
P
os
te
d
on

23
N
ov

20
22

—
C
C
-B

Y
-N

C
4
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
10
02
/e
ss
oa
r.
10
50
94
07
.1

—
T
h
is

a
p
re
p
ri
n
t
an

d
h
as

n
ot

b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
at
a
m
ay

b
e
p
re
li
m
in
ar
y.

Investigation of Pc5 pulsations effects and magnetospheric processes

during intense geomagnetic storms

Sarup Khadka Saurav Saurav1, Monika Karki2, Binod Adhikari3, Ashok Silwal4, Luciano
Aparecido Magrini5, Ezequiel Echer6, Odim Mendes6, Margarete Oliveira Domingues6, and
Sujan Prasad Gautam7

1Patan Multiple college, Tribhuvan University
2Amrit Campus, Tribhuvan University
3St.Xavier’s College, ,Maitighar
4Patan Multiple Campus, Tribhuvan University
51Federal Institute of Education, Science and Technology of São Paulo (IFSP),
6National Institute for Space Research (INPE)
7Central Department of Physics, Tribhuvan University

November 23, 2022

Abstract

Giant pulsations belonging to the Pc5 frequency band were conceived by Rolf (1931). Such pulsations are influenced by

magnetospheric processes produced by the solar wind. The purpose of this study is to investigate the Pc5 ULF waves and their

relationship to solar parameters and geomagnetic indices, respectively, utilizing data from ground-based magnetometers and

data provided by Operating Mission as Nodes on the Internet (OMNI). Magnetic observatories over Earth’s surface reported

intense long-period ULF activity on 19 28 February 2014 and 22-23 June 2015. We discovered a highly significant correlation

between global Pc5 ULF waves and other interplanetary parameters, as well as a clear peak-to-peak correspondence during

storms. We performed continuous wavelet transform (CWT) on the Pc5 integrated power (Ipow) and discovered that the

majority of the intense Pc5 spectra are localized within the 64-256 minute Fourier period band. Our results suggest that

geomagnetic fluctuations observed at low latitudes do not originate locally but rather are a reflection of global geomagnetic field

variations with primary sources in the magnetosphere and high latitude ionosphere, which is consistent with the study of Gupta

(1976). We discovered only nominal effects of IMF Bz on Pc5 pulsations, despite its southern counterpart being widely believed

to be the principal driver of geomagnetic storms. Additionally, we discovered a moderate effect of solar wind pressure on Pc5

pulsations. A cross-correlation study, on the other hand, indicated a strong and positive association between Pc5 pulsations

and solar wind velocity without lag for both geomagnetic activities.
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Key Points:13

• The geomagnetic fluctuations recorded at low latitudes do not have locally generated14

attributes but they correspond to the global geomagnetic field variations possessing15

main sources in the magnetosphere and high latitude ionosphere.16

17

• IMF Bz nominally influences the global Pc5 pulsations.18

19

• The Pc5 Ipow has a relatively higher correlation with the solar wind velocity.20
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Abstract21

Giant pulsations belonging to the Pc5 frequency band were conceived by Rolf (1931). Such22

pulsations are influenced by magnetospheric processes produced by the solar wind. The23

purpose of this study is to investigate the Pc5 ULF waves and their relationship to solar24

parameters and geomagnetic indices, respectively, utilizing data from ground-based mag-25

netometers and data provided by Operating Mission as Nodes on the Internet (OMNI).26

Magnetic observatories over Earth’s surface reported intense long-period ULF activity on 1927

February 2014 and 22-23 June 2015. We discovered a highly significant correlation between28

global Pc5 ULF waves and other interplanetary parameters, as well as a clear peak-to-peak29

correspondence during storms. We performed continuous wavelet transform (CWT) on the30

Pc5 integrated power (Ipow) and discovered that the majority of the intense Pc5 spectra31

are localized within the 64-256 minute Fourier period band. Our results suggest that ge-32

omagnetic fluctuations observed at low latitudes do not originate locally but rather are a33

reflection of global geomagnetic field variations with primary sources in the magnetosphere34

and high latitude ionosphere, which is consistent with the study of Gupta (1976). We dis-35

covered only nominal effects of IMF Bz on Pc5 pulsations, despite its southern counterpart36

being widely believed to be the principal driver of geomagnetic storms. Additionally, we dis-37

covered a moderate effect of solar wind pressure on Pc5 pulsations. Cross-correlation study,38

on the other hand, indicated a strong and positive association between Pc5 pulsations and39

solar wind velocity without lag for both geomagnetic activities. The Ipow on the ground40

increased in proportion to the speed of the solar wind. Our analysis supports the result of41

Kessel (2008) that the global toroidal modes of Pc5 fluctuations are caused by the K-H in-42

stability energizing the body type waveguide modes. This finding will aid in understanding43

some fundamental issues about the mechanism of Pc5 activity and the relationship between44

Pc5 waves and solar parameters.45

Keywords: Geomagnetic Storms, Ultra Low Frequency Waves, Wavelet Analysis,46

Cross-correlation47

1 Introduction48

It is well established that there exists a one-to-one relationship between the interplan-49

etary events and Dst events. A geomagnetic storm corresponds to an interval of time when50

a sufficiently high and enduring interplanetary convection electric field leads, through a51

substantial energization in the magnetosphere-ionosphere system, to an intensified ring cur-52

rent enough to surpass the threshold of quantifying storm time Dst index (W. Gonzalez53

et al., 1994). The southward interplanetary magnetic field (IMF Bs) has been defined as54

the primary cause of the geomagnetic storm. During geomagnetic storms, the solar-wind55

drivers of Pc5 pulsations are resolutely activated; therefore, such periods are important for56

the investigation of Pc5 wave generation mechanisms (Marin et al., 2014).57

58

On sensitive magnetometers, the quasi-sinusoidal disturbance patterns are frequently59

observed, which have been attributed to hydromagnetic waves in the magnetosphere (Campbell,60

1973; Kane, 1976). The characteristics of micropulsations are determined by the excitation61

of hydromagnetic (Alfven) waves at the magnetopause and in the magnetosphere, as well as62

their transmission to the Earth following absorption and partial reflection. Their activity63

in any region is dependent on the phase of the solar cycle, the seasons, the time of day,64

the ionospheric and magnetospheric conditions, and geomagnetic activity, in addition to the65

geographical latitude and longitude (Kane, 1976).66

67

The establishment by Rolf (1931) of the concept of the giant pulsations belonging to68

the Pc5 group has been studied from different dimensions (for e.g. occurrences, character-69

istics, excitation mechanisms etc.), and more attention is being given now too. The solar70
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wind is an important source of ground and magnetospheric Pc5 pulsations. Regarding the71

magnetospheric fluctuations, poloidal and toroidal Pc5 modes represent two limits of the72

hydromagnetic wave equations for standing waves on magnetic field lines (Kessel, 2008).73

The toroidal waves are driven by solar-wind at the magnetopause flanks. If the amplitudes74

are sufficiently large, then the waves are recorded on the ground. Ground station magne-75

tometers sense the magnetospheric fluctuations that are modulated through the ionosphere.76

However, the signal may contain magnetotelluric effects on the ground that must be sepa-77

rated out to isolate those due to solar wind sources (Kessel, 2008).78

79

Ultra low frequency (ULF) Pc5 pulsations characterize the longest hydromagnetic80

waves, which can oscillate in the Earth’s magnetosphere. The interactions of solar wind81

with the geomagnetic field are influenced by such waves (Potapov et al., 2006). The mass,82

energy, and momentum movements in the magnetosphere are directly connected with the83

global ULF oscillations (Rae et al., 2005). Earlier studies have shown that Pc5 pulsations84

within low-frequency range 1.7 to 6.7 mHz, the intense and continuous activity of ULF85

wave observed at auroral latitudes, was followed within 1 to 2 days by superior fluxes of86

relativistic electrons (approximately Mev) at geosynchronous orbit (Rostoker et al., 1998;87

Baker et al., 1998; Mathie & Mann, 2001; I. Mann et al., 2004; Regi et al., 2015). The88

utmost solar wind driving environments are responsible for the global Pc5 waves that often89

occur throughout the whole duration of geomagnetic storms (Fei et al., 2006; Wang et al.,90

2020).91

92

Various researchers have manifested that the ULF pulsations detected on the ground93

and within the magnetosphere are interrelated with the solar-wind conditions. For e.g.,94

Mathie and Mann (2001) have discussed the correlation between solar wind speed and ULF95

pulsation power in the dayside magnetosphere for L shells in the range L=4-7, in support of96

the Kelvin-Helmholtz instability (KHI) as the driving mechanism. Other earlier studies, for97

e.g. Southwood (1968); Kivelson and Zu-Yin (1984); Claudepierre et al. (2008), have sug-98

gested KHI at magnetopause for describing Pc5 pulsations. The viscous shear interaction at99

the magnetopause as solar wind confronts the geomagnetic cavity results in the instability100

(Dunlop et al., 1994). I. R. Mann et al. (2002) have discussed the ground-based survey of101

field line resonances (FLR) characteristics by the use of high-frequency radar, geomagnetic102

and optical data. They found that KHI at the boundary layer generated discrete frequency103

global ULF wave activity during the interval of extreme solar-wind speed, perhaps by a104

discrete frequency magnetospheric waveguide mode, which is energized by the over reflec-105

tion mechanism. Here the energy input for pulsations continues as long as the solar wind106

has a velocity greater than the critical velocity for instability (Samson et al., 1971). In107

summary, KHI generates the pulsations that are detected in the vicinity of dawn and dusk108

flank magnetopause (Claudepierre et al., 2008).109

110

On the other hand, studies like Takahashi and Ukhorskiy (2008); Kepko and Spence111

(2003) have identified that the solar-wind pressure variations as the driving mechanism of112

ULF pulsations in the dayside magnetosphere. In that case, KHI plays only the secondary113

role as the source of pulsation energy. Takahashi and Ukhorskiy (2008) demonstrated that114

the solar-wind pressure variation had a relatively higher correlation with the Pc5 pulsations115

at geosynchronous orbit than the SW speed. They also suggested that the impact of pres-116

sure on the Pc5 waves is almost immediate. Moreover, the magnitude and orientation of117

the IMF often affect ULF variations in the Earth’s convection electric field (Ridley et al.,118

1998; Claudepierre et al., 2008). These three mechanisms, discussed above, represent the119

external mechanism for driving ULF pulsations.120

121

Many internal excitation mechanisms have been also proposed. These comprise drift122

wave instabilities operated by a pressure gradient between open and closed field lines within123
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the Earth’s magnetosphere (Hasegawa, 1971; Dunlop et al., 1994). The drift-bounce reso-124

nance, i.e. the drifting and bouncing motions of ring current ions by wave-particle interac-125

tion mechanisms, may also generate such waves (Southwood, 1976; Yamakawa et al., 2019).126

Here, we focus only on the external mechanisms, i.e. the effect of solar wind parameters on127

the Pc5 waves.128

129

The investigation of micropulsation activity acquired from a global surface network130

assists to analyze the space weather, especially the variations of the solar-wind parameters131

in the interplanetary medium. We have taken two intense storms (peak Dst ≤-100 nT)132

cases to study Pc5 pulsations. The large amplitude oscillation of pulsations and high energy133

deposition into the magnetosphere and ionosphere are the unique features during the mag-134

netic storm period. While studying the pulsations characteristics at different latitudes, the135

period-latitude and amplitude-latitude variations are noticeable. This paper investigates136

the variation of Pc5 pulsations from four ground magnetometer data and its relationship137

with plasma parameters and geomagnetic indices during two intense events.138

139

The paper is organized as follows: in Section 2, the detailed information of selected sites140

and methods of the study are described. The result and discussion with possible clarification141

are provided in Section 4. Finally, in Section 5, the results of the study are concluded.142

143

2 Datasets144

A proper choice of events and magnetometer records (or geomagnetic related param-145

eter, Ipow) can help us understand the Pc5 geomagnetic effects on the ground and the146

processes occurring in the magnetosphere boundary. We have selected two geomagnetic147

storms affected durations, i.e. 22-23 June 2015 and 19 February 2014. To find the geophysi-148

cal condition of the selected durations, the Dst index (taken from http://wdc.kugi.kyoto149

-u.ac.jp/dstdir/) and the kp values (taken from http://wdc.kugi.kyoto-u.ac.jp/kp/150

index.html) have been used.151

We have taken the major interplanetary parameters in this study. The significant parameter152

is initially the Bz because it propitiates two interaction regimes (south Bz implies frontal153

magnetic reconnection and north Bz implies laminar plasma flow regime, which could even154

evolve to turbulence characterized by KHI on the boundary). Similarly, By is related to155

reconnection via a magnetic configuration. The Bx component has also been taken into ac-156

count. The IMF components data in the geocentric solar magnetospheric (GSM) coordinate157

system have been used. Complementary, at last, parameters like solar wind speed vsw and158

solar wind flow pressure Psw are fundamental parameters and are used. These data and159

geomagnetic indices have been taken from OmniWeb (https://omniweb.gsfc.nasa.gov/).160

The list of Richardson/Cane ICMEs has also been used.161

On the ground data set, we have used the Pc5 integrated power (Ipow), the auroral geomag-162

netic index AE, and the low-latitude geomagnetic index Sym-H to evaluate the influence163

of every interplanetary parameter upon the surface effects in terms of the evolution of the164

electrodynamical coupling. The analyses implemented allow us to consider the influence165

even with the geomagnetic latitude, three high latitude stations (T42, RAN, and T41) and,166

for comparison, one low latitude station (TIR). The Pc5 Ipow data have been taken from167

superMAG (http://supermag.jhuapl.edu/) for four different stations listed in Table (1).168

The ionosphere modulates the ground-based fluctuations, so we focus on the integrated169

power discarding the waveform in comparison with plasma parameters. In the derivation of170

the ULF parameters, the N (local magnetic north) and E (local magnetic east) geomagnetic171

field components are used. The main field, or baseline, has been removed by the superMAG172

to subtract the daily variations and yearly trend.173

174
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Table 1. Geographic and geomagnetic location of the selected stations

Stations IAGA GLON (◦) GLAT (◦) MLON (◦) MLAT (◦)

Tirunelveli TIR 76.95 8.48 149.95 0.57
La Ronge T42 254.74 55.2 -41.51 63.8
Rankine Inlet RAN 267.89 62.82 -28.1 73.75
Kiana T41 199.56 66.97 -105.56 65.59

3 Methodology175

We examined the data using classical statistical cross-correlation analysis. However,176

we also selected specific wavelet transform techniques to deepen our investigation through177

wavelet using scale dependence correlation analysis. These analysis procedures allow us to178

investigate (and obtain comparisons of) the relationships below:179

i. IMF-Bz, vsw, Psw versus Ipow180

ii. AE, Sym-H versus Ipow181

Based on the plots, we can analyze the role of different processes in the interplanetary182

medium on the Pc5 (Ipow) manifestations at higher latitude and additionally compare with183

the result at low latitude (station TIR).184

3.1 Continuous Wavelet Transform (CWT)185

Wavelet analysis, a method of time-scale localization, has been applied to 1-min data186

to study the periodicities of Pc5 time series. Here, we have used the non-orthogonal and187

complex Morlet wavelet function (mother wavelet), which is given as follows (Torrence &188

Compo, 1998):189

ψ(x) = π−
1
4 eiω◦xe−

x2

2 , (1)190

where ω◦ represents frequency. We have generated the family of continuously translated,191

dilated, and rotated wavelets from ψ(x) (Farge, 1992):192

ψlx′θ(x) = l−
n
2 ψ

[
Ω−1(θ)

x− x′

l

]
, (2)193

where l and x′ correspond to the width (scale parameter) and position of the wavelet,194

respectively. The rotation matrix Ω belongs to the group SO(n) of rotation in Rn, and195

depends on the n(n − 1)/2 Euler angles θ. The CWT of a distribution f(x) gives wavelet196

coefficients (Farge, 1992):197

f̃(l, x′, θ) =

∫
Rn

f(x)ψ∗lx′θ(x)dnx, (3)198

where ψ∗ represents complex conjugate of ψ. In Fourier space, the equation (3) becomes:199

f̃(l, x′, θ) =

∫
Rn

f̂(k)ψ∗lx′θ(k)dnk (4)200

The time average of all the local wavelet spectra over certain period is the global wavelet201

spectrum (GWS). If the Fourier spectrum of the original time series is smoothed, then it202

approaches the GWS. The wavelet interpretation is referenced from Torrence and Compo203

(1998).204
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3.2 Cross-correlation analysis205

Cross-correlation analysis, with coefficients ranging from -1 to 1, is the process of finding206

relation between two time series (Adhikari et al., 2018). It is the function of relative time207

between the signals i.e. the moment of time by which the signal has been shifted. The208

cross-correlation interpretation is referenced from Tsurutani et al. (1990) and Adhikari et209

al. (2018). The correlation between two series, P and Q, is given by Marques de Souza et210

al. (2018):211

r =

∑
(Pi − P̄ ).

∑
(Qi − Q̄)√∑

(Pi − P̄ )
2
√∑

(Qi − Q̄)
2

, (5)212

where r denotes the correlation coefficient.213

4 Results and Discussion214

4.1 Solar activity and ULF wave during 22-23 June, 2015215

The case study shown in Figure (1) exhibits the fluctuations in interplanetary param-216

eters and ULF wave during 22-23 June in the year 2015. The magnetosphere got more217

disturbances from ∼6:00 UT on 22 June. Then, the large geomagnetic activities were ob-218

served as indicated by kp values, with a maximum value of 8+ among two days (not shown219

here in the plots). The higher kp value implies the greater energy input from the solar220

wind or solar particle radiation to the Earth. The ionospheric currents caused by enhanced221

activity in geomagnetic tail have principal contribution in the kp value (Piddington, 1968).222

Whereas Dst index indicated the disturbances rather later, i.e. from ∼16:00 UT on that day223

and the minimum value of Dst was −204 nT. The recovery phase extended over a week and224

shifted to quiet day value at ∼10:00 UT on 30 June. A cluster of shocks passed ACE satellite225

at 04:51 and 17:59 UT on 22 June, which were driven by the 19 June and the 21 June CMEs,226

respectively. An ICME (02:00 UT 23 June - 14:00 UT 24 June) was also preceded by 17:59227

UT shock. In fact, there were three preceding shocks altogether, including the initial shock228

at 15:40 UT 21 June, and a single ICME. However, we have presented other two CMEs,229

that occurred during our selected interval, in Figure (1). The four CMEs altogether hit the230

Earth’s magnetopause and the geomagnetic field activity ranged from quiet to severe storm231

conditions. Liu et al. (2015) recognized this multi-step development of geomagnetic storm232

as a sheath-sheath-ejecta scenario.233

234

The Figure (1) exhibits the initial slow solar wind, the compressed average wind seg-235

ment, followed by the compressed fast wind segment associated with a strong southward236

IMF component. As a result, we observed the growth of the IMF magnitude average (|B|).237

Such increase of IMF was the major parameter related to the beginning of geomagnetic sub-238

storms and storms (W. Gonzalez et al., 1994; W. D. Gonzalez et al., 1999). But we noticed239

drastic downward values of IMF-Bz during 18:39-19:44 UT. The threshold value (mentioned240

in W. Gonzalez et al. (1994)) of southward IMF (−Bz) for the intense storm, i.e. 10 nT, was241

crossed, but the threshold duration of 3 hours was not met for this event. The interplan-242

etary magnetic-field lines are extended into Archimedes spirals by the merging of a radial243

component of solar-wind velocity and rotational motion of Sun (Parker, 1958). The solar-244

wind velocity is nearly radial in the vicinity of Earth, and it corresponds to the IMF motifs245

that rotates in conjunction with the Sun. However, the energy density associated with the246

streaming plasma is very much larger than the energy density of the interplanetary field in247

the interplanetary medium, so that the radial motion of the solar-wind plasma stretches out248

the interplanetary-field lines (Wilcox, 1968).249

We observed the increase of flow pressure of solar wind (Psw) from 05:45 UT on 22 June and250

sharp increase from 18:39 UT (in accordance with Psw = N.mv2sw). The magnetosphere’s251

outer boundary, the magnetopause, moves inward in response to increased solar wind dy-252

namic pressure. This compression was also indicated by abrupt increase of Sym-H index in253
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the neighbourhood of that point (18:39 UT). This was the indication of a rise in dayside254

magnetopause currents prior to the onset of a storm. It corresponds to sudden storm com-255

mencement (SSC) since a magnetic storm followed the impulse. Then, the value of Sym-H256

continuously decreased and reached the lowest value of about -200 nT around 04:00 UT on257

23 June. The negative Sym-H values were observed throughout 23 June. These conditions258

led to an intense storm. The Sym-H index ≤ −50 nT corresponds to the fluctuated geo-259

magnetic field by its interaction with solar wind (W. Gonzalez et al., 1994; Adhikari et al.,260

2018). The southward oriented interplanetary magnetic field is responsible for the reduction261

in Sym-H value (Tsurutani et al., 1988). The AE-index increased earlier than other parame-262

ters, i.e. from 05:29 UT. Its sharp increase was from 14:06 UT, and the maximum value was263

noted to be 2698 nT at 20:09 UT on 22 June. The AE index characterizes the disturbances264

in the auroral electrojet current system. The AE index and IMF values became steady after265

14:33 UT, 23 June.266

267

Figure 1. Variations of solar wind parameters, geomagnetic indices, and Pc5 pulsations: (a)Pc5

Ipow [Log (nT 2)] (b)IMF-|B| (nT) (c)IMF-Bx (nT) (d)IMF-By (nT) (e)IMF-Bz (nT) (f)solar wind

velocity (km s−1) and solar wind flow pressure (nPa) (g)Sym-H index (nT) (h)AE index (nT) during

22-23 June, 2015

.
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The first panel of Figure 1 shows the Pc5 wave activity at four different observatories.268

The ULF power index, calculated using the data of worldwide distributed magnetometers,269

indicates the global wave power intensity in the Pc5 frequency band (Kozyreva et al., 2007;270

Pilipenko et al., 2010). The global spatial compositions of Pc5 pulsations were disparate271

for June 22 and 23: on 22 June, the maximal intensity was observed in all magnetometer272

stations at ∼07:30 UT in early morning hours, whereas in post noon hours, very intense Pc5273

waves were observed at ∼18:30 UT. On 23 June, Pc5 activity started after the storm main274

phase and spread to the morning, noon, and afternoon hours. Comparing global ULF ac-275

tivity with other interplanetary parameters showed (in a general shape) a well-pronounced276

peak-to-peak correspondence during the storm. The high magnitude fluctuations (maxi-277

mum Ipow = 9 Log (nT 2)) of Pc5 pulsations were observed in T41, RAN, and T42 stations,278

whereas relatively low magnitude in the TIR station. The nature of the pulsations is similar279

in all stations. The principal characteristics of geomagnetic variation phenomena observed280

at low latitudes were not locally generated, but rather manifestations of global field varia-281

tions having their main sources in the magnetosphere and high latitude ionosphere (Gupta,282

1976).283

It is generally accepted that the interaction between the streaming solar-wind plasma and284

the magnetosphere produces hydromagnetic waves in the Pc5 period range. The tangential285

stresses are produced at the flanks of the boundary layer near the dawn and dusk meridians286

when tumultuous solar wind moves away from the subsolar point within the magnetosheath.287

These stresses can give rise to waves produced by the KHI. The generated waves are di-288

rected towards the Earth along the magnetic field lines, which intersect the ionosphere in289

the auroral oval region (Gupta, 1976).290

291

4.2 Solar activity and ULF wave on 19 Feb, 2014292

Figure (2) represents the fluctuations in interplanetary parameters and ULF wave dur-293

ing the intense storm on 19 February 2014. The onset of storm was from ∼21:00 UT on294

Feb 18 (Dst index -27 nT during this hour) and minimum Dst value was -119 nT, ob-295

served on Feb 19. Its recovery phase extended upto 05:00 UT of 23 February. The currents296

within the magnetosphere and ionosphere are escalated during the enhanced level of solar297

wind-magnetosphere interaction. These current systems characterize the magnetic bays.298

The storm time disturbances of the geomagnetic field, Dst index, describes the variation of299

equatorial ring current (Mendes Jr et al., 2005). The amplitude of the Dst event is asserted300

to be associated with the large amplitude, long duration, negative Bz event following the301

shock (W. D. Gonzalez & Tsurutani, 1987). The magnetospheric disturbances were from302

the starting time of our selected day. The finalized kp value got lowered from 15-18 UT (kp303

index 2+) on 19 February, although there were disturbances on 20 February. The maximum304

kp index was 6+. This intense geomagnetic storm was the result of two powerful interplan-305

etary CMEs (15:00 UT 18 Feb - 07:00 UT 19 Feb; 12:00 UT 19 Feb - 03:00 UT 20 Feb).306

307

The vsw and Psw showed the simultaneous growth from 03:57 UT on Feb 19. The308

solar wind velocity of 506.4 km s−1 was noted at 12:04 UT. The peak period for solar wind309

flow pressure was observed to be 12:04 UT (5.19 nPa) -14:38 UT (4.77 nPa). The IMF Bz310

immediately reduced after the interplanetary shock at 03:09 UT 19 Feb. During the south-311

ward Bz interval, the high-level AE activity was observed that was related to convection312

enhancement caused by the growth of solar wind velocity via magnetic reconnection, and/or313

by the large-amplitude values of IMF By component, via a By dominant reconnection pro-314

cess (W. D. Gonzalez & Tsurutani, 1987). The entire northward values were observed from315

13:38 - 22:54 UT on that day. The negligible AE activity was associated with the positive Bz316

duration. This third component, Bz, of the interplanetary magnetic field is perpendicular to317

the ecliptic and is created by waves and other disturbances in the solar wind (W. Gonzalez318

et al., 1994). The Sym-H showed a slight decrease and then quick growth from 03:57 UT.319

The Sym-H minimum value was observed to be -120 nT around 07:00 UT. This value then320
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Figure 2. Variations of solar wind parameters, geomagnetic indices, and Pc5 pulsations (a)Pc5

Ipow [Log (nT 2)] (b)IMF |B| (nT) (c)IMF Bx (nT) (d)IMF By (nT) (e)IMF Bz (nT) (f)solar-wind

velocity (km s−1) and flow pressure (nPa) (g)Sym-H index (nT) (h)AE index (nT) on 19 Feb 2014

.

recovered to the normal level after 13:00 UT. During the main phase of geomagnetic storms,321

charged particles are energized near the Earth plasma sheet and injected deeper into the322

magnetosphere (Adhikari et al., 2018).323

324

The first panel of Figure (2) exhibits the enhancement of amplitude with discontinuities325

that occur in the signal and observe abrupt changes in the signal. Here, we again observed326

low Ipow values at low latitude station TIR. However, TIR records highlighted the clear327

effects of Bz Northward versus solar wind speed (for instance about 10:00 - 11:00 UT). The328

global Pc5 Ipow was decayed from high to low geographic latitudes. The integrated power329

exceeded the value of 9 Log (nT 2) during the main storm phase in T41, RAN, and T42330

stations. The large amplitude fluctuations and few sinusoidal nature were observed, making331

it more suitable for wavelet analysis. These large amplitude global Pc5 pulsations are the332

major component of the tail dynamics during periods of enhanced convection (Lyons et al.,333
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2002; Ngwira et al., 2018).334

The Pc5 integrated power is enhanced during the main phase of geomagnetic storms. The335

pulsation power can be used as an indicator of the initial passage of a high-speed solar wind336

stream past Earth (Engebretson et al., 1998). It is apparent that the solar wind speeds of337

less than ∼400 km s−1 do not give rise to appreciable pulsation power, while the 400-500338

km s−1 regimes seem to give rise to pulsation power. These moderate solar-wind speed339

conditions influence the pulsation power because some of the pulsations may be driven by340

an energy source with a weaker dependence on solar wind speed, such as intervals of re-341

connection during southward IMF Bz or very large solar wind impulses delivered by the342

dynamic pressure changes (Mathie & Mann, 2001). Above 500 km s−1, we observed signif-343

icant growth of Pc5 pulsation power.344

345

4.3 CWT analysis346

4.3.1 Spectral analysis of Pc5 Ipow during 22 and 23 June 2015347

The wavelet power spectrum of the T41 station shows that most of the power was lo-348

calized in the Fourier period band of 64-256 minutes. There were high Pc5 activities during349

400-2100 minutes, although some activities were on both sides of this duration. During350

400-2100 minutes, the Pc5 intensification was observed. It was also affected by the edge351

effect at its initial phase. Such continuous intensification during the storm is responsible for352

the deposition of a higher energy into the magnetospheric and ionospheric systems through353

Joule heating (Dunlop et al., 1994). The most fluctuated parameter was AE-index than354

other included parameters during this period. We took a red noise process (power directly355

proportional to time periods) as the background spectrum to determine the significance356

level, the thick contours in the power spectrum. Figure (3) represents the regions of more357

than 95% confidence level. There were no significant regions in the wavelet power spectrum358

in the few initial hours and during 2100-2400 minutes.359

360

Taking a red noise process, each point in the wavelet power spectrum is χ2
2 distribution361

assuming the original Fourier components are normally distributed. The green dashed line362

on scale average time series is the 95% confidence level red noise spectrum for α = 0.72.363

The lowest variance was observed from starting time upto 200 minutes. Two broad maxima364

were observed during 950-1100 min and 1500-2000 min. It can be clearly seen that there365

was a random distribution of variance from the mean, and also, the clusters in the power366

spectrum are distributed around the whole duration. It implies the randomness of our data.367

In the GWS, the dashed line is the 95% confidence level line, and it is seen that only a368

few lines are out of it. The GWS also supported the 64-256 minutes Fourier period of time369

series during the storm. It should be noted that the global wavelet spectrum provides a370

consistent and unbiased estimation of the true power spectrum of the time series (Torrence371

and Compo (1998) and reference therein). The peaks found on the GWS plot show the372

main periodicities of the Pc5 Ipow. The maximum power was observed to be ∼18 Log373

(nT 2) associated with the optimum periodicity (256 min) on the GWS plot.374

The wavelet power spectrum of RAN showed less Pc5 activities during 1400-1600 min and375

intense activities on both sides this duration with Fourier period of 64-192 min band. The376

GWS also supported this, and the maximum power was observed to be ∼10 Log (nT 2).377

The high variances were recorded during 1000-1400 min of the event duration. The wavelet378

power spectrum of the T42 station indicated a single, rather than the long, continuous, and379

some energetic short-term intensifications. We can see that the localization is gradually380

shifted to the lower Fourier period band. The peak in the variances was observed during381

1600-1900 min. The low latitude station TIR had only energetic short term intensification382

as shown in Figure (3) and the peak intensification during 1000-1200 min. The GWS showed383

the least main periodicity among the four stations.384

385
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Figure 3. Integrated power, scalogram, and global wavelet spectrum (GWS) of Pc5 pulsations

observed at (a)T41 (top left) (b)RAN (top right) (c)T42 (bottom left) (d)TIR (bottom right)

stations during 22 and 23 June, 2015
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Figure 4. Integrated power, scalogram, and global wavelet spectrum (GWS) of Pc5 pulsations

observed at (a)T41 (top left) (b)RAN (top right) (c)T42 (bottom left) (d)TIR (bottom right)

stations on 19 Feb, 2014
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4.3.2 Spectral analysis of Pc5 on 19 Feb, 2014386

The wavelet power spectrum of Pc5 time-series at T41 station (highest geographic lat-387

itude station among selected), Figure (4), indicated the higher amplification of Ipow during388

200-1000 min on Feb 19. This was continuous intensification, localized within the Fourier389

period band of 64-256 min. We can clearly see the higher variances during this period. Also390

another signature of intensification was noted after 1200 min, whose most parts were not391

included inside the cone of influence. The GWS indicated the maximum power of ∼40 Log392

(nT 2), associated with the highest periodicity.393

We observed the intense activities at RAN also during the 1000-1200 min, the low activity394

duration of T41. A single energetic short-term intensification was also observed. The GWS395

showed the relatively lower power and rather decrease of main periodicity than those at T41.396

While at T42, we can clearly see the gradual decrease of Fourier period band of intensed397

localization in comparison to that at T41 and RAN. And the low variance fluctuations were398

frequent at T42 during this event. The wavelet power spectrum of low latitude station TIR399

(Figure (4)) showed the tendency of short-term intensification. These were obtained during400

200-400 min and 1100-1200 min on Feb 19. There were also lower variances as in T42. The401

GWS indicated the maximum power of ∼20 Log (nT 2).402

403

4.4 Cross-correlation analysis404

We observed peak to peak correspondence between solar wind parameters and Pc5405

Ipow from time series analysis. To explore further relations between them, as a function406

of displacement of one series relative to the other by units of time, we have taken results407

from cross-correlation analysis. For the 22 June event, the variation of cross-correlation408

coefficients with time is shown in Figure (5), where Pc5 Ipow, solar wind parameters, and409

geomagnetic indices are used. The positive correlation, with maximum cross-correlation410

coefficient 1 at lag 0 min, was seen in Pc5-vsw case. This implied the same Pc5 Ipow and411

solar wind velocity phase in all selected stations with the maximum coefficient. In auto-412

correlation, there is always a peak at a lag of zero if the signal is not a trivial zero signal413

(Usoro et al., 2015). This also supports a strong correlation of observed solar wind velocity414

and the Pc5 Ipow time series. The maximum coefficient ∼0.65 was obtained for T41, RAN,415

and T42 stations without lag, whereas the maximum value was ∼0.7 for TIR with a response416

time, in Pc5-solar wind flow pressure correlation. It is worth noting that the perturbations417

in Psw are responded by the Pc5 Ipow with a time delay in the low latitudinal station. Con-418

sequently, we interpreted that the geomagnetic fluctuations recorded at low latitudes did419

not have locally generated attributes but they corresponded to the global geomagnetic field420

variations possessing main sources in the magnetosphere and high latitude ionosphere. We421

observed the relatively low correlation of IMF Bz, maximum coefficient of ∼0.3 with a shift422

in time, with Pc5 time series. The positive correlation, with maximum cross-correlation423

coefficient ∼0.8 at lag 0 min, was seen for the Pc5-AE case. But the Pc5 was negatively424

correlated with Sym-H, with the maximum coefficient of -0.8 at lag 0 min.425

426

We observed similar cross-correlation results also for 19 Feb 2014 (Figure (6)). The427

Pc5 Ipow was positively correlated with both the solar wind velocity and the flow pressure,428

same as in the June event with maximum coefficients of 1 and 0.8 at lag 0 min, respectively.429

This implies that the Pc5 Ipow was directly proportional to the solar wind velocity and the430

flow pressure. Moreover, they were in the same phase at 0 min lag, but a relatively stronger431

correlation of Pc5 Ipow with solar wind velocity than the flow pressure was observed. The432

maximum cross-correlation coefficient of ∼0.5 was seen in the Pc5-IMF Bz correlation. The433

IMF Bz showed less correlation with Pc5 integrated power, although it was the primary434

cause for the onset of geomagnetic storms. The Pc5 Ipow was positively correlated with435

the AE index with maximum coefficients of 0.8 at lag 0 min. While Pc5 was negatively436

correlated with Sym-H with a maximum coefficient of -0.9 at lag 0 min. This implies their437
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Figure 5. Cross-correlation of Pc5 Ipow with solar wind parameters for four stations T41, RAN,

T42, and TIR (a)Pc5-solar wind velocity (b)Pc5-solar wind flow pressure (c)Pc5-IMF Bz (d)Pc5-AE

index (e)Pc5-Sym-H index during 22 and 23 June, 2015

–14–



manuscript submitted to Earth and Space Science

Figure 6. Cross-correlation of Pc5 Ipow with solar wind parameters for four stations T41, RAN,

T42, and TIR (a)Pc5-solar wind velocity (b)Pc5-solar wind flow pressure (c)Pc5-IMF Bz (d)Pc5-AE

index (e)Pc5-Sym-H index on 19 Feb, 2014
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inverse proportionality.438

439

It is apparent that the solar wind speed controls the Pc5 pulsation activity. We ob-440

served the immediate response of Pc5 pulsations to the perturbations that occur in the vsw441

as indicated by the lag 0 min. The positive time lag in Figures (5) and (6) has no physical442

meaning because it would mean that the geomagnetic consequences happened before the443

perturbations on solar wind parameters. The energy contained in the solar wind enters444

the magnetosphere and appears as hydromagnetic energy. The interplanetary source mech-445

anisms are frequency-dependent for hydromagnetic energy production in the magnetosphere.446

447

Besides the vsw, the angle θxB between the IMF vector and the Earth-Sun line plays448

a crucial role in the variations in observed geomagnetic activity, known as the angle effect.449

The waves generated beyond the Earth’s bow shock are transferred to the magnetopause450

and subsequently toward the ground for small θxB . This mechanism has a contribution only451

to the high-frequency band. The effects of velocity become dominant for the low-frequency452

surface field fluctuations (Wolfe et al., 1980). The angle effect is IMF dependent mecha-453

nism. The cross-correlation analysis found that the IMF Bz magnitude and orientations454

have only a little influence on the Pc5 Ipow. This implies the possibility of their occurrence455

even in the IMF Bz orientation when the transmission of solar-wind energy flux to the mag-456

netosphere, by a process of reconnection of IMF and the magnetospheric magnetic field, is457

quelled (Marin et al., 2014). The global excitation of Pc5 pulsations may be a significant458

medium of the energy transmission from the solar wind into the magnetosphere during such459

orientation (Potapov et al., 2009).460

461

We observed the moderate effect of solar-wind pressure on the Pc5 pulsations. The462

fast-mode magnetosonic waves and shear-Alfven waves are imparted into the inner mag-463

netosphere when the fluctuations in solar-wind pressure concern the magnetopause. Such464

waves are guided along the direction of the Poynting flux. The pressure fluctuations excite465

a response within the magnetosphere and on the ground, across a broad range of solar wind466

speed and pressure, and IMF Bz. The solar wind pressure variations dominantly drive the467

Pc5 compressional fluctuations (Kessel, 2008). It may be further interpreted based on the468

cavity model. The magnetosphere behaves as a resonant cavity within this model. The469

compressional waves with the frequencies equivalent to that of the cavity are excited by470

the sudden changes in the solar wind’s pressure. This compressional wave then excites a471

field line resonance (FLR) (Eriksson et al., 2006). It is worth noting that the ULF pulsa-472

tions generated by the various mechanisms are thought to occur primarily over different but473

sometimes overlapping.474

In consistent with the studies like (Mathie & Mann, 2001; Engebretson et al., 1998), our475

results support the velocity-dependent mechanism as the source of pulsation energy than476

the dynamic pressure and IMF dependent mechanisms. The close correlation between in-477

tervals of enhanced solar wind speed and growth in pulsation power strongly support the478

magnetopause KHI as the probable source of pulsation energy (Mathie & Mann, 2001). The479

solar wind velocity greater than the critical velocity of instability can drive large amplitude480

oscillations by the KHI mechanism. These pulsations are the result of fully developed sur-481

face waves propagating on the magnetospheric boundary (Junginger & Baumjohann, 1988).482

483

Our results advocate that the ground Pc5 fluctuations are attributed to the KHI for484

the selected intervals. The KHI occurs at the interface between two fluids in relative mo-485

tion. The fast magnetosheath flow excites surface waves on the boundary layer that are486

suitable to KHI. The global modes of Pc5 fluctuations, having the driving and response487

frequencies mainly in the range 0.5 to 4 mHz, are compatible with cavity and waveguide488

eigenfrequencies. The integrated power on the ground and in the magnetosphere growths489

with the solar-wind speed, and toroidal fluctuations dominate the magnetopause flanks. As490
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a consequence, we detected the geomagnetic fluctuations in the Pc5 frequency band. These491

observations support a K-H instability energizing the body type waveguide modes (Kessel,492

2008).493

494

5 Conclusions495

After studying Pc5 characteristics during two intense geomagnetic storms, especially496

focusing on spectral analysis and cross-correlation with solar wind parameters, our key497

findings are:498

i. The geomagnetic fluctuations recorded at low latitudes do not have locally generated499

attributes but they correspond to the global geomagnetic field variations possessing500

main sources in the magnetosphere and high latitude ionosphere. Moreover, the global501

Pc5 Ipow is decayed from high to low geographic latitudes.502

ii. IMF Bz nominally influences the global Pc5 pulsations. This implies the possibility503

of their occurrence even in the IMF Bz orientation when the transmission of solar-504

wind energy flux to the magnetosphere, by a process of reconnection of IMF and the505

magnetospheric magnetic field, is quelled. The global excitation of Pc5 pulsations506

may be a significant medium of the energy transmission from the solar wind into the507

magnetosphere during such orientation (Potapov et al., 2009).508

iii. The Pc5 Ipow has a relatively higher correlation with the solar wind velocity than509

with flow pressure for here included two cases. The Pc5 Ipow and the solar wind510

velocity almost behaved as a single parameter at lag 0 min, assuming both are nor-511

mally distributed. The global modes of Pc5 fluctuations, having the driving and512

response frequencies mainly in the range 0.5 to 4 mHz, are compatible with cavity513

and waveguide eigenfrequencies. The integrated power on the ground increases with514

the solar wind speed, and toroidal fluctuations dominate the magnetopause flanks.515

These observations support a K-H instability energizing the body type waveguide516

modes (Kessel, 2008).517

iv. Most intense Pc5 spectra are localized within the Fourier period band of 64-256518

minutes. The Fourier period band of the intense Pc5 Ipow spectrum tends to decrease519

if the geographic latitude is lowered and vice-versa. Both long and short intensification520

of Pc5 Ipow is present in high latitude stations, whereas only the solitary waves are521

frequent in low latitudes for the same event.522
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