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Abstract
Severe space weather events, e.g., solar flares and magnetic storm, can cause significant disturbances to the global ionosphere.
The radio frequency signals, such as wireless communications and global satellite navigation system (GNSS) signals, often
experience strong scintillations when traveling through the disturbed ionosphere layer. On 6 September 2017, the sun emitted
the largest solar flare classified X9.3 since the 24th solar activity week. It triggered the geomagnetic storm and ionospheric
storm on September 8, causing severe disturbances and scintillations of ionospheric. In this work, we take this event as
the objective to investigate the characteristics of the ionosphere disturbance. First, the temporal and spatial distributions
of ionospheric total electron content (TEC) are analyzed using the ground-based IGS data. The change of TEC is highly
correlated with that of the geomagnetic indices and the magnetic storm has the greatest impact on low latitudes. Then, a five-
point moving average method is adopted to extract the spatial fluctuations based on post-processed electron density and TEC
data from COSMIC and GRACE missions. We find they show different disturbance characteristics in spatial distribution.
In addition, the GNSS amplitude scintillation index S4 which is available from the COSMIC satellite mission is used to
characterize ionospheric scintillation during this event. Weak scintillation occurred in most parts of the world on September
8 2017, while moderate scintillation is mainly concentrated around 120° W and 100° E. Our study can provide a basis for
better evaluating the impact of ionosphere disturbance changes on satellite communication and navigation in space weather
events.

Keywords TEC · Ionospheric disturbances · Magnetic storm event · Ionospheric scintillations

1 Introduction

The ionosphere refers to the upper atmosphere at a distance of
60–1000 km from the surface of the earth, which is defined
by the International Association of Radio Engineers (IRE)
as an area where “there are enough free electrons that can
significantly affect radio wave propagation”. The Total Elec-
tronContent (TEC) and electron density of the ionosphere are
important parameters to characterize the ionosphere, which
have different temporal and spatial distributions, especially
during geomagnetic storms [1]. According to the maximum
distribution of electron density with height, the ionosphere
is divided into D, E, F layers, and the topside ionosphere [2].
The F layer can be divided into F1 and F2 layers in the day-
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time and theF1 layer disappears at night. The electron density
of the F layer is much higher than that of theD layer and the E
layer, and it has the strongest reflection on radio waves. The
F layer is typically used in the long-distance communication
system which can reflect the High-Frequency (HF) signals.

The ionosphere absorbs solar energy to maintain the com-
plex energy exchange and dynamic balance. However, the
balance will be broken in the presence of the space weather
event. For example, during a solar storm, the sun releases
high-energy protons and electrons and intense radiation in
all wavelengths [3]. Then, a large number of strong ultravio-
let radiation injects into the ionosphere, which will enhance
the ionospheric electron density, thereby increasing the atmo-
spheric resistance suffered by the spacecraft and decreasing
the orbital altitude. And these high-energy charged particles
can directly interact with the electronic devices andmaterials
on the spacecraft and cause direct damage to the spacecraft.
Moreover, it will produce a large number of ionospheric
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irregularities, and induce ionospheric scintillation to the radio
signals.

More specifically, the ionospheric scintillation refers to
a phenomenon of rapid fluctuations on the signal amplitude
and phase due to the presence of random electron density
irregularities when radio waves pass through the ionosphere.
The most likely areas to have ionospheric scintillation occur-
rences are the low latitude areas locating within±20° of the
magnetic equator and the polar regions. During the strong
ionospheric scintillations, the signal interruption will cause
cycle slips or even complete loss of lock in GNSS receivers
[4]. Yang [5] investigated the equatorial ionospheric scin-
tillation using GNSS observations from Hong Kong during
the 24th solar cycle and provided a study of temporal–s-
patial characteristics of ionospheric scintillations as well as
the variability of ionospheric plasma irregularities associated
with scintillation, which occur frequently during active solar
activities.

In September 2017, the sunspot group AR2673 became
active that triggered a series of solar flare events and brought
a large number of high-energy charged particles and plasma
clouds, as well as sharply enhanced electromagnetic radi-
ation. Especially at UTC 11: 53 on September 6 [6], the
strongest flare at the magnitude of X9.3 within the 24th solar
cycle had broken out, the accompanying coronal mass ejec-
tion (CME) reached the earth after rapid propagation of 31 h,
triggering the geomagnetic storm and ionospheric storm on
September 8, causing severe ionospheric disturbances and
scintillations in the worldwide.

Yasyukevich et al. [3] studied the effects of the X2.2 and
X9.3 solar flares of 6 September 2017 on the Earth’s iono-
sphere, GNSS-based navigation, and HF-radio propagation.
They found that the X2.2 solar flare had caused an overall
increase of 2–4 TECU on the dayside, the X9.3 solar flare
had produced a sudden increase of 8–10TECU at midlat-
itudes and of 15–16 TECU enhancement at low latitudes
in the ionospheric absolute vertical total electron content.
Lei et al. [7] have investigated the ionospheric responses
in the Asian–Australian sector during the September 2017
geomagnetic storm based on the Beidou geostationary orbit
satellites observations. They found long-duration daytime
TEC enhancements even during the storm recovery phase
from 7 to 12 September 2017. Hocke et al. [8] extracted
the fluctuations in electron density and TEC using high-pass
filtering in the s domain (the distance between a reference
point and the tangent point) based on reprocessed profiles of
electron density and TEC from the COSMIC mission. They
found that the TEC at solar maximum (September 2013) had
stronger fluctuations than those at solar minimum (Septem-
ber 2008).

Our study aims at the investigation of the ionospheric
responses to themagnetic storm in September 2017. First, the
temporal and spatial distributions of ionospheric TEC during

the geomagnetic storm are analyzed using the ground-based
IGS data. Then, the spatial fluctuations based on post-
processed electron density and TEC are extracted referring to
the study of Hocke et al. [8], but, differently, we apply a five-
point moving average method to extract the low-frequency
component as the smoothed value. The disturbance value,
which is the extracted high-frequency component, is the
difference between the original value and the smoothed
value. After extracting the fluctuations, different standards
are adopted to count the fluctuations of electron density and
TEC. And due to the sparse data of single satellite mission,
the space-based radio occultation data from COSMIC and
GRACE missions are fused to make the data dense. Finally,
the global distribution of ionospheric scintillation index S4
duringmagnetic storms is given,which is defined as a random
modulation of signals when propagating through ionospheric
irregularities [9].

There have been many studies to examine the effects of
electric fields, thermospheric dynamics, and neutral compo-
sition changes on ionospheric variations during storms using
TEC data from various sources [7]. Our goal is to analyze the
disturbance characteristics of the ionosphere at different lat-
itudes and longitudes in this event using ground-based and
space-based data. On the one hand, our analysis is helpful
to reveal the physical mechanism of the ionospheric distur-
bances, which can interfere with the satellite navigation and
communication systems, e.g., theGlobalNavigation Satellite
System (GNSS) [10]. On the other hand, ionospheric delay
correction is a key factor to improve the accuracy of GNSS
positioning, and TEC is closely related to the time delay
of ionospheric radio wave propagation, so it can be used for
radiowave propagation correction in satellite positioning and
navigation. Moreover, our analysis method is also applicable
to other space weather/magnetic storm events.

The organization of the paper is as follows. Section 2
describes the geomagnetic storms and data processing for
the extraction of ionospheric fluctuations. The results and
analysis are shown and discussed in Sect. 3.

2 Data andmethod

2.1 Geomagnetic data

Geomagnetic storm is a strong disturbance of the earth’s
magnetic field. The interplanetary 3-h magnetic index (Kp)
describes the intensity of the earth’s magnetic field distur-
bance during the 3 h. The Kp index is divided into ten levels
from0 to 9. The larger the number, the greater the disturbance
amplitude. Generally speaking, Kp� 4 or 5 represents small
magnetic storm, and Kp≥7 represents large magnetic storm
(http://www.sepc.ac.cn). In the histogram, we use the green
column to indicate the geomagnetic calm, and the red column
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to indicate the geomagnetic storm. During a magnetic storm,
the disturbance of the magnetic field is mainly caused by the
equatorial ring current. Therefore, the magnetic storm ring
current index (Dst) is introduced, and the unit is nanotesla
(nT). Dst index is one value per hour, which can more accu-
rately reflect the geomagnetic disturbance. In this study, we
used Kp and Dst indices provided by the Space Environment
Prediction Center (SEPC) of the Center for Space Science
andApplied Research, Chinese Academy of Sciences (http://
www.sepc.ac.cn/tecchn.php) as auxiliary data.

2.2 Ground-based data

Tounderstand the effects of theSeptember 2017geomagnetic
storm on the ionosphere, it is of interest to first estimate their
global distribution. For this purpose, we analyze the global
ionospheric total electron content map. The Ground-based
data used in this study are acquired from the Ionosphere
Monitoring and Prediction Center organized by the Inter-
national GNSS Service (IGS). The IGS Global Ionospheric
Map (GIM) of vertical TEC (VTEC) is in Ionosphere map
Exchange (IONEX) format [11], which are accessible at
ftp://cddis.gsfc.nasa.gov/pub/gps/products/ionex. The GIM
is generated routinely by the IGS community with a spatial
resolution of 5°×2.5° (longitude× latitude) and a temporal
interval of 2 h [12]. The Kp and Dst indices characterize
the intensity of geomagnetic disturbance. Associating the
changes of the Kp index and Dst index, we can analyze the
temporal and spatial response of global Ionospheric TEC to
the geomagnetic storm.

2.3 Space-based data

The space-based data are obtained from COSMIC Data
Analysis and Archive Center (CDAAC, http://cdaac-www.
cosmic.ucar.edu/cdaac/products.html). The post-processed
electron density Ne and TEC profiles from COSMIC (Con-
stellation Observing System for Meteorology, Ionosphere,
and Climate) and GRACE (Gravity Recovery And Climate
Experiment) missions are obtained from “ionPrf” files and
the S4 data are obtained from COSMIC “scnLv1” file.

The COSMIC is a joint scientific mission of Chinese Tai-
wan and the USA consisting of six low earth orbiting (LEO)
microsatellites [13]. It can monitor Earth’s atmosphere with
unprecedented long-term stability, resolution, coverage, and
accuracy [14]. A detailed description of the COSMIC mis-
sion can be found in Anthes et al. [15]. COSMIC could
provide up 1500–2500 decent soundings of the ionosphere
and atmosphere per day at the early stages of its operation,
but due to the aging and loss of the satellites, the number
of profiles declined severely after 2014 [16]. As a result, in
September 2017, we only have about 150 profiles per day.

The GRACE satellites are in a near-circular, near-polar
orbit since the first launch on 17 March 2002 with an initial
altitude of 500 km. However, the natural decay of the orbital
altitude since launch is about 1.1 km/month [17]. Therefore,
as of September 2017, it is found that the highest orbit height
detected by GRACE RO measurement is about 350 km, at
the peak height of F2 layer.

Lei et al. [18] compared the electron densities retrieved
from the COSMIC RO measurements with incoherent scat-
ter radars and ionosondes. The results showed the Electron
Density Profiles (EDPs) of COSMIC are in agreement with
another two measurements. Zakharenkova et al. [12] ana-
lyzed and tested the validity of COSMIC data by comparison
with ionosondes and IGS data. They found there was good
consistency between them and the most pronounced effect of
the electron density increase occurred at the altitude range of
300–350 km. Therefore, we combined the RO data of COS-
MIC and GRACE to analyze the global distribution of Ne
and TEC disturbance of 300–350 km on September 8, 2017.

2.4 Data processing

GPS radio occultation can be regarded as a bistatic limb
sounding of the atmospherewhere the transmitter is on aGPS
satellite and the receiver is on a low Earth orbit (LEO) satel-
lite [8]. At CDAAC, the ionospheric profiles are retrieved by
the Abel inversion from TEC along LEO-GPS rays. The Ne
is assumed to be local spherical symmetric. This assump-
tion may introduce systematic errors. Also, the Ne profile
is a curve, not a straight line, which means there are hori-
zontal and time fluctuations in the presence of ionospheric
irregularities. But in this study, we only focus on its vertical
changes and ignore the horizontal and temporal fluctuations.
More details about electron density inversion can be found
in Kuo et al. [19] and Syndergaard et al. [20]. It should be
noted that the TEC profile in “ionprf” is the calibrated TEC
which is calculated by subtracting the measurements at pos-
itive elevation angles from those at negative elevation angles
[18].

Besides, due to the influences of observation errors (e.g.,
cycle slips in GPS phase data) and the approximations used
in the inversion process, some profiles may have gross errors.
Therefore, a quality control approach to remove unreason-
able profiles is necessary. In this study, the qualities of
profiles are checked using the criteria applied in the refer-
ences [21–23]. (1) According to the statistics of the peak
height of F2 layer during high solar activity by Sun [24], the
profiles with peak height hmF2 550 km beyond or 180 km
beloware removed; (2) the profileswith peak electron density
NmF2 greater than 107el/cm2 are removed; (3) the profiles
without significant peak electron density are removed. For
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this purpose, two slopes (Slope1, Slope2) are defined to fil-
ter the data as follows:

Slope1 � Ne(h2) − Ne(hmax)

h2 − hmax
, (1)

Slope2 � Ne(hmax) − Ne(h1)

hmax − h1
, (2)

where h2 represents the maximum height corresponding to
a single electron density profile data within the height range
of 150–450 km from the ground, Ne(h2) is the electronic
density value at the height of h2.h1 represents the minimum
height corresponding to the single electron density profile
data within the height range of 150–450 km from the ground,
and Ne (h1) is the electronic density value at the height of
h1. Ne (hmax) and hmax represent the peak electron density
of F2 layer and its corresponding height. According to the
above criterion, the profiles with Slope1>0 or Slope2<0.1
are removed.

We extract the fluctuations in Ne and TEC profiles by a
five-pointmoving average process. Figure 1a shows an exam-
ple of disturbed electron density profile Ne (blue line) and
the corresponding smoothed values Ne’ (red line) at 52 ◦ N,
158 ◦ E during the geomagnetic storm of 8 September 2017.
Panel (b) shows the electron density fluctuations Ne* filtered
by five-point moving average method. Then, we carry out
a similar analysis for TEC profiles of the same occultation
event in Fig. 1c, d. We find that for Ne, the GRACE satellite
and COSMIC show a good consistency in using percent-
age, that is, the smoothed value minus the observed value,
then divided by the smoothed value and finally take the abso-
lute values, which represents the amplitude of Ne fluctuation.
But for TEC, theGRACE satellite andCOSMIC show a good
consistency in using the rootmean square (RMS) of these two
sequences. So for each fluctuation profile, we calculate the
mean of the percentage of fluctuations for electron density
and the RMS of the fluctuations for TEC within the alti-
tude range 300–350 km, which is defined as �Ne or �TEC,
respectively. The�Ne and�TEC values of the selected pro-
files are binned into 10◦×10◦ (latitude× longitude) grid cells
referring to [8] and take the maximum value in each grid to
get the global distribution of F2 peak region disturbance.

For the S4 index, we calculate the tangent coordinates
of each occultation ray, which means the tangent height is
between 80 and 800 km and the LEO satellite is at a negative
elevation angle. Then we divided the global map into 19×
37 (latitude× longitude) grids and marked S4 with longitude
and latitude coordinates of tangent points.

3 Results and analysis

3.1 Results from ground-based data

Figure 2 presents the variations of geomagnetic activity
indices (Kp, Dst) during September 6–10, 2017. These two
subfigures can be obtained from the PPSWAP App, devel-
oped by SEPC of NNSC (http://www.sepc.ac.cn). As can be
seen from Fig. 2, during September 8th, the geomagnetism
reached the level of a large magnetic storm (Kp � 7 or 8)
in 12 h, medium magnetic storm (Kp � 6) in 3 h, and small
magnetic storm (Kp � 5) in 9 h. The geomagnetic index Dst
in Fig. 2 showed a corresponding variation to that of Kp.
With the development of the magnetic storm, the Dst index
reached the first minimum value of – 144 nT at 1 UTC and
the second minimum value of – 124 nT at 17 UTC on Sept
08, which indicates the X9.3 solar flare on September 6 trig-
gered a double main phase sudden commencement magnetic
storm. To analyze the ionospheric response to the magnetic
storm, the global ionosphere maps (GIMs) with a 2-h resolu-
tion from Sept 07 UTC00:00 to Sept 09 UTC 22:00 in 2017
are drawn using the vertical TEC data provided by IGS sta-
tion, as shown in Fig. 3. First of all, from the time response
of TEC to the magnetic storm, and comparing Kp and Dst
index, it is obvious that with the occurrence of the magnetic
storm, TEC increased slowly during the early stage of Sept
07, 2017. Then, it increased significantly since 18: 00 on Sept
7, 2017, reaching the first maximum on Sept 08 UTC 02:00.
After that, it descended and remained stable between 06: 00
and 14: 00. It began to rise again at 16: 00 and reached the
second maximum at 22: 00 on Sept 08. During the period of
9 September, it gradually recovered to a stable state.

The two maximum values of TEC corresponded to the
two minimum values of Dst, and its change trend is gener-
ally consistent with the Dst and Kp indices. However, during
the second main phase, the TEC maximum has a time delay
relative to theDstminimum. In addition, observing eachmap
in combination with the UTC in Fig. 3, it can be seen that
TEC has a significant diurnal variation, reaching the maxi-
mum value around 14:00 local time. This is because the solar
radiation is strongest at noon, which enhances the ionization
of atmospheric molecules; therefore, the electron concen-
tration gradually increases until reaching its maximum in
about twohours.According to the spatial distribution ofTEC,
the magnetic storm has the greatest impact on low latitudes,
especially the enhancement near 20° north–south latitude.
The white dotted line in the figure represents the magnetic
equator. In the period around the two maxima, the equatorial
bimodal structure symmetrical about the magnetic equator
appeared, which is also called an equatorial anomaly.
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Fig. 1 Example of disturbed
electron density and TEC
profiles from COSMIC (blue
lines in a, c, respectively). The
red lines in a, c denote the
electron density and TEC data
smoothed by five-point moving
average method, respectively. b,
d The electron density and TEC
fluctuations filtered by
five-point moving average
method, respectively. The study
is focused on the region of F2
peak height h� 300–350 km
(color figure online)
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3.2 Result based on space-based data

The global maps of�Ne and�TEC are plotted in Fig. 4a, b,
respectively. They are all selected onSeptember 8, 2017,with
tangent points at h� 300–350 km (around F2 peak height). In

this paper, we adopt the percentage standard for�Ne and the
RMS standard for �TEC. Due to the aging and loss of the
satellites, the number of occultation events is insufficient.
In this study, the grids without data are all mapped to the
minimum value on the color bar (dark blue). Although we
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Fig. 2 Variations of Kp and Dst
indices during September 6–10,
2017

have removed the unreasonable profiles, there are still some
outliers due to observation errors and approximation errors.
For the larger outliers, we map them to the maximum value
on the color bar (dark red) as well.

As we can see in Fig. 4a, b, these two maps show different
disturbance distributions. For �Ne, there are obvious fluctu-
ations in themiddle and high latitudes,while for�TEC, there
are large fluctuations in middle and low latitudes, especially
in the Atlantic Ocean, which may result from the sporadic
appearance of equatorial plasma bubbles in F2 region. The
reason may be that the Ne profile mainly characterizes the
vertical direction of the ionosphere, while TEC characterizes
the horizontal direction of the ionosphere along the LEO-
GPS ray paths in each RO event.

When the radio wave passes through the ionosphere, it is
usually affected by the irregularities in the ionosphere, result-
ing in fluctuations of signal amplitude and phase. Therefore,
the ionospheric scintillation can also reflect the disturbance
of the ionospheric irregularities. As a supplement, we also
plot the global distribution of ionospheric scintillation index
S4 on September 8, 2017, as shown in Fig. 4c. S4 is the
magnitude of signal amplitude fluctuation, and 0.2<S4<0.4
indicates weak scintillation, 0.4<S4<0.6 indicates moder-

ate scintillation, and S4>0.6 indicates strong scintillation.
As can be seen from Fig. 4c, weak scintillation occurred
in most parts of the world on September 8, 2017. Moder-
ate scintillation is mainly concentrated around 120 ◦ W and
100 ◦ E, which is consistent with the distribution of �Ne.
However, all these three maps show the asymmetry between
the north and the south, and the disturbance in the southern
hemisphere is slightly larger. This north–south asymmetry is
possibly caused by the positive deviations of the BX and BY
components of the interplanetary magnetic field [8].

4 Summary

In this study, we took one of the magnetic storm events
occurred in September 2017 to investigate the spatial–tem-
poral responses of the ionosphere disturbances during the
magnetic storm.

First, the geomagnetic data and IGSvertical Total Electron
Content (TEC) data were used to analyze the temporal and
spatial distribution changes of TEC during the geomagnetic
storm. We found that the TEC shows a corresponding vari-
ation and a negative correlation with the Kp and Dst index,
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Fig. 3 Global ionosphere TEC
(TECU) map during Sept 07–09,
2017, with a 2-h time resolution

respectively, which characterize the intensity of geomagnetic
disturbance. And it has a significant diurnal variation, reach-
ing the maximum value around 14:00 local time because of
solar radiation. From the spatial response, we find significant

TEC enhancement occurs in low latitudes, increasing most
obviously in the equatorial anomaly area.

Then, the spatial fluctuations based on post-processed
electron density and total electron content fromCOSMICand
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Fig. 4 a Global map of �Ne
(with tangent points at h �
300–350 km) on September 8,
2017, adopting the standard of
percentage, fusing COSMIC and
GRACE satellite data. b Global
map of �TEC (with tangent
points at h� 300–350 km) on
September 8, 2017, adopting the
standard of RMS, fusing
COSMIC and GRACE satellite
data. c Global map of S4 on
September 8, 2017, based on
COSMIC observation (color
figure online)
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GRACE missions were extracted using a five-point moving
average method. The percentage of electron density fluctua-
tions (�Ne) and the RMS of TEC fluctuations(�TEC) were
calculated. And the global maps of electron density and TEC
fluctuations on September 8, 2017, with tangent points at h�
300–350 km, were given. We found that they show differ-
ent characteristics in spatial distribution. For �Ne, there are
obvious fluctuations in the middle and high latitudes, while

for �TEC, there are large fluctuations in middle and low lat-
itudes, which may be caused by the horizontal and vertical
gradient differences of plasma around F2 peak height.

Finally, we plotted the global distribution of ionospheric
scintillation index S4 on September 8, 2017. Results show
that weak scintillation occurred in most parts of the world on
September 8, 2017, while moderate scintillation is mainly
concentrated around 120° W and 100° E, similar to the dis-
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tribution of electron density fluctuations. And all these three
maps show the asymmetry between the north and the south,
and the disturbance in the southern hemisphere is larger.

The spatial–temporal sampling of the ionosphere by only
one LEO satellites of the COSMIC mission is insufficient
for a case study of a geomagnetic storm. However, this paper
can provide a better understanding of the global ionosphere
disturbance driven by spaceweather events and can also facil-
itate the detection and mitigation of ionosphere scintillations
on a space-based platform. In the future, we will assimi-
late more data sources to have an in-depth investigation on
the ionospheric disturbances during this geomagnetic storm
event. In addition, the novel COSMIC-2 has been success-
fully launched at UTC07:30 on June 25, 2019. There will
be better findings with sufficient data. We will conduct more
analysis on ionosphere disturbances and GNSS scintillation
events with sufficient data sets in the future.
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