
Effect of intense geomagnetic storms on low-latitude TEC during the
ascending phase of the solar cycle 24

ABHA SINGH1,2, VISHNU S. RATHORE1, SANJAY KUMAR1, S. S. RAO1,
SUDESH K. SINGH2 and A. K. SINGH1,*

1Department of Physics, Institute of Science, Banaras Hindu University, Varanasi 221005, India.
2Department of Physics, T. D. P. G. College, Jaunpur, India.

E-mail: singhak@bhu.ac.in

MS received 11 November 2020; accepted 24 May 2021

Abstract. The results presented in this paper are obtained from low-latitude ionospheric total electron

content (TEC) variation during the chosen geomagnetic storm events happening during the solar cycle 24.

We include the four intense geomagnetic storms that occurred on 26 September 2011, 15 July 2012, 19

February 2014 and 20 December 2015, depending upon the availability of TEC data. For this, we have used

the TEC data from low-latitude station Varanasi (geographic latitude 25�, 160N, geographic longitude 82�,
590E and geomagnetic latitude 16�, 240N) and an equatorial station Bengaluru (geographic latitude 13�, 020N,

geographic longitude 77�, 340E and geomagnetic latitude 04�, 680N). The storm-induced TEC changes at

chosen stations have been discussed in terms of local time, storm wind effect, neutral wind, composition

changes and variation in the dawn–dusk component of the interplanetary electric field (IEF Ey).

Keywords. Global positioning system—total electron contents—geomagnetic storm—low latitude.

1. Introduction

Ionospheric disturbances during the geomagnetic

storms are very important to study as they affect

ground- and space-based technological systems (Basu

et al. 2008; Chen et al. 2008; Jain et al. 2010). Solar

active regions normally approach kilogauss values in

their magnetic field. The three-dimensional topology

of these sectors can favour the production of sheared

arcades and flux ropes. A flux rope can develop by

reconnection for which various instability and erup-

tion physical mechanisms are accountable. The mag-

netic reconnection on solar arcades causes coronal

mass ejection (CME). The series of closely occurring

loops of magnetic lines of force are present at solar

arcades having a huge amount of energy. When two

oppositely directed magnetic lines of force are brought

together, these lines of force reconnect into a low

arcade loop leaving a helix of magnetic fields

unconnected to the rest of the arcade. This results in

the formation of a current sheet for which the

spontaneous reconnection (Vekstein 2017) and forced

magnetic reconnection (Hahm & Kulsrud 1985) are

considered to be responsible. A detail of these

mechanisms could be found elsewhere (Srivastava

et al. 2019). During the reconnection process, sudden

release of energy takes place as a solar flare and the

unconnected helical magnetic field and the material

that it contains may violently expand outwards

forming a CME. The occurrence of CME increases

with an increase in solar activity. Within 5 days after

the eruption from the sun CMEs approach the Earth.

CMEs interact with the solar wind and interplanetary

magnetic field (IMF) while heading to the Earth; as a

result, fast CME accelerated towards the speed of the

solar wind and slow CME decelerated towards the

speed of the solar wind. The fast CME drives a shock

which generates geomagnetic storms that may disturb

the Earth’s magnetosphere. Thus, the geomagnetic

storms are characterised by a temporary disruption in

the Earth’s magnetic field that originates from the

CMEs and solar flares (Piersanti et al. 2017).
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Geomagnetic storms produce enormous and quick

changes in magnetospheric convection. Apart from

CME with coronal signature, many observations also

evidence a sheath CME that has no obvious low

coronal signature and frequently found to be origi-

nated from quiet-Sun regions and regions close to

open magnetic field (Mishra & Srivastava 2019). The

impact of intense geomagnetic activity occurred due

to the sheath CMEs of the August 2018 event in the

total electron content (TEC) is studied by Piersanti

et al. (2020) and they have not observed any loss of

lock signal.

During the geomagnetic storm, the ionospheric

response is observed either due to a change in the

electric field or due to thermospheric changes. When

the interplanetary geomagnetic field is either directed

southward (undershielding condition) or northward

from its southerly course (overshielding condition), a

transient electric field is produced that reached from

high to mid and then low latitude within a few minutes

(Kikuchi et al. 1996). This field is called prompt

penetration electric field that arises due to the under-

shielding/over-shielding conditions, divergence of the

asymmetric ring currents and enhanced polar cap

potential drop (Fejer et al. 2007). The direction of the

PP electric field during the southerly phase of IMF Bz

is eastward/westward during day/night. The direction

of the PP electric field gets reversed during the

northward turning of IMF Bz. The convection electric

field in the outer magnetosphere is described as the

source of the PP electric field. These magnetospheric

electric fields communicate with the ionosphere

through Region 1 (R1) and Region 2 (R2) field-

aligned currents (FACs). With undershielding condi-

tions, the duskward convection electric field will

penetrate the mid- and low-latitude ionosphere and

remain eastward on the dayside before the R2 FAC is

fully developed. With the overshielding condition, an

abrupt northward turning of IMF Bz after a prolonged

southward orientation may cause the R2 FAC to be

stronger than the R1 FAC for a while, during which

the downward shielding electric field can penetrate the

equator and remain westward on the dayside. Thus,

the electric field of low and equatorial ionosphere is

altered by the direct prompt penetration of the dawn–

dusk electric field (Sastri et al. 1992), which further

changes the plasma distribution of the region. Since

the PP electric field is in the same direction as the

ambient electric field, it pushes up the E 9 B drift to

higher altitudes (Rastogi & Klobuchar 1990). Because

of the larger production to loss ratio at higher heights,

TEC increases during sunlit hours (Tsurutani et al.

2004). Additionally, the PP electric field causes the

intensification of latitudinal expansion of the equato-

rial ionization anomaly (EIA) (Veenadhari et al.
2010).

The high-energy depositions at high latitude during

geomagnetic storm cause changes in thermospheric

changes and, resultantly, the dynamics action of wind

produces a disturbance dynamo electric field (DDEF).

The joule heating of the thermosphere due to the

auroral electrojets (AEs) are intensification sets of

equatorward wind circulation (Mazaudier & Venka-

teswaran 1990). This equatorward plasma flow turns

westward at mid-latitudes due to Coriolis force which,

in combination with the downward component of the

Earth’s magnetic field, produces an equatorward

Pedersen current. As a result, the positive charges are

accumulated at the equatorial side and electrons at the

poleward side. The poleward electric field, thus gen-

erated, gives rise to a large eastward Hall current and a

poleward Pedersen current. This physical process is

called the ionospheric disturbance dynamo (DD)

(Blanc & Richmond 1980). A few hours are required

for the disturbance winds and DDEF to set up (Huang

2013). The direction of DDEF is westward during the

day and eastward during the night (Zhao et al. 2005).

Contrary to this, the ambient zonal electric field is

eastward during the daytime and westward during the

night time. These two oppositely directed electric

fields severely affect E 9 B plasma drift leading to

redistribution of plasma in the ionosphere. The

observed increase or decrease in the TEC is termed as

a positive/negative storm (Buonsanto 1999). Positive

or negative storm effects are dependent upon latitude,

local time and phase of the storm (Pedatella et al.
2009). The DDEF diminishes the dynamo electric

field during the daytime. This results in reduction of

vertical drift and therefore depletion in TEC and

concealment of EIA are observed as an effect of

DDEF in the dayside sector. The DDEF is associated

with enhanced energy deposition into the high-latitude

ionosphere during the geo-magnetically disturbed

periods (Blanc & Richmond 1980) and it takes several

hours to days in ionospheric response (Scherliess &

Fejer 1997; Fuller-Rowell et al. 2002).

Direct particle precipitation at high latitudes during

the main phase of the geomagnetic storm increases the

AE current. As a result, the joule heating is enhanced,

which may change meridional pressure gradients. This

ultimately generates the atmospheric gravity waves.

During propagating meridionally away from high to

equatorial low latitudes, these waves are dispersed and

then behave as travelling atmospheric disturbances
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(TADs; Balthazor & Moffett 1997). The combined

effect of the TADs and the meridional wind cause an

uplift of plasma along the geomagnetic field lines to

higher altitudes and therefore the peak height of the F

region is uplifted (Sastri et al. 2000). Bauske et al.
(1997) have reported that the peak electron density

initially decreases and then increases during the

increase in the peak height of the F region.

At mid-latitudes, the positive or negative storm

effects are modified according to wind and composi-

tion changes in the neutral atmosphere (Rishbeth et al.
1987). At low latitudes, the positive and negative

storm effects in electron density variation are also

affected by the storm-induced disturbances in electric

field (Abdu 1997; Basu et al. 2001).

In the past, many studies have been reported for the

effects of storm on ionosphere at high and mid-latitudes

(Ding et al. 2008; Piersanti et al. 2017 and references

therein) and at low latitudes (Dashora et al. 2009;

Kumar & Singh 2011a,b; Galav et al. 2014a,b; Chak-

raborty et al. 2015 and references therein). Pedatella

et al. (2009) have studied the TEC variation during the

storm of 15 December 2006 over the Pacific Ocean

region using multi-instrument data. Rama Rao et al.
(2009) have studied the variation of TEC at different

latitudes in the Indian sectors and the impact of geo-

magnetic storms on navigation systems by considering

two successive storms that occurred between 8 and

12 November 2004. The seasonal and local time

dependency in time lag between TEC response to

geomagnetic storm is studied by Liu et al. (2010).

Kumar et al. (2016) have reported that the storm-in-

duced electric field can trigger the growth of Rayleigh–

Taylor instability and consequently the development of

the plasma bubble.

In this paper, four intense geomagnetic storms have

been selected depending upon the availability of TEC

data to study TEC variation at the low-latitude station

Varanasi situated near the EIA crest region and an

equatorial station Bengaluru during the ascending

phase of the solar cycle 24. The chosen storms in this

study occurred on 26 September 2011 (Dstmin ¼
-118 nT), 15 July 2012 (Dstmin ¼ -139 nT), 19

February 2014 (Dstmin ¼ -116 nT) and 20 December

2015 (Dstmin ¼ -170 nT).

2. Dataset

The GPS-derived TEC data for the station Varanasi

were obtained using a Trimble GPS receiver installed

at our department. TEC data for station Bengaluru

were obtained from the IGS website. TEC is

computed taking the integral of the total number of

electrons along the line of sight between the satellite

and the ground antenna. These TEC values are called

slant TEC (STEC). The STEC along the line of sight

is estimated from GPS observation data recorded in

the RINEX format with a time resolution of 30 s and it

contains un-differenced pseudo-range and carrier

phase observations on L1 and L2 frequencies. The

inherent receiver and satellite bias errors with pseudo-

range and carrier phase observations on L1 and L2

frequency have been removed during the post-pro-

cessing of data to obtain corrected STEC. The satellite

and receiver biases have been obtained from the

website: ftp://ftp.uni-be/aiub/CODE. The corrected

STEC data were converted into vertical total electron

content (VTEC) using the following Equation (1)

given by Rama Rao et al. (2006):

VTEC ¼ STEC � jbR þ bSjð Þ=SðElÞ; ð1Þ

where bR and bS are receivers and satellite biases,

respectively, (El) is the elevation angle of the satellite

in degrees, S(El) is the obliquity factor with zenith

angle v at the ionospheric pierce point (IPP) and

VTEC is the vertical TEC at the IPP. The obliquity

factor S(El) [or mapping function, given by Equa-

tion (2)] is defined according to a two-dimensional

thin shell model at 350 km ionospheric height to

define the slant and vertical TEC mapping function

(Mannucci et al. 1993):

SðElÞ ¼
1

cos v
¼ 1 � RE cosðElÞ

RE þ h

� �2
( )�1=2

; ð2Þ

where RE is the mean Earth’s radius in km, h is the

height of the ionospheric shell above the Earth’s

surface, v is the zenith angle and El is the elevation

angle of satellite in degrees. The software tool to

process the RINEX-formatted TEC data used in the

present study could be found elsewhere (Seemala &

Valladares 2011).

It is important to note that the error in VTEC

computation from STEC could be very large for lower

elevation angles due to a multipath effect, tropo-

spheric scattering due to water vapour and so on.

Therefore, to reduce this error in VTEC, only those

satellite signals are considered that have high enough

elevation angle ([20�). The high elevation cut-off

allows only those GPS signals with IPPs at 350 km

altitude and above near the ground GPS receiver. The

latitudes and longitudes of IPPs have been calculated

from the RINEX navigation message data by using
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standard coordinate transformation formulae and

corrections in satellite orbits (Hofmann-Wellenhof

et al. 2001). The errors that affect the STEC mea-

surements, which is then propagated to the VTEC, is

directly associated with the errors in the computation

of the receiver and satellite biases. The biases for the

satellites and the receiver used in the present work

were computed using the LaPlata Ionospheric Model

(Brunini et al. 2008). According to Ciraolo et al.
(2007), the mean error on the STEC should be in the

order of ±3 TECU. In the rest of paper, the term TEC

refers to VTEC.

The Dst index is obtained from the website http://

swdcwww.kugi.kyto, and IMF Bz, solar wind velocity

are downloaded from the Omni website (https://omni

web.gsfc.nasa.gov). The dawn–dusk component of the

interplanetary electric field (IEF) Ey is computed using

Equation (3) (Zhao et al. 2008):

EyðmV=mÞ ¼ �BzðnTÞ � Vxðkm=sÞ � 10�3; ð3Þ

where Vx is the solar wind velocity in the Sun–Earth

direction. The detailed description on geomagnetic

parameters is also shown in Table 1.

3. Results and discussion

3.1 Geomagnetic storm of 26 September 2011

The variation of Dst index, solar wind speed, proton

density, IMF Bz, IEF Ey and TEC (at Varanasi and

Bengaluru) during 26–30 September 2011 is shown in

top to bottom panels of Figure 1, respectively. In TEC

curves, the event day TEC and mean quiet days TEC

are displayed by red and blue colour, respectively. The

quiet days mean TEC was computed by averaging the

TEC values of five most quiet days in a given month

(available at: http://wdc.kugi.kyotou.ac.jp/qddays/

index.html).

It can be seen from top panel of Figure 1 that the

Dst index started to turn southward at *1700 UT

and reached the lowest value of -118 nT at

*2400 UT. It is also observed that the IMF Bz

turned southward at 1300 UT and remained in a

southerly course until 1700 UT where it reached a

value of -30 nT. At the same time, the values of

IEF Ey vary from -6 to 6.37 mV/m (increment of

12.37 mV/m). Thereafter, IMF Bz again turned

southward at *1800 UT and reached the lowest

value of magnitude -25 nT. It remained southward

until 2400 UT on 26 September. During this, IEF Ey

turned eastward and changed by 15.71 mV/m (-1.37

to 14.34 mV/m). The rapid up and down recursions

in IMF Bz can be easily seen from Figure 1 during

1000–1700 UT. This shows the presence of storm

sudden commencement (SSC). After the SSC, the

main phase of the geomagnetic storm sustained from

1700 to 2400 UT. Figure 1 also shows a sharp

increase in solar wind speed and solar proton density

at *1000 UT. The solar wind speed increased by

*400 km/s from its initial value and solar proton

density increased from 10 to 35 cm-1. A sudden and

large increase in the value of solar wind speed and

solar proton density indicates the arrival of a shock

wave (Piersanti et al. 2017). At 2400 UT onwards on

26 September, the Dst index started to turn north-

ward and reached its quiet day background level on

30 September. Thus, a long recovery phase was

sustained for the storm of 26 September 2011.

However, a transitory behaviour of the Dst index is

seen during the recovery phase wherein it showed

two times southern polarity, first at *0600 UT on 28

September (-68 nT) and second one at *0300 UT

on 29 September (-56 nT). The north–south oscil-

lation in IMF Bz and Dst index is associated with an

increase in the solar wind dynamic pressure that

reaches *25 nPa (not shown here). This shows the

substorm condition on 28–29 September. The pulses

in the equatorial electric field are PP electric fields

caused by the fluctuations in the IEF or solar wind

dynamic pressure. However, Wei et al. (2009) sug-

gested that the substorm process should be

Table 1. Details of the selected storms and associated perturbation in geomagnetic parameters and TEC is given.

Date of storm Date of SSC Dst (nT)

Peak Dst

local time

Maximum increase

in TEC during

storm period

26 September 2011 (2300 UT) 26 September (0700 UT) -118 Night *22 TECU

15 July 2012 (1800 UT) 14 July (17:00 UT) and 15 July(0000 UT) -139 Night *10 TECU

19 February 2014 (0800 UT) 18 February (1400 UT) -116 Day *13 TECU

20 December 2015 (2200 UT) 19 December (1700 UT) -170 Night *35 TECU
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responsible for the westward electric field through

polar cap shrinkage and magnetic field depolarisa-

tion. Similar features at nearly the same time are

seen in IMF Bz. It is also seen from variation of IEF

Ey that the IEF Ey turned eastward and changed by

5.95 mV/m (from -1.1 to 4.85 mV/m). At this time,

the IMF Bz showed a negative phase at 0100 UT on

29 September. Thus, the 26 September 2011 storm

event was a triple-step development during its

southerly phase that produced an intense magnetic

storm in three separate regions of IMF. The possible

reason may be a slow decay rate of the ring current.

The variation of TEC during 26–30 September at the

low-latitude station Varanasi and equatorial station

Bengaluru is shown in the bottom panels of Figure 1.

Figure 1 shows the increase in TEC at *0600 UT

encompassing SSC of the geomagnetic storm. How-

ever, it is still under debate what exact mechanism is

accountable for the pre-storm increase in ionospheric

electron density (Danilov 2001; Liu et al. 2008 and

references therein). A decrease in TEC of amplitude

10 TECU during 1400–2200 UT on 26 September is

also observed at both the stations. At this time, the

local night hours prevailed at both the stations and thus

the depression in TEC is obvious due to the opposite

polarity of the PP electric field and ambient field.

On 27 September, an enhancement in TEC (*22

TECU) is observed during 0200–0800 UT at Var-

anasi, whereas an enhancement of *21 TECU is

observed at Bengaluru during the whole day. It is

clear from the variation of IMF Bz that it almost

settled to the quiet time value. Fejer et al. (1979)

emphasised that the prompt penetration electric fields

reach the equatorial region only when IMF Bz is

stable and southward. Further, Huang et al. (2007)

have shown that the efficiency of electric field pene-

tration to the dayside equatorial ionosphere is about

10% of IEF Ey values and will be effective when IEF

Ey varies between 20 and 30 mV/m. In addition, the

level of IEF Ey was also insignificant to prompt

enhancement in TEC. The storm-induced wind-lifting

effect may be the possible cause of the large

enhancement in TEC. For this, we have checked the

levels of O/N2 on 27 September (link: http://guvi

timed.jhuapl.edu), which was much higher compared

to the preceding quiet day value. The storm-generated

equatorward neutral winds are capable of increasing

the plasma density by lifting up the ionospheric layer

to higher altitudes, where the recombination loss is

smaller (Rishbeth 1998). During the main phase of

geomagnetic storms, the neutral winds are competent

of producing up to 30% or more divergence in TEC

during daytime at the middle and low latitudes

(Maruyama & Nakamura 2007). On 28 September, a

decrement in TEC of the magnitude 12 TECU at

Varanasi during 0800–1100 UT and an enhancement

of TEC of the magnitude *16 TECU at Bengaluru

was observed throughout the day. During this time,

IEF Ey is very less (2 mV/m) and such a depression in

TEC at the low-latitude station Varanasi during day-

time may be caused by DDEF. The effect of DDEF on

the ionosphere can be felt over a timescale of a few

hours to days from the storm (Scherliess & Fejer 1997;

Fuller-Rowell et al. 2002). On 30 September, two

consecutive enhancements in TEC were observed dur-

ing 0600–0700 UT (*25 TECU) and 1000–1100 UT

(*24 TECU) at Varanasi. At the equatorial station

Bengaluru, the enhancements in TEC are seen during

Figure 1. Variation of Dst index, solar wind speed, proton

density, z-component of interplanetary magnetic field (IMF

Bz), y-component of interplanetary electric field (IEF Ey)

and total electron content (TEC) along with quiet mean

TEC during 26–30 September 2011 is shown (from top to

bottom). The TEC curve in red for an event day and blue is

for quiet mean TEC.
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0700–1000 (*13 TECU) and 1400–1500 UT (*14

TECU). Such an enhancement could be due to the

storm-induced wind-lifting effect. Since the PP electric

field is westward during daytime, it could not be a

possible cause of the observed increase in TEC. The

storm-induced equatorward neutral wind may lift the

ionospheric plasma to higher altitude where recombi-

nation is smaller. This may result in enhancement in

EIA peak densities (here TEC). Further, the storm-in-

duced equatorward neutral wind in the northern hemi-

sphere produces a large TEC enhancement than that

produced by electrodynamics E 9 B drifts (Lin et al.
2005). For the September 2011 event, Wood et al.
(2016) reported a 26% increase in global TEC from its

quiet day level about 7 h after the CME reaches the

Earth, followed by a decrease from a background level

of 25.4–23.4 TECU, 25 h after the CME’s arrival. An

increase and decrease in TEC with PP and DD fields,

respectively, during the 26 September event over

Antarctica’s American and Australian sectors have been

reported by Correia et al. (2017). The lowest Dst value

noted twice during the event reveals an intensification

of a large ring current for which a large-scale IEF dri-

ven by a period of prolonged southward IMF Bz may be

liable. In both cases, a sharp rise in solar wind speed

affirmed the appearance of a shock in the interplanetary

medium as the main phase of the geomagnetic storm

events began (Kelley 2009).

3.2 Geomagnetic storm of 15 July 2012

Figure 2 shows variation of Dst index, solar wind speed,

proton density, IMF Bz, IEF Ey and TEC during 14–19

July 2012 at Varanasi and Bengaluru stations. It is clear

from Figure 2 that the main phase of 15 July 2012

geomagnetic storm was initiated at *0200 UT and

ended by *1800 UT where it reached the lowest Dst

value of-133 nT. After that, the recovery phase started

and Dst values were levelled up to background level on

19 July. Similarly, it can be seen from variation of IMF

Bz that it started to turn southward simultaneously with

Dst and attained lowest values of -18 nT at

*0600 UT. At 0600 UT on 15 July, IMFBz also turned

back to the northward direction but remained in nega-

tive phase till 0800 UT on 17 July. The variation of IEF

Ey shows that, it was in just opposite phase of IMF Bz. It

was east directed and its value was significantly

increased by 11.45 mV/m (-0.37 to 11.08).

The TEC variation shows the enhancement of *20

TECU at both the stations during 0700–1200 UT on

15 July, that is a 50% increase from its quiet day level.

The increase in TEC was probably associated with PP

electric field as it is confirmed from the change in the

value of IEF Ey during the enhancement in TEC val-

ues by an amplitude of 11 mV/m. However, there is a

3–4 h time interval to observe any disruption in the

EIA vertical drift (Rastogi & Klobuchar 1990). The

result of Lijo et al. (2011) showed seasonal depen-

dency of the time delay that varies from 40 to

160 min. Therefore, the resulting change in TEC is

seen after 40 min to 03 h. Moreover, the amplitude

and latitudinal expansion of EIA is found to intensify

due to the prompt penetration electric field (Lin et al.
2005).

On 16 July, the level of event day TEC was lower

than the quiet day level during 0300–1400 UT. The

amplitude of difference TEC was *20 TECU at

Figure 2. Variation of Dst index, solar wind speed, proton

density, z-component of interplanetary magnetic field (IMF

Bz), y-component of interplanetary electric field (IEF Ey)

and total electron content (TEC) along with quiet mean

TEC during 14–19 July 2012 is shown (from top to

bottom). The TEC curve in red for an event day and blue is

for quiet mean TEC.
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Varanasi and *10 TECU at Bengaluru. During this

time, the IEF Ey was eastward directed and thus could

not be responsible for depression in TEC. The

observed decrease in TEC might be caused by the

DDEF effect. The highest TEC decrement was

observed at *0830 UT, which encompasses with

noon hours at both the stations and therefore west-

ward-directed DDEF is reasoned to be a contributing

factor. This has also been reported by Liu et al. (2014)

that the TEC time profile during the 15 July 2012

storm was the DDEF. The DDEF is westward during

the daytime and can produce a downward plasma drift

(Maruyama et al. 2004; Kumar et al. 2016), which

results in depression in TEC. These results are con-

sistent with Gil et al. (2020), wherein they observed

large deviations from the average TEC behaviour over

Poland on 15 July 2012.

An enhancement in TEC observed on 17 July dur-

ing 0900–1000 UT at Varanasi may be caused by a

neutral wind effect. On 18 and 19 July, an enhance-

ment in TEC was observed during 0900–1100 and

0700–1300 UT, respectively, at Varanasi. These

enhancements could be resulted from the storm-in-

duced neutral wind effect. However, we do not

observe significant TEC enhancements at Bengaluru

during 17–19 July 2012. Chakraborty et al. (2015)

examined the TEC variation at the Indian equatorial

region, Port Blair, and EIA station Agartala during

geomagnetic storms over 15–17 July 2012 and

observed [50% enhanced level of TEC compared to

the quiet day level at both the stations depending upon

local time and phase of the storm.

3.3 Geomagnetic storm of 19 February 2014

The variation of geomagnetic parameters and TEC

during the period 18–23 February 2014 is shown in

Figure 3. The storm commenced at around 1400 UT

on 18 February with the main phase onset at around

1600 UT on 18 February. The lowest southward

component of Dst was -116 nT at around 0900 UT

on 19 February. The decrease in Dst index is caused

by an enhancement of the trapped particle population

in the magnetosphere and thus by the proton ring

current. After that, Dst turned northward and attained

quiet time value on 22 February. Dst index showed a

repeated depression on 20 February 2014 with a

-60 nT at around 0600 UT and -91 nT at around

1300 UT, respectively, during its recovery phase. This

may result from the superposition of two following

storms provoked by two successive southward IMF

Bz. Another cause could be that severe storms can

appear from a two-step increase in the ring current,

which is initially the effect of large-scale convection

in the magnetosphere, and ultimately, substorm-asso-

ciated injection of ionospheric O? ions into the inner

magnetosphere (Burton et al. 1975). Figure 3 also

shows that the IMF Bz turned southward at 1700 UT

on 18 February and remained in the southerly phase

till 0600 UT on 19 February. During the same time,

the IEF Ey was eastward and changed by 6.29 mV/m

(from 0.05 to 6.24 mV/m). The IMF Bz turned

northward second time on 20 February at *0500 UT

Figure 3. Variation of Dst index, solar wind speed, proton

density, z-component of interplanetary magnetic field (IMF

Bz), y-component of interplanetary electric field (IEF Ey)

and total electron content (TEC) along with quiet mean

TEC during 18–23 February 2014 is shown (from top to

bottom). The TEC curve in red for an event day and blue is

for quiet mean TEC.
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and remained in the southerly phase till 1600 UT. As

a result, IEF Ey turned westward and changed by

-7.8 mV/m. IMF Bz attained its quiet day level at

*0800 UT on 22 February. Figure 3 shows an

enhancement in TEC during the daytime at Varanasi

on 18 and 23 February. In addition, the depression in

TEC is also seen during 19–22 February during day-

time hours. However, for the equatorial station Ben-

galuru, a reduction in TEC on 18 February and

enhancement during 19–23 February during daytime

is observed. In a similar case, Aol et al. (2019)

observed that the storms on 19 and 20 February 2014

inhibited the occurrence of ionospheric irregularities

over Uganda. On 18 February, an enhancement in

TEC over Varanasi is observed with two peaks (at

0800 and 1100 UT) encompassing the SSC (Figure 3).

An enhancement in TEC during the SSC for the

November 2004 storm over the Indian region has been

reported by Rama Rao et al. (2009). The geomagnetic

storm caused by a solar flare usually starts with a

sudden increase of the Earth’s magnetic field at the

initial phase and is called an SSC. The increase in

electron density during the SSC is considered to be a

result of a change in the composition of the ionosphere

with associated energetic particle precipitation.

However, for the present case, we do not have sup-

porting data to justify this. A careful look at the Fig-

ure 3 shows that, after recovery of IMF Bz and Dst at

*0600 UT on 19 February, both the indexes again

turned southward and remained in the southerly phase

for 20–22 February. However, during its southerly

phase both the parameters showed ups and down in a

sequence. Thus, increase and decrease in TEC may be

associated with storm-induced PP/DD electric field

(Fuller-Rowell et al. 2002; Dashora et al. 2009).

Using multisource data, Durgonics et al. (2017) have

studied 19 February geomagnetic storm over the

Arctic ionosphere and observed negative TEC

response (depletion of 7 TECU) during day hours on

19 February and an increase in TEC of the order of 10

TECU on 20 February.

3.4 Geomagnetic storm of 20 December 2015

Figure 4 gives the variation of the Dst index, solar

wind speed, proton density, IMF Bz, IEF Ey and

TEC during 19–24 December 2015 at Varanasi and

Bengaluru stations. The SSC initiated at 1700 UT

on 19 December followed by its main phase started

with southward turning of the Dst index at 0400 UT

on 20 December. The main phase ended by

2300 UT on 20 December where it reached down to

-166 nT. Thereafter, a recovery phase of the geo-

magnetic storm started wherein the Dst index

attained the quiet value on 22 December. The IMF

Bz also turned southward at around 0200 UT on 20

December and remained in southerly phase till

2300 UT on 20 December. The IEF Ey also

enhanced and changed by 10.3 mV/m (from -2.89

to 7.41 mV/m) simultaneously with IMF Bz varia-

tion. Cherniak & Zakharenkova (2018) examined

the large-scale travelling ionospheric disruption

during the storm main phase, with horizontal

velocities of *700–800 m/s diffused equatorward

across daytime over Europe. The present results are

important to examine how low-latitude ionosphere

Figure 4. Variation of Dst index, solar wind speed, proton

density, z-component of interplanetary magnetic field (IMF

Bz), y-component of interplanetary electric field (IEF Ey)

and total electron content (TEC) along with quiet mean

TEC during 19–24 December 2015 is shown (from top to

bottom). The TEC curve in red for an event day and blue is

for quiet mean TEC.
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responded to the December 2015 event. It is easily

seen from Figure 4 that the event day TEC

decreased during daytime at Varanasi on 19, 23 and

24 December and showed enhancements on 20

December (*10 TECU), 21 December (*10

TECU) and 22 December (*35 TECU). At Ben-

galuru, TEC enhancement is observed during 20–22,

and on 24 December with a maximum increase on

10 TECU. In contrast, at Varanasi depression in

TEC was observed during the daytime on 19, 23

and 24 December. Enhancement in TEC at both the

stations during 20–21 December may be partially

altered by the eastward turning of IEF Ey whereas

an enhancement on 22 December may be caused by

storm-induced wind-lifting effect. Because of sunlit

hours prevailing on 22 December during the storm,

IEF Ey was westward directed and therefore it could

not have contributed to the increase in TEC. These

results are consistent with the results reported by Jin

et al. (2017) for the geomagnetic storm of March

2015. The IMF Bz turned southward at *0330 UT

on 20 December 2015 and reached a value of about

-18 nT at around 0500 UT. After that, it remained

in a southerly phase till 2330 UT. Thus, the main

phase of the geomagnetic storm sustained from local

morning hours (LT ¼ ?0530 h) on 20 December to

the next local dawn (21 December). Interestingly,

the IMF Bz takes the whole day of 21 December to

recover its background level. From the TEC curves

it is observed that the TEC at low and equatorial

station increases by *15 and 5 TECU during when

IMF Bz was falling downward. On 21 December,

when the recovery phase of the geomagnetic storm

was operative, an enhancement in TEC of *15

TECU observed at both the stations. However, the

enhancement at the equatorial station Bengaluru was

more distinct. Thus, our observation shows

enhancement in TEC during both the main as well

as the recovery phase. Recently, Paul et al. (2020)

have studied the ionospheric response over the low-

and mid-latitudes along the 78�±3�E longitude

sectors are studied for the 20 December 2015 geo-

magnetic storm using TEC and foF2. They observed

a large TEC variation at a low- and mid-latitudes

station during the main phase of the storm that was

attributed to the PP electric field. On 22 December,

when IMF Bz was showing a quiet day trend,

unexpectedly a large increase in TEC was observed

at the low-latitude station Varanasi, and a compar-

ative less but significant increment in TEC was also

observed at Bengaluru. On examining the Thermo-

sphere Ionosphere Mesosphere Energetics and

Dynamics/Global Ultraviolet Imager (TIMED/

GUVI) global maps of (O/N2) variations during

19–24 December 2015 (checked at link-http://guvi

timed.jhuapl.edu/), it is clear that the (O/N2) was

significantly higher during 20–21 December com-

pared to 19 December over the chosen stations.

Thus, the observed TEC increases during both main

and recovery phases of the storm are reasonably

justified. Our results concerning the positive or

negative storm effect in TEC with increase or

decrease in O/N2 are consistent with the results

reported by Bagiya et al. (2011) and Chakraborty

et al. (2015) for the cases of geomagnetic storm 17

May 2005 and 24 April 2012, respectively. How-

ever, the TIMED/GUVI map does not show com-

parative higher O/N2 on 22 December; rather, it is

observed to be reduced. Joule heating during the

period of geomagnetic storms creates an equator-

ward neutral wind that transports increased molec-

ular species. The neutral species O2 and N2 being

heavier can reach later leading to decrease an atom

to molecule ratio (O/O2 and O/N2) and resulted in a

negative ionospheric storm effect (Rishbeth et al.
1987). Thus, the large increase in TEC on 22

December probably associated with local electrody-

namics or storm-induced meridional winds. In the

above, we have discussed four geomagnetic storm

events and their impact on ionospheric TEC at

chosen stations in the Indian low-latitude region.

The main findings of the work are summarised as

follows.

4. Summary

In this paper, we have presented the effect of intense

geomagnetic storms on the variation of TEC at a

low-latitude station, Varanasi, and at the equatorial

station, Bengaluru, during the ascending phase of

the solar cycle 24. For this, a total of four intense

geomagnetic storms that occurred on 26 September

2011, 15 July 2012, 19 February 2014 and 20

December 2015 during 2010–2015 have been chosen

based upon availability of TEC data. These storms

are unique in terms of their long recovery phase

embodied with substrom conditions (except Decem-

ber 2015). Our results show enhancement as well as

decrements in TEC depending upon the variation of

geomagnetic parameters (magnitude and polarity)

and local time at given locations. The magnitude of

TEC enhancements is observed to be ranging from

10 TECU to 35 TEC during different chosen

J. Astrophys. Astr.           (2021) 42:99 Page 9 of 11    99 

http://guvitimed.jhuapl.edu/
http://guvitimed.jhuapl.edu/


geomagnetic storms. These results are consistent

with earlier work from Varanasi and Bengaluru.

Kumar & Singh (2010) studied the ionospheric

response to the geomagnetic storm of 20 November

2007, 9 March 2008 and 11 October 2008 using TEC

at the low-latitude station Varanasi. Their study

revealed enhancement in TEC of the order 15 ± 5

TECU associated with the storm-generated wind

lifting and two-step enhancement of ring current.

Sharma et al. (2011) observed the TEC enhancement

by about a factor of 2 at Bengaluru during the

geomagnetic storm of 24 August 2005 that attributed

to the PP electric field and the abnormal plasma

fountain arising from the first PP electric field. Galav

et al. (2012) also studied the TEC response at Ben-

galuru to a geomagnetic storm of 30 May 2005 and

reported 60% TEC enhancement. Kundu et al. (2020)

reported 19–44% TEC changes at Bengaluru station

during the selected geomagnetic storms of the years

2014–2017. Lissa et al. (2020) studied the response

of equatorial and low-latitude ionosphere during an

intense geomagnetic storm of 26 August 2018 using

the TEC observations from chains of GPS stations

namely Colombo, Bengaluru, Hyderabad, and Luc-

know along 80�E and observed the positive storm

effect during the main and recovery phases that

attributed to the eastward prompt penetration electric

fields in addition to the strongly enhanced ratio of

thermosphere neutral composition.

Consistent with above research, results of the

present work also show that the storm-induced

electric field and neutral winds are the main factors

for observed TEC changes during chosen geo-

magnetic storms. In a few cases (e.g., February 2014

and December 2015 geomagnetic storms), the low-

latitude station Varanasi and equatorial station Ben-

galuru responded differently to the geomagnetic

storm. A negative storm effect was observed at

Varanasi whereas a positive storm effect was

observed at Bengaluru. A large TEC change is

observed during the storm main phase/recovery

phase that is attributed to the PP/DD electric field

depending upon the local time at chosen stations.

However, a large increase in TEC at both the stations

on 22 December 2015 when IMF Bz was showing a

quiet trend, showed contribution from any localised

electro-dynamics. In general, the increase or decrease

in TEC during and after the geomagnetic storms is

associated with the electric fields, neutral wind

(thermospheric compositional changes) or any locally

existing electrodynamics.
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