stations on some selected days using the coherence
method and wave-packet scalogram analysis method which is the new method of detecting Pi2. It has been
shown that the days where no Pi2 events were using the coherence method, actually have some Pi2 events
as shown by the scalogram analysis method. The H components of the ground stations and the Bz
components of the ACE satellite stations on the selected days were analyzed to obtain the coherence of Bz-
H at the threshold of 0.5. The wave-packet scalogram method was used to detect Pi2 whereas the coherence
method could not. For instance, in the Ilorin station on 30 August 2006 as displayed in Fig. 2, it is
discovered that the two frequency points where the coherence value was greater than 0.5 were 12.5 mHz
and 16.5 mHz while in the Addis Ababa station on the same day, there was no frequency point that the
coherence value was greater than 0.5. Thus, by the coherence analysis, Pi2 occurred at Ilorin but not in
Addis Ababa on the same day. Results from this study have proved that there were Pi2 occurrences in both
stations on the same day when the scalogram of the Pi2 wave packets was used.

The SML indices gave a wider spectrum of occurrences of substorms while spectral spikes of the wave
packets analysis of filtered H signals gave vivid occurrences of Pi2 by the UTs and corresponding Pi2
frequencies. The UTs of the SML indices were plotted against the UTs of the scalogram and their
correlation was 96% which shows that the times of Pi2 occurrence recorded by the coherence and scalogram
are highly correlated. This new method of detecting Pi2s can be further explored for a better analysis of
the magnetosphere-ionosphere relation.
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