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Abstract: We investigate the abnormal day-to-day variability of total electron content (TEC) over
60 Global Navigation Satellite System (GNSS) stations above the East Asian region from 2012 to 2018
and find that the positive anomalies occur more frequently at the middle latitude at about LT 14–20
and occur frequently around 28◦ N at about LT 22–00. The negative anomalies occur more frequently
at the middle latitude at LT 10–02, and they obviously occur less frequently at about 15◦ N~30◦ N and
LT 08–12, and occur less frequently near about 22◦ N~30◦ N and LT 14–18. The quantities of positive
anomalies and negative anomalies are comparable. The direction of moving anomalies is from east to
west in a zonal direction in all conditions. The moving speeds of anomalies are around 15~19 degrees
per hour in the zonal direction and seem to grow as the latitude increases. TEC anomalies occur in
22.1% of temporal bins before large earthquakes within seven days and occur in 24% of temporal
bins in the interval, which is within one day before and three days later than the main phase of
geomagnetic storms. Further work is necessary to determine the sources of these anomalies.

Keywords: GNSS; TEC; ionosphere; solar activity; geomagnetic latitudes

1. Introduction

The ionosphere is highly variable. The primary drivers of this variability are linked to
solar activity, geomagnetic activity, and processes from lower atmospheric sources [1–3].
Total electron content (TEC) is the total number of electrons along the path between the
transmitter and receiver of the global position system. It is a critical ionospheric parameter
that can help mitigate uncertainties in location and navigation. Solar radiation, solar wind,
geomagnetic activity, different scales of neutral atmosphere waves, and electrodynamic
processes significantly contribute to the day-to-day TEC variability. The temporal and
spatial characteristics of day-to-day variations of TEC are important to provide improved
ionospheric specifications and forecasts. There are many interesting studies about the
day-to-day variations of TEC or F2 layer peak density (NmF2, which contributes much to
TEC). Rishbeth and Mendillo [4] found that the day-to-day variability of NmF2 exhibited a
relative standard deviation of 20% by day and 33% by night using ionosonde data from
13 stations with geomagnetic latitudes from −58 to +51 in 1957–1990. The day-to-day
variability strength is height-dependent, according to the results from incoherent scatter
radar [5]. The meridional correlation lengths of day-to-day ionospheric TEC variations,
which were obtained from more than 1000 ground-based GPS receivers on a global scale,
were about 7 degrees and 4 degrees at middle and low latitudes, respectively. The zonal
correlation lengths were approximately 20 degrees at mid-latitudes and 11 degrees at low
latitudes [6]. Day-to-day variation of TEC over China during 1–28 January 2015 had a good
correlation with F10.7 cm flux in a purely quiet period, and Kp index was closely linked to
day-to-day TEC variation during geomagnetic disturbance conditions [7].
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Forbes et al. (2000) analyzed the ionosonde data from over 100 globally distributed
stations under geomagnetic quiet conditions and attributed about 25–35% variation of
day-to-day NmF2 to meteorological influences. Fang et al. [8] explored the relative con-
tributions of different sources with simulation and found that ~40% of TEC day-to-day
variability was caused by lower atmospheric perturbations during the northern summer
of 2012. Zhou et al. [9] suggested that taking day-to-day variability in lower atmospheric
perturbations into account was important for characterizing the semiannual variations
when simulating nighttime NmF2 day-to-day variability.

Although many studies have revealed the day-to-day variations of TEC, detailed
information about the day-to-day variations of TEC in specific locations, such as the East
Asian region, is limited. Ban et al. [10] put forward a regional perturbation index to depict
the ionospheric storm magnitude. But the moving speed of the disturbance is out of the
scope of many studies. The goal of this study is to demonstrate the characteristics of
TEC anomalies (dramatic changes) of day-to-day variability above the East Asian region,
including the temporal and spatial distribution and the moving speed.

In this study, TEC measurements from 60 GNSS receivers above the East Asian region
were used to explore the characteristics of abnormal day-to-day TEC changes in the specific
region. In Section 2, we present the method to conduct TEC for our analysis. Our results
are presented in Section 3. The discussion and conclusions are in Sections 4 and 5.

2. Method

We analyze the day-to-day changes from 2012 to 2018 above the East Asian region
with the TEC from 60 GNSS continuously operating reference stations of the CMONOC
(Crustal Movement Observation Network of China) network, which are relatively evenly
distributed in China, as shown in Figure 1. The distribution of these stations, which is
used for the calculation of TEC, has not changed in these years. In this case, we use the
Bernese GNSS software to realize the calculation of TEC. The coverage area of the regional
model is [70◦ E–140◦ E, 15◦ N–55◦ N], and the spatial resolution of TEC is 1 degree in
geographic longitude and 1 degree in geographic latitude. The sample time is 2 h. The TEC
calculated from Bernese GNSS software on a regional scale has been compared with the
GIM (Global Ionospheric Map) from CODE (Center for Orbit Determination in Europe)
and other global ionospheric maps in many references, e.g., [11–13]. The Bernese GNSS
Software is a scientific, high-precision, multi-GNSS data processing software developed
at the Astronomical Institute of the University of Bern (AIUB). It is used by CODE for its
international (IGS) and European activities. The GNSS stations supply the measurements
of the pseudorange and the carrier phase at the two working frequencies of GNSS. We
can obtain the pseudorange TEC (STECr) and phase TEC (STECp) along the path from a
satellite to a receiver from Equation (1):

STECr =
f 2
1 f 2

2
40.3( f 2

2 − f 2
1 )

[(P1 − P2)− c(bs1 − bs2)− c(br1 − br2)] (1)

where f 1 and f 2 are the two frequencies of the GNSS signal, P1 and P2 are the pseudoranges,
c is the speed of light, and bs1− bs2 and br1− br2 are the interfrequecy biases for the satellite
amd receivers. The phase TEC is in Equation (2):

STECp =
f 2
1 f 2

2
40.3( f 2

1 − f 2
2 )

[(
cΦ1

f1
− cΦ2

f2
)− (λ1Ns

r1 − λ2Ns
r2)] (2)

where Φ1 and Φ2 are the carrier phases, λ1 and λ2 are the wavelengths, and λ1Ns
r1 − λ2Ns

r2
is the integer cycle ambiguity.
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Figure 1. The locations of the GNSS stations used in the calculation of TEC.

The slant TEC is converted into a vertical TEC with a single-layer model using
Equation (3):

VTEC = STEC ∗ cos(z′) with sin(z′) =
R

R + H
sin(z) (3)

where z and z’ are the zenith distances at the height of the station and the single layer,
respectively, R is the mean radius of the Earth, and H is the height of the single layer above
the Earth’s surface.

The regional model based on spherical harmonic expansions is then used to obtain the
TEC at each position in Equation (4):

VTEC(β, s) = ∑nmax
n=0 ∑n

m=0 Pnm(sinβ)(anmcos(ms) + bnmsin(ms)) (4)

where β and s are the geographic latitude and longitude of the ionospheric pierce point,
nmax is the maximum degree of the spherical harmonic expansion, Pnm are the normalized
associated Legendre functions of degree n and order m, and anm and bnm are the unknown
TEC coefficients of the spherical harmonics to be estimated. After obtaining the TEC
coefficients with the measurements from 60 GNSS stations, we can use these coefficients to
obtain the TEC at other locations.

We plan to use the following index in Equation (5) to show the variation of the day-to-
day TEC changes:

DTECi = TECi+1 − TECi (5)

where TECi is the TEC at certain spatial and temporal points, and TECi+1 is the TEC the
next day at the same geography point and universal time. The day-to-day variation (DTEC)
of TEC at [70◦ E, 15◦ N] and UT 00 from 2012 to 2018 and its probability density function
are shown in Figure 2a,b as an example. The DTEC at most locations has similar variations
with day of year, and they also have a similar probability density function close to a normal
distribution. The data in Figure 2a,b are located at [70◦ E, 15◦ N], which have larger
variations than those at the middle latitude. There should be noise in the data. We analyze
the data manually, and only the anomaly that can cover a range would be treated as an
anomaly and obtain the follow-up process. Thus, the single noise point would be excluded.
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Figure 2. (a) The day-to-day variability (DTEC) of TEC at [70◦ E, 15◦ N] and UT 00 from 2012 to 2018
and (b) its probability density function. (c) An example of a positive anomaly. The blue line is the
DTEC from 8 February to 1 April in 2012 on UT 12 at [101◦E, 51◦N]. The red line is the upper limit
(µ+ 3 ∗ σ) from the sample data in the sliding window. The black line is the lower limit (µ− 3 ∗ σ).

Then, we analyze the abnormal variation of the day-to-day TEC change using DTEC.
These anomalies are the extremely large (positive) or small (negative) values of DTEC in
these years. We show an example of a positive anomaly in Figure 2c. To determine whether
the DTECi is an extreme value (anomaly), we collect the data 27 days before the index at
the same geographic point and universal time. For example, we collect the DTEC 27 days
before DTECi at [101◦E, 51◦N] and UT 12 to form a sliding window. The sample data
in this sliding window are used to determine the upper limit and the lower limit. The
mean value of these sample data in the sliding window is denoted as µ, and the standard
deviation of these sample data is denoted as σ. When we find an index (DTECi) larger than
µ+ 3 ∗ σ(upper limit) or less than µ− 3 ∗ σ(lower limit), we consider that an anomaly of
day-to-day TEC variability occurs. We treat the DTECi larger than µ+ 3 ∗ σ as a positive
anomaly, and DTECi less than µ− 3 ∗ σ as a negative anomaly. We can see a positive
anomaly in Figure 2c.
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3. Result
3.1. Temporal and Spatial Distribution of TEC Anomaly

We use the data from 2012 to 2018 to determine the anomalies of day-to-day TEC
variability in the way described in Section 2, and then sum up the count of the anomalies
in each temporal and spatial bin in these years. The amount of positive and negative
anomalies in each bin is used to show the temporal and spatial distribution. The change
in temporal and spatial distribution of positive and negative TEC anomalies is shown in
Figures 3 and 4. The positive anomaly occurs frequently in the middle latitude (about
30◦ N~55◦ N) at UT 06–16, which is about LT 14–20, and occurs more frequently around
28◦ N at UT 14–18, which is mainly at about LT 22–00, as shown in Figure 3. The negative
anomaly occurs more frequently at middle latitude at UT 02–18, as shown in Figure 4.
They obviously occur less frequently at low latitudes (about 15◦ N~30◦ N) at UT 00–04,
which is LT 08–12, and less frequently near the Equator Ionization Anomaly area (about
22◦ N~30◦ N) at UT 06–12, which is mainly at LT 14–18.
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amount of positive anomaly from 2012 to 2018.

We should notice that the amount of positive and negative anomalies is comparable,
although the details are different. The positive anomaly occurs less frequently at about 45◦

N~55◦ N at night. The negative anomaly occurs especially less frequently at low latitudes
during the daytime. It occurs less frequently in the middle latitudes at night. Another
thing we should notice is that the ionosphere at the low latitudes is highly dynamic, and
the standard deviation of the data at the low latitudes is much larger than those at the
middle latitudes [14], which may lead to higher thresholds of anomaly detection and lower
detection probability. The day-to-day TEC variation around solar terminator passage will
be large nearly every day, and the thresholds to determine an anomaly would be large in
this condition, so we will not see so many huge anomalies in these periods.
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3.2. Moving Anomaly of TEC Day-To-Day Variation

When we investigate the change in TEC anomaly, we firstly observe the spatial distri-
bution of TEC anomaly in each temporal bin, then we check the differences in the spatial
distribution of TEC anomaly over a continuous period of time. There is an interesting
phenomenon: sometimes the anomaly of TEC day-to-day variation seems to be moving.
For investigating the spatial distribution of anomalies at each temporal bin, we make an
anomaly map in which the positive anomaly at each location is denoted as “1”, the negative
anomaly is denoted as “−1”, and the location without anomalies is denoted as ”0”. Then
we put 12 maps from the same day in a figure. An example is shown in Figure 5. This is the
anomaly map for 5 March 2012. We can see that the shape of the anomaly at the adjacent
time window looks similar. This kind of phenomenon occurs many times. It indicates that
some anomalies are moving instead of staying at a fixed location.

We found 850 moving TEC anomalies from 2012 to 2018, including 413 positive anomalies
and 437 negative anomalies. The quantities of positive anomalies and negative anomalies
are comparable. The direction of movement is from east to west in a zonal direction in all
conditions. We think that the moving anomaly that we detected might be correlated to the
rotation of the Earth. The anomalies may move with the Sun and have a slightly different
speed relative to the Earth. We analyze the speed, temporal, and spatial distribution of the
front of the moving anomalies. We obtain the speed by comparing two spatial distribution
figures of anomalies with continuous time. The anomalies have characteristic points as
shown in Figure 5, such as [110◦ E, 44◦ N] in Figure 5e and [76◦ E, 43◦ N] in Figure 5f. We
calculate the longitudinal distance between these points, and it is 34◦. The interval is 2 h.
The speed is the longitudinal distance divided by the interval, and it is 17◦ per hour in
this example. It is a rough estimate, and we find that the speeds are around 15~19 degrees
per hour in the zonal direction. The moving anomalies may occur in each temporal bin
with similar probability. They are nearly evenly distributed in geography by longitude and
occur more at middle latitudes. There is another interesting phenomenon: the speed of
moving anomalies seems to grow as the latitude increases, as shown in Figure 6.
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3.3. TEC Anomaly before Large Earthquakes and Geomagnetic Storms

There are 89 large earthquakes with magnitudes larger than 6.0 from 2012 to 2018 and
[70◦ E–140◦ E, 15◦ N–55◦ N] in the earthquake list from the China Earthquake Networks
Center. A TEC anomaly that occurs within 7 days before a large earthquake and within
the earthquake preparation zone may correlate to the large earthquake (a likelihood of
a connection between the two events). We perform these analyses based on the results
from other references, such as Le et al. [15]. They considered that the occurrence rate
of anomalies is greater for earthquakes with greater magnitude and for days closer to
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the earthquakes. According to their results, we chose 7 days before earthquakes and a
magnitude greater than 6 as our threshold to search for the ionospheric anomaly before
earthquakes. According to the formula of Dobrovolsky et al. [16] (r = 100.43M km), the
radius of the earthquake preparation zone would be 380 km when M = 6. A part of the
moving anomaly should occur within the earthquake preparation zone if it has a connection
with the earthquake. Even if there is no connection with an earthquake, we may conclude
that some anomalies will appear within 7 days before an earthquake. A statistical test to
check the hypothesis and an error matrix including error I and error II should be performed
in the future when we explore further about the seismic ionospheric responses. The TEC
anomaly, which occurs within 1 day before and 3 days later than the main phase of the
geomagnetic storm (Dst < −50 nT), may correlate to the storm. Some statistical analysis
was carried out based on this assumption, and here are the results. TEC anomalies occur in
22.1% of temporal bins before large earthquakes within 7 days, which may correlate to the
earthquakes or not, and occur in 24% of temporal bins in the interval, which is within 1 day
before and 3 days later than the main phase of geomagnetic storms. Although ionospheric
response to geomagnetic storms is common from a global view, the response might appear
in an uncertain area, so the probability of occurrence is not so high in this specific region.
TEC anomalies in 0.9% of temporal bins occur before both earthquakes and storms. The
count of TEC anomaly temporal bins that occurred in all temporal intervals is 6670. Each
temporal bin has a spatial distribution of TEC anomalies for more analysis in detail, which
provides a lot of information and needs us to explore further.

4. Discussion

This work analyzes the characteristics of the observed anomalies in the day-to-day
variability of TEC. The day-to-day variability is of great importance to the development
of empirical models, e.g., [17]. There are many studies to reveal the dependence of the
day-to-day variation on local time, season, and solar activity, e.g., [1,7–9], and day-to-
day variation is attributed to solar activity, geomagnetic activity, and the lower part of
the atmosphere (termed the ‘meteorological effect’). The influences from both the top
and lower atmospheres on the ionosphere make it complicated to understand these TEC
anomalies. The effect of solar activity on the ionosphere cannot be neglected. The energy
and energetic particles deposited in the polar atmosphere may drive the changes in the
ionosphere. The ionosphere and thermosphere may act differently in geomagnetic storms
when the solar EUV energy input is different, although a poor correlation between TEC
and solar flux was found during high solar activity, and other mechanisms may rule
the TEC over selected stations besides the solar flux [18]. A significant part of the day-
to-day abnormal changes observed in TEC cannot be explained by geomagnetic storms
and/or earthquakes, according to the results above. Many studies attribute the day-to-day
variability to the direct or indirect effects of meteorological processes such as tides and
gravity waves [4,8,9,19] and references therein. Lower atmosphere sources such as sudden
stratosphere warning (SSW) may also cause day-to-day TEC changes [20]. Planetary waves,
tidal waves, gravity waves, and even infrasonic waves propagate in the lower atmosphere
and affect the ionosphere. Fang et al. [8] used the coupled Whole Atmosphere Model and
Global Ionosphere Plasmasphere models to simulate and demonstrate that absolute TEC
variability was equally driven by geomagnetic activity and solar activity at the middle and
high latitudes, and the absolute TEC variability was largely controlled by solar activity,
and the contributions from the lower atmosphere and geomagnetic activity were almost
equally at low latitudes. However, it is still unclear how much of the variability is due to the
inherent variations in the ionosphere-thermosphere system. Further studies are necessary.

The positive anomaly usually comes from the positive phase of a geomagnetic storm,
which is caused by disturbed thermospheric wind and electric fields [21]. The thermo-
spheric wind arrives at the middle latitude, lifts up the F2 layer, and leads to the enhance-
ment. The negative anomaly usually comes from the negative phase of ionospheric storms,
which is mainly due to composition changes [22]. The negative anomaly occurs more at
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higher middle latitudes because the composition changes from polar to lower latitudes.
The daytime may be a more effective time for both positive and negative anomalies. The
situation at night is quite different.

We work on the topic of anomalous day-to-day TEC variation to explore more data
characteristics for improving the study of ionospheric seismic response, although we do
not obtain enough valid information from this study. It is well known that large earth-
quakes are often preceded or accompanied by electric, magnetic, and electromagnetic
signatures. The abnormal ionospheric electron density variations before and after large
earthquakes have attracted a lot of attention for many years, e.g., [15,23–33]. TEC and
other ionospheric parameters have been employed to detect seismo-ionospheric signatures
in the past few years. Although there is not a standard method to extract ionospheric
electron density anomalies that may be related to larger earthquakes, many studies used
the normal values of day-to-day variation before an earthquake as references. Liu et al. [24]
analyzed the maximum plasma frequency foF2 at Chung-Li and found that NmF2 reduced
by about 51% from the normal value of day-to-day variation before the Chi-Chi earthquake
in 1999. Their results [25] showed that NmF2 and TEC had similar tendencies and were
highly correlated. The spatial analyses revealed that TEC centering on the epicenters
notably decreased 3–4 days before the earthquake. They attributed the significant TEC
decreases to the upward electric field near the forthcoming earthquake’s seismogenic zone
and/or the equatorward neutral wind in the ionosphere. A statistical investigation based
on 20 M > 6.0 earthquakes during September 1999 to December 2002 in the Taiwan area
demonstrated that TEC significantly reduced in the period of 1200–2200 LT within 5 days
prior to the earthquakes [26]. Zhao et al. [27] observed the enhanced TEC anomalies
in the afternoon period of 9 May 2008 (day 3 before the Wenchuan earthquake) around
the epicenter by subtracting the 12-day median using the TEC from 58 GNSS receivers
distributed around China and adjacent areas. Liu et al. [28] used the global ionospheric
map to observe TEC associated with 35 M > 6.0 earthquakes that occurred in China from
May 1998 to April 2008 and found that TEC above the epicenter significantly decreased
on days 3–5 before 17 M > 6.3 earthquakes. They also found that TEC reduced signifi-
cantly in an area of about 10–15◦ in latitude and 15–30◦ in longitude from the epicenter
during the afternoon periods of days 4–6 (6–8 May 2008) and the evening period on day
3 (9 May 2008) before the Wenchuan earthquake. Although the generated mechanism is
not understood, some researchers considered that the upward/downward electric field
and the perpendicular component of Earth’s magnetic field would be able to produce a
westward/eastward plasma E×B drift, which may result in reductions/enhancements of
TEC near the epicenter [27,28]. Our results show that the movement of the TEC anomalies
is from east to west in a zonal direction, no matter whether they are positive (enhancement
according to day-to-day TEC variation) or negative (reduction according to day-to-day
TEC variation) anomalies, which need further exploration.

5. Conclusions

This paper investigates the abnormal day-to-day variability of TEC over 60 GNSS
stations above the East Asian region from 2012 to 2018. The temporal and spatial distribu-
tion and the moving state of the anomaly of the day-to-day change of TEC are estimated.
TEC anomalies before large earthquakes are observed. The main results are concluded
as follows.

1. The positive anomaly occurs frequently at the middle latitude at UT 06–12, which is
about LT 14–20, and frequently around 28◦ N at UT 14–20, which is mainly at about
LT 22–00.

2. The negative anomaly occurs frequently at middle latitude at UT 02–18. They obvi-
ously occur less frequently at low latitudes (about 15◦ N~30◦ N) at UT 00–04, which is
LT 08–12, and occur less frequently near the Equator Ionization Anomaly area (about
22◦ N~30◦ N) at UT 06–12, which is mainly at LT 14–18.
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3. The quantities of positive anomalies and negative anomalies are comparable. The
direction of moving anomalies is from east to west in a zonal direction in all conditions.
The moving speeds of anomalies are around 15~19 degrees per hour in the zonal
direction and seem to grow as the latitude increases.

4. The moving anomalies may occur in each temporal bin with similar probability.
They are nearly evenly distributed in geography by longitude and occur more at
middle latitudes.

5. TEC anomalies occur in 22.1% of temporal bins before large earthquakes within 7 days,
which may correlate to the earthquakes or not, and occur in 24% of temporal bins
in the interval, which is within 1 day before and 3 days later than the main phase of
geomagnetic storms.
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