
Citation: Zhang, X.; Dong, L.; Nie, L.

The Ionospheric Responses from

Satellite Observations within Middle

Latitudes to the Strong Magnetic

Storm on 25–26 August 2018.

Atmosphere 2022, 13, 1271. https://

doi.org/10.3390/atmos13081271

Academic Editor: Christine

Amory-Mazaudier

Received: 5 July 2022

Accepted: 9 August 2022

Published: 11 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

atmosphere

Article

The Ionospheric Responses from Satellite Observations within
Middle Latitudes to the Strong Magnetic Storm on
25–26 August 2018
Xuemin Zhang * , Lei Dong and Lei Nie

Institute of Earthquake Forecasting, China Earthquake Administration, Beijing 100036, China
* Correspondence: zxm@ief.ac.cn

Abstract: The multi observations from the China Seismo-Electromagnetic Satellite (CSES) were
presented and analyzed during the biggest magnetic storm on 25–26 August in the quiet solar
activity year of 2018, together with the Swarm satellite and GNSS TEC (Global Navigation Satellite
System, Total Electron Content). The whole tempo-spatial evolutional process was demonstrated in
electromagnetic fields and in-situ plasma parameters within the whole magnetic storm time period
of three phases, the main phase with quick decrease in SYM-H, the quick recovery phase, and the
slow recovery phase. Strong correlations were revealed in time and space between electric fields and
electron density. During the main phase, the penetrated electric field was the major factor to induce
the injection of electric fields to low latitudes even to the equator and contribute to constructing
the double peaks of Ne at altitudes above 500 km of CSES in daytime. In the quick recovery phase,
Ne depletion was found in low middle and low latitudes in the daytime, associated with a quick
decrease in solar wind dynamic pressure, but in the nightside Ne maintained or increased. Due to
the high solar wind speed following the quick recovery phase, it controlled the enhancements in an
electric field below 1125 Hz at medium and low latitudes in daytime and produced similar structures
in a 225 Hz electric field with the mid-latitude trough of Ne in local nighttime and maintained their
equator-ward movements in this time period. Ne/TEC showed typical local time-dependence in this
magnetic storm, which illustrated that although the electron density in the ionosphere was mainly
caused by this solar activity event, local background environments must also not be ignored for their
final evolutional modes.

Keywords: magnetic storm; CSES; Swarm satellites; electric field; electron density

1. Introduction

As the major space weather event, strong magnetic storms have been paid more and
more attention due to their severe influences on navigation, communication, space explo-
ration, etc. Studying the storm’s impact on the ionosphere can help us to understand the
coupling processes and mechanisms among different Earth spheres because the ionosphere
is the main media to connect the magnetosphere, atmosphere, biosphere, and lithosphere.
Scientists have studied the storm-induced ionospheric disturbances to get their temporal
and spatial distribution features at different regions, by using the ground-based detecting
technologies, such as ionosonde, GPS TEC, and incoherent scatter radar [1–4]. With the fast
development of space exploration technology in last few decades, a lot of new results on
magnetic storms have been published on the basis of measurements from satellites, such as
COSMOS, DE-1, Cluster, DEMETER, DMSP, COSMIC, Swarm, ICON, GOLD, etc., [5–15],
in which some were only on a single case study and some for statistical research. It is
illustrated that the combined multi observations provide better opportunities for obtaining
the complete evolutional process among Earth’s different spheres during the magnetic
storms [12].
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The penetration electric field is one of the key factors during the interaction process of
magnetic storms on magnetosphere and ionosphere, especially on the equatorial ionosphere
where it may cause the vertical and horizontal movements of plasma and strengthen
the formation of equatorial ionospheric anomalies at higher altitudes. Based on multi
instruments on ground and satellites, Cherniak et al. [12] revealed the dusk equatorial
plasma bubbles, due to the penetration electric field, during the severe geomagnetic storm
on 22–23 June 2015, at the altitudes from ~350 km to ~850 km in the topside ionosphere.
By using the dayside multi parameters from satellites of CHAMP, ROCSAT, and DMSP,
Balan et al. [16] found the rapid upward drift of plasma in the topside ionosphere at the
main phase of positive storms due to the eastward prompt penetrating electric field. Tulasi
Ram et al. [17] reported the first observational evidence for simultaneous westward and
eastward zonal electric fields at equatorial E and F altitudes in local daytime during 14–15
November 2006, which caused the westward electrojet in the E region, and reinforced the
equatorial anomaly in the F region, even to the topside ionosphere at DEMETER satellite
altitude of 660 km. Kelly et al. [18] presented a quantitative simulation to explain the
storm-enhanced plasma density in the ionospheric tails. Vlasov et al. [19] gave a model
simulation about the storm on 15 July 2000, and they found that only penetration of a strong
electric field at middle and low latitudes can explain the TEC enhancement in the evening.
Due to the complicated characteristics in the coupling mechanism from the magnetic storm
on the ionosphere and magnetosphere, many questions still remain in this research domain,
besides the urgent requirements for theoretical models.

On 25–26 August 2018, a quiet solar activity year, a strong magnetic storm occurred,
which aroused the interests of scientists. Blagoveshchensky and Sergeeva [20] studied iono-
spheric responses in the European sector by using the parameters of foF2 and GNSS TEC,
combing with satellite electron density, to illustrate the ionospheric dynamics. Mansilla and
Zossi used foF2, hmF2, and TEC to investigate the characteristics in the South American
sector, and they illustrated that thermosphere neutral composition was the main cause for
the positive effects during the recovery phase [21]. Bolaji et al. verified the double-humped
increase at a middle latitude in the American sector and fountain effects in the low latitudes
in the Asian–Australian sector and American sector from observations of GNSS TEC [22].
Combining the observations ground-based geomagnetic field and satellite magnetic field
and electron density from CSES, Piersanti et al. identified the principal magnetospheric
current system during the different phases of the geomagnetic storm [23]. Astafyeva et al.
studied the ionospheric disturbances and irregularities during this geomagnetic storm
on the basis of ground-based GNSS, SuperDARN, ionosondes, and satellites, including
Swarm, CSES, and DMSP, and they demonstrated the positive ionospheric response in the
Asian region driven by E × B drift during the main phase and small scale irregularities in
the American region at mid and high latitudes [24]. By using GNSS ROTI and satellites
of Swarm and DMSP, Cherniak and Zakhrenkova found the development of equatorial
ionospheric irregularities extending to 25◦ magnetic latitude and northwest transportation
of plasma depletions across midlatitudes [25]. In this paper, the multi measurements were
collected from scientific payloads onboard Chinese CSES satellite and the ionospheric
disturbances and their interactions were analyzed around the biggest magnetic storm on
25–26 August in the first operating year of CSES of 2018. Combined with other observations,
the whole spatio-temporal evolutional processes were investigated, and the ionospheric
response characteristics to this event were demonstrated.

2. Background Information

CSES was launched successfully on 2 February 2018, with a circular Sun-synchronous
orbit, at an altitude of about 507 km, inclination of about 97.4◦, descending node at LT14:00
in daytime and ascending node at LT02:00 in the nighttime, a strictly revisited time period
of 5 days, and the observing scale within a latitude of ±65◦ [26]. Its scientific objectives
are to detect the electromagnetic environment and earthquake-related perturbations in the
topside ionosphere [27]. There are eight scientific payloads installed onboard, including
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high precision magnetometer (HPM) to detect the scalar and vector of geomagnetic field
in DC-15 Hz [28,29]; search coil magnetometer (SCM) to observe the induced magnetic
field within 10–20 kHz [30,31]; electric field detector (EFD) to obtain the three-component
electric field in the DC-3.5 MHz frequency band [32]; Langmuir probe (LAP) for electron
density (Ne) and temperature (Te) [33]; plasma analyzer package (PAP) for ion-related
parameters, such as ion density, temperature, drift velocity, and so on; high energetic
particle package (HEPP) to get particle flux and pitch angle for 0.3–3 MeV electrons and
2–20 MeV protons [34,35]; and high energetic particle detector (HEPD) produced in Italy
for 2–50 MeV electrons and 15–200 MeV protons [36]; GNSS Occultation Receiver (GOR)
and tri-band beacon (TBB) to inverse total electron content (TEC) and Ne profiles [37–39].

To detect the weak ionospheric perturbations induced by earthquakes or other disasters
on ground, CSES is designed to operate during low solar activity years with less distur-
bances from outer space. In the 23rd solar cycle, 2008 was under the extremely low solar
activity with the lowest electron density during the DEMETER satellite operation time
in 2004–2010 [40], when Ne exhibited different temporal and spatial features with that in
high solar activity years [41,42]. Ten years after, 2018 began into another quiet solar year,
when CSES may show similar electromagnetic features in the topside ionosphere. The
obvious differences between two satellites are, (1) the altitude, for DEMETER at about
710–660 km, and CSES at a lower one about 507 km, much closer to the peak F2 layer in
ionosphere; (2) the local time, for DEMETER being LT10:30, with CSES at LT14:00, which
is always the occurrence time for maximum electron density each day. Unfortunately
DEMETER has ended its operation in 2010, so we do not have chance to compare both
similar observations about a same event. However, Swarm satellite is still in-orbit since
its launch in November 2013, with the observations of geomagnetic field, Ne, Te, etc., [43].
Swarm consists of three satellites, A, B, and C, in which B was at a higher altitude of 550 km
in the beginning and now descends to about 510 km similar with CSES, while paralleled A
and C decrease from 450 km to 440 km. Unlike DEMETER and CSES, Swarm does not have
a stable local time and it is designed to cover the entire 24 local time for the construction
of global geomagnetic field model. These differences among satellites can provide more
information for understanding the ionospheric background and its responses to kinds of
space events at different times and altitudes.

With the unprecedented spatial and temporal coverage of the global navigation satel-
lite system (GNSS) and the widely distributed ground receivers, the total electron content
(TEC) data have been extensively used in ionospheric studies. On the basis of TEC data
from hundreds of GNSS stations worldwide, global ionosphere mapping (GIM) was devel-
oped to produce the global ionospheric TEC by different institutions, and CODE (Center
for Orbit Determination in Europe, Astronomical Institute, University of Bern, Switzerland)
is one of them. The GIM TEC, published by CODE, is modeled in a solar-geomagnetic
reference frame using a spherical harmonic expansion up to a degree of order 15. Its
time interval is 1 h, and the spatial resolution is 2.5◦ × 5◦ in the geographic latitude and
longitude. The detailed information on the CODE GIM TEC can be found on the web
(http://ftp.aiub.unibe.ch/CODE/IAR_README.TXT (accessed on 21 September 2021),
and references included in the document), as well as in the work of Schaer [44].

After half a year following the CSES launch, on 25–26 August 2018, there occurred
a strong geomagnetic storm, with the geomagnetic indices varying abruptly (Figure 1).
It shows that since UT18:00 on 25 August, the geomagnetic storm started with SYM-H
index decreasing quickly, and at 07:00 on 26 August it was detected to the minimum value
of −200 nT. At UT13:30, it recovered above −100 nT, and then continued to increase to
be above −30 nT on 30 August (Figure 1). So the main phase of this storm took place
on 25–26 August within a few hours, and the recovery phase maintained a few days till
30 August. The speed of solar wind began to increase after the quick recovery phase on
26 August and maintained higher values until 29 August. The interplanetary magnetic
field and electric field, including the flow pressure exhibited clear variations at the initial
phase on 25 August, with Ez increasing firstly and then decreasing quickly, while By and
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E decreased with small amplitude firstly and increased largely to the main phase. At the
quick recovery phase on 26 August, these four parameters showed strong modulations, at
least three times from positive to negative in Bz, By, and E during the second half day of
26 August. The SYM-H (the fifth panel in Figure 1) also presented the minimum value of
−200 nT on 26 August, still being −50 nT on 27 August, and up until 29 August, it became
bigger than −30 nT, and also ASY-H (the bottom panel in Figure 1) descended to lower
than 30 nT on 29 August. This strong geomagnetic storm provides a good opportunity
to study the ionospheric response process at middle and lower latitudes on the basis of
satellite observations.
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Figure 1. The geomagnetic indices curves from 24 to 31 August in 2018 (from top to bottom are
respectively flow speed, interplanetary magnetic field (IMF) Bz (black line) and By (red line), flow
pressure, interplanetary electric field (IEF) Ey, SYM-H index, and ASY-H index; all these parameters
are published at the website of https://omniweb.gsfc.nasa.gov/form/omni_min.html, accessed on 8
August 2022).

3. Data Analysis
3.1. The Electromagnetic Disturbances on CSES Satellite

In order to detect the three components in electric field, four sensors (a–d) are installed at
different directions outside the CSES platform with boom lengths of 5 m, where the detailed
position of four sensors (a–d) in the satellite coordinate can be found in the paper of [32]. The
waveform data are recorded totally in ULF (ultra low frequency) and ELF (extremely low
frequency) bands, but only in burst mode in VLF (very low frequency) band. The spectrum has
been calculated and averaged onboard CSES in VLF and HF (high frequency) bands under the
survey mode, so the electric field spectra between each two sensors, such as Eab, Ecd, and Ead,
have been stored and downloaded directly to the ground [32], where the spectra in VLF and HF
bands cannot be transferred to satellite or geographical coordinates again on ground. Figure 2
exhibited the power density values in Ead at six frequency bands selected randomly from
VLF spectra from 25 to 29 August 2018, including 225 Hz±, 725 Hz±, 1125 Hz±, 5000 Hz±,

https://omniweb.gsfc.nasa.gov/form/omni_min.html
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7500 Hz± and 13,500 Hz ± 100 Hz. It can be seen that since the last few hours of 25 August,
the electric field signals were enhanced significantly at all chosen frequency points and reached
the maximum on 26 and 27 August. On 28 and 29 August, they became weakened but still
continued. In the top three panels of Figure 2, the strong disturbed signals not only distributed
at high latitudes beyond 50◦ but also extended to the low latitudinal region at 20–40◦, including
to the equatorial region of ±20◦ on 26 August (Figure 2a–c). Compared to the electric field
strength at three frequency points shown in Figure 2a–c, the one at 725 Hz showed the maximal
values and larger covering area than that at 225 Hz (Figure 2a), especially on 26 August at the
equatorial area. Among the three bottom panels in Figure 2d–f, the electric field had the similar
evolutional trend with those at lower frequency points in Figure 2a–c, but their strength reduced
at least one order in magnitude. During the main phase of this magnetic storm on 25–26 August,
the enhanced electric field signals were mainly located in three regions, mid latitude of 40–60◦

in the northern and southern hemispheres, respectively, and the equatorial area. In addition,
Figure 2 illustrates the further interaction between the electric field and high electron density
in the equatorial region in local daytime during this geomagnetic storm, obviously at higher
frequency points in VLF band relative to their normal weak background (Figure 2d–f). These
disturbances were not the direct electromagnetic waves induced by the geomagnetic storm but
from the secondary effect due to the enhancement of Ne in this region
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Figure 2. The electric spectrum time series with geographic latitude at 6 frequency bands ((a): 225 Hz;
(b): 725 Hz; (c): 1125 Hz; (d): 5000 Hz; (e): 7500 Hz; (f): 13,500 Hz) in local daytime from 25 to 29
August in 2018.

In local nighttime, four frequency points in VLF electric field were selected from CSES
and exhibited in Figure 3. The similar variational trend was observed from 25 August
until 29 during the whole magnetic storm event. At 225 Hz (Figure 3a), the regular peak
structures can be found at latitude of 40–65◦ each day, typically in the southern hemisphere
with strong electric field perturbations. Compared with the background at the quiet time of
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first half day on 25 August, the enhanced electric field signals can also be distinguished
at low latitude (−40)◦ S–20◦ N following the final half day of 25 to 27 August, which
occurred at different longitudinal region with those at the southern latitude of 40–65◦ S,
but at almost the same time with those at the northern side (Figure 3a). At 725 Hz and
1125 Hz (Figure 3b–c), the regular structures at 40–65◦ were broken through, while the
strong signals propagated to the low latitude of 10–40◦ at both hemispheres and crossed the
equatorial area on 26 and 27 August. At 7500 Hz (Figure 3d), the regular peak electric field
structure was maintained at the northern latitude of 40–65◦, being similar with those at
225 Hz, but it did not extend to low latitudes, except for the specific peak time on 27 August.
From the local nighttime results, the electric field showed significant perturbations on 26
and 27 August, and those signals were even stronger on 27 August, which demonstrates
the continuous impact on the ionosphere from this storm during its recovery phase.
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Figure 3. The electric field spectrum values at 6 frequency bands ((a): 225 Hz; (b): 725 Hz; (c): 1125 Hz;
(d): 7500 Hz) in local nighttime from 25 to 29 August in 2018.

3.2. The Perturbations in Electron Density and Temperature from CSES

In Figures 4 and 5, we plotted Ne and Te from LAP onboard CSES from 25 to 29
August in local daytime and nighttime individually. In dayside of 14 LT, the peak Ne
was quite clear at latitudes of 0–20◦ N. During the main phase of this magnetic storm on
25–26 August, the equatorial peak Ne was further enhanced and spread to −20◦ S and
40◦ N (Figure 4a). Then, Ne decreased abruptly to about 1010/m3 during the last half of
the day on 26 August and increased again from 27 to 29 August, with some larger values
above 1011/m3 at latitude of (−20)–0◦ in the southern hemisphere (Figure 4a). As for Te
in Figure 4b, it varied reversely with Ne at the equatorial region, with strong decreases of
about 1000 K at the main phase of this magnetic storm on 25–26 August and significant
increases of above 3000 K in the northern hemisphere, with the decreasing Ne in last half of
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the day on 26 August. From 27–29 August, the equatorial Te nearing 1000 K was still lower
than that of about 1500 K during the quiet first half of the day on 25 August, and the Te
valley spread to the southern hemisphere as peak Ne at the equatorial area during all these
disturbed days.
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Figure 5. The electron density (a) and electron temperature (b) in local nighttime from 24 to 29
August in 2018.

In nightside of 02 LT, as shown in Figure 5, peak Ne values were located at 20–40◦

at both hemispheres, partly at the equatorial area, which is largely different with those
in the local daytime in Figure 4. To reveal the background information, one more day on
24 August was included in Figure 5. It can be seen that, during this magnetic storm, Ne
was enhanced mainly on 26 August between the latitude of ±40◦, with the simultaneous
decrease in Te at the same region. Another interesting phenomenon in local nighttime is
the regular daily Ne valleys with a clear boundary at mid latitudes of 40–65◦, also known
as the midlatitude trough, where Ne decreased at least one order of magnitude relative
to the Ne around latitudes of 30◦, typically in the southern hemisphere during the whole
studied time period. To illustrate the changes in the position of the midlatitude trough of
Ne, Table 1 listed the latitudes of the first Ne minimum, near to equator-side in the northern
and southern hemisphere in UT06-08 and 18–20, where “/” represents that the minimum
was still not occurring in the observational scale of CSES, within a latitude of 65◦. During



Atmosphere 2022, 13, 1271 8 of 18

this storm, the latitudes of Ne trough in the southern hemisphere moved inside −60◦ S
at the beginning of 26 August when it should be beyond −65◦ S at the same time period
in other days, and the northern latitude was 33.24◦ N, moving 20◦ to the south relative
to 24 August at 53.54◦ N and about 15◦ relative to that on 25 August at about 48.65◦ N.
The obvious trough region in Ne maintained from 27–29 August, and its top equatorward
minimum boundary was closer to 41◦ latitude in the southern hemisphere, being 5–8◦ to
the north compared with those on 24–25 August (Table 1). Compared with the electric
field at 225 Hz and 7500 Hz in Figure 3a,d, the Ne trough at latitudes of 50–65◦ was just
corresponding to the strong disturbed region in ELF/VLF electric field, illustrating the
significant correlation in both parameters. Te in local nighttime showed an obvious peak
structure at a latitude of 40–65◦, in contrast with Ne. The regional peak Te was enhanced
on 26 August in the northern hemisphere, with its top boundary further extending to the
equator, when the Te peak boundary in the southern hemisphere also moved to the equator
about 10◦. From 27–29 August, the whole Te peak structure at middle latitude maintained
the same equatorward movement as those of Ne trough.

Table 1. The first minimum position of midlatitude trough of Ne from CSES during 24 and 29 August.

Day of August 24 25 26 27 28 29

Latitude in northern hemisphere at UT 06–08/◦ N 53.544 48.65 33.24 42.53 47.11 45.24
Latitude in southern hemisphere at UT 06–09/◦ S / / 55.60 64.11 / /
Latitude in northern hemisphere at UT 18–20/◦ N 59.41 57.20 57.46 49.54 58.15 58.45
Latitude in southern hemisphere at UT 18–20/◦ S 49.80 46.04 40.71 41.60 41.66 42.83

To illustrate the interaction of electric field and Ne during this magnetic storm, the first
orbits were selected in the dayside and nightside, two on 26 August to represent the main
phase and two on 28 August for recovery phase, respectively. The correlation between
electric field spectra at 225, 725, 1125 Hz and Ne was computed at different latitude scales,
with the interval of 15◦ along the same orbit. As seen in Table 2, in the dayside of the main
phase on 26 August, the positive correlation values were detected at the equatorial area
at a latitude of 0–30◦ N with r > 0.9 at all three frequency bands, but during the recovery
phase on 28 August, high positive correlations were revealed at 45–60◦ S with r > 0.8, and
r = 0.79 at 0–15◦ S at 225 Hz. As for the nightside, r decreased totally relative to those in
the dayside but with high negative values of r < −0.5 occurring at 45–60◦ N and 45–60◦

S. Large positive correlations with r>0.6 were shown at 15–30◦ S at 225 Hz and 30–45◦ S
at 1125 Hz on 26 August, which demonstrates the strong penetration of an electric field
during the main phase, with the increasing Ne in middle and low latitudes, especially in
the southern hemisphere. Nightside data exhibited the enhanced electric field mainly at
middle latitudes of 30–45◦ S while partially contributing to those at 0–15◦ S.

Table 2. The correlation r of E/Ne at different latitudes from CSES on 26 and 28 August. The bold
values present the maxima.

Latitudes 45–60◦ S 30–45◦ S 15–30◦ S 0–15◦ S 0–15◦ N 15–30◦ N 30–45◦ N 45–60◦ N

r of E/Ne in dayside on 26 August with E at 225 Hz 0.040 0.78 −0.42 0.83 0.91 0.93 −0.24 −0.32

725 Hz −0.32 0.61 −0.68 0.47 0.93 0.85 −0.95 −0.34

1125 Hz −0.51 0.81 −0.71 0.55 0.94 0.90 −0.96 −0.075

r of E/Ne in dayside on 28 August with E at 225 Hz 0.83 0.53 0.20 0.79 0.31 −0.33 −0.34 −0.034

725 Hz −0.27 0.18 0.60 −0.88 0.30 −0.58 −0.65 0.36

1125 Hz −0.54 0.088 −0.31 0.15 0.56 −0.26 −0.70 0.43

r of E/Ne in nightside on 26 August with E at 225 Hz −0.59 0.17 0.61 0.43 −0.044 −0.51 0.057 −0.65

725 Hz −0.35 0.35 0.15 0.072 −0.0089 0.40 0.27 −0.61

1125 Hz −0.48 0.64 0.13 0.42 0.049 0.036 0.20 −0.59

r of E/Ne in nightside on 28 August with E at 225 Hz −0.50 −0.034 0.015 0.52 −0.33 0.064 −0.069 −0.59

725 Hz −0.53 0.59 0.078 0.40 0.10 −0.24 0.14 −0.53
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Table 2. Cont.

Latitudes 45–60◦ S 30–45◦ S 15–30◦ S 0–15◦ S 0–15◦ N 15–30◦ N 30–45◦ N 45–60◦ N

1125 Hz −0.51 0.68 0.085 0.37 0.076 −0.096 −0.091 −0.76

4. Discussion on the Corresponding Processes in Ionosphere
4.1. The Comparison of Plasma Parameters at Different Altitudes

Among the three satellites of Swarm, Ne, and Te from satellite A and B, different
altitudes were collected and plotted in Figure 6. For Swarm-A, the local daytime was
mainly between 13:00–15:00 at low and middle latitudes from 24–29 August, being close
to the local time of CSES at 14:00. However, the altitude of Swarm-A was 435–455 km,
about 60 km lower than CSES. As shown in Figure 6, the similar evolutional features were
detected from Swarm-A as those on CSES, with significant increases in Ne in the equatorial
area following the last few hours on 25 August to the first few hours on 26 August and the
enhanced equatorial Te valley at the same time. From 27–29 August, the peak equatorial
Ne was still enhanced, and the double peaks were illustrated clearly at the altitude of
Swarm-A. In the meantime, the strong valley in Te continued with an obvious extension to
the southern side.
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Figure 6. The electron density (a) and electron temperature (b) from Swarm-A in local daytime
during 24 to 29 August in 2018.

For Swarm-B, its altitude was close to CSES, but its local daytime from 24–29 August
was mainly in the morning from about 08:00–11:00. In Figure 7 Ne from Swarm-B was
relatively smaller than that on Swarm-A, due to its higher altitude and the early local time.
Around this magnetic storm, the obvious increase in equatorial Ne can be found in the last
few hours on 25 August. However, on 26 August, there was no distinct enhancement most
of the time throughout the whole day. Since 27 August, the typical equatorial peak of Ne
recovered again. From the temporal distribution of Te in Figure 7, its minimum values at
the equatorial area occurred on 27 and 28 August, during the recovery phase, not in the
main phase. These phenomena demonstrate that the difference in local time, as Swarm-B
will severely influence the distribution features of Ne and Te during the magnetic storm.
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Figure 7. The electron density (a) and electron temperature (b) from Swarm-B in local daytime during
24 to 29 August in 2018.

In ionospheric research, scientists use the GNSS signals to obtain the total electron
content (TEC) for monitoring the ionospheric environment. Here we collected the global
TEC mapping data published by CODE [44] and transferred the universal time to local time
to compare with the observations of CSES and Swarm. Figure 8 showed the global TEC at
local time of 09, 11, 13, and 15 for each day from 25 to 28 August. By the panels at LT09:00 in
four days, the increase in TEC was not so clear at the main phase on 26 August, which was
consistent with that on Swarm-B. At LT 13–15, the double peaks at the equatorial area were
enhanced on 26 August (Figure 9b), especially in the eastern hemisphere. Until 28 August
(Figure 9d), the double peaks occurred almost globally, which verified the observations
of Ne from Swarm-A at lower altitudes. At the altitude 507 km of CSES, the double peak
effect was only distinct on 26 August at the main phase of the storm, but during 27–29 it
was widely flat without double peaks.

Compared with the observations of foF2 and TEC in South American sector [21], TEC
from CODE exhibited little increase at LT09 on 26 August relative to that on 25 August,
and an obvious increase at LT 11–15 from 26–28 August, even with double peaks occurring
at low latitudes of this region at LT 13–15 on 28 August during the slow recovery phase,
while the small decrease in foF2 at the equator and low latitude at the initial stage of the
main phase was not revealed in our results. In the European sector, due to the low values
in TEC from CODE at middle latitudes, no obvious increase occurred at latitudes of 45–60◦

N, as shown in [20], on 26 August, but in the African sector, the equatorial increase was
significant at LT09 and 11 on 26 August and at LT13 and 15, even continuing, on 28 August,
as shown in Figure 8. Based on the observations from Jason satellites at altitudes of about
1330 km, the evening equatorial ionospheric anomaly (EIA) were illustrated around LT21
at the Pacific region of longitudes 180~150◦ W during the main phase on 26 August [25]. In
comparison with the nighttime Ne at altitude of 507 km from CSES in Figure 5, Ne at low
and middle latitudes indeed increased at the main phase on 26 August, but the two peaks
at latitudes of 20–40◦ were not newly constructed, due to this magnetic storm on 26 August
relative to those on 24 and 25 August. The enhanced EIA was obviously presented in the
dayside from Ne of CSES and Swarm satellites in Figures 6 and 7, and at the Asian sector
of longitudes 60–120◦ E from TEC of CODE in Figure 8 that is consistent with the results
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about the Asian–Australian sector in [22,24]. The different observations demonstrated the
different effects of magnetic fields on ionosphere at different altitudes and different times.
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Figure 8. The global TEC mapping at local time 09:00 to 15:00 during 25–28 August in 2018 ((a)–(d)
represents 25–28 August, respectively).

To confirm this feature of local time dependence for electron density to magnetic
storms, the 2 h-averaged curves of TEC have been calculated at different latitudes for
Swarm A and B in local day and nighttime, respectively. As shown in Figure 9a, around
local daytime of 14:00 for Swarm A, the maximum occurred around the beginning of
26 August, corresponding to the minimum of SYM-H, as shown in Figure 1; while the
minimum occurred at the end time of 26 August, and then during 27–31, the maxima of
each day are larger than that on 24 August at the quiet time. At the local nighttime of
02:00 for Swarm A (Figure 9b), the maximum occurred at the main phase of this magnetic
storm, and then there were big differences in different latitudes, where for a latitude of
45–60◦, the minimum occurred on 27 August, before all latitude curves slowly recovered to
their normal state until Aug. 31. Compared with Swarm B in local daytime around 09:00
(Figure 9c), the big differences occurred during the recovery phase of 27–31, in which the
maxima of 27–28 August did not go back to the normal level as it was at the beginning
on 25 August; it was even lower from 29–31 August, which is not like the higher TEC
in LT14:00 from 29–31 August, as shown in Figure 9a. In LT21:00 (Figure 9d), the lowest
maximum was exhibited on 28 August at all low and middle latitudes, but on 29 August, it
quickly recovered to the normal values, similar to those in 24–25 August. The daily minima
from 24–31 August occurred on 29 August at LT09:00 or 21:00, typically at latitudes of
30–45◦ and 45–60◦. From these TEC curves, it can be found that the electron density has
significant local time dependence with four kinds of variational trends corresponding to
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four different local times either at the main phase or the recovery phase, and the magnetic
storm affects all the trends at lower and middle latitudes. The nightside enhancement of
TEC on 26 August in Figure 9d is similar to LT21with those from Jason satellites in [25], and
the TEC in latitudes of 15–30◦ even exceeded that of 0–15◦, which is totally different with
that in Figure 9b at LT02 with almost no changes on 26 August, compared to those from
24–25 August. So the mid latitude enhancement of electron content in topside ionosphere
can be further confirmed in the nightside at LT 21 from satellites of SWARM-B and Jason-2,
three by our results and [25].
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The PAP on CSES recorded the ion-related parameters, including ion composition,
density, temperature, and drift velocity. However, since the last half of the month in March
2018, the number of ions reduced largely and the hydrogen and helium ions cannot be
distinguished, possibly due to the contamination from the unknown materials. So the
absolute measurement from PAP is questionable, but the relative measurement may be
taken as a reference due to its stable observing condition and results. By comparing the ion
drift velocity along the revisited orbits at UT 06:00 of #3117-0 and #2813-0 on 26 August and
6 August, respectively, it is found that at the equatorial area, the ions were accelerated in a
northeast direction, but there was almost no change in vertical drift velocity of ions, which
illustrates that a vertical electric field was overlapped on the equatorial ionosphere on 26
August relative to the normal state on 6 August, and it caused the horizontal movement of
ions due to E × B effect. Different observations demonstrated that the strong electric field
was only excited at the main phase of this magnetic storm and influenced the distribution
of Ne at the equatorial area to enhance the double peaks. During the recovery phase, the
double peak effect was maintained at the peak region of F2 layer to the altitude of Swarm-A
at about 450 km but not to the height of CSES of 507 km.
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Ren et al. [45] used the multi observations to study the ionospheric responses during
the recovery phase of this storm, and they found that the high speed of solar wind from
27–30 August was effective in changing the aurora and convection patterns, and the high
solar wind velocity contribute to enhance the daytime eastward electric fields in the low-
latitude ionosphere and thus affect the ionospheric fountain structure at the equatorial
region. To verify this feature, the linear correlation (r) was calculated between solar wind
speed, pressure, and the TEC as listed in Table 3. Negative correlation was exhibited
in speed/TEC either in local daytime or nighttime from SWARM A and B, while mostly
positive correlations are found in P/TEC (Pressure/TEC). During the whole magnetic storm
event time period of 24–31 August, the absolute correlations of speed/TEC in nightside
were larger than those in dayside, which illustrates the enhanced action from solar wind
speed on the TEC in the nightside. For the recovery stage during 27–31 August, the negative
correlation exceeded −0.5, being larger than that in P/TEC, which demonstrates that solar
wind speed may play an important role at low and middle latitudes in the nightside of LT21,
especially during the recovery phase of this storm. The pressure contributed a lot during
the whole event time of 24–31 August, and the correlation decreased during the recovery
phase of 27–31 August and smaller than that in r of speed/TEC. Compared with our results
in Figure 2, the electric field at the three extremely low frequency bands under 1125 Hz
penetrated into the middle and low latitudes not only in the main phase but also continued
until even 29 August during the whole recovery phase, where the high solar wind speed
also maintained larger than 400 km/s in this time period. So the penetration of the electric
field was confirmed by the observations at ULF and ELF frequency bands of CSES, and the
effects on the double peaks of Ne at the equatorial area in the daytime, as shown in Figure 6,
could be well explained by the simulation of Ren et al. [45]. Akala et al. [46] discussed the
solar origin of this magnetic storm and its response in the ionosphere at medium and low
latitudes, and they also illustrated the prompt penetration electric field, contributing to
equatorial anomaly crests within ±15◦ of magnetic latitudes. In our research, as shown
in Figures 4 and 6, the geographic latitudes of equatorial ionization anomaly crests were
located within ±20◦, but the latitudinal differences between two crests were within 20◦,
although they were pushed southward overall during the recovery time period. As for the
local time effects, they pointed out that the PRE-related E × B drift provide a conducive
environment for irregularities generation during post-sunset hours at low latitude regions,
especially in the Pacific Ocean west sector, but it is possibly not suitable to explain the
variations, as shown in Figure 9b, with no significant enhancement during the main phase
and continuous low values in the recovery phase. The variation mode in Figure 9b may not
only include the local time effects, but the longitudinal and altitudinal influences cannot be
ignored, which is similar to the variations of TEC in the South America sector [46] with no
significant enhancement at main phase. Although the penetration electric fields still existed
in local nighttime, as observed by CSES in Figure 3, the electron density at different positions
(longitude and latitude) and local times and altitudes are still controlled by the local plasma
environment of the ionosphere, including the distribution of O/N2, etc., [20,46]. Here, the
altitude is also taken into account because the local nighttime for Swarm-A and CSES are
close to each other at around 02:00, but CSES showed clear enhancement of Ne at the main
phase; although some depletion structure existed at equatorial area, the TEC enhancement
was totally covered up from Swarm-A at medium and low latitudes.

4.2. The Movement of Midlatitude Trough during the Magnetic Storm

On the basis of the DEMETER satellite in local nighttime around 22:30 at the altitude
of 670 km during 2006–2009, Chen et al. [47] studied the midlatitude trough and the
plasmapause in the ionosphere by using Ne, Te, and whistler counts, respectively, and their
statistical results illustrated that both of them moved equatorward during the magnetic
disturbed conditions, while the midlatitude trough would occur in the equatorward side
of the plasmapause when Kp ≥ 6. Onboard CSES, no whistler data was automatically
detected in electric field as DEMETER to determine the position of the plasmapause, so only
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the midlatitude trough will be discussed here, based on the observations of Ne and Te from
LAP. As shown in Figure 5, the nighttime midlatitude trough can be clearly distinguished
in both hemispheres at the altitude of the CSES at about 507 km, with a decrease in Ne
and an abrupt increase in Te beyond a latitude of 40◦. During this magnetic storm on 25
August, the daily northmost point of the midlatitude trough boundary moved about 5◦

northward in the southern hemisphere, relative to that on 24 August. On 26 August, the
daily southmost point of the midlatitude trough reached a latitude of about 30◦ N in the
northern hemisphere, while the southmost boundary in the southern hemisphere drifted
to a latitude of −50◦ S, where it was always beyond −65◦ S at normal conditions in the
first few hours on 24 August and 25. Therefore, the troughs all shifted their position of
15◦ to the equator at both hemispheres. During the recovery phase in 27–29 August, the
northmost latitude of the southern trough maintained at about −40◦ S, with equatorward
movement of about 5◦ relative to that on 24 August. In the northern hemisphere, the
northmost boundary of the trough moved from 65◦ N to 55◦ N in 26–27 August, being
still at 60◦ N in 28–29 August. Therefore, during the whole event, the local nighttime
midlatitude trough observed from CSES shifted equatorward about 15◦ at the main phase
with the biggest Kp = 7 and maintained a 5◦ equatorward movement during the recovery
phase for more than three days.

Table 3. The correlation between TEC from Swarm satellites and solar wind speed and pressure. The
bold values present the maxima.

Satellite LT
Latitudes/◦ N

Swarm-A 14 LT
0–15 15–30 30–45 45–60

Swarm-B 09 LT
0–15 15–30 30–45 45–60

Swarm-A 02 LT
0–15 15–30 30–45 45–60

Swarm-B 21 LT
0–15 15–30 30–45 45–60

r of speed/TEC in
24–31 August

−0.10 −0.22
−0.35 −0.19

−0.26 −0.27
−0.34 −0.33

−0.37 −0.37
−0.430 −0.45

−0.43 −0.40
−0.40 −0.41

r of P/TEC in
24–31 August 0.35 0.38 0.54 0.43 0.37 0.50 0.47 0.37 0.098 0.19 −0.040 −0.13 0.64 0.60 0.44 0.32

r of speed/TEC in
27–31 August

−0.013 −0.104
−0.26 −0.054

0.026 −0.04
−0.20 −0.16

−0.35 −0.40
−0.51 −0.42

−0.51 −0.52
−0.53 −0.46

r of P/TEC in
27–31 August 0.096 0.11 0.16 0.20 0.088 0.22 0.28 0.35 0.033−0.019

−0.050 −0.064 0.32 0.37 0.32 0.29

Figure 10 presented the local nighttime Ne and Te on Swarm-A, in which the boundary
of the midlatitude trough was quite clear, especially its topmost part at a high latitude of
60–70◦ N in the northern hemisphere, due to its global coverage. In the southern hemisphere,
no high values of Ne occurred again at a high latitude beyond 60◦, so this midlatitude trough
covered quite a large area, even to −90◦ S, which is totally different compared to that in
the northern hemisphere. Compared with the results from He et al. [48] by using COSMIC
observations, the large covering area of the trough in the southern hemisphere should be
related to its seasonal variations of lower Ne in winter days. Around this magnetic storm,
Swarm-A exhibited the same characteristics with CSES in the midlatitude Ne trough and
Te peak, with significant equatorward movement of more than 15◦ at the main phase and
maintained a small shift of about 5◦ during the recovery phase in the local nighttime.

As for the shift of the midlatitude trough, Deminov et al. [49] introduced an empirical
model to qualitatively interpret the dynamics of the position of the trough at 430 km altitude
during the main phase, and their results showed step-like equatorward movement in the
pre-midnight hours in the main phase of an intensive magnetic storm, while the solar local
time and magnetic local time were considered and compared in the new model due to the
dependence of the trough on them [50]. The local time of CSES and Swarm-A was beyond
midnight at about 02:00, and both of them showed abrupt movement in the northern
hemisphere at the main phase on 26 August, but a smooth boundary was revealed at the
same time in the southern hemisphere, in which the different season and regional effects
should be taken into account. The strong correlations between electric fields and Ne were
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illustrated by CSES in local nighttime with the similar spatial distribution characteristics
of electric fields at 225 Hz and Ne to depict the mid-latitude trough in the northern and
southern hemispheres, as in Figures 3 and 5, including with Ne from Swarm-A in Figure 10,
which demonstrates the strong interaction of ULF/ELF electric field with electron density
at medium latitudes at local nighttime, during the whole magnetic storm time period.
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5. Conclusions

This strong magnetic storm from 25–29 August in 2018 can be divided into three
phases, the main phase with a fast decrease in SYM-H index from 25–26 August; the
quick recovery phase with a quick increase in SYM-H during the last half of the day on
26 August; the slow recovery phase from 27–29 August. Based on the multi observations
from CSES and other satellites, some interesting ionospheric characteristics at medium
and low latitudes can be concluded as the following, responding to the three magnetic
storm phases.

(1) Typical penetration signals of electric field were illustrated during three storm phases
from the ultra-low frequency band to very low frequency band in either local daytime
or nighttime from CSES. Ne showed strong correlation with electric fields in extremely
low frequency bands under 1125 Hz in local daytime at 0–30◦ N and 15–45◦ S in the
nightside during the main phase, while in the recovery phase, the high positive
correlation between electric fields and Ne were concentrated at 0–15◦ S, 45–60◦ S in
the dayside, and in the nightside 30–45◦ Swhere the penetration of electric fields and
enhanced Ne were concentrated at. The interaction of electric fields with ionospheric
electron density decreased in the nightside both at the main phase or recovery phase,
compared to in the dayside.

(2) High solar speed generated significant effects during the recovery phase, especially
the nighttime ionosphere, with lower Ne in 27–28 August at low latitudes. Higher
negative correlation occurred with r < −0.5 of speed/TEC in the nightside during the
recovery phase, while solar wind pressure contributed less during the recovery phase
with r < 0.4 than those in main phase with r > 0.6.

(3) Multi observations reveal the local time dependence of Ne and TEC to this magnetic
storm, with four local time variation modes presented. The depletion of Ne is much
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clearer at low latitudes in local daytime at a fast recovery time on 26 August, but it
is obvious at medium and low latitudes in local nighttime during the slow recovery
time of 27–29 August. The electric field observations from CSES in the dayside of
14LT and the nightside of 02LT demonstrated the strong penetration electric at middle
and low latitudes in extremely low frequency and very low frequency both in the
main phase and recovery phase, but some regions still exist with a correlation r < 0.1,
which was also revealed in many small r values of speed and pressure with TEC. The
regional ionospheric response needs to consider the local plasma and neutral particle
environment, as suggested in other research.
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