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Abstract – In this study, the variations of topside ionospheric irregularities during 24 geomagnetic
storms with Dst � �50 nT in 2015 were examined through an algorithm specifically designed to detect
a significant level of ionospheric irregularities. The algorithm was developed through the use of several
parameters derived from the topside total electron content (TEC) observations from GRACE, Swarm-C,
and Swarm-B. The local time characteristics of the observed equatorial plasma irregularities (EPIs) were
analyzed during different phases of the storms, within 30� S–30� N magnetic latitudes. By comparing
its results with corresponding in-situ electron density data and the results of previous studies, the algorithm
was found to be efficient. It was observed that the detected EPIs at different stages of the storm showed
local time dependence. For instance, EPIs were observed during nighttimes, but took place in the daytime
occasionally during the storm main phase. Furthermore, the percentage occurrence rates were most promi-
nent during the main phase at the post-sunset sector within less than 6 h of the storm onset. On the other
hand, the occurrence rates became prominent in the post-midnight/morning sector during the recovery
phase and even higher than observed in the post-sunset sector. Based on these findings it was concluded
that the dominant driver of the enhanced EPIs during the post-midnight/daytime sector could be associated
with disturbance dynamo electric fields.

Keywords: Topside ionosphere / Equatorial plasma irregularities / Geomagnetic storm / Rate of total electron content
index (ROTI) / Disturbance dynamo electric fields

1 Introduction

Ionospheric irregularities refer to the existence of plasma
inhomogeneities in the ionosphere, which spans a large range
of scale sizes, from hundred-kilometers down to the sub-
kilometer range, and exists at all latitudes. Particularly, the
occurrence of irregularities at the equatorial and low latitudes
has a special type of feature called equatorial plasma bubbles
(EPBs), which is marked by large-scale depletion in electron
density usually accompanied by smaller scale irregularities.
The equatorial plasma irregularities (EPIs) associated with EPBs
are a common nighttime phenomenon that has a consequential
effect on the performance of radio communication and naviga-
tion. They are known to commence below and above the
F-layer peak at about 19:00 LT and 20:00 LT, respectively
(Kil & Heelis, 1998).

The topside ionospheric irregularities during the post-sunset
sector are triggered from the bottom side as magnetic field-
aligned plasma depletions or what is generally referred to as
EPBs, which drift upward with a speed of ~150 ms�1 (McClure
et al., 1977). The characteristics of EPIs during quiet and dis-
turbed times and the mechanism by which they are generated
have been well established. The Rayleigh–Taylor instability
(RTI) mechanism during the post-sunset period has been
credited to the occurrence of F-region plasma irregularities in
the equatorial/low-latitude region (Sultan, 1996; Kelley, 2009;
Abdu, 2019). These EPIs are initiated at the bottom side F
region and the nighttime polarization electric fields play an
important role in the non-linear growth of these EPIs from the
bottom-side and their appearance at the topside.

The background zonal electric fields play a vital role in the
development of EPIs and may act to enhance (inhibit) the mech-
anism responsible for irregularity occurrence if it is in the east-
ward (westward) direction (Stolle et al., 2008; Su et al., 2008).
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The E � B drift at the equator is known to significantly increase
and reverse in polarity near the sunset terminator, and it is
referred to as pre-reversal enhancement (PRE) (Rishbeth,
1971; Eccles et al., 2015). It has been observed that at nighttime,
the E region plasma density becomes washed out as a result of
chemical recombination and thereby losses its ability to short
out the electric field that is being produced by the F-region
dynamo. The combination of the rapid rise of the F-layer and
the bottom side steep vertical density gradient at the equatorial
region gives rise to the Rayleigh–Taylor instability condition in
the nighttime background ionosphere and predisposes it to the
occurrence of plasma irregularities. Other parameters such as
upward propagating gravity waves (Rottger, 1981; Tsunoda,
2010; Li et al., 2016), collisional shear instability (Hysell &
Kudeki, 2004), and meridional wind component (Maruyama,
1988; Abdu et al., 2006; Su et al., 2018) have also been associ-
ated with the conditions necessary for the RTI. Hence, the gen-
eralized RTI growth rate (c) which incorporates all concerned
parameters is given by the following equation (Sultan, 1996):

c ¼
PF

PPE
P þ

PF
P

V dr�U? � g
veffin

� �
1
Ln

� RT ð1Þ

where g is the acceleration due to gravity, veffin is the flux tube-
integrated effective F region ion-neutral collision frequency
weighted by number density along the flux tube, Vdr is the
E � B vertical plasma drift component, U\ is the Pedersen con-
ductivity weighted flux tube-integrated neutral wind that is per-
pendicular to the magnetic field line, Ln is the scale length of the
vertical gradient of the flux tube-integrated plasma density mea-
sured at the equator, RT is the flux tube-integrated recombina-
tion rate (Basu, 1997),

PE
P and

PF
P are the integrated

Pedersen conductivities in the E and F regions, respectively.
The Vdr parameter in equation (1), which also represents the

PRE, has been the most widely discussed contributor to the RTI
growth rate and can get modified during geomagnetic storms by
prompt penetration of magnetospheric electric field and distur-
bance dynamo electric field (Heelis et al., 1974; Farley et al.,
1986; Eccles et al., 2015; Abdu, 2019). During geomagnetic
storm and under southward incursion of Bz, interplanetary elec-
tric field maps to the high latitudes as dusk-dawn electric field
and penetrates to the low-latitude as under-shielding prompt
penetration electric field (PPEF) having eastward (westward)
orientation on the dayside (night-side) and manifests usually
during the main phase. When the Bz turns northward an over-
shielding electric field penetrates to the low-latitude having an
opposite polarity to the under-shielding PPEF (Kikuchi et al.,
2000). Similar to the over-shielding PPEF is the disturbance
dynamo electric field (DDEF) that arises from the equatorward
thermospheric disturbance wind due to storm-time auroral heat-
ing mostly during the recovery phase of a geomagnetic storm
(Blanc & Richmond, 1980; Richmond et al., 2003). The super-
position of the vertical drift by under-shielding PPEF during the
daytime/evening (post-midnight/pre-sunrise) hours can cause
rapid uplift (descent) of the F layer, while the reverse is the case
for both over-shielding PPEF and DDEF (Abdu et al., 2003;
Abdu, 2012).

The ionospheric irregularities that occur during the post-
midnight/post-sunrise have been positively correlated with geo-
magnetic activity (Fejer et al., 1976; Aarons & DasGupta, 1984;

Zakharenkova et al., 2015; Luo et al., 2020). During the post-
midnight/pre-sunrise and quiet geomagnetic condition, the zonal
electric field has a westward direction and causes a downward
drift of plasma via the E � B effect in the equatorial region.
Hence, EPI may occur during the post-midnight local times pro-
vided there is a reverse in the quiet time zonal electric field
direction (Fejer et al., 1976; Bowmann, 1978; Burke, 1979).
From previous literature, it is known that the occurrence of a
geomagnetic storm is one of the possible ways by which the
electric fields’ direction can be reversed (Fejer & Scherliess,
1995; Abdu, 2016). The reversal of the quiet time zonal electric
field component from westward to eastward will raise the F2
peak height. Besides, Wan et al. (2019) have also shown that
the irregularities that are observed during predawn sector under
geomagnetic disturbed conditions are predominantly due to
fossil EPIs of the previous nighttime and possibly strengthened
by upward drift of plasma due to PPEF. Occurrence of daytime
plasma irregularities have also been occasionally observed to be
associated with rocket exhaust (Park et al., 2016; Li et al.,
2018).

The EPI phenomenon has been extensively studied using
several instruments such as ionosondes (Booker & Wells,
1938; Abdu et al., 1981), coherent and incoherent scatter radars
(Woodman & La Hoz, 1976; Greenwald et al., 1995; Hysell &
Burcham, 1998; Jin et al., 2018), airglow imagers (Makela &
Miller, 2008); VHF/UHF and Global Navigation Satellite Sys-
tems (GNSS) receivers (Basu et al., 2001; Seemala & Val-
ladares, 2011; Sun et al., 2012; Zakharenkova & Astafyeva,
2015; Amaechi et al., 2020) and in situ satellite probes
(McClure et al., 1998; Xiong et al., 2010; Huang et al.,
2014). The global coverage of GNSS receivers has made the
investigation of ionospheric irregularities much easier and con-
venient through the use of the rate of total electron content
(TEC) index (ROTI), which is a proxy for scintillation indices
that are derived from the rather scarce scintillation monitors
(Pi et al., 1997; Oladipo & Schüler, 2013; Zakharenkova &
Astafyeva, 2015; Bolaji et al., 2018; Li et al., 2020).

The application of ROTI can also fill the gap in the topside
ionospheric investigation when/where in situ electron density
(Ne) data are not available. More importantly, it has also been
realized that the topside ROTI technique can probe ionospheric
irregularities ahead/behind/aside low Earth orbit (LEO) posi-
tion and for a much longer time than in situ cross-section
(Zakharenkova et al., 2015). The ROTI is, without doubt, a very
useful index in characterizing ionospheric irregularities, but due
to the nature of its absolute value, it cannot distinguish between
plasma depletions and enhancements. Furthermore, the use of
ROTI derived from topside TEC in investigating ionospheric
irregularities is not quite straightforward as it is with the one
derived from ground-based TEC data.

This complexity can be attributed to a number of factors
such as; relative motion between the GNSS receiver and the
plasma structures. The topside ROTI tends to contain a combi-
nation of the drifting structures/irregularities and stationary
ionospheric gradients such as equatorial ionosphere anomaly
(EIA). Furthermore, there is also the issue of the limited time
of individual GNSS tracking by the LEO satellite, hence
the TEC profile from a single GPS arc can only provide a
portion of the single orbit profile that the in-situ electron
density data can provide. Although some studies on ROTI
derived from topside TEC have been carried out previously
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(Zakharenkova et al., 2015, 2016; Cherniak & Zakharenkova,
2016; Jimoh et al., 2019; Jin et al., 2019), only Zakharenkova
et al. (2016) had attempted to address the challenge of the
density gradient due to the EIA structures appearing as enhance-
ments in the ROTI derived from topside TEC, although it was
not explicitly dealt with. For instance, the authors did not dis-
close the length of the multiple peaks that they used. This
implies that no study has paid keen attention to resolving the
challenges that abound when applying the ROTI technique to
the investigation of topside ionospheric irregularities.

Several case and statistical studies have been carried out on
the morphology of ionospheric irregularities during geomag-
netic storms (Oya et al., 1986; Watanabe & Oya, 1986; Abdu,
1997; Li et al., 2010; Abdu, 2012; Sun et al., 2012; Huang et al.,
2013; Zakharenkova et al., 2015; Li et al., 2018; Jimoh et al.,
2019; Huang et al., 2021). Most of the previous statistical stud-
ies on ionospheric irregularities during geomagnetic storms
were not focused on the post-midnight to the pre-noon sector
while a few of those focused on the post-midnight to the
post-sunrise sector did not use the topside ROTI technique in
detecting irregularities (Burke, 1979; Greenspan et al., 1991;
Huang et al., 2001; Wan et al., 2019; Aa et al., 2020). Hence,
this study is based on the detection of a significant level of
equatorial plasma irregularities during 24 geomagnetic storm
events in 2015 by the means of an algorithm, which used the
ROT/ROTI derived from three LEO satellites’ topside TEC
observations, both during the daytime and nighttime sectors.

This study has the following objectives: firstly, to resolve
the challenges associated with applying the ROTI derived from
topside TEC data in detecting irregularities, secondly, to study
the occurrence characteristics of the topside ionospheric irregu-
larities during geomagnetic storms (Dst < �50 nT) in 2015
using the topside ROTI technique.

2 Methodology

2.1 Instrument and data

Multi-instrument datasets were used in this study and they
include the topside TEC retrieved from GPS receivers aboard
Gravity Recovery and Climate Experiment (GRACE),
Swarm-C (SWC), and Swarm-B (SWB), the in situ electron
density (Ne) retrieved from the Swarm’s Langmuir probes
and GRACE’s K-Band ranging system (Tapley et al., 2004;
Choi & Lightsey, 2008; Friis-Christensen et al., 2006; Lei
et al., 2014), and the rate of TEC index (ROTI) derived from
the topside TEC. The orbital characteristics of the satellites
and the sampling rates of the GPS receivers and of the electron
density detectors are given in Table 1. It should be noted that in
this study only the GPS satellites were tracked. The topside
TEC as used here refers to the TEC measurements that are
obtained above the orbital altitude of the aforementioned LEO

satellites from their onboard dual-frequency GPS observ-
ables. The relative slant TEC between the GPS receivers at
the orbital heights of the LEO satellites and GPS satellites is
derived by first eliminating the outliers, using the well-known
technique proposed by Blewitt (1990) to detect and correct
cycle slips, and the pseudorange TEC is used to adjust the level
of the carrier phase TEC per phase-connected arc (Mannucci
et al., 1998).

Furthermore, the absolute slant TEC was retrieved after
removing the inter-frequency biases. The GPS satellites’ biases
can be obtained from the international Global Navigation
Satellite Systems Service and the receivers’ biases were esti-
mated via the least square algorithm (Yue et al., 2011; Zhong
et al., 2016a,b). A geometric mapping function (Foelsche &
Kirchengast, 2002) was used to convert the slant TEC to vertical
TEC (vTEC), and the ionospheric effective height was selected
as a function of the orbital altitude of the LEO satellite and solar
activity (Zhong et al., 2016c). In order to minimize the error
caused during the conversion of slant TEC to vertical TEC, a
cutoff elevation angle of 30� was used in this study.

The ROTI derived between the GPS to any LEO satellite’s
link is a parameter used in describing the topside ionospheric
irregularity condition and can be computed by taking the
following steps. Firstly, calculating the rate of TEC (ROT) by
taking the ratio of the difference between two consecu-
tive epochs of vertical TEC to the time interval in units of
TECU/min, 1 TECU = 1016 el/m2 (Pi et al., 1997). Note that
only vTEC data that had a data length of at least 4 min were
considered in the computation of ROT

ROT ¼ vTECi
k � vTECi

k�1

tk � tk�1
ð2Þ

where i is the GPS satellite in view of the LEO satellite and k
is the time of epoch. Secondly, the ROTI is then computed by
taking the running standard deviation of ROT with a 1-min
window as given below;

ROTI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ROT2
� �� ROTh i2

q
ð3Þ

A similar approach was also adopted to obtain the rate of den-
sity index (RODI), from the in-situ electron density. RODI is
also a good measure of ionospheric irregularities, which has
been proven to be consistent with ROTI technique in the
detection of irregularities (Zakharenkova & Astafyeva,
2015; Jimoh et al., 2019). RODI was used for the purpose
of comparison with ROTI.

2.2 Algorithm description

In order to overcome the challenges associated with
the application of topside ROTI to EPI study as earlier men-
tioned, a suitable technique different from the approach of

Table 1. The orbital characteristics of the satellites and the onboard instruments.

Satellite Mean altitude (km) Orbital period (min) TEC sampling rate (Hz) Ne sampling rate (Hz) Orbit

GRACE 395 94.5 1/10 1 Polar
SWC 460 96 1 2 Polar
SWB 515 96 1 2 Polar
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Zakharenkova et al. (2016), with a longer time interval of 60 s
for the computation of ROTI was developed to eliminate unde-
sirable enhancements in ROTI.

In this study, the EPIs due to storm effects were of interest
and as a result, the conditions were set so as to detect a signif-
icant level of irregularities both in the daytime and nighttime
sectors. The latitudinal coverage was limited to 30� S–30� N
magnetic latitudes due to the peculiarities that exist in different
regions. In Figures 1–4 some cases were presented to serve as
precedence to the conditions that were set in the algorithm
for the detection of irregularities. In Figures 1–4, panels
(a)–(e) show the vTEC (the raw and 1-min running average
TEC), rate of TEC (ROT) computed from the raw TEC, ROT
computed from the detrended TEC using 1-min running aver-
age, the absolute value of the detrended ROT (|ROT|) and the
ROTI computed from the detrended ROT, respectively, while

(f)–(j) represents the corresponding Ne and similar derivatives
as done in (a)–(e) for TEC. The horizontal black dashed line
and red curve indicate ROTI equal to and greater than
0.75 TECU/min, respectively, while the green solid circles
indicate the start and end of the time interval (dt) of
ROTI > 0.75 TECU/min. The horizontal axes of these figures
show the universal time (UT), local time (LT) and magnetic
latitude (MLAT).

Figure 1 shows an event on 16 February 2015 observed by
SWC during 00:26–00:45 UT along the line of sight of GPS
PRN 31. In Figure 1a and f, both TEC and Ne observations
indicate plasma depletion-like feature between 00:32 and
00:42 UT during 22:14 LT. The feature is such that part of
the Ne depletion in Figure 1f caused a corresponding disruption
in the GPS radio signal shown by the gap in the TEC data in
Figure 1a, which is an indication of ionospheric irregularities

Fig. 1. An example illustrating the occurrence of ionospheric irregularities on 16 February 2015 observed by Swarm-C along the line of sight
of GPS PRN 31 around 22:14 LT. (a) and (f) The observed (blue) and the 1-min running average (red) vTEC and Ne data, respectively. (b) and
(g) The rate of TEC (ROT) and rate of Ne (ROD) obtained from the observed vTEC and Ne, respectively. (c) and (h) ROT and ROD obtained
from the detrended TEC and Ne, respectively. (d) and (i) The absolute values of detrended ROT and ROD, and (e) and (j) the values of the rate
of TEC index (ROTI) and rate of Ne index (RODI). The prctile(|ROT|) in Figure 1d refers to the value of the 25th and 75th inter-percentile
range of the detrended |ROT| when ROTI � 0.75 TECU/min, N is the corresponding data population and Pks is the number of peaks (local
maxima) in |ROT| when ROTI � 0.75 TECU/min. The horizontal dashed black line indicates ROTI = 0.75 TECU/min, and dt is the time
interval (the start and end indicated by the two green solid circle) when ROTI � 0.75 TECU/min (red).
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due to equatorial plasma bubbles. Furthermore, the irregularities
were also revealed in the variations of ROT/ROTI in the
subsequent sub-figures. Figure 1b shows some trends in the
computed ROT from raw TEC, but the trend could not be
observed in Figure 1c owing to the 1-min running average
detrend of the TEC data (see the inset black arrows).

On the other hand, there was no notable difference between
the ROD that was derived from the observed and detrended
Ne in Figure 1g and h, respectively. Figure 1d shows the abso-
lute value of the detrended ROT in Figure 1c. The number of
peaks (local maxima) of |ROT| during the interval that ROTI
was equal to and above a certain threshold (0.75 TECU/min)
was found to be 108 (i.e. Pks = 108), while the correspond-
ing 25th and 75th inter-percentile range data population (N)
and value (prctile) of |ROT| during the interval ROTI �
0.75 TECU/min are 163 and 2.9 TECU/min, respectively.
In Figure 1e the ROTI was below 0.75 TECU/min until
00:32 UT and above this value for about dt = 9.78 min.
Generally, the characteristics of the irregularities observed in
Figure 1f–j by the Ne and its derivatives show that the irregu-
larity event is significant.

In Figure 2 a non-spread F but enhanced ROTI case
as observed by GRACE along the line of sight to GPS PRN

14 on 10 April 2015 during 05:55–06:15 UT at 15:47 LT is
shown. There are two conspicuous peaks in ROT/ROTI on both
hemispheres of the magnetic equator, which indicates the pres-
ence of EIA in the ROT/ROTI observation. Such a case of
enhanced ROTI has to be eliminated in the consideration of
ionospheric irregularities. In addition, the TEC and Ne profiles
in Figure 2a–c and f–h did not show significant fluctuations as
the case shown in Figure 1. Furthermore, considering that the
time interval between these peaks was more than a certain time
limit (e.g. 2 min), the data points before and after this interval
were considered independent events. However, it can be
observed that the two events were not well populated with data,
that is, N1 = 4, N2 = 3, while the inter-percentile values of
|ROT|1 = 1.2 TECU/min, and |ROT|2 = 1.0 TECU/min and
the number of peaks Pks1 = 2 and Pks2 = 1 as shown in
Figure 2d. Figure 2e shows that the ROTI � 0.75 TECU/min
during these events occurred within short durations,
dt1 = 1.67 min and dt2 = 1.33 min and hence, these events
and such like have to be systematically removed.

In Figure 3a and f, a case of spurious depletions in TEC
and Ne from SWB observations during 11:48–12:07 UT on
7 November 2015 and around 01:03 LT is shown. Although
this can be regarded as a valid EPI event, but for the purpose

Fig. 2. An example of the TEC/Ne gradient (non-spread F) due to the equatorial ionospheric anomaly (EIA) was observed on 10 April 2015 by
GRACE around 15:47 LT. The figure format is similar to the descriptions in Figure 1.
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of this study it will not be considered as a significant event.
The depletion was quite rapid and occurred in less than a
minute as seen in Figure 3a–d and f–i. In Figure 3d,
prctile(|ROT|) = 1.2 TECU/min, N = 86 and Pks = 49 and
dt = 3.33 min (Fig. 3e). The interval of the
ROTI � 0.75 TECU/min does not indicate significant level of
fluctuations. Hence, this case and other similar ones were not
considered by this technique.

Daytime plasma density irregularities are generally unusual,
except during special phenomena such as geomagnetic storms.
An example of daytime plasma irregularities that occurred on
02 March 2015 at 10:31 LT observed by SWB along the
GPS PRN 4 is shown in Figure 4. The features of the TEC
and Ne profiles shown in Figure 4a and f, respectively did
not show the usually pronounced Ne depletion common to
the nighttime EPIs. The other sub-figures showed that the
fluctuations in the radio signal (Fig. 4c–e) is quite pronounced
owning to the irregular structures that characterized the in-situ
plasma density (Fig. 4f–j). Based on these examples and further
analysis, the following steps outline the basic conditions used to
develop the algorithm:

Firstly, the topside TEC data from a LEO satellite to any
GPS satellite that are tracked for at least 4 min were detrended
using 1-min centered running average. This helps to remove the
trend in the TEC data before computing the ROT.

Secondly, the ROTI was computed and a threshold
0.75 TECU/min that lasted for at least 2 min was set for the
detection of irregularities. In addition, any two events that are
separated by less than 2 min were merged as one event.

Thirdly, the number of peaks (local maxima) in |ROT|
during the interval that ROTI � 0.75 TECU/min should be at
least 1-min length of data for high rate GPS receivers (Swarm)
and at least 2 min length of data for lower rate GPS receivers
(GRACE). This helps to eliminate the EIA and other non-EPI
large-scale structures.

Fourthly, to ascertain the existence of irregularities during
ROTI � 0.75 TECU/min so as distinguish TEC depletion from
enhancement a further step was taken. This was done by setting
the data population (N) and the value (prctile) of the 25th and
75th inter-percentile range of |ROT| to at least 2 min length
of data and 1 TECU/min, respectively, within the interval of
ROTI � 0.75 TECU/min (Pradipta et al., 2015). These two

Fig. 3. Illustration of spurious depletion in TEC and Ne observed by Swarm-B on 7 November 2015. The figure format is similar to the
descriptions in Figure 1.
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parameters can also help to eliminate non-EPI-related events.
Note that the choices of the thresholds highlighted above
depend on the intensity of ionospheric irregularities that is of
interest and the sampling rates of the GPS receivers.

This technique counts the occurrence of EPI events once per
GPS arc. It is to be noted that this counting strategy has a
limitation in the sense that the proximity of the irregularity struc-
ture to the LEO satellite will determine the magnitude of the
ROTI that will be observed by the tracked GPS. Hence, the posi-
tion of some GPS satellites with respect to the LEO satellite may
be more favorable in observing the EPIs than others. Further-
more, the scale sizes of the EPIs that are of interest predefines
the criteria set for the algorithm. This implies that there are
certain valid EPIs that may not be accepted as significant EPIs
by the algorithm and such is the case with Figure 3. However,
this should not affect the outcome of this study quite much.

In order to validate this technique, the combined data of all
the satellites from 01 November 2014 to 31 December 2015 are
presented in Figure 5 to show the global distribution of the EPIs
encountered during kp < 4 for the four-month season namely:
(a) combined equinoxes, (b) June solstice, and (c) December
solstice. The data were binned into 2� � 5� resolution in
geographical latitude and longitude, and a local time range of
18–06 h while the gray line shows the dip equator. In each

bin, the occurrence rate of EPI is calculated as the ratio of the
number of the GPS arcs that detected EPI events to the total
number of tracked GPS arcs.

The result, as shown in Figure 5 is consistent with
Zakharenkova et al. (2016) who used Swarm data during the
same period in their study. The occurrence rate is high around
the Atlantic Ocean during the combined equinoxes, maximizes
around the Brazil-Atlantic Ocean during the December solstice,
and maximizes at the African sector during the June solstice.
The seasonal-longitudinal variation of the EPI occurrence also
agrees with previous works (Burke et al., 2004; Yizengaw &
Groves, 2018; Wan et al., 2018; Park et al., 2021) and it proves
that the technique developed in this study is suitable for further
analysis.

2.3 Geomagnetic storm phases criteria

Geomagnetic storms with Dst � �50 nT in the year 2015
were selected, although not all storms with Dst < �50 nT were
considered due to certain constraints (e.g. multiple occurrences
of the main phase within a short time). In the analysis, the data
of four days during each storm event were analyzed spanning
from the day of the initial phase onset to the day of the recovery
phase.

Fig. 4. A typical example of a daytime occurrence of ionospheric irregularities during the 02 March 2015 geomagnetic storm observed by
Swarm-B along GPS PRN 4 at about 10:31 LT. The sub-figure descriptions are as given in Figure 1.

O. Jimoh et al.: J. Space Weather Space Clim. 2022, 12, 32

Page 7 of 18



The criteria for the selection of the storm phases were similar
to those of Walach & Grocott (2019) but with slight modifica-
tions. The SYM-H index was used to categorize the storms’
phases. The beginning of the initial phase was identified using
the sudden storm commencement (SSC, http://isgi.unistra.fr/).
The SSC usually indicates the variations of the Earth’s magnetic
field due to the Chapman–Ferraro current. However, manual
selection of a relatively quiet time based on the conditions of
Bz, AE and SYM-H was done occasionally to determine the
beginning of the initial phase for the storms without SSC. The
main phase onset was identified by the last point where SYM-H
crossed the �30 nT prior to the minimum SYM-H. The end of
the main phase and beginning of the recovery phase, which
are the same were chosen as the point when the SYM-H reached
its minimum level. The end of the recovery phase was chosen as
the time when SYM-H reached the quiet level (�15 nT) there-
after (Walach & Grocott, 2019). However, manual check was
done to select this phase whenever this condition was not
satisfied after two days from the day of the minimum SYM-H.
The summary of the dates of the storms’ phases is presented
in Table 2.

3 Results

Figure 6 shows the peak values of the time of the minimum
Dst, minimum Bz, peak AE, minimum Dst, and minimum value
of the rate of change of Dst during each of the analyzed
geomagnetic storms from the top to the bottom, respectively,
and the Dst < �100 nT are shown in black color. The peak
values were shown here so as to present the intensity of each
geomagnetic storm, as storm impact is usually most profound
around the minimum Dst. The Dst rate was also shown since
it is a sensitive proxy for monitoring the presence of penetration
electric fields, and its peak value indicates the peak of the ring
current intensification. Nearly, 50% of the events’minimum Dst
occurred within 06:00–18:00 UT, 25% of the events were
between 18:00 and 24:00 UT, while the rest fall between
00:00 and 06:00 UT. The stronger storms attained the minimum
Dst between 20:00 and 24:00 UT with the exception of 23 June
2015 event that occurred near 06:00 UT. The minimum Bz of
the storms were mostly below �10 nT and the AE peaks were
mostly above 1000 nT. The values of the Dst rate with time
were generally below �10 nT/h for more than 2 h, which is

Fig. 5. The occurrence rate of the equatorial plasma irregularities of all the combined satellites from 01 November 2014 to 31 December 2015
under kp < 4: (a) combined equinoxes (b) June solstice (c) December solstices. The gray curve represents the dip equator.
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below the 5 nT/h lasting for 2 h or more threshold used by
Huang et al. (2002) for irregularities’ occurrence.

Since EPIs are mostly dominant during the post-sunset and
post-midnight sectors, the initial analysis was restricted to these
sectors. Figure 7a–d and e–h shows the distributions of the
numbers of observed EPI events (one count per GPS arc) and
the percentage occurrences of EPI events, respectively. In each
panel the upper segment represents the analysis done for the
post-sunset while the lower segment represents the one for the
post-midnight. The initial, main and recovery phases are
represented with blue, green and yellow colors, respectively.
Figure 7a–d shows that the number of observed irregularities
is higher during the recovery phases and with greater proportion
during the post-midnight sector.

However, because of the different orbital characteristics of
the LEO satellites, the numbers of observed irregularities were
weighted by the total numbers of observed GPS satellites in
view of the LEO satellites during each phase and the results
are presented in Figure 7e–h. The percentage occurrence was
obtained by dividing the numbers of observed irregularities by
the total number of GPS arcs tracked by the LEO satellite dur-
ing an individual storm phase. These weighted occurrences
show a higher percentage proportion during the main phase
for the post-sunset sector, and during the recovery phase for
the post-midnight sector. All the storms and the satellites were
combined in subsequent results.

Figures 8–10 show the combined results of all the storms
(from the initial phase onset to the end of the recovery phase)
and satellites. Figure 8 shows the numbers of tracked GPS
satellites with respect to local time during all the storms. This
is useful before the investigation of LT dependence on EPIs.
The green and dark blue colors represent the total numbers of
GPS observed and the numbers of GPS that observed EPI

events, respectively. It can be observed that the EPIs mostly
occur before 07:00 LT and after 18:00 LT, but some EPIs were
also observed during 08:00–13:00 LTs. It can also be noticed
that the lack of EPI events during 14:00–17:00 LT interval is
not associated with the absence of GPS arcs.

Furthermore, the observation of higher numbers of EPIs
during the 21:00–23:00 LT is not owned to higher numbers
of GPS arcs or satellite orbital samples. Rather it can be
observed that the relative numbers of the GPS arcs that observed
storm time EPIs to the total numbers of observed GPS arcs
during the storm period were highest in the post-sunset sector
and followed by the post-midnight sector.

In Figure 9 the LT distributions of the storm time EPI are
shown for all the combined seasons, equinoxes, June solstice,
and December solstice in Figure 9a–d, respectively. The corre-
sponding occurrence rates are shown in right panels. It should
be noted that the storm period considered here was limited to
the period between the main phase onset and the end of the
recovery phase. The patterns of the storm time LT distribution
of the numbers of observed EPIs show more consistence with
the occurrence rate during the post-sunset sector, while a level
of variation is noticed during the post-midnight and daytime
sectors in Figure 9a and e.

It is also noteworthy from the result for the combined
seasons in Figure 9a and b that the numbers of EPIs consider-
ably reduced from 07:00 to 13:00 LT. The sudden increase in
the numbers of EPIs at 10 LT may be associated with higher
orbital sampling during this LT as shown in Figure 8. Moreover,
it can also be noticed that the reason for no EPI at some LTs
during some seasons is not related to the absence of GPS arcs
during these seasons as shown in Figure 8.

Figure 10 shows the LT variations of the number of EPIs
and occurrence rate during different epochs of the superposed

Table 2. The dates and times of the selected geomagnetic storms’ phases in 2015.

Initial phase onset Main phase onset Minimum Sym-H (nT) End of recovery phase

2015-Jan-07 06:16 2015-Jan-07 08:28 �135 2015-Jan-09 17:09
2015-Feb-16 20:04 2015-Feb-17 21:25 �70 2015-Feb-18 21:04
2015-Feb-23 20:09 2015-Feb-24 01:57 �76 2015-Feb-24 21:23
2015-Mar-01 18:11 2015-Mar-02 06:16 �70 2015-Mar-03 04:11
2015-Mar-17 04:45 2015-Mar-17 07:53 �234 2015-Mar-19 16:22
2015-Apr-09 20:23 2015-Apr-10 02:33 �71 2015-Apr-10 12:40
2015-Apr-10 16:48 2015-Apr-10 22:08 �89 2015-Apr-12 11:51
2015-Apr-15 07:11 2015-Apr-15 15:50 �88 2015-Apr-18 07:37
2015-May-10 14:23 2015-May-11 00:59 �57 2015-May-11 23:34
2015-May-12 21:36 2015-May-13 05:12 �98 2015-May-14 23:22
2015-Jun-08 02:23 2015-Jun-08 06:55 �105 2015-Jun-09 13:07
2015-Jun-22 05:44 2015-Jun-22 19:21 �208 2015-Jun-24 13:25
2015-Jul-04 16:47 2015-Jul-04 21:11 �87 2015-Jul-07 19:49
2015-Jul-12 21:36 2015-Jul-13 04:05 �71 2015-Jul-14 16:27
2015-Jul-22 21:36 2015-Jul-23 05:06 �83 2015-Jul-24 11:42
2015-Aug-15 08:29 2015-Aug-15 11:44 �94 2015-Aug-18 13:52
2015-Sep-07 12:00 2015-Sep-07 17:44 �81 2015-Sep-08 09:38
2015-Sep-08 19:12 2015-Sep-09 01:32 �113 2015-Sep-10 15:44
2015-Sep-10 21:36 2015-Sep-11 08:00 �95 2015-Sep-13 05:50
2015-Sep-20 06:04 2015-Sep-20 06:56 �84 2015-Sep-21 10:18
2015-Oct-06 12:00 2015-Oct-07 04:13 �124 2015-Oct-09 07:41
2015-Nov-03 01:34 2015-Nov-04 05:41 �60 2015-Nov-04 19:40
2015-Nov-06 18:17 2015-Nov-07 01:59 �106 2015-Nov-08 11:10
2015-Dec-19 16:16 2015-Dec-20 06:16 �170 2015-Dec-22 23:05
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storms. The numbers of EPIs were represented by the blue bars,
and the occurrence rates are shown by the gray lines with labels
on the left and right vertical-axes respectively. The main phase
onset was set to 0 h and the stages of the superposed storms
were divided into several epochs of 6 h width, 24 h prior to
and 72 h after the 0 h as shown in Figure 10a–q. It can be
observed in Figure 10a and b that EPIs only existed during
22:00–23:00 LT during the �3 and �4 epochs about 13 h or
more prior to the first epoch. The EPI activities increase within
12 h prior to the first epoch at the post-sunset and also show
eruptions of EPIs between the post-midnight and morning
sectors.

During the 1st epoch, the EPI activities significantly
increased by about double the previous epoch, and the EPIs
got distributed to more LTs during the post-midnight sector.
This indicates the impact of the storm forcing due to prompt
penetration of electric fields (PPEF), which are active after the
main phase onset and maximizes during the minimum
SYM-H index. After 6 h from the storm onset (2nd epoch),

the EPI activities subsided during the post-sunset sector while
it increased at the post-midnight/morning sectors with more
LT coverage. This also indicates the effect of the delayed storm
forcing in the form of disturbance dynamo electric fields
(DDEF), which are more active several hours after the main
phase onset during the recovery phase of geomagnetic storms.

The EPI activities got further subsided both in the post-
sunset and post-midnight/morning sectors during the 3rd epoch,
although enhancements and new EPI initiations can still be
observed at some LTs between the post-midnight and noon sec-
tor (e.g. 06:00, 10:00, and 13:00 LTs). However, the EPI activ-
ities were more in the post-midnight/morning sector than in the
post-sunset sector. This again supports the knowledge that the
DDEF forcing is more active during the post-midnight sector
after several hours into the storm (Bowmann, 1978; Burke,
1979; Huang et al., 2001; Wan et al., 2019). In Figure 10h
during the 4th epoch the numbers of observed EPIs had
significantly declined during the post-midnight but without
significant change in the post-sunset. The decline of EPI

Fig. 6. The plot of the Dst minimum time (Dsttime), minimum southward interplanetary horizontal magnetic field (Bz), the peak value of
auroral electrojet (AE), minimum Dst and the rate of Dst per hour (d(Dst)/dt) values during each storm event from top to bottom. The black
lines indicate the storms with Dst < �100 nT.
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activities continued till the last epoch, with no EPI occurrence
except during the 21:00 LT. The reason for near-total inhibition
of EPIs during the epochs in Figure 10m–q may be due to the
fact that only very few of the storms extended till the third day
(see Table 2). The suppression of EPIs during the post-midnight
in Figure 10k–q may imply that most of the storms fully recov-
ered after 36 h from the main phase onset.

4 Discussion

This study presents the results of the systematic use of
ROT/ROTI to infer ionospheric irregularities derived from the
topside TEC aboard LEO satellites. The procedures of the tech-
nique used to effectively determine ionospheric irregularities at
the topside at different altitudes and local times in the absence of

scintillation monitors and in situ electron density probes have
been outlined. The criteria set for the detection of irregularities
were dependent on the intensity of the irregularities that is of
interest. Based on the orbital speed of ~7.6 km/s and
~3.9 km/s for the LEO and GPS satellites, respectively, the
study specifically focused on EPIs of scales sizes between
~17 km and ~500 km for Swarm and between ~170 km and
~500 km for GRACE, which are relatively large scales of EPIs
than studied by Zakharenkova et al. (2016). The technique was
developed both to eliminate EIA structures and detect irregular-
ities so as to discriminate between plasma depletions and
enhancements, which are two major banes to the use of topside
ROTI. Its limitations with respect to the counting strategy of the
EPIs and the level of ‘significance’ accorded to the EPI event,
which may lead to the exclusion of non-significant but valid
EPIs have also been mentioned.

Fig. 7. The distribution of the number of observed irregularities during each storm phase (a)–(d) and the percentage of occurrences of
irregularities (e)–(h) during each storm phase is calculated from the numbers of irregularities divided by the numbers of GPS arcs. The blue bars
indicate the initial phase, green bars indicate the main phase and the yellow bars indicate the recovery phase. The upper segment of each panel
(a)–(d) represents the distribution during post-sunset (18:00–24:00 LT) and the lower segment (e)–(h) during post-midnight (00:00–07:00 LT).

O. Jimoh et al.: J. Space Weather Space Clim. 2022, 12, 32

Page 11 of 18



The algorithm was validated by visual inspections with
corresponding in-situ electron density data for individual cases
and a few examples are presented in Figures 1–4. It was further
tested by statistics during quiet time between November 2014
and December 2015. The result as shown in Figure 5 agrees
with previous studies (Zakharenkova et al., 2016; Wan et al.,
2018; Aa et al., 2020; Park et al., 2021).

In this study, the relative occurrence of the storm time EPIs
was found to be highest during the post-sunset/midnight
(19:00–00:00 LT). This is consistent with previous studies
(e.g. Wan et al., 2019) and it is understandable that the back-
ground condition of the ionosphere at this LT sector, which is
prone to RTI makes it suitable to EPI occurrence under normal
geomagnetic condition. More so, the superposition effect of the
under-shielding PPEF on the existing post-sunset PRE provides
the conditions required for the generation of EPIs during the
early stages of the geomagnetic storms (Huang et al., 2001;
Abdu, 2012; Sun et al., 2012).

On the other hand, after the subsidence of the PPEF and
emergence of DDEF during the recovery phase, usually 4 h or
more after the storm onset, it can be observed that the EPI activ-
ities got subsided at the post-sunset sector (Fig. 10f and g), while

at the same time the post-midnight EPIs got enhanced. The
results in Figure 10g–q show that the effects of the storm time
disturbance neutral wind can inhibit EPIs during the post-sunset
several hours after the storm onset. It is also possible that there is
the existence of an EPI suppressing force during the early hours
of the initial phase of the geomagnetic storms as seen in
Figure 10a and b, or possibly the majority of the storms had
not yet commenced during these epochs.

The storm time EPIs were also quite pronounced during
the post-midnight sector in Figure 8, a period during which the
vertical ion drift velocity is usually downward. The occurrence
of geomagnetic storm during this LT sector of the recovery phase
has the potential of reversing the quiet time zonal electric fields
from westward (responsible for the downward drift) to eastward
direction so as to raise the F2-layer to higher altitudes. The dri-
vers capable of causing such reversal during storm times are
the prompt penetration electric fields (PPEF) due to coupling
between the ionosphere and magnetosphere and disturbance
dynamo electric fields (DDEF) due to the Joule heating at the
auroral latitudes leading to disturbance in the neutral wind
patterns. The PPEF of the under-shielding (over-shielding)
condition is westward (eastward) during the post-midnight LT.

Fig. 8. The local time distributions of the numbers of total tracked GPS arcs (green) and the GPS arcs that observed EPIs (dark blue) during all
the combined storm events. The storm time was considered from initial phase onset to the end of the recovery phase.
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Furthermore, during the post-midnight, the over-shielding
PPEF and DDEF act eastward and are dominant during
the recovery phase of geomagnetic storms, while the under-
shielding PPEF has a westward direction and is dominant
during the main phase. Hence, the over-shielding PPEF and
DDEF played significant roles in the triggering of EPIs
during the recovery phase of the geomagnetic storms in the
post-midnight/pre-sunrise sector.

It was clearly observed from this study that during the
post-sunset LTs EPIs appeared to be greatly enhanced during
the first 6 h of the main phase onset (Fig. 10e), while the
post-midnight/morning sector got significantly enhanced after
about 6 h from the main phase onset (Fig. 10f). This is
consistent with the results of Wan et al. (2019) who used ion
density and meridional component of the vertical ion drift
velocity from the Ionospheric Plasma and Electrodynamics
Instrument onboard ROCSAT-1 in their study. They observed
that the occurrence of irregularities at post-sunset/midnight got
enhanced in a short while after the storm onset and the cause
was attributed to the strengthening of PRE by PPEF. This
was followed by a long-lasting suppression attributed to the
weakening of PRE by DDEF.

Besides the PPEF and DDEF, another factor that can set up
a suitable condition for the RTI during the post-midnight is the
effect due to gravity waves traveling equatorward in the form of
ionospheric disturbances, which emanate from substorm activi-
ties. These waves propagate in the neutrals and significantly

increase the ionic recombination rate on the bottom side of
the F-layer (Davis, 1971; Bowmann, 1978). It steepens the
density gradient at the bottom side and causes RTI to dominate
during the recovery phase.

Furthermore, it should be noted that most of the irregulari-
ties observed during the main phase at the post-midnight sector
in Figure 10e may be associated with a brief recovery in the ring
current strength. When this happens, it can lead to the sudden
incursion of over-shielding PPEF during the main phase and
could raise the F2 peak height and possibly trigger ionospheric
irregularities during the post-midnight sector.

Moreover, daytime irregularities have been observed in this
study and more prominently during the early morning at the
2nd–4th epochs (recovery phase). Daytime irregularities had
been previously observed under certain conditions, which made
the daytime electron density similar to the nighttime condition
(Burke, 1979; Li et al., 2010; Luo et al., 2020). Park et al.
(2015) based on previous literature summarized the features
of the daytime irregularities thus; (1) they are observed more
frequently during the early morning than noon/later noon sector,
(2) they generally occur at lower magnetic latitudes than night-
side EPIs (afternoon: �20� and nightside: �30�), (3) at high
altitude, (4) and under disturbed geomagnetic conditions. All
these points are consistent with the observed daytime EPIs
under this study (see Figs. 4 and 10).

The observed irregularities during the daytime sector can be
explained in light of the understanding that irregularities that are

Fig. 9. (a)–(d) The local time distributions of the storm time numbers of EPIs (e)–(h) and the percentage occurrence rate for all seasons,
equinoxes, June solstice and December solstice from the top to the bottommost panel, respectively, in this order. The storm time was considered
from main phase onset to the end of the recovery phase.
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freshly initiated between post-sunset and pre-sunrise can persist
till post-sunrise sector under the influence of DDEF and/or
equatorward winds after the E-region conductivity recouples
the F-region. Although the newly generated ionization at sunrise
tends to submerge the persisted bubbles, it may take several
hours for these bubbles to decay (Aarons & DasGupta, 1984).
Tulasi Ram et al. (2015) reported the occurrence of fresh pre-
sunrise field aligned irregularities (FAI) during the recovery
phase of a minor storm. These FAIs persisted for more than
90 min into the morning sector and was associated with over-
shielding PPEF. On the other hand, Luo et al. (2020) attributed
their observations of persisted irregularities emanating from the
freshly initiated pre-sunrise irregularities about 3 h earlier to the
effect of DDEF.

The daytime EPIs, which are fossil EPIs of the previous
day’s post-sunset/pre-sunrise EPIs thrive more at the topside
as they are better protected from active dayside photo-ionization
and refilling (Huang et al., 2013; Luo et al., 2020). Hence, it
implies that the intense ionization condition during 14:00–
17:00 LT may have completely submerged the persisted
bubbles, accounting for the non-existence of EPI during this
LT interval. However, Chau & Woodman (2001), had previ-
ously observed EPIs during 14:00–16:00 LT at the recovery
phase of a moderate geomagnetic storm. EPIs cannot last so
long in the daytime and it is more likely that the daytime con-
dition of the ionosphere during the storm-time was similar to the
nighttime.

In this study it was observed that the daytime EPIs in
Figure 10 were more pronounced during the recovery phase
of the storms most especially after about 18 h from the

1st epoch. It can be noticed that the period that the emergence
of these daytime EPIs became significant during the recovery
phase correlates with the long time duration after which the
EPIs had been generated at the storm onset and are likely
maintained by DDEF (Wan et al., 2019), and other possible
geophysical factors.

5 Conclusion

In this study, the variations of topside ionospheric irregular-
ities during intense geomagnetic storms in 2015 were examined.
The main results are summarized as follows:

1. An algorithm was developed to detect significant iono-
spheric irregularities, and to avoid undesirable enhance-
ments in ROTI that are not associated with plasma
density irregularities. The algorithm has been validated
by corresponding in situ electron density data of some
individual cases and by statistics and the performance
was efficient.

2. The intensity of the detected EPI was mainly controlled
by the threshold set for the rate of TEC index (ROTI), that
is ROTI � 0.75 TECU/min. In addition, the number of
peaks in |ROT| during the interval of ROTI �
0.75 TECU/min was used in eliminating the EIA, while
the 25th and 75th inter-percentile range population and
value of |ROT| during the above interval were used to
detect the presence of irregularities so as to discriminate
TEC depletions from enhancements.

Fig. 10. The LT distribution of the numbers of EPIs (blue bars) and percentage occurrence rate (gray curves) during different epochs of the
superposed storms. (a)–(d) and (e)–(q) show the epochs before and after the main phase onset (each epoch lasts for 6 h).
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3. EPIs were observed during nighttime, but took place at
daytime occasionally during the main phase of the storms
in this study. Under this condition, the daytime electron
density could be subjected to similar condition as at night
time and can support the existence of irregularities.

4. It was also observed that the majority of the observed
EPIs during the post-midnight sector of the recovery
phase got significantly enhanced after 6 h from the main
phase onset, while the post-sunset EPIs subsided, which
indicates the effects of DDEF driver.
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