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ORIGINAL ARTICLE

The nighttime ionospheric response 
and occurrence of equatorial plasma 
irregularities during geomagnetic storms: a case 
study
Xin Wan1, Chao Xiong2* , Shunzu Gao2, Fuqing Huang3,4, Yiwen Liu5, Ercha Aa6, Fan Yin2 and Hongtao Cai2 

Abstract 

Recent studies revealed that the long-lasting daytime ionospheric enhancements of Total Electron Content (TEC) 
were sometimes observed in the Asian sector during the recovery phase of geomagnetic storms (e.g., Lei (J Geophys 
Res Space Phys 123: 3217–3232, 2018), Li (J Geophys Res Space Phys 125: e2020JA028238, 2020). However, they 
focused only on the dayside ionosphere, and no dedicated studies have been performed to investigate the night-
time ionospheric behavior during such kinds of storm recovery phases. In this study, we focused on two geomagnetic 
storms that happened on 7–8 September 2017 and 25–26 August 2018, which showed the prominent daytime TEC 
enhancements in the Asian sector during their recovery phases, to explore the nighttime large-scale ionospheric 
responses as well as the small-scale Equatorial Plasma Irregularities (EPIs). It is found that during the September 2017 
storm recovery phase, the nighttime ionosphere in the American sector is largely depressed, which is similar to the 
daytime ionospheric response in the same longitude sector; while in the Asian sector, only a small TEC increase is 
observed at nighttime, which is much weaker than the prominent daytime TEC enhancement in this longitude sec-
tor. During the recovery phase of the August 2018 storm, a slight TEC increase is observed on the night side at all 
longitudes, which is also weaker than the prominent daytime TEC enhancement. For the small-scale EPIs, they are 
enhanced and extended to higher latitudes during the main phase of both storms. However, during the recovery 
phases of the first storm, the EPIs are largely enhanced and suppressed in the Asian and American sectors, respec-
tively, while no prominent nighttime EPIs are observed during the second storm recovery phase. The clear north–
south asymmetry of equatorial ionization anomaly crests during the second storm should be responsible for the 
suppression of EPIs during this storm. In addition, our results also suggest that the dusk side ionospheric response 
could be affected by the daytime ionospheric plasma density/TEC variations during the recovery phase of geomag-
netic storms, which further modulates the vertical plasma drift and plasma gradient. As a result, the growth rate of 
post-sunset EPIs will be enhanced or inhibited.

Keywords: Geomagneitc storm, Storm recovery phase, Ionospheric response, Equatorial plasma irregularity, 
Longitudinal variations
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Introduction
During geomagnetic storms, large amounts of energy and 
momentum from the solar wind and magnetosphere are 
deposited into the Earth’s upper atmosphere and iono-
sphere, via increased particle precipitation and Joule 
heating. The enhanced electric fields at high latitudes 
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under southward Interplanetary Magnetic Field (IMF) 
conditions can penetrate almost instantaneously to the 
equatorial region, known as the Prompt Penetration 
Electric Fields (PPEFs) (e.g., Kikuchi et al., 1996; Nishida, 
1968). In the meanwhile, enhanced Joule heating at auro-
ral latitudes causes the expansion of the neutral atmos-
phere, which further drives equatorward neutral wind 
and launches traveling atmospheric/ionospheric distur-
bances (e.g., Hocke & Schlegel, 1996; Richmond & Mat-
sushita, 1975). The equatorward winds turn westward 
at middle and low latitudes (e.g., Xiong et al., 2015) due 
to the Coriolis force and further generate Disturbance 
Dynamo Electric Fields (DDEFs) (e.g., Blanc & Rich-
mond, 1980; Scherliess & Fejer, 1997).

The geomagnetic storms usually cause global dis-
turbances of the ionosphere, but due to the complex 
coupling of Earth’s magnetosphere-ionosphere-thermo-
sphere system, the ionospheric disturbances perform 
quite differently from storm to storm. Despite the differ-
ences, in a general manner the geomagnetic storm surges 
tend to develop firstly in the nighttime sector where the 
neutral winds are preferably equatorward (Prölss, 1993; 
Fuller‐Rowell et  al., 1997), therefore larger ionospheric 
responses are thus more often observed at the longitudes 
on the nightside where the high‐latitude energy injection 
happens. Considering the seasonal effect, a positive iono-
spheric storm is often found in the winter hemisphere, 
while the negative response prefers to be observed in 
the summer hemisphere (e.g., Goncharenko et al., 2007; 
Prölss, 1995), though sometimes the summer‐winter 
hemispheric asymmetry of ionospheric responses shows 
also altitudinal dependence (e.g., Astafyeva et al., 2015).

Recently, Pedatella (2016) pointed out one interesting 
question that whether the lower atmosphere activities 
can modulate the ionospheric responses to a geomag-
netic storm, especially at the storm later stage when 
the solar wind and IMF disturbances start to recover. 
Pedatella and Liu (2018) used the Whole Atmosphere 
Community Climate Model eXtended (WACCM-X) to 
quantify the contribution of lower atmospheric vari-
ability to the ionospheric response during an ideal-
ized geomagnetic storm. Regardless of the day-to-day 
variability of the lower atmosphere, they found that the 
regional differences of ionospheric Total Electron Con-
tent (TEC) can reach 50%. For the storm main phase on 
7–8 September 2017, Lei et al. (2018) reported an inter-
esting phenomenon that the daytime TEC in the Asian 
longitudinal sector exhibited a long‐lasting enhance-
ment in the storm recovery phase on 9–11 Septem-
ber 2017. They further suggested that such a daytime 
TEC enhancement was possibly related to the lower 
atmospheric forcing during the storm recovery phase. 
For the same storm event, Xiong et  al. (2019) further 

found that the dayside ionosphere at low- and equato-
rial-latitudes exhibited prominent positive and negative 
responses in the Asian and American longitudinal sec-
tors, respectively, which agrees very well with the Equa-
torial Electrojet (EEJ) variations observed with two 
ground-based magnetometers located at Huancayo in 
Peru and Davao in the Philippines. Similar long-lasting 
daytime TEC enhancements at low and equatorial lati-
tudes were observed in another storm recovery phase 
on 27–30 August 2018 (Li et al., 2020), but the opposite 
ionospheric response in Asian and American sectors as 
reported by Xiong et al. (2019) was not observed.

Although the above-mentioned studies all suggest that 
the long-lasting daytime TEC enhancements during the 
storm recovery phase should be related to the lower 
atmospheric forcing, the direct evidence of enhanced 
tides or waves at lower atmospheric altitude was not pro-
vided. As pointed in the earlier studies, some of the lower 
atmospheric tides and waves can propagate upward to 
the E region and modulate the electric fields. Due to the 
high conductivity between the E and F regions at daytime 
caused by the wind dynamo, the tides and waves further 
map to the F region, causing longitudinal patterns of 
the topside ionosphere (e.g., England et al., 2010; Immel 
et  al., 2006; Scherliess et  al., 2008; Wan et  al., 2010). In 
addition, the direct upward propagation of tides and 
waves can also contribute to the longitudinal variabil-
ity of the thermosphere and topside ionosphere in night 
hours when the E region dynamo effect does no longer 
exist (e.g., Hagan et  al., 2009; Häusler & Lühr, 2009). 
Therefore, if the TEC enhancements in the storm recov-
ery phase reported by Lei et  al. (2018) and Xiong et  al. 
(2019) are indeed related to the lower atmospheric tides 
and wave forcing, their influences on the topside iono-
sphere shall be effective not only in the dayside but also 
in the nightside.

Thus, the nighttime ionospheric behavior can poten-
tially provide additional evidence of the neutral tide/
wave effects during geomagnetic storm recovery phases. 
In addition, the nighttime ionospheric disturbances 
should also affect the generation and development of 
nighttime small-scale structures at low and equatorial 
latitudes and the Equatorial Plasma Irregularities (EPIs, 
also named as the equatorial plasma bubble or equato-
rial spread F), which can severely impact the trans-iono-
spheric radio wave signals (e.g., Basu & Basu, 1981; Xiong 
et al., 2016, 2018), and pose threats to the satellite navi-
gation (e.g., Kintner et al., 2001). As the growth of EPIs 
is tightly related to the background state of the thermo-
sphere and ionosphere (e.g., Sultan, 1996; Carter et  al., 
2014; Wan et  al., 2019), the investigation of EPIs will 
help diagnose the impact of a geomagnetic storm on the 
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ionosphere-thermosphere coupling, which in turn fur-
ther advances our understanding of the day-to-day vari-
ability of EPIs.

In this study, we focus on the nighttime ionospheric 
response during the recovery phase of the storms in 
September 2017 and August 2018. An interesting ques-
tion to be answered is if the nighttime ionosphere shows 
a similar response to the variations in the daytime when 
considering the lower atmospheric forcing on the topside 
ionosphere. In addition, we will check if the small-scale 
EPIs have the same longitudinal pattern as the daytime 
ionospheric responses during storm recovery phases. 
In the sections following, we firstly introduce the data-
set and then give a brief overview of the geomagnetic 
storms that happened on 7–8 September 2017 and 
25–26 August 2018. In Sect. 3 we show the TEC observa-
tions derived from a Global Navigation Satellite System 
(GNSS) network as well as the BeiDou Geostationary 
Orbit (GEO) satellites at two ground-based stations in 
the Asian sector. The small-scale EPIs are further derived 
from the TEC data of BeiDou GEO satellites as well as 
the F-region in situ electron density (Ne) measurements 
with Swarm satellites. In Sect. 4 we discuss the previous 
studies. The main findings are summarized in Sect. 5.

Dataset and approach
Ground‑based TEC observations and in situ electron 
density measurements from the Swarm satellites
For showing the ionospheric variations, the global TEC 
measurements provided by the Massachusetts Institute 
of Technology (MIT) are used in this study, which are 
freely accessible at the Madrigal database (e.g., Coster 
et  al., 2003). In addition, the TEC values derived from 
BeiDou GEO satellites at one Asian station (SHEZ) are 
also used. One advantage of the TEC derived from Bei-
Dou GEO satellites is that the radio wave paths between 
the GEO satellites and a ground receiver are almost fixed, 
leading to the stationary Ionospheric Pierce Points (IPPs). 
Therefore, it is very useful for continuously monitoring 
the small-scale ionospheric variations (e.g., Huang et al., 
2017, 2018).

The Swarm constellation from the European Space 
Agency (ESA) is composed of three identical satellites 
that fly in near‐polar orbits. In the final constellation, 
the lower pair, Swarm A and C, is flying side‐by‐side at 
an altitude of about 450  km with a longitudinal separa-
tion of 1.4° (about 150  km), while the third spacecraft, 
Swarm B, orbits the Earth at the altitude about 50  km 
higher than the former. For covering 24 h of Local Time 
(LT), Swarm A and C need about 133 days and Swarm B 
about 141 days. The in-situ Ne measurements used in this 
study are provided by the onboard Langmuir Probe at a 

sample rate of 2  Hz. During the geomagnetic storm on 
7–8 September 2017, for the night side orbits Swarm A 
and C flew in 22:15 LT, and Swarm B in 03:50 LT. During 
the geomagnetic storm on 25–26 August 2018, Swarm A 
and C flew in 02:30 LT, and Swarm B in 21:30 LT.

Identify small‑scale plasma irregularities from BeiDou GEO 
TEC and the in‑situ Ne measurements of Swarm
As the global TEC values provided by MIT have a time 
cadence of 5 min, they are not suitable to show the small-
scale plasma irregularities. Therefore, we used the Bei-
Dou GEO TEC values which have a time cadence of 30 s. 
For detecting the small-scale irregularities, a high-pass 
filter with a cut-off period of 50 min is applied to the TEC 
time series. Considering a typical east–west drift veloc-
ity of irregularities is about 100 m/s (e.g., Yao & Makela, 
2007), the 50 min cut-off period corresponds to a zonal 
wavelength of about 300 km.

For detecting the irregularities from the Swarm Ne 
measurements, a similar high-pass filter with a cutoff 
period of 40 s was applied to the Ne time series. Consid-
ering the velocity of Swarm satellites is about 7.5  km/s, 
the 40  s cutoff period corresponds to an along-track 
wavelength of about 300  km, which is comparable to 
the irregularity wavelength of the BeiDou GEO derived 
TEC. To focus on the equatorial and low latitude region, 
for each orbit of Swarm we considered the data series 
only between ± 45° Magnetic Latitude (MLAT), which 
was calculated by the Apex or Quasi-Dipole magnetic 
field model (Emmert et  al., 2010). For the details about 
this approach, readers are referred to Xiong et al., (2010, 
2016). Note that with the above-mentioned approaches, 
the plasma irregularities considered in this study are 
mainly with scale-size less than 300 km.

Results
Overview on the geomagnetic disturbance conditions 
for the geomagnetic storms on 7–8 September 2017 
and 25–26 August 2018
During 6–11 September 2017, dozens of M‐class and 
four X‐class flares were observed. In the meanwhile, 
several powerful interplanetary Coronal Mass Ejec-
tions (CME) caused severe near‐Earth environment 
disturbances. Figure  1a shows the variations of solar 
wind velocity (VSW), three components of IMF in the 
Geocentric‐Solar‐Magnetospheric (GSM) coordinate, 
geomagnetic indices SYM‐H, and the 3‐hr Kp. Two 
abrupt increases in solar wind velocity were found 
shortly before 00:00 and around 23:00 Coordinated 
Universal Time (UTC) on 7 September, with the larg-
est value exceeding 800  km/s. The data gap of VSW 
on 11 September is due to a solar energetic proton 
event as reported by Redmon et  al. (2018). The IMF 
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components show large fluctuations when the solar 
wind was dynamic, and the southward Bz reached the 
minimum value of -31 nT. A fast decrease of SYM‐H 
was also seen around midnight of 7 September, with the 
first minimum reaching -146 nT and the second mini-
mum reaching -115 nT. During the storm main phase, 
the Kp index reached over 7. From 9 September, the 

solar wind velocity started to decrease, and the other 
geomagnetic indices started to recover, indicating that 
the quiet conditions during the recovery phase lasted 
for several days.

During 25–26 August 2018, there was also a CME-
induced magnetic storm. As shown in Fig. 1b, the solar 
wind velocity started to increase on 25 August. The 

400
500
600
700
800 86 7 9 10 11

(a)

−30
−20
−10

0
10
20

Bx By Bz

−150
−100
−50

0
50

00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18 00
UTC (h)

UTC (h)

0
2
4
6
8

K
p-
3h

300
400
500
600
700

2018-08-24--2018-08-29

2017-09-06--2017-09-11

(b)
24 25 26 27 28 29

−20
−10

0
10
20

Bx By Bz

−200
−150
−100
−50

0

0 6 612 18 0 60 60 60 6012 18 12 18 12 18 12 18 12 18 000
2
4
6
8

V
sw

 (k
m

/s
)

IM
F 

(n
T)

S
Y
M
-H

 (n
T)

K
p-
3h

V
sw

 (k
m

/s
)

IM
F 

(n
T)

S
Y
M
-H

 (n
T)

Fig. 1 The variations of solar wind velocity, IMF components, SYM-H index, and 3-h Kp index during the geomagnetic storm on a 6–11 September 
2017 and b 24–29 August 2018
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three components of IMF were quite dynamic during 
the storm, the minimum value of SYM-H reached -174 
nT at 7:00 UTC on 26 August 2018, and the maximum 
Kp index was over 7. Different from the first storm, the 
solar wind didn’t reach its highest velocity in the storm 
main phase but kept increasing during the storm recov-
ery phase with a maximum value exceeding 600 km/s on 
27 August, and the Kp reached 5 around 15:00 UTC on 
27 August, indicating that a moderate disturbance still 
remained in the early stage of the storm recovery phase. 
Afterward, the gradually recovering SYH-H index during 
the 27–30 August indicated quiet geomagnetic condi-
tions at the later storm recovery phase.

TEC observations from the ground‑based GNSS network
For showing the ionospheric perturbation during mag-
netic storms, the quiet-time background needs to be 
first determined. For both storms, quiet days are selected 
from the month in September 2017 and August 2018 sep-
arately, and only the days with minimum SYM‐H index of 
the day not lower than -25 nT and maximum value not 
exceeding 10 nT are considered. The TEC values in the 

quiet days are first assigned to their magnetic coordinates 
and then sorted into bins of 2° × 5° (MLAT versus geo-
graphic longitude) with a time cadence of 15  min. The 
mean value in each bin is then taken as the quiet-time 
reference. In storm periods, the TEC values are sorted 
into the same bins and then subtract the quiet-time refer-
ence to get the TEC perturbation (ΔTEC).

To focus on the equatorial and low latitudes, especially 
at the Equatorial Ionization Anomaly (EIA) crest region, 
the ΔTEC values within 10° to 20° MLAT and -10° to -20° 
MLAT is averaged for representing the northern and 
southern EIA crests, respectively. Figure  2a and b pre-
sent the longitude versus UTC (with a time cadence of 
15 min) variations of the averaged ΔTEC at the two crests 
during 6–11 September. The gray dashed lines represent 
local noon at the different longitudes. During the storm 
main phase on 7–8 September, positive values of ΔTEC 
are observed at almost all longitudes on the dayside, but 
during the storm recovery phase opposite distributions 
of ΔTEC are seen in the eastern and western longitudes, 
with mainly positive and negative ΔTEC in the Asian and 

(a) (b)

(c) (d)

−15

−10

−5

0

5

10

15

∆T
EC

 in
 T

EC
U

Northern hemisphere MLAT: from 10° to 20°

Northern hemisphere MLAT: from 10° to 20°

Southern hemisphere MLAT: from −10° to −20°

Southern hemisphere MLAT: from −10° to −20°

6 7 8 9 10 11 12
Date on Sep. 2017

−180

−135

−90

−45

0

45

90

135

180

G
eo

gr
ap

hi
c 

lo
ng

itu
de

 (°
)

6 7 8 9 10 11 12
Date on Sep. 2017

−180

−135

−90

−45

0

45

90

135

180

G
eo

gr
ap

hi
c 

lo
ng

itu
de

 (°
)

24 25 26 27 28 29 30
Date on Aug. 2017

24 25 26 27 28 29 30
Date on Aug. 2017

−180

−135

−90

−45

0

45

90

135

180

G
eo

gr
ap

hi
c 

lo
ng

itu
de

 (°
)

−180

−135

−90

−45

0

45

90

135

180

G
eo

gr
ap

hi
c 

lo
ng

itu
de

 (°
)
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American sectors, respectively. This feature is consistent 
for both the northern and southern EIA crests.

For the storm in August 2018, on the dayside, positive 
ΔTEC values are also observed at all longitudes during 
the storm main phase, roughly from 12:00 UTC of 25 
August to 12:00 UTC of 26 August. During the storm 
recovery phase, the northern EIA crest at the eastern 
longitudes exhibits mainly positive ΔTEC, while in the 
western longitudes negative ΔTEC was first seen at the 
early recovery phase (from 12:00 UTC on 26 August to 
06:00 UTC on 28 August) and then exhibited as a posi-
tive response. The ΔTEC at the southern EIA crest on 
the dayside exhibited mainly positive values at almost all 
longitudes.

As the background TEC and perturbations are larger 
by an order on the dayside than that on the night side, 
to have a detailed look at the TEC perturbations on the 
night side, the results of Fig.  2 are repeated in Fig.  3 
with the ΔTEC values on the dayside (06:00–18:00 LT) 
in blank, and the range of the color bar limited to ± 5 
TECU. We see that during the storm main and early 
recovery phases on 7–9 September 2017, nighttime 
positive ΔTEC are observed at most longitudes. During 
the later stage of the storm recovery phase on 10 and 

11 September, at the eastern longitudes the ΔTECs are 
mainly positive, but with relative weaker values com-
pared to the prominent TEC enhancement on the day-
side; while at the western longitudes, they are mainly 
negative, which is similar to the daytime response at 
these longitudes. Note that this longitudinal depend-
ence of the ionospheric perturbation is the same for 
both the southern and northern hemispheres. For the 
storm in August 2018, the western longitudes exhib-
ited stronger TEC enhancement compared to the east-
ern hemisphere during the storm main phase (on 26 
August), but then it reversed with larger ΔTEC values 
in the eastern longitudes (from 18:00 UTC of 26 August 
to the beginning of 27 August). This longitudinal varia-
tion of ΔTEC agrees well with the explanation that the 
geomagnetic storm surges tend to develop firstly in the 
longitudes which are in the night side (Prölss, 1993). 
During the recovery phase on 27–29 August, the ΔTEC 
at the northern EIA crest were mainly positive in the 
eastern longitudes but slightly negative in the western 
longitudes, while the ΔTEC at the southern EIA crest 
were positive at most of the longitudes, implying a 
north–south asymmetry of the EIA crests.
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Fig. 3 As the same format as that in Fig. 2, but the ∆TEC at daytime (06:00–18:00 LT) is set as blank to emphasize the nighttime ∆TEC distributions
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In‑situ observations of small‑scale plasma irregularities 
from Swarm satellites
To show the global occurrence of small-scale plasma 
irregularities, we recorded the latitude (both geographic 
and magnetic) and longitude of EPIs identified from each 
orbit of the three Swarm satellites. Figure 4 presents the 
geographic longitude (a and c panels) and magnetic lati-
tude (b and d panels) versus UTC distributions of the 
small-scale EPIs during the two geomagnetic storms. 
For the storm in September 2017, the irregularities were 
rather evenly distributed at all the longitudes during 
the storm main phase (on 6–8 September, Fig.  4a). The 
enhanced EPIs (extending from the magnetic equator 
to middle latitudes, Fig.  4b) witnessed in the Atlantic-
American sector on 8 September should be the main 
causes of the ionospheric scintillation as reported by 
Mrak et al. (2020). However, in the storm recovery phase 
on 9–10 September, the irregularities are dismissed in 
the Atlantic-American sector (from − 90° to 0° E). A sim-
ilar phenomenon can also be captured during the August 
2018 storm, that is, the irregularities are dismissed in 

the longitudinal sector of from − 120° to 120° on 27–28 
August (Fig. 4c).

The irregularities also showed interesting occurrence 
patterns on their latitudinal extension. In both events 
(Fig.  4b, d ), the irregularities were generally confined 
at the low and equatorial latitudes before the storm 
onset, i.e. on 6–7 September 2017 and 24–25 August 
2018; afterward, clear latitudinal expansions to the mid-
dle latitudes were provoked for the irregularities dur-
ing the storm main phase (on 8 September 2017 and 26 
August 2018); and later during the storm recovery phase 
on 9–11 September 2017 and 27–29 August 2018, the 
latitudinal expansion of EPIs disappeared and they have 
again resided at the low and equatorial latitudes. In the 
eastern Asian sector, unique severe EPIs events occurred 
as depleted plasma density structures that extend north-
eastward from low latitudes to mid-latitudes on 8 Sep-
tember 2017 were confirmed in the Swarm in-situ Ne 
measurements as reported by Aa et  al. (2018). In addi-
tion, in the American sector, the midlatitude irregulari-
ties that resided near the Storm Enhanced Density (SED) 
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base and ionosphere main trough were also reported to 
be generated via the gradient drift instability (Nishimura 
et  al., 2021); however, this kind of plasma irregularities 
are mainly located close to the subaurora region, and they 
are not the same as the low-latitude EPIs as addressed in 
our study. Even though, the mechanism of such subauro-
ral plasma irregularities during a storm and the question 
whether these irregularities are related to the expan-
sion of EPIs from low latitudes are still of interest, which 
require further study.

TEC and small‑scale TEC perturbations from the BeiDou 
GEO observations
Because the MIT TEC product is derived from the multi-
ple-GNSS observations and provided in uniform geospa-
tial grids, its spatial resolution is inherently fixed which 
is not favorable to resolve the small-scale ionospheric 
structures. To capture the reliable TEC perturbation 
with small-scale ionospheric irregularities involved, we 
also used the BeiDou GEO TEC data collected at SHEZ 
station (geographic latitude/longitude 26.89°/114.46°E, 
20.20° MLAT). Figure  5 shows the TEC variations (red 
lines) derived from four Beidou GEO satellites (C01-
C04). The same criteria as used in subsection  3.2 is 
applied for selecting the magnetic quiet days, and the 
quiet-day TEC references for each GEO satellite are plot-
ted in black lines.

During the September 2017 storm, a prevailing phe-
nomenon was the strong daytime TEC enhancement 
witnessed at SHEZ station throughout the main and the 
recovery phase, which is similar to the TEC observa-
tions provided by MIT. The nighttime TEC also showed 
significant enhancement during the main phase. How-
ever, as the storm progressed into the recovery phase, 
the enhancement kept at a relatively low level or even 
stayed the same as that of the quiet time level, especially 
for the TEC values from C02 satellite. During the August 
2018 storm, the daytime TEC enhancement was only 
witnessed in the storm main phase on 26 August. The 
daytime TEC during the latter recovery phase was even 
lower than the quiet time reference on 27–29 August 
2018. For the nighttime (18:00–06:00 LT, indicated by the 
grey shadows), slight TEC enhancements were observed 
also during the storm main phase but kept the same as 
the quiet-time reference during the storm recovery 
phase.

The 30  s resolution of BeiDou GEO TEC data allows 
us to monitor the small-scale ionospheric irregularities. 
Different from the previous studies that used the Rate 
of TEC (ROT), or the Rate of TEC Index (ROTI) over a 
defined time interval, here we applied a high-pass filter 
with a cut-off period of 50  min to the TEC time series. 
As already explained in Subsection 2.2, by applying this 

high-pass filter we can focus on the TEC variations with 
a wavelength less than 300 km (assuming the zonal drift 
velocity of irregularities of about 100 m/s), which is also 
consistent with the small-scale EPIs derived from the 
Swarm in-situ Ne measurements. Figure  6 shows the 
corresponding high-pass filtered TEC variations, organ-
ized in the same manner as that in Fig. 5 with nighttime 
(18:00–06:00 LT) indicated by grey shadows. For the 
storm of September 2017 (Fig.  6a), the small-scale TEC 
perturbations were persistently witnessed for three con-
secutive nights which extend from the storm main phase 
to the recovery phase (from 8 to 11 August). For the 
storm of August 2018, the ionosphere seems to be calm 
with only very weak TEC perturbations observed in the 
storm main phase and on the dayside of 29 August.

Discussion
The above results present both the large-scale iono-
spheric responses and l the small-scale EPIs during the 
two major geomagnetic storms in the last solar cycle. 
The large-scale TEC variations (Figs. 2 and 3) reveal the 
prominent longitudinal and storm phase dependence of 
storm-induced ionospheric responses. The mechanisms 
for causing the different patterns of the ionospheric 
responses are possibly due to the lower atmospheric forc-
ing (Lei et  al., 2018; Li et  al., 2020; Xiong et  al., 2019). 
However what kind of lower atmospheric forcing and 
the detailed mechanism to cause the topside ionospheric 
responses are out of the scope of this study. We, there-
fore, concentrate our discussion on the possible links 
between the large-scale ionospheric perturbations and 
the occurrence of small-scale EPIs during geomagnetic 
storms.

One of the important results seen from the MIT TEC 
data (Figs.  2 and 3) is that the geomagnetic storm-
induced ionospheric disturbances show both spatial and 
temporal dependences. During the geomagnetic storm 
of September 2017, the daytime ionosphere in the east-
ern hemisphere showed positive storms throughout 
the main and recovery phases, while the western hemi-
sphere showed strong positive and negative responses 
in the main and recovery phases, respectively. For the 
night side (Fig.  3), the eastern hemisphere exhibited 
mainly a slightly positive response, while the western 
hemisphere exhibited a prominent negative response. 
As is known that the longitudinal asymmetry of iono-
spheric responses to the geomagnetic storm main phase 
is usually associated with the UTC effect of the storm 
onsets. Under the presence of Prereversal Enhance-
ments (PRE) around sunset, the storm-time dynamic 
associated with PPEF is mostly effective in the dusk 
sector (e.g., Fejer et  al., 2008). As the onset of the two 
geomagnetic storms occurred shortly before 00:00 UTC 
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when the American sector is around sunset hours, 
therefore the prominent positive ionospheric responses 
were seen at American sector during the main phase of 
two geomagnetic storms; for the Asian sector (assuming 
at 120° E) the 00:00 UTC corresponds to local morning 
hours, and the PPEF is also mainly eastward at this local 
time, therefore positive ionospheric responses were also 

observed at the Asian sector during the two storm main 
phases. However, during the storm recovery phase, the 
PPEF effect is weak and the DDEF is mainly westward 
on the dayside, so that the ionospheric plasma moves 
to lower altitudes where the recombination rate is high, 
and thus its density is reduced. Therefore, the long-
lasting daytime enhancements in the Asian sector, as 

20
40
60
80

BeiDou GEO SHEZ

C 01
(a)

20
40
60
80

C 02

20
40
60
80

C 03

6 7 8 9 10 11 12
Date on Sep. 2017

0
20
40
60
80

TE
C

 in
 T

EC
U

C 04

15

30

45
BeiDou GEO SHEZ

C 01
(b)

15

30

45 C 02

15

30

45 C 03

24 25 26 27 28 29 30
Date on Aug. 2018

0

15

30

45

TE
C

 in
 T

EC
U

C 04

Fig. 5 The BeiDou GEO (C01-04) derived TEC (red) at the station SHEZ during geomagnetic storms on a 6–11 September 2017 and b 24–29 August 
2018. The quiet-time references are represented in black lines. The grey shadow area represents the night side between 18:00–06:00 LT



Page 10 of 14Wan et al. Satell Navig            (2021) 2:23 

reported by Lei et al. (2018) and Xiong et al. (2019) can-
not be well explained by the PPEF or DDEF related pro-
cesses. The further observations of enhanced E region 
electric fields and EEJ provided by the two studies sup-
ported the concept that the lower atmospheric forcing is 
involved during such a storm recovery phase.

One question raised here is if the daytime ionosphere 
response can prolong to the night side during the storm 

recovery phase. When compared with the distribu-
tion of the nighttime F-region irregularities seen by the 
Swarm constellation (Fig.  4a), we found that the night-
time small-scale irregularities were dismissed in the 
Africa-Atlantic-American sector where the strong nega-
tive ionospheric storm prevailed in both the daytime 
and nighttime; while for the longitude sector of western 
Pacific and Asian regions, the nighttime TEC is slightly 
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increased and enhanced small-scale EPIs were also 
observed. From these results, it seems the nighttime 
ionospheric responses (including the small-scale plasma 
irregularities) share the same longitudinal dependence as 
the dayside ionospheric responses, though it challenges 
our current understanding that the DDEF usually causes 
negative/positive ionospheric perturbations on the day/
night sides (e.g., Blanc & Richmond, 1980; Scherliess 
& Fejer, 1997). But as already argued above, if the TEC 
enhancements in the storm recovery phase reported by 
Lei et al. (2018) and Xiong et al. (2019) are indeed related 
to the lower atmospheric tides and wave forcing (with 
role overcomes that of DDEF), their influences on the 
topside ionosphere can also be prolonged to the night-
time, as shown in Fig. 3.

As for the storm of August 2018, similar relations 
between the large-scale TEC disturbance and the occur-
rence of EPIs are also captured. The vacuum of the irreg-
ularities from −  120° to 120° E during 27–28 August is 
well characterized by strong daytime ionospheric nega-
tive storms despite that the nighttime TEC is weakly 
enhanced. All these suggest that the nighttime iono-
spheric irregularities have a close relationship with the 
daytime ionosphere perturbations during the recovery 
phase of the two geomagnetic storms.

As is known, the thermospheric composition change 
is one of the important reasons to cause an ionospheric 
negative storm at the low- and mid-latitudes. How-
ever, the opposite ionospheric response in Asian and 
American sectors during the storm recovery phase on 
9–11 September 2017 cannot be well explained by the 
variation of O/N2 measured with the Global Ultravio-
let Imager  (GUVI) onboard Thermosphere Ionosphere 
Mesosphere Energy and Dynamics (TIMED) satellite, as 
no opposite O/N2 variations were observed (Xiong et al., 
2019). From this point of view, the opposite daytime ion-
ospheric response in Asian and America sectors during 
this storm recovery phase is quite different from the sta-
tistical behavior of the low latitude ionosphere. In addi-
tion to the thermospheric composition change, another 
mechanism for causing the positive/negative ionospheric 
storm at the low and equatorial latitudes is the disturbed 
electric fields that further results in the disturbance of 
the vertical plasm drift (e.g., Fejer, 1997; Lei et al., 2018; 
Li et al., 2020 and references therein). That is, the upward 
velocity drives the plasma to a higher altitude where the 
chemical combination rate as well as the plasma density 
is low and leaves a depleted bottom side ionosphere to 
promote more ionization (in the daytime), increasing 
both the topside plasma density and TEC. The downward 
plasma velocity would cause a negative storm in a simi-
lar way. Note that the vertical displacement of the plasma 
alone will not change the TEC, but it is the changes of 

the ionization (daytime) and recombination rate and the 
pressure gradient induced horizontal transportation of 
plasma. Thus, the TEC might respond almost in real-time 
to the vertical drifts since the time scale of the ionization/
recombination at ionospheric height is short. Because the 
development of EPIs is closely related to the Rayleigh–
Taylor instability whose growth rate is proportional to 
the plasma density gradient and the vertical drift velocity 
(e.g., Sultan, 1996), the enhanced downward plasma drift 
will cause not only the negative storm but also the inhib-
ited occurrence of EPIs. Thus, it is acceptable that the 
nighttime irregularities will be dismissed in the region 
where the negative ionospheric storm occurred through-
out the day and night.

However, when the ionosphere has different behaviors 
during the day and night, the question is why the occur-
rence of small-scale EPIs is likely to be affected by the 
daytime ionospheric variations. Under the control of the 
growth rate of Rayleigh–Taylor instability, the final pres-
entation of irregularities requires a slow generation pro-
cess which is determined by the background ionosphere 
around sunset hours when a steep vertical plasma den-
sity gradient forms. From Figs. 2 and 3, we see that the 
large-scale ionospheric responses in sunset hours share 
the same behavior as their variations on the dayside. As 
a result, the enhanced/reduced dusk side ionosphere will 
cause an increase/decrease of the vertical plasma density 
gradients, which further promotes/inhibits the genera-
tion and evolution of the EPIs.

The localized GEO TEC observations at SHEZ station 
support this scenario. During 8–11 September 2017, 
the daytime TEC is significantly enhanced while the 
nighttime TEC stays at the same level or is only slightly 
enhanced. Meanwhile, the strong small-scale TEC fluc-
tuations in the nighttime agree quite well with the occur-
rence of F-region EPIs probed by the Swarm satellites in 
the Asian region. One interesting feature is that in the 
storm main and earlier recovery phase (on 8–9 Septem-
ber), the small-scale perturbations were much stronger in 
the night hours than that in the daytime; while during the 
later recovery phase (on 10–11 September), the perturba-
tions in daytime seem to be stronger but rapidly deceased 
in the post-sunset hours. This different feature indicated 
the dayside small-scale TEC perturbations in the later 
storm recovery phase have different origins rather than 
the nighttime EPIs. We speculated that such daytime 
small-scale irregularities might be related to the daytime 
periodic wave-like structures as reported by Huang et al. 
(2019), which was attributed to the stratospheric gravity 
wave activities.

For the storm in August 2018, although Li et al. (2020) 
found in general a positive ionospheric response in the 
Asian sector during the storm recovery phase, different 
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TEC perturbations were observed for the stations at dif-
ferent latitudes, with a much weaker positive response 
(or even negative) for the northern stations, e.g., the 
BBKD and HKWS (see their Fig.  3). This north–south 
hemispheric asymmetry corresponds well to the ∆TEC 
distributions in the northern and southern EIA crests as 
shown in Fig.  2c and d. As the SHEZ station is located 
at the poleward of the northern EIA crest, the observed 
daytime TEC barely exhibited enhancement and the 
nighttime TEC remained at the same level as the quiet-
time reference. Correspondingly, no prominent small-
scale TEC perturbations were observed during this 
storm. This result also supports the idea that the promi-
nent north–south asymmetry of EIA around sunset 
hours will suppress the development of small-scale EPIs 
(e.g., Abdu, 2019).

Summary
In this study, we explored both the large-scale iono-
spheric variations and small-scale EPIs at equatorial 
and low latitudes in response to the geomagnetic storms 
which happened on 7–8 September 2017 and 25–26 
August 2018. One reason for us to focus on these two 
storms is that similar long-lasting TEC enhancements 
in the Asian sector were observed during both storm 
recovery phases. The main findings are summarized as 
bellows.

1. During the recovery phase of the September 2017 
storm, the nighttime ionosphere in the American 
sector is largely depressed, which is similar to the 
daytime ionospheric response in the same longitude 
sector; while in the Asian sector, only a slight TEC 
increase is observed at nighttime, which is weaker 
than the prominent daytime TEC enhancement in 
this longitude sector.
2. During the recovery phase of the August 2018 
storm, slight TEC increases are observed at all longi-
tudes, which is also weaker than the prominent day-
time TEC enhancement at all longitudes. Compared 
to the storm in September 2017, The TEC in both 
the day and night sides show a clear asymmetry in 
the northern and southern EIA crest regions.
3. During the main phases of the two storms, the 
small-scale ionospheric irregularities at nighttime 
are enhanced and extended to midlatitudes. Dif-
ferent distributions are seen in the storm recovery 
phases. For the first storm, the small-scale iono-
spheric irregularities are enhanced only in the Asian 
sector but are largely depressed in the American 
sector; for the second storm, no prominent night-
time small-scale irregularities were observed.

4. The nighttime EPIs tend to occur/dismiss in the 
regions where the daytime ionospheric positive/
negative occurs. We suggest that the dusk side ion-
ospheric response could be affected by the daytime 
ionospheric plasma density/TEC variations during 
the recovery phase of geomagnetic storms, which 
further modulates the vertical plasma drift and 
plasma gradient. As a result, the growth rate of the 
post-sunset EPIs will be enhanced or inhibited.
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