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Abstract: We present the ionospheric disturbance responses over low-latitude regions by using total
electron content from Geostationary Earth Orbit (GEO) satellites of the BeiDou Navigation Satellite
System (BDS), ionosonde data and Swarm satellite data, during the geomagnetic storm in August
2018. The results show that a prominent total electron content (TEC) enhancement over low-latitude
regions is observed during the main phase of the storm. There is a persistent TEC increase lasting
for about 1–2 days and a moderately positive disturbance response during the recovery phase on
27–28 August, which distinguishes from the general performance of ionospheric TEC in the previous
storms. We also find that this phenomenon is a unique local-area disturbance of the ionosphere
during the recovery phase of the storm. The enhanced foF2 and hmF2 of the ionospheric F2 layer is
observed by SANYA and LEARMONTH ionosonde stations during the recovery phase. The electron
density from Swarm satellites shows a strong equatorial ionization anomaly (EIA) crest over the
low-latitude area during the main phase of storm, which is simultaneous with the uplift of the
ionospheric F2 layer from the SANYA ionosonde. Meanwhile, the thermosphere O/N2 ratio shows a
local increase on 27–28 August over low-latitude regions. From the above results, this study suggests
that the uplift of F layer height and the enhanced O/N2 ratio are possibly main factors causing the
local-area positive disturbance responses during the recovery phase of the storm in August 2018.

Keywords: ionospheric disturbance; BDS-GEO; TEC; geomagnetic storm; differential code biases

1. Introduction

The ionosphere is an important research subject of the space environment, and its
disturbances will have an important impact on the propagation of radio signals in radio
communication systems, such as ground-to-air radio communication, satellite naviga-
tion and positioning, as well as radar detection. Especially over low-latitude regions,
geomagnetic activities are extremely active, which affect satellite communications, and
even communication interruptions may occur in severe cases. A geomagnetic storm is
a major disturbance of the earth’s magnetosphere when there is an exchange of energy
from the solar wind into the space environment. The solar wind that produces changes
in the currents, plasmas, and fields in Earth’s magnetosphere result in these geomagnetic
storms [1]. Due to the fact that the thermosphere and ionosphere are coupled system,
studies have shown that when a strong geomagnetic storm occurs, it may cause anomaly
variations in the ionosphere morphology and the thermosphere composition in different
latitudes [2]. Particularly, the column density ratio of O to N2 (O/N2) is an important
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parameter reflecting the response of the thermosphere composition to geomagnetic storms,
mainly deleted in the mid-high latitudes, but enhanced in the low-latitudes during geo-
magnetic storms [3]. Since geomagnetic storms were first discovered and discussed in the
middle of the 20th century, the study of ionospheric storms has always been an important
topic in earth and space science [4]. Therefore, the detection of ionospheric disturbance
response during a severe geomagnetic storm will help us understand the temporal-spatial
changes of the ionosphere and predict ionospheric activities.

The application of the Global Navigation Satellite System (GNSS) in ionospheric re-
search provides a new method for exploring ionospheric disturbances caused by various
solar and geophysical processes [5–7]. At present, many studies have used Global Position-
ing System (GPS) total electron content (TEC) to investigate the disturbance characteristic
of the ionosphere in different space environments [8–16]. Many researchers have conducted
in-depth studies on the response performance of the ionosphere during different geomag-
netic storms [17–23]. Nava et al. [24] have used the ground-based GPS-derived TEC data to
analyze the ionospheric response in each longitudinal sector (Asian, African, American,
Pacific) during the St Patrick’s Day storm in 2015. Moreover, de Oliveira et al. [16] have
studied some phenomena of interest over equatorial and low-latitude ionospheric regions
in the Brazilian sector through the analysis of vertical TEC maps. Bolaji et al. [25] have
selected the average rate of change in TEC index (ROTI) calculated from GPS data as a
proxy for the ionospheric irregularities to investigate the characteristic of quiet and storm
time irregularities over the African ionosphere. Additionally, Sharma et al. [26] have used
the GPS-TEC observations of a low-latitude RASH station in Saudi Arab to investigate the
ionospheric response to severe and strong geomagnetic storms.

The ionosphere can be assumed to be a single layer model (SLM) at a certain height
from the ground, and the intersection of the signal propagation path of the satellite-station
and the SLM is named the ionospheric pierce point (IPP) [27]. Due to the moving ionosphere
pierce point of GPS satellites, GPS TEC data fail to directly reflect the fine variations
of ionospheric TEC at a fixed IPP over a large time scale [28]. Zhao et al. [29] have
demonstrated that the acquired TEC series from regional or global ionospheric models
contain considerable temporal-spatial variation information and have low precision which
is about several TEC Units (TECU). The geostationary orbit satellites have the natural
advantage of quasi-invariant ionospheric pierce points compared to GPS satellites. In recent
years, the Geostationary Earth Orbit (GEO) satellites of the BeiDou Navigation Satellite
System (BDS) have provided a new opportunity to investigate continuous ionospheric
TEC variations at a fixed IPP during long-term monitoring. Jin et al. [3] have shown that
the BDS-GEO observations, as a powerful data source, can investigate the ionospheric
response to geomagnetic storms effectively. Yang et al. [30] have used the BDS-GEO
dual-frequency observations to derive the VTEC, and found that the phase-smoothed
B1/B2 code observations achieved much higher precision. Padokhin et al. [31] have
demonstrated the strong capability of the BDS-GEO satellites for studying equatorial
ionosphere variability from four stations. Bai et al. [32] have focused on the temporal-
spatial variation of the ionospheric TEC derived from BDS-GEO satellites over the Asia-
pacific area. Huang et al. [33] have focused on the variations of ionospheric irregularities
and medium-scale traveling ionospheric disturbances at mid-latitudes over central China
by BDS GEO satellite observations. Luo et al. [34] have used the ROTI index calculated
from BDS GEO observations to analyze the ionospheric plasma bubble features at low
latitudes. Hu et al. [35] have investigated the local time, seasonal and latitudinal variation
characteristics of ionospheric TEC perturbation by using a chain of BDS GEO TEC along
longitude ~110◦E.

An intense geomagnetic storm caused by intense coronal mass ejections (CME) and a
high-speed solar wind stream occurred during 25–26 August 2018 [36]. The large enhance-
ments of daytime TECs, along with positive responses at the Asian–Australian, American
and African sectors were detected during the main and recovery phase of the storm on
26–29 August 2018 [37]. In addition, the long-duration daytime TEC enhancements were
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observed during the recovery phase of the storm in September 2017 [38]. This unique
event is quite different from the regular performance of ionospheric TEC during the quiet
geomagnetic activity. Ren et al. [39] used multiple observations to study the possible cause
of large TEC enhancements during the storm recovery phase on 27–29 August 2018. Moro
et al. [40] observed a dramatic positive ionospheric storm in the American sector during
the recovery phase on 27–29 August 2018 by investigating the F region behavior of the
ionosphere. Blagoveshchensky and Sergeeva [41] have studied variations of ionospheric
parameters over the European sector during this magnetic storm, and found some different
results that the negative ionospheric responses are observed during the recovery phase.

In this work, we have used GEO satellite observations and ionosonde data to inves-
tigate the low-latitude ionospheric responses in the eastern hemisphere along longitude
sectors during this strong geomagnetic storm. In addition, the electron density Ne of the
ionosphere from the Swarm A and C satellites is introduced to analyze the temporal–spatial
variation of the electron density Ne over low-latitude regions. The Swarm is a constellation
mission for earth observation launched by the European Space Agency (ESA). It consists of
two lower pairs of side-by-side satellites A and C at 470 km altitude, and one higher satellite
B flying at 520 km altitude. The column density ratio of O to N2 from the Global Ultravi-
olet Imager (GUVI) instrument is also used to discuss the possible relationship between
ionospheric responses and thermosphere composition changes during the storm period.

2. Ionospheric TEC Extraction

Ionospheric total electron content (TEC) is the integrated ionospheric electron den-
sity along the ray path between GNSS satellites and receivers. The TEC is commonly
extracted from dual-frequency GNSS receivers through methods of carrier phase smoothed
pseudorange [42] and uncombined precise point positioning (UPPP) [43,44]. The TEC esti-
mated by the method of carrier phase smoothed pseudorange is affected by the code-delay
multi-path and the length of every continuous arc [45]. The UPPP method proposed by
Zhang et al. [44] is used to improve the accuracy of ionospheric TEC extraction by precise
GNSS orbit and clock products. In general, the accuracy of TEC estimated by the UPPP
method is superior to that of the carrier phase smoothed pseudorange method. We use
the UPPP method to extract ionospheric TEC from BDS-GEO observations. The estimated
ionospheric delay Iion by the UPPP method includes not only the real ionospheric delay,
but also the differential code biases from both receivers and satellites [46], as shown in the
following equation:

Iion = I +
1

1 − γ2
(DCBr − DCBs) (1)

where DCBr and DCBs are the differential code biases of receivers and satellites, respectively;
I is the real ionospheric delay; and γ2 = f 2

1 / f 2
2 .

In Equation (1), the DCBs should be separated from the ionospheric delay in the
UPPP model. The first order of ionospheric refraction is only considered to estimate the
ionosphere delay and assume that all electrons of the ionosphere are concentrated in a
thin layer at a certain height. The vertical TEC can be translated from slant TEC using
the single-layer model. In addition, the vertical TEC is modelled by a spherical harmonic
function defaulted as fourth-order here, and then the DCBs of receivers and satellites are
estimated by the least square method. As the DCBs of receivers and satellites are correlated
to each other, a zero-mean constraint condition of all BDS satellites is needed to separate
receiver and satellite DCBs [47].

VTEC = cos(arcsin( R
R+H sin(∂z)))× STEC

= cos(arcsin( R
R+H sin(∂z)))× [

f 2
1

40.28 Iion +
f 2
1 f 2

2
( f 2

1 − f 2
2 )40.28

(DCBr − DCBs)]
(2)

where z is the satellite elevation angle; R is the earth’s radius; H is the height of the SLM;
and its values are taken as R = 6371 km, H = 506.7 km and ∂ = 0.9782, respectively.
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3. Detection Method of Ionospheric Anomaly

To detect ionospheric disturbance responses in TEC measurements of BDS-GEO satel-
lites, a descriptive statistical analysis method is used on daily hourly TEC. Liu et al. [48]
have first examined the ionospheric TEC observations from GPS receivers in Taiwan regions
to study ionospheric electron density variations during the Chi-Chi earthquake. They have
further computed a 15-day running median of the TEC and the associated inter-quartile
range as a reference for detecting abnormal signals during severe earthquakes. It has
demonstrated that a statistical analysis method is useful to register pre-earthquake iono-
spheric anomalies before significant earthquakes. Then, many researchers have started
to use GPS TEC from the global ionospheric maps to statistically analyze the ionospheric
disturbance responses before worldwide earthquakes [49–54]. In this work, the median
of 30 days before the observed day is calculated to construct the anomaly bounds. In
Equation (3), the first and third quartiles are also calculated to quantify the anomalous
disturbance responses. There is a positive (greater than upper bound) or negative (smaller
than lower bound) disturbance response when the value of BDS-GEO TEC is outside of the
upper and lower bounds.{

TECi > Upper Bound = M + 1.5(UQ − M)

TECi < Lower Bound = M − 1.5(M − LQ)

positive
negative

response
response

(3)

where M is the median of TEC series from global ionospheric map (GIM) model; and LQ
and UQ are the first and third quartiles, respectively.

The critical frequency ( foF2) and peak height (hmF2) of the ionospheric F2 layer are
collected from four ionosonde stations over low-latitude regions to investigate the iono-
spheric disturbance responses during the different stages of the storm. Meanwhile, the
relative deviations of the foF2 and hmF2 are used to measure the disturbance intensity of
F2 layer signatures, which is defined by equation D foF2 = ( foF2(i) − foF2(q))/ foF2(q)
and DhmF2 = (hmF2(i)− hmF2(q))/hmF2(q), where foF2(i) and hmF2(i) represent the mea-
surement of foF2 and hmF2 during the storm time, respectively; and foF2(q) and hmF2(q)
represent the quiet value of foF2 and hmF2 calculated from the five-day average before
the storm, respectively. It can be considered that positive deviation corresponds to the
positive ionospheric responses, and negative deviation corresponds to the negative iono-
spheric responses.

4. Data Sources

We use 15 multi-GNSS experiment (MGEX) stations with BDS-GEO observations
and four ionosonde stations over low-latitude areas to study temporal-spatial variation
of the ionosphere during the geomagnetic storm on 25–27 August 2018. Table 1 shows
the detailed geographic and geomagnetic coordinates of MGEX stations. In addition,
the specific locations of these stations are marked by blue triangles and green squares in
Figure 1. As shown in Figure 1, the MGEX stations are distributed in latitude from 30◦S to
30◦N, and longitude from 0◦E to 180◦E. The ionosonde stations are located at 18.3◦N and
109.4◦E (SANYA), 13.6◦N and 144.9◦E (GUAM), 12.4◦S and 130.9◦E (DARWIN), and 21.8◦S
and 114.1◦E (LEARMONTH), respectively. The standard GIMs are used to construct the
upper and lower bounds for studying the ionospheric disturbance responses. Moreover,
the solar wind velocity, F10.7 solar flux index, the interplanetary magnetic field (IMF) Bz,
By, and geomagnetic indexes Dst and Kp are used to analyze the different performance of
geomagnetic conditions.
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Table 1. The list of geographic and geomagnetic coordinates of multi-GNSS experiment (MGEX) stations.

Station Geographic Coordinates Geomagnetic Coordinates

CIBG 6.4◦S, 106.8◦E 15.7◦S, 179.5◦E
CPNM 10.7◦N, 99.3◦E 1.3◦N, 172.1◦E
DARW 12.8◦S, 131.1◦E 21.3◦S, 155.0◦W
DJIG 11.5◦N, 42.8◦E 7.2◦N, 116.9◦E
HKSL 22.4◦N, 113.9◦E 12.9◦N, 173.7◦W
IISC 13.0◦N, 77.6◦E 4.7◦N, 151.0◦E

KAT1 14.4◦S, 132.2◦E 22.8◦S, 153.7◦W
LAUT 17.6◦S, 177.4◦E 20.5◦S, 106.8◦W
MAYG 12.8◦S, 45.3◦E 16.9◦S, 115.7◦E
NKLG 0.4◦N, 9.7◦E 1.6◦N, 82.5◦E
POHN 6.9◦N, 158.2◦E 0.8◦N, 129.6◦W
PTGG 14.5◦N, 121.0◦E 5.2◦N, 166.7◦W
SEYG 4.7◦S, 55.5◦E 10.4◦S, 127.1◦E
SOLO 9.4◦S, 159.9◦E 14.9◦S, 125.7◦W
XMIS 10.5◦S, 105.7◦E 19.8◦S, 178.3◦E
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5. Solar and Geomagnetic Conditions of the Storm

In Figure 2, the solar wind velocity, F10.7 solar flux index, the interplanetary magnetic
field (IMF) Bz, By, and geomagnetic parameters Dst and Kp are used to reflect the variation
of geomagnetic condition during 23–29 August 2018. It can be seen that the indices IMF Bz,
By, Dst and Kp all show a regular variation during 23–24 August. However, the F10.7 index
shows a sudden increase to the peak value of 74 and the solar wind velocity presents a slight
decrease on 24 August. The Dst index suddenly changes at 06:00 UT and then rises to 19 nT
at 08:00 UT on 25 August 2018, which remains at a stable variation of around 5 to 20 nT
until 16:00 UT. The geomagnetic storm sudden commencement (SSC) starts at 06:00 and
lasts for 10 h. From the beginning of 17:00 UT on 25 August 2018, the Dst index decreases
rapidly and reaches the minimum of −174 nT at 07:00 UT on 26 August 2018, while the Kp
index reaches the maximum of nearly 7. This indicates that a strong geomagnetic storm
has occurred. The main phase of the storm lasts for 14 h from 17:00 UT on 25 August to
07:00 UT on 26 August. During the main phase, the IMF Bz and By both show a disturbance
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that the magnitude of Bz drops from the maximum of 9 nT to the minimum of −16.8 nT,
and By index increases to the peak value of nearly 15 nT. After 07:00 UT on 26 August 2018,
the recovery phase of the storm lasts for about three days, shown in Figure 2. During the
recovery phase, the Dst index increases gradually and returns to normal state. However,
the solar wind velocity unexpectedly increases from 372 km/s to 580 km/s, as well as the
IMF Bz, which is an unusual phenomenon compared with previous geomagnetic storms.
The Kp index shows a peak value of 5 and then gradually decreased to quiet state during
the recovery phase. During 28–29 August, all indices return to regular variation, except the
solar wind velocity shows a decrease.
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Figure 2. Temporal variations of solar wind velocity, IMF-Bz component, Dst and Kp indexes during
23–29 August 2018. The yellow shadow shows the period of the storm main phase.

6. Ionospheric Disturbance Responses

The ionospheric responses to the geomagnetic storm on 23–29 August 2018 are investi-
gated by BDS GEO observations. The diurnal variations of GEO TEC and the corresponding
upper bounds and lower bounds are calculated from the GIM model over different loca-
tions in Figure 3. The dark blue and light blue dotted lines indicate the corresponding
upper bound and lower bound, respectively. The red and purple error areas represent
positive and negative disturbance signatures, respectively. The yellow area is the main
phase of the storm. As shown in Figure 3, there are no significant disturbance signatures
of GEO TEC during quiet time on 23–24 August 2018. The TEC magnitudes during this
quiet time are 25 TECU (IISC), 20 TECU (DARW), 21 TECU (SEYG), 15 TECU (MAYG),
and 18 TECU (KAT1), respectively. From the beginning of the main phase of the storm
on 25 August 2018, the TEC does not immediately respond to the sudden disturbance
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of the geomagnetic storm. After 6 to 9 h, the magnitude of GEO TEC starts to increase
rapidly. The ionospheric TEC from GEO satellites responds severely to the storm. At about
07:00–09:00 UT on 26 August 2018, the magnitudes of GEO TEC from different stations
increases to the maximum of 48.2 TECU (IISC), 39.3 TECU (DARW), 38.0 TECU (SEYG),
29.6 TECU (MAYG), and 39.0 TECU (KAT1), respectively. Compared with quiet time, the
relative increase from these stations is ranging from 0.8 to 1.16. The red areas show that
large positive disturbance signatures of low-latitude ionosphere are detected during the
main phase of the storm. The largest positive response is up to about 25.1 TECU at KAT1
station, and the smallest is up to 14.1 TECU at MAYG station. As the recovery phase
starting on 26 August 2018, the magnitude of GEO TEC decreases to normal state, and the
intensity of positive disturbance signatures gradually weaken, which indicates the local
ionosphere observed from these stations returns to quiet state during the recovery phase.

Figure 4 shows the variation of critical frequency ( foF2) and peak height (hmF2), as well
their relative deviations from 23–29 August 2018 at DARWIN and GUAM stations. The
peak height of F layer is often used to study the possible driving force of an electrodynamic
source to uplift or decrease the ionospheric F layer. In Figure 4, the foF2 observed from
DARWIN and GUAM stations shows an obvious enhancement up to nearly 10 MHz on
26–27 August 2018. The D foF2 of both two stations even increases to around 0.6–0.8, which
indicates that the ionosphere generates a positive disturbance response during the main
phase of the geomagnetic storm in August 2018. The hmF2 of DARWIN station has the
same trends with foF2, with an increase to 380 km on 26 August. During the recovery phase
of the storm, the foF2 and hmF2 of two ionosonde stations have no prominent disturbance
compared with the averaged quiet days.

We discover a special local-area anomaly of the low-latitude ionosphere during the
recovery phase of this geomagnetic storm on 27–28 August 2018. Figure 5 shows the
variation of GEO TEC and the corresponding disturbance bounds from four stations during
23–29 August 2018. It can be seen that the GEO TEC started to exceed the upper bound
at around 02:00 UT on 27 August. The positive disturbance signatures occur, and the
duration of signatures is up to about 1.5 days. It is noticeable that the positive response
from station CIBG lasted for about 2 days. The magnitude of the GEO TEC series reaches
the maximum of 41.1 TECU (PTGG), 34.8 TECU (DJIG), 35 TECU (NKLG), and 48.6 TECU
(CIBG), respectively, and the corresponding positive signatures vary from 7.9 TECU to
16.3 TECU during the recovery phase on 27–29 August. Compared with the main phase of
the storm, there is a long-term TEC enhancement and the duration of positive response
in the recovery phase is almost 2–3 times that of the main phase. The magnitude of
positive response during the recovery phase is smaller than that of the main phase. The
bottom subgraph of Figure 5 represents the variation of solar wind velocity and IMF-Bz
on 23–29 August 2018. It shows that there is an intensive increment on solar wind velocity,
along with a moderate perturbation of IMF-Bz during the recovery phase of the storm.



Remote Sens. 2022, 14, 2272 8 of 17

Remote Sens. 2022, 14, x FOR PEER REVIEW 8 of 17 
 

 

August 2018. It shows that there is an intensive increment on solar wind velocity, along 
with a moderate perturbation of IMF-Bz during the recovery phase of the storm. 

 23/08 24/08 25/08 26/08 27/08 28/08 29/08

KAT1-C01
IPP: 12.7°S 133.0°E

Positive responseUpper Bound Lower Bound Negative response

SEYG-C05
IPP: 4.1°S 55.9°E

DARW-C04
IPP: 11.4°S 134.7°E

IISC-C05
IPP: 11.6°N 75.4°E

MAYG-C05
IPP: 11.4°S 46.8°E

CPNM-C03
IPP: 9.5°N 100.6°E

SOLO-C01
IPP: 8.4°S 157.6°E

MP

40

20

0VT
EC

 (
TE

C
U

)

40

20

0VT
EC

 (
TE

C
U

)

40

20

0VT
EC

 (
TE

C
U

)

40

20

0VT
EC

 (
TE

C
U

)

30

10

0VT
EC

 (
TE

C
U

)

20

40

20

0VT
EC

 (
TE

C
U

)

40

20

0VT
EC

 (
TE

C
U

)
20
10
0

20
10
0

20
10
0

20
10
0

20
10
0

20
10
0

20
10
0

Figure 3. Diurnal variations of Geostationary Earth Orbit (GEO) total electron content (TEC) and
corresponding upper bounds and lower bounds calculated from the global ionospheric map (GIM)
model over different stations during 23–29 August 2018. The red and purple areas represent positive
signatures and negative signatures, respectively. The yellow vertical bar is the duration of the main
phase. The VTEC is vertical TEC, and the TECU is TEC Units.
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DARWIN and GUAM stations. The green and purple lines represent D foF2 and DhmF2, respectively.
The yellow bars represent the duration of the main phase.
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Figure 5. Diurnal variations of GEO TEC and the corresponding disturbance bounds from four
stations during 23–29 August 2018. The bottom figure shows the variation of solar wind velocity
(blue line) and IMF-Bz (red line), respectively. The yellow bar is the disturbance duration during the
recovery phase.

The results from Figures 3–5 show that a prominent positive disturbance response of
the ionosphere is detected during the main phase of the storm on 26 August 2018. The
magnitudes of positive signatures over all the selected stations vary from 14.1–25.1 TECU,
which shows that BDS-GEO satellites can effectively detect the fine variations of ionospheric
TEC. Meanwhile, the foF2 and hmF2 parameters of the F2 layer also display an increment
during the main phase. GEO TEC observed from four stations generate a persistent
enhancement along with long-duration positive disturbance signatures on 27–29 August,
which is distinct from normal performance during the recovery phase of other storms.
In addition, the unique phenomenon does not cover all low-latitude areas in this paper,
but exhibits a local-area characteristic, compared with similar studies on this geomagnetic
storm [37,55]. Therefore, we have selected the SANYA and LEARMONTH ionosonde
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stations that are close to the CIBG station in the longitude direction to further investigate
the performance of the ionospheric F layer during the recovery phase of the storm on
27–29 August 2018. Figure 6 shows the variation of foF2 and hmF2 parameters at SANYA
and LEARMONTH stations on 23–29 August. It shows that a persistently enhanced peak
height up to 400 km of the F2 layer on 27–29 August is observed from two ionosonde
stations. The previous studies show that the sudden increment in the layer height of
the ionosphere is likely to cause the Rayleigh-Taylor instability and the development of
spread-F irregularities [40]. Combined with ionosonde results, we think that the uplift of F
layer height is one of the possible factors contributing to the local-area positive disturbance
signatures over low-latitude regions during the recovery phase of this storm.
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SANYA and LEARMONTH stations. The green and purple lines represent D foF2 and DhmF2,
respectively. The yellow bars represent disturbance duration during the recovery phase.
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Figure 7 presents the variations of the electron density Ne observed from the Swarm A
and C satellites on 25–27 August 2018. The Ne is regarded as the regular level reference
to analyze the disturbed variation of Ne from Swarm A and C during the storm time
on 25 August. It can notice that the variation of low-latitude Ne from Swarm A and
C both present a strong equatorial ionization anomaly (EIA) crest from 60◦E to 130◦E
during the main phase of storm on 26 August. The uplift of ionospheric F2 layer observed
from ionosonde SANYA is simultaneous with this strong EIA crest. The intensity of EIA
crest magnitude on August 27 has become smaller than that of EIA crest magnitude on
26 August, but along with an obvious enhancement of Ne over low-latitude areas compared
to the Ne on 25 August. The in situ electron density Ne measured by the Swarm A and C
satellites verifies the presence of the persistent positive response and the uplift of F2 layer
observed from GEO satellites and ionosonde stations during this geomagnetic storm.
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7. Discussion

The change of thermospheric composition is often regarded as one of the sources
causing the global ionospheric disturbances, and the O/N2 ratio is used as an important
index of thermospheric composition to investigate the ionospheric disturbance responses
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during geomagnetic storms [56]. Paul et al. [57] used the TEC data derived from the
GPS receivers to investigate the latitudinal ionospheric response of three geomagnetic
storms, and found that the enhancement of O/N2 ratio possibly contributed to the positive
disturbance signatures of the storm during the recovery phase. Bagiya et al. [58] proposed
that the production or enhancement of ionospheric plasma at F region heights is attributed
to the enhancement in atomic oxygen, which can explain the enhancement in O/N2 ratio
at low-latitude regions. To observe the variation of thermosphere neutral composition
during 24–29 August 2018, the O/N2 ratio variation is collected from Global Ultraviolet
Imager (GUVI) instrument onboard the TIMED satellite. The variation of O/N2 ratio is
presented in Figure 8. The O/N2 ratio is about 0.4–0.6 at quiet time on 24–25 August 2018.
Compared with the value of O/N2 ratio at quiet time, the O/N2 ratio shows a prominent
enhancement to nearly 1.0 at equatorial and low latitudes at 0–10 UT on 26 August 2018.
During the recovery phase of the storm on 27–28 August, the O/N2 ratio also remains at
high values compared with that on 24 August. Compared with other low latitudes, the
areas that have a higher enhancement of O/N2 ratio are close to the locations of CIBG
station and SANYA and LEARMONTH ionosondes in the longitude direction, where a
persistent positive disturbance response is observed during the recovery phase of the storm.
We further think that the TEC enhancement over low-latitude areas with a higher O/N2
ratio might contribute to the EIA anomaly, disturbed neutral composition, and equatorward
winds [37].
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The variation of interplanetary electric field during 24–28 August 2018 is presented in
Figure 9, which can be controlled by the combination of high-speed solar wind and IMF Bz.
As shown in Figure 9, the interplanetary electric field displays the long-duration positive
phases during the recovery phase of the storm. Previous studies have demonstrated
that the persistent prompt penetration of interplanetary electric field (PPEF) into the
low latitudes can be attributed to the combined effects of high-speed solar wind and
IMF Bz fluctuations [39]. Therefore, the enhancement of electric field caused by solar
wind and IMF Bz in the low altitudes during the recovery phase of the storm possibly
contributes the positive ionospheric response. The neutral winds and PPEF both result in
the positive ionospheric response due to the expansion of EIA crest to higher latitudes from
Figure 7 [55,59]. Additionally, the solar wind variation also can facilitate the response of
O/N2 ratios during the geomagnetic storms [60]. From these results, the uplift of F layer
height and the enhanced O/N2 ratio are possibly the main factors causing the local-area
positive disturbance signatures over low latitudes during the recovery phase of the storm
in August 2018.
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8. Conclusions

We use the BDS-GEO satellites and ionosondes to investigate the disturbance responses
of the low-latitude ionosphere in the eastern hemisphere during the geomagnetic storm in
August 2018. The upper and lower bounds are calculated by GIM TEC to detect the positive
or negative signatures from the BDS GEO TEC. The BDS GEO satellites can effectively
detect the high-resolution variations of ionospheric TEC, compared with the GIM model
during the long-term monitoring. During the main phase of the storm, the large positive
disturbance signatures are detected on 26 August over all the selected stations at low-
latitude regions, and the magnitude of disturbance signatures vary from 14.1 to 25.1 TECU.
During the recovery phase of the storm, the local persistent positive signatures are observed
on 27–28 August. The increment of foF2 and hmF2 are also observed by using ionosondes.
The in situ electron density Ne measured by the Swarm A and C satellites also verifies
the presence of the uplift of the F2 layer observed from ionosonde stations during this
geomagnetic storm. The thermospheric composition variation possibly has a direct impact
on the disturbance responses of ionospheric TEC. The positive disturbance signatures at low
latitudes during the recovery phases of the storm are mainly attributed to the enhancement
of the O/N2 ratio and the uplift of the F layer.
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