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Abstract: We have studied and compared the 

effects of full halo CMEs induced geomagnetic 

storms across the high, mid/equatorial and low 

latitude ionosphere around Ny Alesund, 

Norway, Irkutsk, Russia and Adis Ababa, 

Ethiopia. The total electron content (TEC) data 

obtained from the global positioning system 

(GPS) were used to examine the level of 

responses of ionospheric latitudes to full halo 

CMEs induced geomagnetic storms of June 

23rd 2015. This study was carried out using 

dual frequency ground based GNSS 

observations at high latitude (NYAL: 78.56oN, 

11.52oE), mid-latitude (IRKM: 52.13oN, 

106.24oE) and low (Adis: 9.02oN, 38.44oE), 

ionospheric stations. The vertical TEC (VTEC) 

was extracted from Receiver Independent 

Exchange (RINEX) formatted GPS-TEC data 

using the GOPI Software developed by 

Seemala Gopi. The GOPI software is a GNSS-

TEC analysis program that uses ephemeris 

data and differential code biases (DCBs) in 

estimating slant TEC (STEC) before its 

conversion to VTEC. The result showed 

positive ionospheric responses of the 

ionospheric latitudes on the storm day. The 

overall responses across the latitudes to the 

geomagnetic storm were generally positive for 

the high latitude and negative for 

mid/equatorial and low latitudes.  
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1.0 Introduction 

Storm causing solar winds otherwise known as 

geoeffective solar winds (Gonzalez et al., 
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1994) is characterized by prolonged and 

enhanced southward biased interplanetary 

magnetic fields (Bs) that allow for efficient 

transportation of particles and energies from 

solar wind streams into the earth’s 

magnetosphere. Geoeffective solar wind 

streams associated with geomagnetic storms 

have been shown to result from coronal mass 

ejections (CMEs) (Cane et al., 2000; Webb et 

al., 2000). Corona mass ejections are classified 

based on their appearances on the occulting 

disc of the observing coronagraph. They are 

halo and non-halo CMEs. Non-halo CMEs are 

not visible on the coronagraphs, while halo 

CMEs which are visible on the occulting disc 

of the coronagraph are either full (𝑊 = 360𝑜) 

or partial (120𝑜 ≤ 𝑊 < 360𝑜) depending on 

the apparent width of CMEs (Gopalswamy, 

2009). Usually, halo CMEs are high-speed, 

wide and are associated mostly with flares of 

very high X-ray since only very energetic 

CMEs spread out rapidly to become visible on 

the occulting disks early in the event 

(Gopalswamy et al., 2008). 

A geomagnetic storm is a consequence of 

chains of events that are initiated at the sun. 

Particles and energy depositions into the 

Earth’s magnetosphere by solar winds lead to 

the formation of ring current which in turn 

causes diamagnetism. This diamagnetism 

creates a disturbance in the Earth’s magnetic 

field. These disturbances are observed as 

variations in the horizontal component of the 

earth’s magnetic field (Echer et al., 2008). 

These disturbances of the earth’s magnetic 

fields are called geomagnetic storms. The 

major mechanism employed in the explanation 

of geomagnetic storms as a consequence of the 

solar wind- magnetosphere coupling process is 

the principle of magnetic reconnection. The 

magnetic reconnection entails the 

interconnection of the oppositely inclined 

interplanetary magnetic field (IMF) and 

geomagnetic field. This coupling of the solar 

wind and the magnetosphere eventually results 

in the exchange of plasma, energy and 

momentum between the various magnetic field 

regions (Hughes, 1995). The efficiency of this 

reconnection process is determined by the 

geoeffectiveness of the solar wind (Dungey, 

1961; Perreault and Akasofu, 1978; Tsuruntani 

and Gonzalez, 1997).  

The consequential outcome of the solar wind - 

magnetosphere – ionosphere coupling is the 

changes observed in the ion production and 

loss rates which eventually lead to spatial and 

temporal variations in ionospheric parameters 

like total electron content (TEC) (Rishbeth, 

1998). Another consequence of the solar wind 

– magnetosphere – ionosphere coupling is the 

development of ring currents around the earth’s 

equator which induces perturbations in the H 

component of the earth’s magnetic field also 

known as geomagnetic storm. Geomagnetic 

storms are either recurrent or non recurrent 

depending on their nature of occurrences. The 

parameter used in measuring the magnitude of 

geomagnetic disturbances is the disturbance 

storm time (Dst) index and it is proportional to 

the kinetic energy of particles present in the 

outer radiation belt (Gonzalez et al., 1994). 

Most often, the main driver of ionospheric 

dynamics in the high latitude region is coupling 

between the solar wind, magnetosphere and 

ionosphere (Watson, 2016). Hence, the high 

latitude ionosphere is controlled by particles 

and electric fields from the magnetosphere 

(Hunsucker and Hargreaves, 2003). These 

particles are deposited into the high latitude 

ionosphere from the magnetosphere by particle 

precipitations and joule heating (Sharma et al., 

2020). When particles, energy and momentum 

precipitate into the higher latitudes from the 

thermosphere, energy is transmitted to the 

neutral gas from the aurora electric current via 

joule heating. The neural winds move down to 

the lower latitudes by momentum transfer. 

Equator bound gravity waves are produced by 

the joule heating and momentum transfer of the 

thermospheric winds and pressure (Nava et al., 

2016).  
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These electric fields and neutral winds enter the 

mid and subsequently low latitudes, while the 

equatorial plasma flows into the region along 

magnetic field lines. This causes plasma 

instabilities which affect the plasma content by 

varying the ionospheric plasma altitude in so 

doing determine the rate of recombination. 

Except for the equator bound neutral winds 

caused by the Joule heating of the high latitude 

thermosphere, the Disturbance Dynamo 

Electric field (DDEF) (Yeh et al., 1991; Abdu 

et al., 2012 and Devi et al., 2018) and direct 

Prompt Penetrations of dawn-dusk Electric 

Field (PPEF) also penetrate the equatorial and 

low latitude ionosphere eventually leading to 

storm time modification of the currents and 

fields of that region (Sastri et al., 1997; Monti 

et al., 2015). These lead to changes in plasma 

densities and dynamics. The PPEF is generated 

by neutral winds. They are eastward in day 

times and westward at nighttime (Heelis, 2004; 

Fuller-Rowell, 2011). PPEF develops promptly 

and enhances the dynamo-electric field, which 

also initiates the vertical 𝐸 × 𝐵 plasma drift at 

the magnetic dip equator, thus lifting the 

plasma to higher altitudes. This effect is known 

as the fountain effect and is usually stronger on 

the dayside and post-sunset period at the low 

and equatorial latitude regions. Contrary to the 

PPEF, the DDEF builds up slowly and takes 

several hours to set up the disturbance winds 

associated with it, after which they can persist 

for hours (Maruyama et al., 2005; Astafyeva et 

al., 2017). 

Using the total electron content (TEC) data, 

this study examined the responses of the low 

latitude (Adis: 9.02oN, 38.44oE), mid-latitude 

(IRKM: 52.13oN, 106.24oE) and high latitude 

(Nyal: 78.56oN, 11.52oE) ionospheres to full 

halo CMEs induced geomagnetic storm of June 

23rd, 2015 and also to investigate the level of 

impact of the storm to the ionospheres. 

2.0 Materials and Methods 
 

This study has been carried out using the dual 

frequency ground based GNSS observations at 

high (NYAL: 78.56oN, 11.52oE), mid (IRKM: 

52.13oN, 106.24oE) and low (ADIS: 9.02oN, 

38.44oE) latitude ionospheric stations in Ny 

Alesund, Russia, Svalbard, Norway and Adis 

Ababa, Ethiopia. The raw TEC data was 

obtained in a RINEX format. The GPS-TEC 

program software developed by Seemala Gopi 

was used to calculate and extract the vertical 

TEC (VTEC) using the differential carrier 

phase and pseudo range observations (Seemala 

and Valladares, 2011). The GNSS-TEC 

analysis program uses ephemeris data and 

differential code biases (DCBs) for calculating 

and approximating slant TEC (STEC). The 

noises in the pseud orange TEC data are 

removed by using the carrier phase labeling 

method to smoothen the GNSS pseud orange. 

Equation (1) was used in calculating the STEC 

along with the satellite receiver. 

𝑆𝑇𝐸𝐶 = 𝑉𝑇𝐸𝐶 + 𝐵                                    (1) 

The B in equation (1) is the instrument bias. In 

other words, by removing the instrument 

biases, STEC is converted to VTEC. The STEC 

is converted to VTEC using equation (2) 

below: 

𝑉𝑇𝐸𝐶 = 𝑆𝑇𝐸𝐶 × (1 − ( 
𝑅𝐸 cos(𝛼)

𝑅𝐸 + ℎ𝑚𝑎𝑥
 ))

1
2⁄  (2) 

RE is the radius of the earth, α is the elevation 

cut off and hmax is the of ionospheric pierce 

point (IPP) altitude. The elevation cut-off is 

usually assumed to be greater than 20o to avoid 

the errors resulting from tropospheric effects, 

multipath and changes in the geometry of 

satellites. While the ionospheric pierce point 

(IPP) is usually considered to be 350 Km. 

TEC variation generally denoted as ΔTEC 

(change in the TEC) is calculated using 

equation (3): 

∆𝑇𝐸𝐶 = 𝑇𝐸𝐶𝑠 − 𝑇𝐸𝐶𝑞                             (3) 

where TECs is the storm time TEC and TECq is 

the average of the 5 quietest days of the month 

(reference ionosphere). They will be denoted 

herein as disturbed day TEC (Dd TEC) and 

quiet day TEC (Sq TEC). The quiet (reference 

ionosphere) was obtained by using the five 

international quietest days of each month of 

interest (Okpala et al., 2020). The months used 
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in this study are June and December 2015 and 

January 2016. The ith hour averages of those 5 

days are obtained using equation (3): 

TECq =
1

5
∑ Cij

5
j=1                                         (4)   

where Cij represents the raw VTEC for a 

particular hour (i = 1 to 24) for a given quietest 

day (j = 1 to 5).  

The percentage VTEC has been calculated to 

show the level of changes in VTEC values 

during storm days. It is obtained using equation 

(5): 

%𝑇𝐸𝐶 =
(𝑇𝐸𝐶𝑠 − 𝑇𝐸𝐶𝑞)

𝑇𝐸𝐶𝑠
 × 100               (5)  

TECs and TECq have been defined above. 

The disturbance storm (Dst) index which is a 

measure of magnetic activities were obtained 

from the World Data Center, Kyoto, Japan 

(http://wdc.kugi.kyoto-

u.ac.jp/dst_provisional/index.html). 

There are three categories of Dst data therein: 

the real time, Provisional and the final indices. 

The WDC provided the final Dst from 1957 to 

2014 and the provisional Dst from 2015 to 

2016 as at the time of this study. The ACE 

satellite provided the Bz component of the 

interplanetary magnetic field (IMF), the solar 

wind speed Vsw and proton density .These are 

key parameters for storm studies 

(https://omniweb.gsfc.nasa.gov/). The dawn-

dusk component of the interplanetary electric 

field (IEF) Ey, is computed using equation (6) 

as given by Zhao et al., 2008. 

𝐸𝑦 = −𝐵𝑧 × 𝑉𝑠𝑤 × 10−3                                (6) 

Where Ey the interplanetary electric field (IEF) 

is measured in (mV/m), Bz in (nT) and Vsw is in 

(Km/s). 
 

3.0 Results and Discussions 

We have investigated the response of high, mid 

and low latitude ionospheres over NYAL 

(78.56oN, 11.52oE), IRKM (52.13oN, 

106.24oE) and ADIS (9.02oN, 38.44oE) in Ny 

Alesund, Russia, Svalbard, Norway and Adis 

Ababa, Ethiopia to full and partial halo 

geomagnetic storm of 23rd June 2015.  

3.1 Geomagnetic storm event of 23rd June 

2015 

The diurnal variation of the interplanetary 

magnetic field, IMF-Bz, interplanetary electric 

field IEF (Ey), and disturbance storm time (Dst) 

which are background geophysical, solar and 

interplanetary conditions have been used to 

study the storm of 23rd June 2015. They are as 

shown in Figure 1 below. The storm has been 

defined as a full halo geomagnetic storm 

(Wantari, 2017). 

 
Fig. 1: (a) Disturbance storm index (Dst) (b) 

Interplanetary magnetic field (Bz) (c) 

Interplanetary electric field (Ey) (d) Proton 

density (e) Solar wind speed for the 

geomagnetic storm event 
 

The Geomagnetic storm event started from 22nd 

June to 24th June 2015. From Figure 1 (a), it is 

seen that the storm had a sudden 

commencement. It started from 00:00 UT with 

a Dst value of 8 nT and got to its minimum Dst 

value of -204 nT at about 04:00 UT on 23rd 

before making a gradual and consistent 

recovery to its quiet time value. It took more 
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than 24 hours for the Dst to recover to its pre-

storm level. The Dst signature showed multiple 

steps variations before its peak which is 

substorms of magnitudes 50nT and 113 nT. 

They lasted for four hours between 12:00 UT 

and 16:00 UT and two hours between 18:00 UT 

and 20:00 UT respectively. The plot of the 

variation of the interplanetary magnetic (Bz) 

and electric field (Ey) are shown alongside the 

Dst variation in Figure 1(b and c). There was 

an excellent but negative correlation between 

the IMF-Bz and IEF (Ey). In other words, when 

IMF-Bz is southward, IEF (Ey) is eastward and 

vis-a-viz.  The storms and sub-storms have 

been shown to have occurred when the 

interplanetary electric field IEF (Ey) is 

eastward (i.e positive) and IMF Bz is 

southward (negative). The interplanetary 

electric field is observed to peak between one 

and two hours before the occurrences of the sub 

storms and storms. For instance, while IEF 

(Ey) peaked at 15:00 UT, 19:00 UT and 02:00 

UT, the geomagnetic substorms and storms 

occurred at times 16:00 UT, 20:00 UT and 

04:00 UT respectively. On the contrary, the 

interplanetary magnetic field (Bz) decreases to 

its minimum values an hour or two before the 

occurrence of storms.  

It is also seen from the proton density plot in 

Figure 1(d), that the sub storms and storms 

correspond with an enhanced particle influx 

(proton density peak). The proton density got 

to its maximum value of 41.48 n/cc at 20:00 UT 

an hour before the substorm and 9 hours before 

the main storm. It is pertinent to note, that the 

proton densities intensified when the IMF Bz 

remained southward and also coincided with 

sub storms formation. These substorms 

processes contribute an immense amount of 

energy to the ring current intensification which 

also is a key factor in the occurrences of 

geomagnetic storms (Sandhu et al., 2018). The 

time between the proton density peaks and 

geomagnetic substorms occurrences indicates 

the time between the influx of energetic 

particles into the magnetosphere responsible 

for energy intensification and formation of ring 

current which in turn causes disturbances in the 

magnetic field of the earth.  
 

3.2 Ionospheric response to the storm 
 

A plot of VTEC variations across low (ADIS), 

mid (IRKM) and high (NYAL) latitude 

ionosphere during a geomagnetic storm event 

of 23rd June 2015 are shown in Figure 2. The 

VTEC which represents TEC showed unique 

signatures at the various latitudes. The 

disturbed TEC showed a positive response to 

the storm at ADIS only on the storm day. The 

disturbed TEC was higher than quiet mean 

VTEC by 5.59 TECU at 06:00UT (09:00 LT), 

4.82 TECU at 12:00UT (15:00 LT) and 5.61 

TECU at 22:00 UT (01:00 LT on 23rd), these 

differences accounted for about 13.54%, 

10.50%, and 51.92% variations respectively. 

However, before the storm peak day, there was 

a sharp decrease in TEC from 22.51 TECU at 

17:00UT (20:00 LT) to 2.53 TECU at 22:00UT 

(01:00 LT on 23rd). Meanwhile at the mid-

latitude IRKM, disturbed TEC started showing 

an increment of up to 57.89% for quiet mean 

TEC on 22nd starting from 01:00 UT (9:00 LT) 

to 18:00 UT (02:00 LT on 23rd). Double 

positive responses of magnitudes 7.26 TECU 

and 6.39 TECU were observed at 28:00 UT 

(12:00 LT) and 37:00 UT (21:00 LT) 

respectively on 23rd June. The disturbed TEC 

was higher than the mean quiet TEC by 6.42 

TECU and 6.03 TECU at the above mentioned 

times respectively.  

There was also about 67.23% decrement in 

disturbed VTEC from the mean quiet TEC 

observed at 48:00 UT (10:00 LT) on the 24th of 

June. On the other hand, NYAL showed very 

visible enhancements before the storm day. 

However, at the time of maximum mean quiet 

TEC at 07:00 UT (09:00 LT) on 22nd June, 

there was a depletion of disturbed TEC.  There 

was an enhancement in VTEC on 06:00 UT 

(07:00 LT) and a depletion an hour later, before 

an enhancement from 08:00 UT (09:00 LT). A 

day after the storm, depletion in VTEC was 

observed between 00:00 UT (01:00 LT) and 
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07:00 UT (08:00 LT) before enhancements for 

the rest of the day.  

 
Fig. 2: Disturbed TEC (Dd TEC) and Solar 

quiet (Sq) plots for (a) ADIS (b) IRKM and 

(c) NYAL 
 

Percentage variation has been used to 

understand the extent of the impact of a 

geomagnetic storm on TEC across the latitudes 

before the storm, storm day and post-storm 

day. A plot of percentage variation of TEC was 

plotted as shown in Figure 3. Unlike ADIS and 

IRKM, NYAL showed an unusual response to 

the storm. The enhancement of disturbed TEC 

began long before the storm started.   

 
Fig. 3: Percentage change in TEC for (a) 

ADIS (b) IRKM (c) NYAL 
 

The percentage variation of TEC was observed 

to be 63.93% a day before the storm peak 

which is on 22nd of June. On the storm day 

which is the 23rd of June, the disturbed TEC 

was higher than the mean quiet VTEC with 

4.68 TECU which is about 65.82% variation. 

NYAL experienced a post storm enhancement 

in TEC which was up to 48.82%, unlike the low 

and mid latitude stations. While ADIS and 

NYAL showed positive responses, IRKM 

showed a negative response of diurnal variation 

of TEC on June 23rd, 2015. However, ADIS 

and IRKM showed overall negative responses, 

while NYAL responded positively to the 

geomagnetic storm event.  

From the results above, possible effects of 

particle precipitations into the magnetosphere-

ionosphere system is seen in the early hours of 

the storm event. The high rate of particle and 

energy depositions in the course of 
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geomagnetic storm events occasioned the 

heating and expansion of the thermosphere. 

This led to the creation of a pressure gradient 

and a consequent global thermospheric 

circulation (Forbes, 1989; Buosuanto et al., 

1999). The thermospheric circulations cause 

variations in the O N2⁄  ratio which leads to 

fluctuations in production/ loss rates of ions 

and therefore the positive/negative ionospheric 

storm otherwise known as 

increment/decrement in TEC observed at the 

high latitudes.  

However, at the mid/ equatorial and low 

latitudes, the nature and magnitudes of these 

ionospheric storms are dependent on the 

peculiar electrodynamics of the latitudes. For 

example, the Prompt penetration electric field 

which is major electrodynamics in the mid and 

low latitudes is one of the determinants of 

ionospheric behaviors. The PPEFs when 

westwards (dusk to dawn) on the night side 

causes a downward drift or negative 

ionospheric storm and when eastwards (dawn 

to dusk) on the daysides causes significant 

ionospheric uplift and positive ionospheric 

storms (Astafyeva et al., 2018).  

4.0 Conclusion 

The responses of the high, mid and low latitude 

ionosphere to full halo CMEs induced 

geomagnetic storms have been studied. The 

full halo CMEs induced geomagnetic storm 

which peaked on the 23rd of June, 2015 with 

magnitude -215 nT, started on 22nd and 

recovered on the 24th June. The overall 

responses of the low and mid-latitude stations 

to the geomagnetic storm event were negative, 

which that of the high latitude was positive.  

However, all the latitudes showed positive 

responses to the storm on the storm peak day. 

ADIS a low latitude station showed negative 

responses a day before and after the storm peak 

day. Mid-latitude IRKM only showed a 

negative response on the storm recovery day 

while high latitude NYAL responded 

positively throughout. 
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