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Key Points.

◦ Hiss generated huge precipitations in afternoon sector at high latitude

◦ Localized concurrent Pc5 oscillations in geomagnetic field and CNA dur-

ing recovery phase of 17th March 2015 Storm

◦ Use of transfer entropy method

Abstract. The present study has focused on the intense production of5

cosmic noise absorption(CNA) at Maitri, Antarctica (L = 5;CGM −62◦ S6

55◦ E ) during the early recovery phase of the largest storm of the current7

solar cycle commenced on 17th March,2015 St. Patrick Day. The enhance-8

ment of CNA during 15 − 18 UT(14 − 17 MLT); (MLT=UT-1 at Maitri)9

was as large as the CNA enhancement occurred during the main phase of10

the storm. During this time the CNA pattern also exhibits oscillation in the11

Pc5(2 − 7 mHz) range and is in simultaneity with geomagnetic pulsations12

in the same frequency range. We observed the amplitude of CNA pulsation13

is well correlated with the level of CNA production. High amplitude Pc5 os-14

cillations were observed in the vicinity of auroral oval near Maitri. Absence15

of Electro-Magnetic Ion-Cyclotron(EMIC) waves is marked suggesting the16

possible role of VLF waves in precipitation. The reason for the intense CNA17

production is found to be the precipitation caused mainly by hiss-driven sub-18

relativistic electrons. The CNA enhancement event is located well inside the19

dusk plasmaspheric bulge region as suggested by Tsurutani et al. [2015]. Sig-20

nature of enhanced eastward electrojet at Maitri during 14−17 MLT could21

be an additional factor for such large CNA. In order to establish the cause22

and effect relationship between the geomagnetic and CNA oscillations at Maitri,23
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Transfer Entropy method has been used, which confirmed the modulation24

of CNA by geomagnetic pulsations.25
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1. Introduction

The precipitation of energetic particles at the high latitude atmosphere, associated dy-26

namics and chemical changes are important aspects of space weather research. Charged27

particle precipitation is associated with the coupling process between Van allen radiation28

belts and the Earth’s high latitude atmosphere. Study of precipitation process has been29

recently getting attention from the space and climate research point of view. Not only,30

the study will provide physics of the radiation belts and related energetic electron flux31

evolution but will throw light on the link between the atmospheric precipitation of solar32

energetic particles and polar climate variability e.g.,[Tsurutani et al., 2016; Rodger et al.,33

2013; Seppälä et al., 2007; Turunen et al., 2009]. It has been seen that energetic electron34

precipitation enhances the photo-chemistry that produces odd nitrogen and odd hydrogen35

in the atmosphere. They couple with the polar vortex and catalytically destroy ozone e.g.,36

[Tsurutani et al., 2016; Rodger et al., 2013](references therein).37

38

Predominantly, ULF magnetic pulsations play a major role in the acceleration and loss39

of high energetic electrons in the dawn sector of auroral oval. These ULF waves, together40

with VLF-chorus waves result in high latitude precipitations. In fact, both chorus and41

hiss can drive particle precipitation at higher L-values e.g., [Li et al., 2015; Go lkowski42

and Inan, 2008; Bortnik and Thorne, 2007]. The main mechanism behind such precip-43

itation is the electron-cyclotron resonance and subsequent pitch-angle diffusion [Kennel44

and Petschek , 1966; Tsurutani and Lakhina, 1997]. The theoretical explanation as well45

as modeling of cyclotron resonance of precipitating energetic electrons from tens of keV46
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to more than 1 MeV with VLF waves has been reported by Bortnik and Thorne [2007].47

However, Tsurutani et al. [2013] argued that chorus may not be responsible for relativistic48

electron precipitation. Recently, Remya et al. [2015] has clearly shown that the role of49

EMIC waves is more significant as compared to chorus in the precipitation of relativistic50

electrons. Tsurutani et al. [1979] have shown for the first time that anisotropic electrons51

can generates chorus waves, thus informing the loss cone instability for the production52

of chorus waves. Further, Tsurutani and Smith [1977] have analyzed the latitudinal and53

local time distribution of these extremely low frequency (10 − 1500 Hz) chorus to deter-54

mine their dependence on substorms and showed that equatorial chorus is associated with55

substorm activities. In this study VLF-Hiss was observed during the substorm activity56

at high latitude. Other study shows that interaction of relativistic electrons and pro-57

tons with electromagnetic ion cyclotron (EMIC) waves in the inner magnetosphere also58

give rise to significant precipitation [Rodger et al., 2008; Miyoshi et al., 2008]. Generally,59

EMIC waves fall at highest frequency band in the ULF spectral regime. They are ob-60

served as Pc1 and Pc2 geomagnetic oscillations at the ground. Anderson et al. [1992] have61

examined AMPTE satellite mission data, which showed that EMIC wave predominantly62

occurs on the day side and afternoon/dusk sector. However later it was confirmed with63

a statistical study done by Meredith et al. [2003] that occurrences of EMIC waves are64

restricted to dusk sector. EMIC waves are mostly responsible for scattering of protons65

during storm and substorm processes and are considered as potential cause of ring current66

ion loss during strong geomagnetic activities. Protons within energy band of 10 − 10067

keV undergo proton cyclotron instability with EMIC wave causing the pitch angle diffu-68

sion and subsequent loss [Yahnina et al., 2003; Yahnin and Yahnina, 2007; Yahnin et al.,69
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2007]. Criswell [1969] and Kawamura et al. [1982] have shown the approximate occurring70

location of EMIC waves to be at L ∼ 2− 5.71

72

Occurrence of geomagnetic pulsations in the Pc5 (2 − 7 mHz) range during the recov-73

ery phase of a geomagnetic storm is well established. Many workers [Yumoto and Saito,74

1980; Kivelson and Zu-Yin, 1984] have suggested that the solar wind driven Kelvin-75

Helmholz instability (KHI)at the magnetopause leads to such pulsations at the magne-76

topause. Pilipenko et al. [2010] have shown that the generation of Pc5 waves can be77

caused by high speed solar wind stream and elevated density fluctuation triggered by78

KHI. Additionally, Pilipenko [1990] has shown that Pc5 waves can be effectively triggered79

by energetic proton fluxes with non-Maxwellian distribution in energy and space. How-80

ever, a statistical study by Viall et al. [2009] showed certain discrete frequencies in the81

solar wind are more favorable to produce Pc5 pulsations in the magnetosphere, globally.82

Moreover, Behera et al. [2016] have shown that presence of Pc5 pulsation at high latitude83

coincides with particle precipitation phenomena.84

85

Normally, substorm onset, geomagnetic pulsations, whistler-mode VLF chorus and en-86

ergetic particle precipitation are simultaneous phenomena observed in the morning sector87

at auroral latitudes. Sometimes, pulsations are also seen in the cosmic noise absorption88

(CNA) event. Senior and Honary [2003] have shown that electron precipitation as seen89

in CNA data has been modulated by geomagnetic pulsations. In that study, IRIS for90

CNA observation and IMAGE chain magnetometers for geomagnetic pulsation observa-91

tion have been used,respectively. A statistical study was done by Spanswick et al. [2005]92
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using NORSTAR riometer and CANOPUS magnetometer arrays in order to understand93

the modulation of high energy electron precipitation by ULF waves in the Pc5 frequency94

band. The study was conducted in two parts. One part has explained the necessary95

conditions i.e presence of geomagnetic pulsation for the occurrences of pulsation in CNA96

. The study has used 11 years of CNA and geomagnetic data from three different sta-97

tions. They also observed 95% of CNA pulsations occur during morning hour compared98

to 70 % geomagnetic pulsations. The study revealed that for a geomagnetic pulsation99

that occurs in a auroral location during dawn hours, 70 % chances are there to occur a100

corresponding CNA pulsation. Therefore, it is concluded that CNA pulsation needs both101

favorable magnetospheric electron flux conditions and large enough magnetic Pc5 wave102

activity. Following the data survey of Baker et al. [2003], it was suggested that pulsations103

generated due to field-line resonances are more likely to cause CNA pulsations as observed104

by Riometer.105

106

CNA is mostly related to D-region ionization due to particle precipitation at high lati-107

tude [Little and Leinbach, 1958; Ansari , 1964]. However, there are various processes that108

may give rise to CNA events. A complete description of such processes were provided109

by Stauning [1996]. With the help of simple wide beam riometer data in earlier days, it110

was easy to calculate the CNA value just by subtracting the quiet day radio signal from111

the radio signal of any arbitrary disturbed day [Little and Leinbach, 1959]. But it was112

not sufficient in order to retrieve any spatial or temporal information of CNA pattern.113

Detrick and Rosenberg [1990] proposed an advanced level of Riometer (called Imaging Ri-114

omter)which can provide two dimensional image of CNA within the field of view (FOV).115
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They constructed multiple narrow-beam arrays with the individual antenna elements. It116

was done by the combination of receiving signals with proper phase shifting so that beams117

can be pointed to different directions. A more advanced beam forming done digitally has118

led to digital Imaging Riometers such as Maitri (See [Honary et al., 2011])119

So far many workers have shown the different aspects of the St. Patrick’s Day ge-120

omagnetic storm of March 2015. Sripathi et al. [2015] has shown low latitude impact121

within the Indian sector. Tulasi Ram et al. [2016] has shown the pronounce equatorial122

zonal electric field enhancement in response to prompt penetration of eastward convec-123

tion electric fields (PPEF) during this geomagnetic storm which is in-agreement with the124

case study of a interplanetary shock event of 5-6 November 2001 that caused ionospheric125

upliftment at dayside equatorial and mid-latitude ionosphere [Tsurutani et al., 2004].126

Similar study was also done by Iijima et al. [2005]. Cherniak and Zakharenkova [2015]127

and Astafyeva et al. [2015] have shown the high latitude impact during the main phase128

of the storm. This work is mainly based on the observations during the early recovery129

day (18th March,2015) of the St. Patrick’s geomagnetic storm. The main phase has been130

explained in great detail by above workers. Detail elaboration of the 2015 storm has been131

mentioned by Kamide and Kusano [2015]. Significant information regarding solar wind132

driven ionosphere-theromsphere coupling can be obtained during three storms near 2012,133

2013 and 2015 St. Patrick’s day [Verkhoglyadova et al., 2016]. This largest storm of the134

current solar cycle also has an extended recovery phase upto 10 days.135

136

In this study, we have concentrated on the early recovery phase of the storm. Sudden137

enhancement in CNA was observed at post noon hours (1500−1800 UT) of 18 March 2015138
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at Maitri, Antarctica with signature of eastward electrojet along with VLF-hiss signature139

at Halley station (geog.75.580 S,26.2330 W). Understanding the cause of such huge CNA140

enhancement during afternoon hours at L = 5 and the underlying processes that caused141

such particle precipitation form the main theme of the work. Further, we also observe the142

presence of geomagnetic as well as CNA pulsations during that period. Characteristics143

study of these pulsations during this period has been examined in corroboration with144

IMAGE chain stations. We have also tried to identify the cause and effect relationship145

between the geomagnetic pulsation and CNA pulsation at Maitri. For this purpose, we146

have used a novel technique based on Transfer Entropy method.147

148

2. Data set

A 4X4 imaging Riometer operating at 38.2 MHz was installed at Indian Antarctic sta-149

tion Maitri(L = 5; CGM 62◦ S 55◦ E ) in February, 2010. It passively receives stellar150

cosmic noise signal with 1 Hz sampling rate. It is used for the study of characteristics and151

dynamics of cosmic noise absorption (CNA) events and related space weather activities.152

Use of Imaging Riometer has significant advantages over a simple riometer. Imaging can153

be done with the help of 16 narrow beams and wide beam can also be constructed. Details154

of the beam forming for the Imaging Riometer has been well explained by Honary et al.155

[2011]. The field of view (FOV) of the Imaging Riometer is 200 km X 200 km at 90 km156

altitude. For more than a decade, the variation in all three geomagnetic components has157

been recorded by Digital Fluxgate Magnetometer (DFM) installed at the same location158

(Maitri) of Imaging Riometer in Antarctica by Indian Institute of Geomagnetism. The159

collected data of DFM is of 1 Hz resolution. Here, Imaging Riometer data and DFM data160
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have been used to study the CNA event and auroral electrojet characteristics,respectively161

during the period of our interest.162

The interplanetary parameters during the St Patrick’s Day storm have been collected163

from the OMNIWEB site (http : //omniweb.gsfc.nasa.gov/owmin.html) for a period of164

3 days (17− 19 March, 2016). The website provides the time shifted interplanetary data165

to the Earth’s bow shock nose with high resolution (1 min and 5 min) as well as low166

resolution (Hourly). The collected parameters are solar wind velocity (Vs), Interplane-167

tary magnetic field (Bz and B), solar wind density(ns), pressure(PS) etc. Geomagnetic168

storm and substorm signatures are studied with the help of ground geomagnetic indices169

such as AL, SYM − H and DST , which are collected from the WDC, Kyoto website170

(http : //wdc.kugi.kyoto− u.ac.jp/wdc/Sec3.html).171

Identification of substorm event and its onset is still a debatable issue. Wave and Planetary172

(Wp) index introduced by [Nosé et al., 2012] indicates substorm onsets more accurately173

[Thomas et al., 2015]. This index is based on the wave power of the Pi2 waves by taking174

geomagnetic data from the 11 stations of low to mid latitude. Local variation in the175

H-component data is obtained from DFM and wide beam and image of CNA is taken176

from imaging Riometer operating simultaneously at Maitri.177

178

The magnetic field variations and energetic electron flux can be obtained from the mag-179

netometer(MAG) and Energetic Particle Sensor (EPS) on board Geostationary Opera-180

tional Environmental Satellite (GOES). This study has used energetic electron flux data181

of energetic particle sensor (EPS) from GOES-13 and GOES-15 satellites. These GOES182

satellites are geosynchronous at an altitude of ∼ 36, 000 km with 75 deg west and 135 deg183
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west longitude, respectively. Energetic Proton Electron and Alpha Detector (EPEAD)184

on board GOES detects integral electron flux (E> 0.8 MeV, E > 2.0 MeV) and EPS185

detects electron flux of energy band of 40-475 keV. These data could be obtained from186

CDAWEB website of NASA (http : //cdaweb.gsfc.nasa.gov). In this study, we have used187

1 min electron flux data of 40-475 keV energy band from GOES-13 and GOES-15 EPS188

Detector.189

In order to study the presence of auroral electrojets within the auroral oval, we have190

used IMAGE chain magnetometer data. Characteristics of geomagnetic pulsations in Pc5191

range(2− 7 mHz) has also been analyzed with the help of IMAGE chain magnetometer.192

We envisage that event which has been studied in this paper is directly related to wave-193

particle processes within the inner magnetosphere. Hence VLF observation was required194

for this study. Unfortunately VLF data was not available during this event at Maitri,195

Antarctica. In order to compensate and complement to our observations, summary plots196

of VLF observation from the Halley station (geog.75.580 S,26.2330 W) is used in this197

study.198

3. Observations

Figure 1 provides the interplanetary conditions and the ground observations during199

the 2015 St. Patrick’s Day geomagnetic storm which was the largest geomagnetic storm200

(DST< −221 nT) of the current solar cycle.201

3.1. 17th March, 2015 geomagnetic storm event

Our interest lies in the first day of the recovery phase and hence importance is also202

given to the interplanetary and ground observation of the first day of the recovery phase203
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(18 March 2015) in details.204

The storm which started on 17 March 2015 on St. Patrick’s day is classified as G4 (severe)205

level storm (http : //www.swpc.noaa.gov/noaa− scales− explanation).Interestingly, the206

17 − 18 March 2015 storm was not associated with any major X-class or M-class flare207

(Kamide and Kusano [2015]) which is generally prescribed as precursor.208

Figure 1 illustrates the St. Patrick’s storm during 17− 19 March 2015. Upper four panel209

represents the interplanetary conditions such as solar wind velocity (V s), interplanetary210

magnetic field B and its southward component IMF −Bz, plasma density (ns) and solar211

wind pressure (Ps) respectively. Bottom two panels show the ground signatures. AL and212

AE show the localized disturbances in the auroral oval. Global response of this geomag-213

netic storm can be seen in DST index. This storm was marked by (SI+) causing a shock214

at ∼ 0445 UT followed by the main phase has started which can be seen in DST index in215

the last two panels, respectively. The main phase DST has dropped down to its minimum216

value of −226 nT at ∼ 2300 UT with couple of localized depressions of −93 nT and −164217

nT at ∼ 0940 UT and ∼ 1740 UT respectively [Verkhoglyadova et al., 2016; Cherniak and218

Zakharenkova, 2015]. Interplanetary behavior was very dynamic in the main phase of the219

storm. Solar wind velocity started increasing at ∼ 0445 UT up to 1600 UT and showed220

slow decline up to 2400 UT of 17 March 2015. Later on, it started slowly increasing221

and maximize at ∼ 2100 UT of 28 March 2015. Interplanetary magnetic field showed222

enhancement right after the SI+ and maximized up to 20 nT at 1500 UT. In particular,223

IMFBz was very much fluctuating during the main phase. The details of these fluctua-224

tions were provided by Verkhoglyadova et al. [2016]; Astafyeva et al. [2015]. During the225

recovery phase, IMFBz was still fluctuating but with less intensity. The minimum value226
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of IMFBz was ∼ −10 nT which was almost half of the intensity of IMFBz observed dur-227

ing the main phase. Solar wind density and solar wind pressure showed steady behavior228

right after the end of main phase.The average values of solar wind density and solar wind229

pressure during the first day of the recovery phase were less than half of those observed230

during the main phase. The ground observations were also in agreement with the above231

observations. Auroral indices AL/AE showed significant reduction/enhancement during232

the main phase in comparison to the recovery phase. For the present storm, minimum233

value of AL was ∼ −2000 nT and maximum value of AE was ∼ 2000 nT during the main234

phase, whereas AL was ∼ −1200 and AE was ∼ 1200 nT during the first recovery phase235

(18 March 2015). Nevertheless, out of many substorms during first recovery phase, the236

largest substorm occurred during ∼ 1400 − 1800 UT. During the onset of the substorm,237

Wp-index was significant (∼ 0.7nT ). In order to explain the energy that enters into the238

magnetosphere during solar wind-magnetosphere coupling, Astafyeva et al. [2015] have239

explained the behavior of polar cap index (PC). Furthermore, close observation of PC240

index clearly showed less enhancement during the first recovery phase of the storm. These241

acts suggest that the energy transfer into the magnetosphere during the first recovery day242

onward has reduced significantly. However, the observation at Maitri during the first day243

of the recovery phase revealed a huge CNA event, which was even more than the CNA244

occurred at Main phase of the storm. The paper considers this anomalous behavior of the245

CNA intensity.246

This geomagnetic storm was associated with a number of substorm onsets which is not247

unusual for severe geomagnetic storm. In order to find the substorm onset, one can follow248

the articles such as [Singh et al., 2012; Behera et al., 2015], where the detailed criteria for249
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identification of substorms has been explained. Figure 1 shows the number of substorm250

onsets during the storm.It is clearly observed that the intensity and number of substorms251

gets reduced with the proceeding of the storm. The main phase of storm is associated252

with intense substorms as shown in second most bottom panel of figure 1. The main phase253

sustained up to almost mid night (2400 UT) of 17 March end then recovery has started.254

The concurrent auroral electrojet signatures were stronger and more frequent, whereas255

there were hardly any auroral electrojet intensification up to 0600 UT of 18th March.256

The auroral electrojets started appearing only after ∼ 0600 UT but with relatively low257

strength. This continues till the recovery of the storm.258

259

3.2. Observation at Maitri during the storm

Figure 2 depicts the multi-instrumental observations at Indian Antarctic station, Maitri260

during the period of 17 − 19 March 2015. The CNA data was obtained by subtracting261

the riometer signal for the disturbed days (17 − 19 March)from the QDC of the March262

month of 2015. The bottom most panel is showing the keogram of the imaging riometer263

which provides the image plot CNA across a field of view of ∼ 200X200 km over Maitri264

at 90 km height. The keogram is produced by the contour map of all the beam with zero265

zenith corrections. Significant intensification of westward electrojet is evident from the266

depression in the H-component during the main phase with multiple substorm activities267

as shown in the top panel of the figure. Often the intensification of westward electrojet268

correlates well with the substorm onset during mid-night to morning hours [Behera et al.,269

2015]. The first onset of westward electrojet is seen ∼ 0700 UT just coincides with the270

substorm onset during the main phase of the storm. The next large westward electrojet271
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intensification is seen ∼ 1600 UT of 17 March to 0800 UT of 18 March centred at mid272

night. Similarly, westward electrojet intensification is seen during 2000 UT of 18 March273

to 0800 UT of 19 March. Note that intensification of westward electrojet has drastically274

reduced. The maximum electrojet value was −1200 nT centered at 17 March mid night,275

whereas it was only −300 nT for the next mid night. At Maitri, CNA enhancement is seen276

right from the first onset of substorm along with westward electrojet. Image of CNA also277

shows the localized enhancement during the onset of storm (refer figure 2). Absorption is278

patchy in nature and does not cover the full field of view (FOV) of the imaging Riometer.279

However, pronounced CNA is observed during the intensification of westward electrojet280

centred at 17 March mid-night. The maximum value of CNA obtained is ∼ 2.1 dB during281

the same hours. Multiple CNA onset spikes along with background CNA enhancements282

are also observed. Probably, these spikes in CNA image are direct field line precipitation283

of electrons in the night side during substorm activity. Finally, CNA came to its mini-284

mum value at 0800 UT. Thereafter again CNA level rose, but there was absence of any285

westward electrojet. During 15−18 UT, a sudden CNA enhancement is observed which is286

equally strong ∼ 2.2dB as the maximum CNA enhancement during the main phase of the287

geomagnetic storm and this anomaly forms one of the main focuses of the current study.288

Instead of westward electrojet, occurrence of eastward electrojet at Maitri H-component289

variation data during the period is evident as shown in the top panel of figure 2. The290

occurrences of eastward electrojet is discussed in great details in the section 3.3. Further,291

we did not observe any such huge enhancement in the CNA level through out the recovery292

phase as occurred during 15− 18 UT of 18 March.293

294
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For further examination, we have filtered the CNA and H-component data in the Pc5295

band (2− 7 mHz) of 18 March 2015 and presented in figure 3. Butterworth filter with 6th
296

order band pass in the frequency range 2− 7 mHz has been used for the filtering process.297

The upper most panel shows the AU and AL index. The next panel shows filtered data298

of H-variation followed by filtered CNA data. To compare the onset of CNA and related299

Pc5 wave power, wide beam CNA data has been plotted in the bottom most panel. It300

can be seen that Pc5 wave in geomagnetic data is present through out the day, but with301

multiple bursts of different amplitudes. Also we see multiple burst of pulsations in the302

CNA data in Pc5 range. However, it discontinues unlike geomagnetic pulsations; for303

example, no pulsation activity can be seen during 0600− 0900 UT and 1800− 2200 UT.304

The correlation is very poor (correlation coefficient, R < 0.2) between the Pc5 structure305

in geomagnetic field and CNA. Interestingly, only those time sector had no Pc5 activity306

in the CNA where CNA was at its minimum level, or it can be seen that pulsations in307

the CNA is well evident during enhancement of CNA throughout the day. Hence, we308

suspect the possible relation between the pulsation activity in CNA and the level of CNA309

enhancement. Additionally, it is seen that the largest and prolonged Pc5 burst in the310

CNA data occurred during 1500 − 1800 UT. We also observed burst in the geomagnetic311

pulsation during this period. Among geomagnetic Pc5 bursts during 18 March 2015, the312

strongest burst was observed during 2100− 2400 UT, but with soft CNA pulsations. The313

reason for small amplitude pulsation in CNA may be due to not so large occurrences of314

CNA during this period.315
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3.3. Magnetic field variation at different latitudes and longitudes

The IMAGE chain stations are precisely meant to monitor the auroral electrojet dy-316

namics within and around the standard auroral oval. It covers a geographical latitudinal317

range of 54 − 79◦ N. Figure 4 depicts the H-variations during 18 March, 2015 at the318

IMAGE chain stations in the narrow longitude range of 102 − 106◦ E with decreasing319

latitudes from top to bottom panel along with filtered data in the Pc5 band (2− 7 mHz)320

at their right side respectively. The details of the stations are given in table 1 . The321

left plots of figure 4 are clearly showing no signatures of any electrojet is seen after 0300322

UT up to 1400 UT. However, presence of eastward electrojet is clearly marked at the323

stations PEL, OUJ and HAN ∼ 1400 UT onward with decrease in intensity at lower324

latitudes. For example, PEL shows of maximum intensity of ∼ 500 nT, whereas TAR325

shows an intensity of only ∼ 30 nT. This suggest that the onset location of the substorm326

is within the auroral oval. In other words, substorm onset might have occurred near PEL327

station which has the same latitude as that of Maitri station. The interval marked by328

dashed lines indicate a time period of 03 hours when huge precipitation has taken place329

at Maitri. Hence we would expect the presence of direct precipitation at the location of330

Maitri during this time period. The right side plots of the figure 4 show wave power of331

Pc5 pulsations decrease with decreasing latitudes. No clear signature of Pc5 waves are332

seen at TAR station compared to other higher latitudinal stations.333

334

The presence of eastward electrojet at Maitri is shown in figure 5 and discussed further.335

Figure 5 depicts the H-variation at the longitudinally distributed stations (shown in table336

2) with similar latitude as Maitri in order to examine the characteristics of eastward elec-337
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trojet longitudinally during 1500 UT to 1800 UT. Clear simultaneous onsets of eastward338

electrojet at stations SOD, PEL, JCK and DON are evident. The onset time is ∼ 1400339

UT at SOD . However, a delay of ∼ 1 hr is seen at Maitri. Since, Maitri is away from340

local mid night sector and more eastward resulting the delay onset of eastward electrojet341

at Maitri. Additionally, the intensity of the eastward electrojet reduced with its longitu-342

dinal propagation. The right plots of figure 5 show the filtered H-variations in the Pc5343

band (similar to figure 4) for the respective left panel stations. H-variation and filtered344

H-variation data for Maitri have been colored in blue and filtered CNA data for Maitri345

with red for the duration of 1500 -1800 UT. It is evident that geomagnetic and CNA346

pulsations occurred simultaneous at Maitri, whereas no other station of IMAGE chain347

showed similar Pc5 burst around that interval (1500 -1800 UT). In figure 3, it was already348

seen that CNA pulsations is most pronounced during this interval. Hence, it is localized349

to Maitri. Figure 6 depicts the dynamic spectrum of filtered H-variation and CNA in350

the Pc5 band during 15− 18 UT, respectively. Frequency range 2− 3 mHz is seen to be351

present in both the spectrum. However, dominance of these frequencies are not though352

out the time series. For example, dynamic spectrum of filtered H-component shows clear353

presence of 2−3 mHz frequency range during 1530−1600 UT, whereas dynamic spectrum354

of CNA shows the presence of similar frequencies at 1530− 1630 UT. Nevertheless, both355

the time series show the dominance frequency range of 2− 3 mHz.356

3.4. Wave-particle interactions- VLF or EMIC ?

The production of large CNA during afternoon sector at Maitri and its possible cause357

is the central theme of this study. Many literature have suggested that precipitation and358

related CNA enhancement at high latitude particularly at 4 < L < 7 during storm time359
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substorm is possible due to direct field line precipitation of ∼ keV electrons restricted to360

mid night sectors. Also, wave-particle interactions between VLF waves and sub-relativistic361

electrons can scatter charge particles and subsequently lead to the precipitations as shown362

previously. Ion-cyclotron(EMIC) waves are also potential candidate for scattering the rel-363

ativistic electrons and subsequent precipitation of those [Rodger et al., 2008; Miyoshi364

et al., 2008] and hence, it can also be the cause of such large afternoon CNA at Maitri.365

Basically The whistler-mode chorus waves are observed in the dawn sector with series of366

short rising tones in the frequency band of ∼ 1 - 2.5 kHz. These specific structured chorus367

waves occur predominantly outside the plasma pause(L > 5). Chorus can drive energetic368

electron precipitation [Tsurutani and Lakhina, 1997; Pasmanik and Trakhtengerts , 1999;369

Trakhtengerts and Rycroft , 2008; Bortnik and Thorne, 2007; Go lkowski and Inan, 2008]370

facilitated by the electron-cyclotron resonance and pitch-angle diffusion. Therefore, the371

radiation belt energetic electrons may get precipitated by these chorus waves to the high372

latitude ionosphere [Tsurutani and Lakhina, 1997; Lorentzen et al., 2001; Meredith et al.,373

2001; Summers , 2005]. These energetic electrons may penetrate down to the lower part374

of the ionosphere (D-region) resulting in significant CNA. The chorus emission are seen375

to occur simultaneously with the onset of substorm [Tsurutani and Smith, 1974; Ander-376

son and Maeda, 1977]. Plasmaspheric Hiss, additionally, are also considered as potential377

cause of particle precipitation. Generally, these hiss waves occur inside the plasmasphere.378

However, they can be significantly stronger during geomagnetic substorms [Smith et al.,379

1974; Thorne et al., 1974]. These plasmaspheric hiss can also scatter the energetic elec-380

trons into the loss cone [Titova et al., 1997; Summers et al., 2008; Yuan et al., 2012].381

Plasmaspheric hiss are, in general different from chorus because of their structure-less382
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occurrence in the ELF band (300Hz to several KHz). Moreover, there are many studies383

which show the possible occurrences of HIss-like waves in detached high density plasma384

regions outside the typical plasmasphere, mostly in the dusk-evening sector [Chan and385

Holzer , 1976; Cornilleau-Wehrlin et al., 1978]. More recently Tsurutani et al. [2015] has386

done a detailed study on the hiss occurrences and have shown that they are predomi-387

nantly present at L-value 3− 6 in the dusk sector (15− 21 MLT) and the hiss generation388

in this limited region was attributed to ∼ 10 − 100keV electrons which drifted into this389

plasmaspheric bulge region. Here, we have tried to examine all sort of possibilities, which390

could lead to the precipitation and related CNA enhancement during 1500- 1800 UT on391

18 March, 2015. Figure 7 is showing the dynamic spectrum of VLF signal strength from392

Halley station( 75.58◦ S, 26.233◦ W) for the duration of 1200-2030 UT on 18 March, 2015.393

Halley station is nearer to Maitri in terms of geographic as well as CGM latitude, but394

has different longitudes. It is ∼ 2 hrs west to the Maitri station. The dynamic spectrum395

of VLF data clearly shows the presence of hiss during the period of 1500- 1800 UT when396

large CNA has occurred at Maitri. Since, the L-value of Maitri is 5 and time occurances397

of large CNA during 1400- 1800 may be due to scatting of electrons in the plasma bulge398

region. The first hiss burst can be seen during 1400-1530 UT as yellow patch with ∼ 50dB399

intensity , later continuous occurrence of hiss can be seen up to 1800 UT. The first hiss400

burst fall within the frequency range of ∼ 300− 800Hz and the later one fall in between401

∼ 100−600Hz. Several burst can be seen above 1 KHz. However they can not be termed402

as chorus as they do not have any consistent structures as shown by Manninen et al.403

[2010]. Also, observation of VLF-chorus related precipitation during afternoon hours is404

not so common. Interestingly, during afternoon hours and late evening hours, precipita-405
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tion due to EMIC wave is literally evident. Hence we also have examined the presence406

of EMIC wave at Maitri. Unfortunately, we do not see any EMIC wave presence during407

these hours. Additionally, Figure 4 clearly shows the presence of eastward electrojet at408

Maitri during 1500-1800 UT. Hence, we presume these two processes viz 1. VLF scattered409

sub-relativistic electron precipitation in the presence of ULF wave and 2. direct field line410

precipitation seen as eastward electrojet together might have produced such huge CNA411

in the afternoon hours at Maitri.412

4. Transfer Entropy method to evaluate the cause and effect relation between

geomagnetic and CNA pulsations

As discussed, for the huge CNA during the first day of recovery phase of March 17, 2015413

storm for the period 15− 18 UT, we observe the presence of geomagnetic pulsations and414

CNA pulsations, in H-component of geomagnetic data and CNA from Maitri, respectively.415

The geomagnetic pulsation were present almost throughout during the first recovery phase416

day. Whereas, CNA pulsations were seen to be present during high production of CNA on417

18 March 2015. That simply describes disturbed plasma system which might have been418

modulated by the field line oscillations [Pilipenko, 1990]. However, Sato and Matsudo419

[1986] have shown that the geomagnetic pulsation modulating CNA pulsation are not420

always true. In order to find the cause and the effect in these two pulsations, we have421

adopted a novel technique called Transfer Entropy method.422

Schreiber [2000] introduced Transfer entropy (TE) method which quantifies the infor-423

mation exchanged between any two variables [Schreiber , 2000; De Michelis et al., 2011].424

This exchange of information essentially has direction with no bearing on their common425

history or inputs, unlike cross-correlation. Therefore, it can be utilized for determining426
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the cause and effect relationship between two variables [Das Sharma et al., 2012; Vichare427

et al., 2016]. Transfer entropy between two random variables or processes x and y is428

mathematically represented as429

430

TEx→y(τ) =
∑

P (y(t+ τ), y(t), x(t)) log2

(
P (y(t+ τ), y(t), x(t)) ∗ P (y(t))

P (x(t), y(t)) ∗ P (y(t+ τ), y(t))

)
(1)

where P(y(t + s), x(t)) is the joint probability of y(t + s) and x(t) and P(y(t + τ),431

y(t), x(t)) is the joint probability of y (t + τ), y (t) and x (t).432

More details of this technique can be found in [Vichare et al., 2016]. Here, TE is applied433

to establish the driver and response from the pair, geomagnetic pulsations observed in434

magnetometer and CNA data. Note that CNA acts as a good proxy for the particle pre-435

cipitation and H-component is a good proxy for geomagnetic field line oscillations. Both436

the data sets show the periodic variations within Pc5 band, which posed the question who437

drives whom?438

439

The filtered time series of CNA recorded in Imaging Riometer and H-component of440

geomagnetic field at Maitri of time window 1500−1800 UT on 18 March are considered to441

compute Transfer Entropy (TE). As data is filtered the resultant time series are stationary442

in nature and TE can be applied. Data was down sampled to 10 sec resolution. TE is443

computed in both the direction i.e from geomagnetic pulsation to pulsation observed in444

CNA and vice a verse. The significance level is estimated by following surrogate data445

test [Theiler et al., 1992]. The TE values are shown in figure 8 with significance level.446

Estimated TE values are statistically significant. The figure 8 clearly shows there is447
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maximum information flow observed from H→ RIO at time lag ∼ 160 sec and for most of448

the time lags the TE values for H→ CNA are higher compared to CNA→ H. This implies449

that there is a net information flow from H → CNA. Thus, Transfer Entropy technique450

used have indicated that geomagnetic pulsation modulates particle precipitation observed451

at the station during the early recovery phase of St. Patrick’s Storm of 2015.452

5. Discussion

It is the first observation of pronounced CNA production along with simultaneous ge-453

omagnetic pulsation and CNA pulsation at Indian Antarctic station, Maitri during the454

early recovery phase of 2015 St. Patrick’s day geomagnetic storm. Maitri (L = 5; CGM455

62◦ S 55◦E) is situated at the lower fringe of auroral oval (CGM 65−75 deg) and its iono-456

sphere only responds to moderate to intense substorms.. Mainly storm-time substorm are457

able to alter the state of ionosphere over Maitri, Antarctica [Behera et al., 2015]. Inter-458

estingly during the largest geomagnetic storm of this current solar cycle, it is observed459

that the production of CNA at high latitude during the recovery phase can be as larger460

as that of the CNA during the main phase of the storm. Our interest lies in the time461

window of 1500- 1800 UT on 18 March 2015 (first day of the recovery phase) wherein the462

CNA enhancement was as larger as the maximum CNA production during main phase of463

the St. Patrick’s storm. Additionally, we observe the presence of geomagnetic pulsations464

and pulsations in CNA during 18 March 2015. Pulsations with larger wave power and465

longer duration coincided with the largest production of CNA during 1500 -1800 UT.466

467

Even though the interplanetary conditions were quite steady and less dynamic compared468

to the main phase, the interplanetary parameter such as solar wind (V s), IMF −Bz and469
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corresponding eastward component of interplanetary electric field IEF −Ey were signif-470

icant during the period of 1500- 1800 UT. The strongest substorm appeared during this471

period with maximum excursion in AL index of ∼ -1300 nT. The solar wind parameters472

such as IMF − Bz (∼ -10 nT),V s (∼ 600 km/s) were comparatively large during this473

period. The other parameters such as solar wind density and dynamics pressure showed474

some enhancement compared to other sector of the day (18 March), though these values475

were pretty low compared to their values during the main phase of the storm.476

The enhancement of CNA during afternoon sector might be the result of simultaneous477

occurring three major processes causing particle precipitation . Firstly, the precipitation478

of electrons which set up the field aligned current and arises due to the disruption of tail479

current. Secondly, precipitation could be possible due to the interaction of plasmaspheric480

hiss with eastward propagating sub-relativistic electron flux. Thirdly, EMIC might also481

scatter relativistic electrons and ions and allow them to fall into the loss cone to enhance482

precipitation at high latitude Ionosphere. Many researcher have shown that EMIC related483

scattering are notable during dusk hours within L value less than 5. Considering the loca-484

tion of Maitri and MLT of the event, we first examined the third possibility. During the485

period of interest, Maitri (L ∼ 5) is in dusk sector. So we expect the presence of EMIC486

waves. Pc1 and Pc2 in the ground magnetometers are the signature of EMIC waves. Data487

from Induction coil Magnetometer were used to examine the presence of EMIC waves (fig-488

ures are not shown). However we did not see any signature of EMIC waves. Hence, the489

contribution from EMIC driven precipitation can be discarded in the present case. Second490

process seems to be the main source of precipitation. Presence of plasmaspheric hiss is491

evident during 1500− 1800 UT at Halley station which is having same latitude as Maitri492
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station. The dynamic spectrum of VLF signal showed multiple burst within 1 kHz. Struc-493

ture less patches confirm the occurrence of hiss, not chorus which is rare at L = 5 during494

afternoon hours. [Behera et al., 2016] have shown that precipitation of particle at the day495

side can occur due to pitch angle scattering of sub-relativistic electrons, especially in the496

pre noon sector. Nevertheless, the criteria that adopted in Behera et al. [2016] have been497

followed in order to examine whether this is also a case of such day side CNA event or498

not. There are two most important things viz. absence of westward electrojet over Maitri499

during substorm activity and a certain delay between the onset of substorm as observed in500

AL-index and onset of CNA at Maitri qualify a CNA event to be called as a day side CNA501

event at Maitri. Apparently, it is found that the event satisfies the criteria for the day side502

CNA. Here, susbtorm activity is observed prior to the onset of CNA with a time delay of503

∼ 60 min. This time delay has been fitted in the gradient curvature equation [Beharrell504

et al., 2015] in order to estimate the energy range of the electron flux resulting into large505

CNA at Maitri. No westward electrojet signature was evident during the event. Hence506

similar exercise was carried out as mentioned in [Behera et al., 2016]. The estimated507

energy range is found to be 150− 350 keV. Figure 9 is showing the electron flux of 40-475508

keV energy band observed in GOES-15 and GOES-13 satellites for 18 March 2015. Since509

both the satellite were far in LT from the CNA observation site(Maitri),we estimated the510

percentage residual flux, that could reach to Maitri. From the comparative observations511

at both the satellites,it was found that loss rate is found to be 0.33% per degree in the512

150 keV band and 0.16% per degree in the 275 keV band. Hence, approximately 40%513

and 60% of flux will reach to Maitri during the event in the energy band of 150 keV and514

275 keV,respectively. There were three major burst of electron flux occurred at ∼ 0820515
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UT, ∼ 1140 UT and ∼ 1510 UT respectively. Interestingly, all these three burst relate to516

three major substorm onsets. Out of three substorms, the substorm that occur ∼ 1410517

UT onwards was most intense but with comparatively less flux enhancement as shown in518

figure 9 and with highest CNA enhancement (refer to figure 3). This allow us to think519

of an additional factor that might help in producing such huge CNA during 15 − 18UT .520

Nevertheless, enhancement of electron fluxes are seen in the energy range of 75 − 275521

keV which agreed with the assumption that made by gradient-curvature drift calculation.522

Hence, it can be assumed that plasmaspheric Hiss as observed at Halley station (please523

refer section 3.4) and enhanced flow of eastward propagating keV electrons might have524

undergone wave-particle interactions causing primarily such huge CNA at Maitri.525

526

Presence of eastward electrojet during the period of our interest is expected to be the527

additional contributing factor for such CNA enhancement during 1500 − 1800 UT of 18528

March at Maitri . Figure 5 clearly shows the presence of eastward electrojet at Maitri529

during 1500− 1800 UT. Signatures of eastward electrojet was visible longitudinally with530

certain time delay in the IMAGE chain stations with latitude close to Maitri. Stations531

such as SOD, PEL, KCK and DON are longitudinally close enough and hence visible532

delay between the onset of eastward electrojet was not observed. Nevertheless, visible533

delay appeared at Maitri as that is far and westward to other stations shown in the figure534

5. Presence of eastward electrojet was quite evident with Delta H ∼ 250 nT. Eastward535

electrojet is mainly directly driven by re-connection as suggested by a statistical study536

with an empirical ionospheric model performed by Gjerlov and Hoffman (2001). Therefore,537
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we presume that the presence of eastward electrojet may be an additional factor for such538

huge CNA at Maitri during post noon sector.539

Additionally, presence of strong geomagnetic Pc5 pulsation is evident at the stations540

nearer to Maitri and other station nearer to auroral latitudes than the equator-ward541

stations. Also, CNA pulsation was seen at Maitri along with geomagnetic pulsation542

predominantly ∼ 2 − 3 mHz range during the same hour of enhanced CNA (please see543

figure 3). This has created confusion to understand the cause and effect relationship544

between the geomagnetic and CNA pulsation. To identify the cause and effect relationship545

between the geomagnetic pulsation and CNA pulsation at Maitri, a novel approach i.e546

Tansfer Entropy (TE) method was used, which confirms the modulation of cosmic noise547

absorption due to the geomagnetic pulsations (discussion in section 4).548

6. Conclusions

The current study attempts to understand the sudden rise in CNA level during the549

recovery phase particularly at 1500 − 1800 UT of the largest geomagnetic storm of the550

current solar cycle and lead to follwoing key points,551

1. the CNA enhancement in the early recovery phase, particularly in the afternoon552

sector (1500 − 1800 UT) at Maitri (L = 5) was as larger as that during main phase553

CNA. The location of Maitri is indeed situated well within the plasma-bulge region where554

maximum precipitation of energetic electrons were expected due to hiss waves.555

2. Absence of Electro-magnetic Ion-cyclotron (EMIC) waves has pointed the role of556

VLF in production of such huge CNA during the afternoon hours at Maitri (L = 5).557

However,VLF observation from the Halley station (75.58 S, 26.233 W) shows the presence558
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of hiss instead of chorus with multiple bursts during 1500− 1800 UT. Essentially, Halley559

station was also inside the plasma-bulge region.560

3. hence, it can be considered that Hiss and enhanced flow of eastward propagating561

100s of keV electrons as observed by GOES-15 and GOES-13 might have undergone562

wave-particle interactions causing primarily such huge CNA at Maitri. The observation563

is completely in agreement with the statistical study of plasmasperic hiss by Tsurutani564

et al. [2015].565

4. Moreover, simultaneity of CNA pulsations with geomagnetic pulsations during the566

same hours is also evident in the frequency range of 2− 3 mHz.567

Finally, it can be concluded that production of large CNA was possible due to simul-568

taneous occurring two processes viz (1) field line precipitation which was evident from569

the presence of eastward electrojet and (2) scattering of sub-realtivistc electrons by hiss570

waves inside the plasma-bulge region in spite of VLF-chorus. And, the pulsation in CNA571

is caused by geomagnetic pulsations in this event.572
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Figure 1. Variation in the interplanetary and ground observations during 17-19 March 2015

St. Patrick’s Geomagnetic storm. From top to bottom, first four panels present the 1 min reso-

lution interplanetary parameters data such as solar wind velocity (Vs), IMF (B), the southward

component of IMF (Bz), solar wind density (ns) and solar wind pressure (Ps). Fifth panel from

the top shows the variation in AE and AL -index. The bottom most panel shows the DST index.
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Figure 2. Observation at Maitri during 17-20 march, 2015. Upper three panels represent

the variation in H, D and Z component, respectively. The fourth panel shows the CNA data of

Imaging Riometer with wide beam application. The last panel shows the image of CNA with

narrow beam application
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Figure 3. The second and third panel from the top show the filtered H and CNA data in the

Pc5 band (2-7 mHz) during 18 march, 2015. The bottom panel shows the wide beam CNA data.

AL -index has been plotted in the top panel to show the delay between substorm onset and CNA

onset
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Figure 4. Left figure represents the H-variation at different IMAGE chain stations with

decreasing order of latitudes from top to bottom, where as the right figure shows their filtered

data in Pc5 band (2-7 mHz)
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Figure 5. Left figure represents the H-variation at different IMAGE chain stations including

Maitri station with decreasing order of longitudes (Maitri is shown in blue color) from top to

bottom, where as the right figure shows their filtered data in Pc5 (2-7 mHz) band. Again Maitri

is shown in blue color. Additionally CNA data at Maitri filtered at Pc5 band has been shown in

the red color at the bottom most panel of right figure.
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Figure 6. Dynamics spectrum of filtered (2-7 mHz) H-component and CNA data at Maitri,

Antarctica during 1500-1800 UT of 18 March.
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Figure 7. Dynamic spectrum of VLF data from Halley( 75.580S, 26.2330W ) for the duration

of 1200-2030 UT on 18 March 2015 is shown here.

Table 1. Geographic and geomagnetic co-ordinates of the IMAGE stations used in the present

study

Sr.No. Stations Geog.Lat.(◦N) Geog.Long.(◦E) CGMLat.(◦N) CGMLong.(◦E)
1 PEL 66 24 63 104
2 OUJ 64 27 60 106
3 HAN 62 26 58 104
4 TAR 58 26 54 102

Table 2. Geographic and geomagnetic co-ordinates of the IMAGE stations having latitude

similar to Maitri
Sr.No. Stations Geog.Lat.(◦N) Geog.Long.(◦E) CGMLat.(◦N) CGMLong.(◦E)

1 SOD 67 26 63 107
2 PEL 66 24 63 104
3 JCK 66 16 63 101
4 DON 66 12 63 95
5 MAI -70 11 -63 54
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Figure 8. Transfer entropy between two time series i.e H and CNA data of Maitri for the

duration of 1500-1800 UT of 18 March 2015
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Figure 9. The 1 min resolution data of 40-475 KeV electron flux densities by GOES-13 and

GOES-15 during 18 March 2015
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