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Abstract 

The morphology of prompt penetration effects (PP) in the Equatorial Electrojet (EEJ) at Vencode (VEN, Geomagnetic 
latitude 0.29ºN) was studied using 5-min samples of EEJ and interplanetary Ey component data from 2011 to 2015. 
In contrast to previous studies that mainly focused on storm-time PP events, our study investigated the character-
istics of PP effects on EEJ during both quiet and disturbed periods. Our findings reaffirm earlier reports of high PP 
efficiency during local noon for both quiet and disturbed days. Moreover, PP amplitudes were greater when IMF-Bz 
was oriented northward compared to southward, indicating the presence of overshielding effects even during quiet 
conditions. Additionally, we examined seasonal variations in PP amplitudes and observed weaker PP during the sol-
stice compared to the equinox. Furthermore, our study analysed the equatorial counter electrojet (CEJ) caused by PP 
events associated with northward-turning IMF-Bz. We report 15% of CEJs at VEN associated with PP effects; a few 
PP events were observed while the equatorial electric field at VEN was already westward (i.e. PP within CEJ), indicat-
ing the combined effects of magnetospheric and ionospheric perturbations. Identifying CEJs caused by PP dur-
ing quiet days helps to differentiate between magnetospheric and ionospheric mechanisms/processes. Additionally, 
we investigated the spatial variability in PP amplitudes at closely spaced sites, utilizing one year of concurrent data 
from Minicoy (MNC, Geomagnetic latitude 0.19ºN), VEN, and Campbell Bay (CBY, Geomagnetic latitude 0.29ºN) situ-
ated at geographic longitudes 72º, 77º and 93º, respectively. Our results showed significant differences in PP ampli-
tudes between VEN-CBY and MNC-CBY, separated by 15º and 20º longitude, respectively. Observations from the three 
equatorial sites demonstrated a longitudinal trend, with PP amplitudes increasing westward towards MNC, inverse 
to the amplitudes of EEJ.
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Graphical Abstract

Introduction
Direct penetration of the Interplanetary Electric Field 
(IEF) through the high-latitude ionosphere into highly 
conductive equatorial-low latitudes is known as prompt 
penetration (PP) (Nishida 1966, 1968), which can last 
from seconds to hours. A significant portion of the vari-
ations in the geomagnetic equatorial ionospheric elec-
tric field can be attributed to PP effects. Huang et  al. 
(2005) suggested that PP represents the electric field of 
solar wind/magnetosphere origin, observed equator-
ward of the shielding layer. PP events are identified as 
simultaneous fluctuations in the dawn–dusk component 
of the solar wind-interplanetary electric field (Ey) and 
the horizontal component of the equatorial-low latitude 

geomagnetic field (Kelley et al. 1979; Kikuchi et al. 1996; 
Huang et al. 2005; Nicolls et al. 2007).

Studies suggest that PP fields originate from under-
shielding and overshielding conditions, as well as from 
the divergence of asymmetric ring currents (Ridley and 
Liemohn 2002; Fejer et al. 2007; Sharma et al. 2011) and 
increased polar cap potential drop (Fejer et al. 2007; Sen-
ior and Blanc 1984). Under-shielding fields are generated 
when the north–south component of the interplanetary 
magnetic field (IMF Bz) turns southward with a large 
value. Conversely, a sudden northward turning of IMF 
Bz from its steady southward configuration results in 
the generation of overshielding fields. The under-shield-
ing/overshielding fields exhibit an eastward/westward 
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orientation during the day and a westward/eastward 
orientation during the night (Gonzales et al. 1979; Fejer 
1986; Fejer and Scherliess 1997).

Jaggi and Wolf (1973) suggested that prompt penetra-
tion is the result of a temporary failure of the shielding 
mechanism. The convection electric field in the outer 
magnetosphere (R1 region) and the polarized electric 
field in the ring current region (R2 region) are proposed 
as the sources of PP and the shielding electric field, 
respectively. The instantaneous transmission of the polar 
electric field to the equator is explained by means of TM0 
mode waves in the Earth-ionosphere waveguide (Kikuchi 
et al. 1978; Kikuchi and Araki, 1979; Kikuchi et al. 1996). 
It is suggested that Region-1 field-aligned currents (R1 
FACs) flow into the equatorial ionosphere via the polar 
ionosphere and are amplified by the Cowling effect. The 
enhanced conductivity associated with the Equatorial 
Electrojet (EEJ) facilitates the occurrence of PP events in 
geomagnetic equatorial latitudes. Earle and Kelley (1987) 
argue that the shielding effect by the ring current system 
is effective only for periods greater than 10 h. According 
to their findings, the magnetosphere can act like a capaci-
tor, allowing fluctuations with periods shorter than 10 h 
to pass through.

The effects of PP in EEJ during disturbed and quiet con-
ditions have not yet been widely investigated; most stud-
ies on PP being confined to storm-time events. Recently, 
Bulusu et al., (2018, 2020) have detected PP events asso-
ciated with major and minor storms during 2015 in the 
Indian sector during main and the recovery phase, and 
reported PP amplitudes varying longitudinally. In this 
study, we extract daytime PP signatures at three equato-
rial sites and evaluate their characteristics over disturbed 
and quiet conditions, over local time, IMF-Bz direction 
and longitudinal differences.

Objectives
The characteristics of EEJ and CEJ in the Indian sector 
have been studied extensively for several decades. Pre-
vious research has focused on various aspects such as 
day-to-day variability, seasonal variations, solar cycle 
dependence, spatial variability, influence of Sq focus, 
neutral winds, and geomagnetic storm effects. How-
ever, there has been no attempt to specifically identify 
the influence of interplanetary field disturbances on EEJ 
during quiet times and its longitudinal variability, which 
is crucial for accurate modelling of PP effects on EEJ 
and improving the modelling of space weather effects at 
equatorial stations.

The current study investigates the morphological 
characteristics of PP effects on the EEJ during geomag-
netically quiet and disturbed periods and across different 

seasons. Additionally, longitudinal trends of PP effects 
have been examined.

The focus of the work is listed below:

•	 Evaluate the influence of local time and IMF-Bz on 
PP effects during geomagnetic quiet and disturbed 
conditions.

•	 Estimate longitudinal variations in PP effects at close 
spatial separations.

•	 Identify CEJs caused by PP.

Data and methodology
Geomagnetic horizontal component (H) data sampled 
at 1-min intervals from the equatorial sites MNC, VEN, 
CBY, and the low latitude sites ABG, HYB, and NBG have 
been used to obtain the strength of the Equatorial Elec-
trojet (EEJ) at the respective equatorial sites. The loca-
tions of the sites are shown in Fig.  1 and Geomagnetic 
and Geographic coordinates are provided in Table 1. The 
1-min sampled data were converted to 5-min averages 

Fig. 1  Location of the sites used in the study
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and diurnal variations of H (∆H) were obtained by sub-
tracting the midnight means of H (00:00, 01:00, 22:00, 
and 23:00) Local Time (LT) hours, which are assumed 
to represent the main and crustal contributions. The ∆H 
values at the equatorial sites MNC, VEN, and CBY rep-
resent the combined EEJ and Sq (Solar quiet) variations 
at those longitudes, while the ∆H values at the low lati-
tude sites ABG, HYB, and NBG represent the Sq com-
ponent at their respective longitudes. The differences in 
∆H between the equatorial and low latitude sites within 
the same longitudinal sector provide the strength of the 
EEJ. The amplitudes of Sq at NBG have been normal-
ized to ABG/HYB level by doing a latitudinal correction 
explained in Archana et al. 2018.

The EEJ values at 5-min sampling intervals were cal-
culated at VEN for the period 2011–2015 and at MNC 
and CBY for the year 2015 using the above method. The 
interplanetary electric field (Ey) data in geocentric solar 
magnetic (GSM) coordinate system used here were 
downloaded from the OMNI website using the follow-
ing link: https://​omniw​eb.​gsfc.​nasa.​gov/​ow_​min.​html. 
The Ey component is the product of the horizontal com-
ponent of the solar wind velocity and the vertical com-
ponent of the interplanetary electric field, as given in the 
equation below:

From this equation, it can be noted that Ey and Bz are 
opposite in direction, i.e. whenever IMF-Bz is south (−
ve)/north (+ ve) Ey component is in eastward (+ ve)/
westward (−ve).

Identification of PP
Prompt penetration (PP) events in the Equatorial Elec-
trojet (EEJ) are identified using the method suggested 
by Bulusu et  al. (2018, 2020). The method involves cal-
culating the correlation coefficient between EEJ strength 
and the Ey component every hour with 90% data over-
lap during the period 00–12  UT, corresponding to day-
light hours in the Indian region. Since the EEJ and Ey are 

Ey = −Vx ∗ Bz.

sampled every 5 min, there will be 12 data points within 
one hour. The first correlation coefficient is calculated 
between the EEJ and Ey component (12 values each) 
from 00:00 UT to 01:00 UT, the second correlation is 
calculated from 00:05 UT to 01:05 UT, and the third cor-
relation coefficient is calculated from 00:10 UT to 01:10 
UT. If the calculated correlation coefficient is above 0.7 
for three consecutive hours (e.g. 00:00 to 01:00 UT, 00:05 
to 01:05 UT, and 00:10 to 01:10 UT) with a threshold 
change in EEJ amplitude in the range of −/ + 4 nT and Ey 
in the range of ± 1 mV/m, it is considered a PP event. The 
change in the strength of the EEJ during the PP event, 
represented by simultaneous fluctuations in the EEJ and 
Ey, is considered the PP amplitude.

The threshold values for the EEJ and Ey are defined to 
minimize possible false positives. Bhaskar et  al. (2013) 
selected PP events where the IMF-Bz and EEJ exhibited a 
sharp threshold change of ± 3 nT and ± 7 nT, respectively. 
The estimated Ey corresponding to a ± 3 nT variations in 
IMF-Bz with averaged solar wind velocity is ± 1.3 mV/m. 
In our present study, we are examining PP effects dur-
ing both quiet and disturbed times in the EEJ; hence, the 
threshold for Ey and EEJ has been lowered to ± 1 mV/m 
and ± 4 nT, respectively.

In order to determine the statistical significance of the 
correlation coefficient calculated at each one-hour inter-
val, which is based on the 12 values (degrees of freedom) 
of the EEJ and Ey components, a P and T test was con-
ducted. This test helps establish whether a correlation 
coefficient of 0.7 represents a “good correlation”.

The formula for the T-test is,

where ‘r’ represents the obtained correlation coefficient 
and ‘n’ denotes the number of degrees of freedom. The 
calculated T values are then compared with the T value 
from the statistical table (Kpkoska and Nevison 1989) 
for (n−1) degrees of freedom. If the calculated T values 
are higher than the T value from the statistical table, it 

t =
r
(√

n− 2
)

(
√
1− r2)

,

Table 1  Geographic and geomagnetic coordinates of the sites

Sites Geographic lat Geographic long IGRF 2015, 12th generation

Geo mag lat Geo mag long Inclination 2015

MNC 08.27°N 73.05°E 00.19°N 146.08°E 02.646°

ABG 18.655°N 72.867°E 10.48°N 146.89°E 26.551°

VEN 08.15°N 77.10°E 00.29°N 150.06°E 02.049°

HYB 17.41°N 78.54°E 08.77°N 152.23°E 23.641°

CBY 07.00°N 93.88°E 02.47°S 166.59°E − 01.584°

NBG 13.16°N 92.95°E 03.68°N 165.93°E 13.397°

https://omniweb.gsfc.nasa.gov/ow_min.html
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confirms that the correlation coefficient is statistically 
significant. In the present study, with 12 data points, the 
T value from the table is 1.7823. Additionally, the p-value 
is computed using a t-distribution with (n−2) degrees of 
freedom. The proximity of the p-values to zero indicates 
the statistical significance of the computed correlation 
coefficients.

An example for the identification of PP events on a 
quiet day is provided in Fig.  2a–c. The figure displays 
the 5-min sampled Ey and EEJ data from VEN on 10th 
December 2011, which is a quiet day (Fig. 2a), and b pre-
sents the corresponding correlation coefficient (CC), 
P-test values, calculated T-test values, and the T-value 
obtained from the statistical T-table. Figure 2c shows the 
geomagnetic indices Kp*10 and Dst for the same day.

From Fig.  2b, it is evident that during the 05–06 UT 
period, the calculated correlation coefficient remains con-
sistently above 0.7, with the highest CC value being 0.96. 
The amplitude changes in EEJ (∆EEJ, i.e. PP amplitude) 
during this event are 25 nT, while in Ey (∆Ey), it is 2 mV/m, 
higher than the threshold amplitudes. Therefore, this event 
is identified as a PP event, as indicated by the dashed rectan-
gle in the figure. The calculated T-values are greater than the 
T-value from the table, and the P-values are approximately 
0, confirming that the observed correlation coefficient dur-
ing the event is statistically significant.

From Fig.  2c, it can be observed that the maximum 
Kp10 value on the given day is 20, and the minimum Dst 
value is – 28 nT, confirming that 10th December 2011 is a 
geomagnetically quiet day. During the observed PP event 
(05–06 UT), the Kp10 index is 20, and the Dst index 

ranges from − 2 to – 10 nT indicating the geomagnetic 
quiet time condition.

Another example of PP identification during a disturbed 
day is shown in Fig. 2d–f for 5th February 2011. From the 
figure, it is evident that there is a clear correspondence 
between the oscillation in EEJ and Ey during the 05–07 UT 
period, with the correlation coefficient (CC) consistently 
greater than 0.7 and a maximum value of 0.97. The P-val-
ues are close to zero, and the calculated T-values are higher 
than the T-values from the statistical table, confirming the 
statistical significance of the correlation coefficient. During 
this period, the amplitude change in EEJ (∆EEJ) is – 28 nT, 
and in Ey (∆Ey), it is − 5 mV/m, indicating a PP event. The 
Kp*10 and Dst indices during the observed PP event are 38 
and –  50  nT, respectively, which further indicate geomag-
netic disturbances. Figure (2a–f) confirms that this method 
is suitable for identifying PP events during both quiet and 
disturbed periods.

Observation and results
Based on observations from five years of data at VEN 
(2011–2015) and one year of data analysis at MNC and 
CBY (2015), the statistics of PP events at these sites are pro-
vided in Table  2. A total of 321 PP events were identified 
at VEN during 2011–2015, with 136 events observed dur-
ing quiet times and 185 events observed during disturbed 
times. This illustrates that not all PP events are associated 
with storms or large disturbances, and interplanetary effects 
can be observed in the equatorial ionosphere even during 
quiet days. The table also indicates that on several days, Ey 
has shown significant amplitude variations, but not all of 

Fig. 2  Sample plot of five-minute averaged EEJ at VEN and Ey on 10th December 2011 (a); calculated Correlation coefficient (CC), P and Test values, 
and T- from T- table for each hour (b). The hourly Kp index*10 and Dst values (c); a dashed rectangle has highlighted the PP event
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them resulted in PP events. Currently, there are no explana-
tions for this phenomenon. Furthermore, a similar number 
of total PP events observed at the three equatorial sites in 
2015 suggests that PP events are simultaneously observed at 
these sites.

Occurrence of PP events with solar cycle
The occurrence pattern of PP during different phases of 
solar cycle-24 is investigated by plotting the percentage 
of PP event occurrences at VEN during 2011–2015, along 
with the annual means of sunspot numbers and F10.7, as 
shown in Fig. 3a. The figure also displays the total num-
ber of days used in each year and the total number of 
identified PP events, as depicted in Fig. 3b. Additionally, 
the observed PP events are categorized according to the 
Kp*10 index, as illustrated in Fig. 3c.

From the figure, it can be observed that the number of 
PP events increases with solar activity. The lowest occur-
rence of PP events (12% of occurrences) was observed in 
2011, while the highest occurrences of PP events were in 
2015 (35% of occurrences). The relationship between PP 
occurrence and solar activity is not linear. Despite high 
solar activity in 2014 based on F10.7 and sunspot num-
bers, the occurrence of PP events was only 26%. In con-
trast, there is not a significant difference in solar activity 
between 2011 and 2012, yet the PP occurrence in 2012 is 
around 23%, compared to 12% in 2011. Except for 2011 
and 2014, the observed PP events are almost equally 
distributed between quiet time events and disturbed 
time events. In 2011 and 2014, the number of storms 
(Dst < − 50) is around 12, whereas in all other years, the 
number of storms is more than 20. The increased geo-
magnetic activity could be the reason for the increase in 

Table 2  The statistics of occurrence of PP events

Year Total days PP days Days with No Ey 
fluctuations

Days with Ey variations 
and No PP

PP when 
Kp*10 < 30

PP when 
Kp*10 > 30

VEN 2011 228 29 5 194 23 6

2012 241 58 29 156 28 29

2013 335 77 45 218 36 36

2014 184 48 19 118 42 6

2015 290 109 17 169 50 54

Total 1270 321 115 855 130 180

CBY 2015 231 97 12 111 35 62

MNC 2015 290 104 17 169 36 68

Fig. 3  Annual means of F10.7 and sunspot numbers (a); percentage of occurrences of PP in each year (b); PP classified according to Kp index
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the number of PP events in 2012, 2013, and 2015. How-
ever, to establish trends and understand their causes, 
data over more solar cycles are needed.

Seasonal effects on PP amplitudes
Seasonal effects on PP amplitudes have been investigated 
using five years of PP observations from VEN. The scatter 
plots of PP and Ey amplitudes for each season are pre-
sented in Fig. 4a, b. PP events are classified based on their 
Kp*10 index and categorized into four seasons: Winter 
(DEC–JAN–FEB), Spring Equinox (MAR–APR–MAY), 
Summer (JUN–JUL–AUG), and Autumn Equinox (SEP–
OCT–NOV). Figure 4a examines the seasonal effects on 
the response of PP to Ey under geomagnetic quiet time 
conditions, while Fig.  4b demonstrates the response of 
PP to Ey in each season during disturbed conditions. The 
figure itself provides the slope of the fitted line for each 
season. The slope of the fitted line indicates how the PP 
amplitudes vary with changes in Ey; a higher slope sug-
gests that the response of PP is strongly modulated by 
Ey amplitudes. From the figure higher slope of the fitted 
lines indicates that PP efficiency is higher for equinox 
seasons during quiet conditions compared to solstice 
season, whereas for disturbed condition such seasonal 
pattern is not evident.

Influence of local time and IMF Bz turning on PP
To investigate the effects of local time and IMF-Bz direc-
tion on PP, the observed PP events at VEN from 2011 to 
2015 were classified based on the Kp*10 index and fur-
ther categorized according to IMF-Bz directions (North 
and South) and time of occurrence, as depicted in Fig. 5a, 
b. The amplitudes of PP and corresponding Ey were 
recorded for all events and then grouped based on their 
time of occurrence into three categories: morning (00.5–
04.5  UT  h, i.e. 06–10  LT), noon (04.5–07.5  UT  h, i.e. 
10–13 LT), and afternoon/evening (07.5–12.5 UT h, i.e. 
13–18 LT). Due to the low number of PP events observed 
during the evening hours, they were combined with the 
afternoon events.

Figure 5a presents the amplitudes of PP and Ey during 
geomagnetically quiet conditions at different local times 
for both IMF-Bz north and south. The figure consistently 
demonstrates that the slope for IMF-Bz north is greater 
than that for IMF-Bz south, regardless of the time of 
occurrence. The steepest slope is observed during local 
noontime for both IMF-Bz north and south. Specifically, 
during local noontime, the slope between PP and Ey is 3.9 
for IMF-Bz north and 2.4 for IMF-Bz south. The range of 
PP amplitude variations during local noontime is − 4 to 
– 60 nT for IMF-Bz north orientation, while for IMF-Bz 

Fig. 4  a PP amplitudes at VEN and Ey amplitudes for different seasons for all days with Kp*10 < 30. WS-Winter Solstice; SE-Spring Equinox; 
SS-Summer Solstice; AE-Autumn Equinox. b PP amplitudes at VEN and Ey amplitudes for different seasons for all days with Kp*10 ≥ 30; WS winter 
solstice, SE spring equinox, SS Summer solstice, AE autumn equinox
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south orientation, it is 4 to 40 nT, for the same range of Ey 
amplitude variations of ± 1 to ± 7 mV/m.

Fig. 5b provides a similar analysis to Fig. 5a but focuses on 
disturbed periods (Kp*10 ≥ 30). During disturbed times, the 
range of PP amplitudes expands to − 200 to 65 nT, and the 
variations in Ey range from approximately ± 20 to ± 7 mV/m. 
When examining the influence of IMF-Bz orientations, it is 
observed that for northward IMF-Bz, the range of PP is − 4 
to 200 nT, whereas for southward IMF-Bz, it is 4 to 65 nT, 
considering the Ey ranges from ± 1 to ± 20 mV/m. Figure 5a, 
b confirms that the efficiency of PP is higher for local noon-
time hours and for IMF-Bz north orientation for both quiet 
and disturbed time.

Longitudinal variation in PP amplitudes
The study further investigated the longitudinal variations 
in PP using concurrent geomagnetic data from MNC 
(72ºE), VEN (77 ºE), and CBY (93 ºE) during 2015, where 
MNC-VEN is separated by 5º, VEN-CBY is separated by 
15º, and MNC-CBY is separated by 20º longitudes. The 
PP events at these sites were categorized as either quiet 
or disturbed events based on the Kp*10 values presented 
in Fig.  6. Figure  6a represents the quiet time PP ampli-
tude at the sites and Fig.  6b represents disturbed time 
events. These include the PP events from all storms 
that occurred in 2015. Interestingly, for both quiet and 

disturbed PP events, there is an overall pattern indicating 
an increase in PP amplitudes towards MNC.

Further, the absolute differences in PP amplitudes 
between pairs of sites for all events in 2015 are shown in 
Fig.  7. The positive differences in PP amplitudes between 
sites, such as │MNC│–│VEN│, indicate that PP ampli-
tudes at MNC are greater than at VEN, while negative val-
ues indicate that VEN has greater amplitudes than MNC. 
The blue shaded portion in Fig. 7 indicates an increase in 
PP amplitudes towards the west, i.e. at MNC for the pair 
│MNC│–│VEN│, at VEN for the pair │VEN│–
│CBY│, and at MNC for the pair │MNC│–│CBY│. 
The events in the shadeless portion indicate PP events with 
higher amplitudes towards CBY.

The main observations from Fig.  7 are as follows: 
the difference in PP amplitudes increases with longi-
tudinal separations. At 5º longitudinal separations (i.e. 
between MNC-VEN), the difference in PP amplitudes 
lies within ± 5 nT for more than 65% of the events. At 15º 
(VEN-CBY) and 20º (MNC-CBY) longitudinal separations, 
PP amplitudes between the sites shows a difference that 
exceed ± 5 nT for the majority (~ 65%) of events. At 20º lon-
gitudinal separations, many events exhibit significant differ-
ence in PP amplitude greater than ± 15 nT.

Figure  8a–c provides examples of longitudinal varia-
tions in PP amplitudes. Figure 8a represents a PP event 

Fig. 5  a The amplitude variation in EEJ and Ey component corresponding to the occurrences of PP events identified for Kp*10 < 30 days classified 
according to the direction of Ey/IMF- Bz and further according to the time of occurrences. b The amplitude variation in EEJ and Ey component 
corresponding to the occurrences of PP events identified for Kp*10 > 30 days classified according to the direction of Ey/IMF- Bz and further 
according to the time of occurrences
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that occurred during a quiet time on June 18th, 2015. 
The Kp*10 value during the event was 27, indicating 
a geomagnetically quiet condition. A sudden change 
in Ey from east to west with an amplitude change of 
− 1.5 mV/m around 3.5 UT resulted in a sharp decrease 
in the Equatorial Electrojet (EEJ) at all three sites. This 
led to PP events with amplitudes of –  11  nT at MNC, 
− 7 nT at VEN, and – 4 nT at CBY.

Figure  8b presents an example of longitudinal vari-
ation in PP during disturbed time on May 19th, 2015 
(Kp*10 = 50). Around 03:10 UT, a sudden decrease in Ey 
(− 12 mV/m) was observed, causing a depression in the 
EEJ at all three sites. The PP amplitudes during this event 
were − 34 nT at MNC, − 31 nT at VEN, and – 52 nT at 
CBY. Prior to the occurrence of PP (02:30 UT), the EEJ 
strength was 17 nT at MNC and VEN, and 47 nT at CBY, 
indicating the ionization levels at the respective sites. 
It can be observed from the figure that PP resulted in a 
Counter Electrojet (CEJ) with amplitudes of –  18  nT at 
MNC, − 15 nT at VEN, and – 5 nT at CBY. As the EEJ 
strength at MNC and VEN was already weak compared 
to CBY, it was relatively easier to bring the EEJ strength 
below the night level and result in a CEJ.

Another example is provided in Fig.  8c for a dis-
turbed time, with a Kp*10 value of 53 at the time of the 
PP occurrences. PP was observed at all three sites dur-
ing 07:00–10:00  UT, with extremely high amplitudes at 
MNC (−  98  nT) and VEN (−  89  nT) compared to CBY 
(−  45 nT). The ∆Ey for this event was −  15 mV/m. The 
amplitudes of the EEJ just before the PP events were 18 
nT at MNC and VEN, whereas 38  nT at CBY. The PP 
events at MNC and VEN resulted in a negative depres-
sion of the EEJ, leading to CEJs. The amplitudes of 
the CEJs were –  78  nT at MNC, −  75  nT at VEN, and 
–  5  nT at CBY. Figure  8b, c demonstrates that PP can 
result in CEJs, and the amplitudes of the CEJs vary with 
longitudes.

CEJ and PP
An attempt has been made to identify CEJs at VEN 
caused by PP during quiet time. The individual exam-
ples of CEJs caused by PP during a quiet day are shown 
in Fig.  9a, b. On February 20th, 2013 around 09:30 UT, 
a CEJ with an amplitude of –  12  nT observed at VEN 
(around 15:00 LT) and CEJ of amplitude – 3 nT noted at 
CBY (around 16:00 LT), the corresponding Ey fluctuation 
was − 2 mV/m (Fig. 9a). The figure confirms that this CEJ 

Fig. 6  The amplitudes of all quiet time PP events from 2015 at MNC, VEN and CBY (a) and disturbed time (b). The black big balls indicate the mean 
of absolute PP amplitudes at each site
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clearly has an interplanetary/magnetospheric origin, and 
the response at the two sites demonstrates the modulat-
ing influence of local time on ionization intensity. The 
amplitude of CEJ is higher at VEN than at CBY due to 
differences in ionization intensity caused by differences 
in the local time. A morning CEJ (01–02  UT) was also 
observed only at VEN with an amplitude of – 8 nT, but Ey 
data were missing, and PP could not be identified.

An example of the combined signature of ionospheric 
and interplanetary effects (highlighted by the dashed rec-
tangle) is shown in Fig. 9b. PP is observed within the CEJ 
at VEN on April 26th, 2013 (Kp*10 = 30). A morning CEJ 
with an amplitude of –  15  nT is observed at VEN, and 
a sudden fluctuation in the Ey component (−  2  mV/m) 
is reflected in the CEJ at the site as a sharp change 
(− 5 nT) around 2:40 UT. A similar sharp fluctuation is 
also observed at CBY (− 8 nT) where the CEJ is absent. 
On the same day (April 26th, 2013) around 04:00 UT, a 

sharp depression in Ey with an amplitude of −  7 mV/m 
is observed, which reduces the EEJ strength at the sites 
and results in a partial CEJ during the noon hours. 
The amplitude of PP is – 50 nT at CBY and – 20 nT at 
VEN. Another depression in the EEJ at both sites can be 
observed between 06 and 07 UT (Fig. 9b), which shows 
the opposite polarity to Ey. This depression may be of 
ionospheric or magnetospheric origin.

Figure  10 provides statistics on the total number of 
PP events. The black bars represent the total number 
of observed PP events, as well as the number of events 
where a change in ∆E (± 1  mV/m) occurred but no PP 
was observed. The ash bars represent the number of CEJs 
that do not correlate with Ey (816 events) and the num-
ber of CEJs that do correlate with Ey (133 events). Based 
on these statistics, it can be concluded that 15% of the 
CEJs observed at VEN are caused by PP, indicating inter-
planetary effects. Additionally, 8% of the observed CEJs 

Fig. 7  The difference in absolute PP amplitudes between the site for 2015 is shown for MNC-VEN; VEN-CBY and for MNC-CBY pairs, which are 
separated at 5º, 15º and 20º longitudes, respectively
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show combined signatures of ionospheric and magneto-
spheric effects. The majority of the observed CEJs at VEN 
(85%) during the study period do not match with Ey, sug-
gesting the dominance of mechanisms of ionospheric ori-
gin rather than interplanetary effects.

Discussion
The present study investigated the characteristics of 
prompt penetration (PP) effects on the Equatorial Elec-
trojet (EEJ) and Counter Electrojet (CEJ) in the Indian 
sector during both quiet and disturbed conditions using 
five years of data. The study also aimed to differenti-
ate the CEJs based on their causal mechanisms as either 
ionospheric or magnetospheric in origin. Addition-
ally, the study examined the longitudinal variability in 
PP at close spatial separations. The present work used 
the novel method of identifying PP suggested by Bulusu 
et al. (2018, 2020), and our observations indicate that the 
method is robust even in the identification of PP events 

observed during quiet time, where the amplitudes are 
relatively weak (Figs. 2a, 9a).

Further, the analysis of seasonal variations in PP from 
Fig.  4 shows the highest slope for the equinoxes and the 
lowest for the solstices. The changes in the slopes of the 
fitted lines indicate that the response of PP to Ey might be 
influenced by seasons as the ionospheric conductivity var-
ies with the seasons. The lowest slope in winter indicates 
that the amplitude variation in PP with Ey is weak in this 
season compared to others, which could be due to the low 
ionization and conductivity of the ionosphere. The higher 
slope observed in the equinox season might be because the 
Equatorial Electrojet (EEJ) is strongest during this time, pos-
sibly amplifying PP events due to higher conductivity and 
ionization. In the present study, no distinct seasonal effect 
is evident for disturbed conditions. Figure  4b shows that 
the highest slope is observed for the autumn equinox and 
summer solstice, and the lowest slope is observed for the 
spring equinox. The slope of the fitted line for the winter 
solstice is higher than that for the spring equinox. There is 

Fig. 8  Five-minute sampled EsEJ and Ey at MNC, VEN and CBY on a 18th June 2015, b 19th May 2015 and on c 25th June 2015, identified PP events 
are highlighted by dashed black rectangle
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currently no available literature on the seasonal variability of 
PP amplitudes.

Figure 5 shows the amplitude of PP and Ey for differ-
ent times of occurrence during quiet time for both IMF-
Bz south and north. The fitted line and its slope indicate 
the response of PP to Ey amplitudes. The slope of the fit-
ted line is higher for local noon time events compared 
to morning and afternoon events for both IMF-Bz north 
and south directions. This could be due to the high ion-
ospheric conductivity caused by large ionization dur-
ing local noon time, as suggested by Manoj et al. (2008); 
Bhaskar et al. (2013); Xiong et al. (2016) and Mene et al. 
(2011).

The efficiency of PP driven by IMF-Bz has been dis-
cussed in studies of Equatorial Electrodynamics. Manoj 
et  al. (2008) suggest that PP is independent of IMF-Bz 
turning, while Bhaskar et  al. (2013), Anderson et  al. 
(2002), Kelley et  al. (1979), Kikuchi et  al. (2000, 2003), 
and Tsurutani et  al. (2008) report that PP efficiency is 

higher during IMF-Bz northward turning. In this study, 
we also find that the efficiency is higher during IMF-Bz 
northward turning, both on disturbed days and quiet 
days for all local times (Fig. 5). This could be due to the 
presence of R2-region current overshielding effects, as 
explained by Jaggi and Wolf (1973) and our study indi-
cates that the overshielding effects due to R2 region cur-
rents are effective even during geomagnetically quiet 
conditions.

There have been few studies so far discussing the longi-
tudinal variation of PP. Mene et al. (2011) have established 
significant latitudinal, local time, and longitudinal variations 
of DP2 currents associated with the prompt penetration 
electric field and reported a significant longitudinal varia-
tion in DP2 between African, American and Asian sectors. 
Using concurrent data sets from MNC, VEN, and CBY dur-
ing 2015, as well as VEN and CBY during (2012–2013 and 
2015), we have studied the longitudinal differences in PP at 
close spatial separations. All the PP events are simultaneous 

Fig. 9  a Ey component and EEJ strength from VEN and CBY on 20th Feb, 2013; the dashed black rectangle indicates the Equatorial counter 
Electrojet caused (CEJ) by PP; the amplitude of CEJ at VEN is nearly − 13nT; at CBY PP does not cause CEJ instead give rise to a small depression
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at all three sites, but show substantial differences in ampli-
tudes (Figs. 2, 8 and 9). Figures 6 and 7 indicate that at higher 
longitudinal separations, the difference in PP amplitudes 
increases. The number of events with amplitude differences 
greater than ± 10nT is higher between MNC-CBY (separated 
at 20º) than between MNC-VEN (separated at 5º) and VEN-
CBY (separated at 15º). Additionally, a longitudinal trend of 
increasing amplitude of PP towards MNC can be observed 
in Fig.  7. The observed PP amplitude variations from the 
sites have been reported for all moderate and major storms 
of 2015 by Bulusu et al. (2018, 2020), and the increase in PP 
amplitudes towards MNC is attributed to the longitudinal 
variation of DE3 tide pattern effects of the DE-3. The pre-
sent study confirms that a longitudinal trend of westward 
increase of PP amplitudes is evident for both quiet and dis-
turbed times.

The EEJ signal is modified by PP events as well as by 
westward ionospheric currents, resulting in the forma-
tion of CEJs and partial CEJs. The identified CEJs, when 
the EEJ does not correlate with Ey, are attributed to 
ionospheric origin mechanisms. However, if the signa-
ture of EEJ matches with Ey during the occurrences of 
CEJs, then it is attributed to magnetospheric/interplan-
etary origin. From a dataset of five years of EEJ strengths 
at VEN, it is noted that 133 CEJs (15%) are caused by 
PP effects (Fig.  10), whereas 816 CEJs (85%) are due to 
ionospheric origin mechanisms (including disturbance 
dynamo effects). The analyses in this study have success-
fully separated CEJs at VEN into ionospheric origin and 

magnetospheric/interplanetary origin. There are a few 
events (8%) that show combined effects of ionospheric 
and interplanetary effects (Fig. 9b), where PP is observed 
within the CEJ (i.e. the equatorial electric field is already 
in a westward direction at the site, and the interplanetary 
electric field signature is reflected in it).

Furthermore, our observations reveal that there are 
832 instances of Ey exhibiting significant fluctuations 
exceeding ± 1 mV/m, yet without causing PP effects. To 
comprehend the underlying cause behind the absence 
of PP amidst these intense Ey fluctuations, a thorough 
investigation is required.”

Conclusions
The present study identified the PP events in EEJ of 
Indian sector using the method suggested by Bulus 
et  al. (2018, 2020). Characteristics of observed PP 
events studied for both quiet and disturbed period, fur-
ther longitudinal variability in PP amplitude has been 
investigated. The influence of interplanetary field dis-
turbances on EEJ and its longitudinal variability have 
not been specifically addressed in earlier studies, our 
findings revealed that even during geomagnetically 
quiet conditions, the interplanetary field can signifi-
cantly influence EEJ and give rise to CEJ events, which 
also exhibit longitudinal variations. This has implica-
tions for improving the modelling of space weather 
effects at equatorial stations.

The major findings of the study are as follows:

Fig. 10  The total observations from five years of EEJ signature at VEN; total observed PP events; the days where ∆Ey shows fluctuations greater 
than ± 1mVm still not reflected in PP (as No PP); total CEJs which did not correlate with Ey (i.e. ionospheric); the CEJ/PCEJ events which are due to PP 
at the sites are given
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•	 Morphology of PP. The effects of PP on EEJ exhibit 
higher efficiency during local noontime hours and 
for IMF-Bz north directions, both in quiet and dis-
turbed conditions. The variations in PP amplitudes 
with Ey amplitudes are significantly higher during 
disturbed conditions for IMF-Bz north, compared 
to quiet conditions, which supports previous stud-
ies. Furthermore, seasonal variations in PP effi-
ciency are observed, with higher efficiency during 
equinoxes and lower efficiency during solstices in 
quiet conditions.

•	 Perturbations in EEJ by PP. The CEJs observed dur-
ing quiet conditions, which correlate well with Ey, 
confirm that even during geomagnetically quiet 
conditions, the interplanetary field can significantly 
influence the equatorial ionospheric currents. The 
CEJs observed during quiet times that do not cor-
relate with Ey can be attributed to localized iono-
spheric causal mechanisms. In future studies, these 
CEJs will be correlated with other ionospheric 
parameters to further identify the causal phenom-
ena.

•	 Spatial variations in PP. The analysis conducted 
across three equatorial sites confirms that the 
amplitudes of PP events vary at short spatial scales, 
with longitudinal separations of 15-20º. A general 
longitudinal trend is observed, where PP ampli-
tudes increase towards MNC (westward) compared 
to CBY (eastward). This trend may be attributed to 
the influence of the DE-3 tidal structure, where the 
weaker EEJ at MNC is more susceptible to iono-
spheric perturbations compared to CBY.
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