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Abstract: This research studies the medium timescale (6–30 days) ionospheric response over the
Wuhan area to solar radiative, recurrent geomagnetic, and lower atmospheric forcing. The ionospheric
response is examined by wavelet analysis of the total electron content (TEC) over the Wuhan area
from 2001 to 2020. Ionospheric oscillations with periods centering at the harmonic oscillations of
the 27-day solar rotation (e.g., 27 days, 13.5 days, 9 days, and 6.75 days) are focused upon. The
results show that the quasi-27-day TEC oscillations at the middle latitude have a better overall
correlation with solar radiation than recurrent geomagnetic activity, but the correlation between
TEC and recurrent geomagnetic activity has a significant increase at the solar minimum stage. As
for ionospheric oscillations with periods shorter than 15 days, these oscillations correlate better
with recurrent geomagnetic activity. Moreover, a quasi-27-day TEC oscillation event at the middle
latitude caused by convective activity from the lower atmosphere was studied. This suggests that
lower atmospheric forcing is also an important factor causing ionospheric oscillations. In addition,
the ionospheric oscillations over the Wuhan area also show unique regional characteristics, as the
regional ionosphere does not respond well to the Kp oscillation with periods shorter than 20 days,
particularly, 13.5 days.

Keywords: ionospheric oscillations; solar radiation; recurrent geomagnetic activity; planetary waves;
GNSS remote sensing

1. Introduction

Medium timescale quasi-periodic oscillations (6–27 days) are typical responses of the
ionosphere. Among these temporal variations in the ionosphere, ionospheric oscillations
with periods centering at the harmonic oscillations of the 27-day solar rotation are the most
prominent. The solar rotation leads to active regions and special structures of the Sun
(e.g., sunspot groups and coronal holes) that can regularly affect the ionosphere. Generally
speaking, such influences are mainly through solar radiation and magnetospheric energy
input to the ionosphere–thermosphere atmosphere [1]. With solar rotation, periodic energy
from the Sun could be input to the earth and thus periodically affects the ionosphere.
Therefore, these periodicities may be the harmonics of the solar rotation cycle.

Photoionization and light absorption caused by solar radiation directly affects the
ionosphere’s plasma concentration. Many papers have been devoted to studying the effects
of solar activity on the ionosphere and upper atmosphere over a solar rotation cycle [2–5].
The solar 10.7 cm radio flux (F10.7) is commonly used as a proxy for the effect of solar
radiation on earth [5]. Min et al. [6] studied the 27-day modulation of the low-latitude
ionosphere during periods of maximum solar activity. They also revealed a clear periodic
variation in the F region ionosphere with a period of about 27 days and shows a good
correlation between ionospheric variations and F10.7. Xu et al. [7] showed that the 27-day
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oscillations in the thermosphere–ionosphere region are mainly caused by the 27-day solar
rotational modulation of solar radiation in the extreme ultraviolet (EUV) band.

High-speed solar wind streams (HSS) from solar coronal holes lasting more than one
solar rotation cycle can cause recurrent activity between the solar wind and the interplane-
tary magnetic field, and HSS streams from coronal holes can periodically encounter the
Earth’s magnetosphere. They can also interact with low-speed solar wind to produce
a co-rotating interaction region (CIR) [8,9]. CIRs that strike the Earth’s magnetosphere
deposit energy into the magnetosphere–ionosphere–thermosphere (MIT) system [1,9]. This
process can cause recurrent global geomagnetic activity, with the deposition of momentum
energy from Joule heating and high-energy particle heating, and these periodic geomag-
netic events can recurrently disturb the ionosphere and thermosphere at a global scale [9].
When multiple coronal holes appear on the Sun and last for more than one solar rotation
cycle, the associated CIR occurs frequently and periodically to drive periodic magnetic
storms with a harmonic period of solar rotation [10,11].

This type of oscillation occurs mainly during the declining phase of solar activity [9].
The response to such recurrent geomagnetic activity can be observed in the ionospheric
plasma temperature and TEC [10,12]. The influence of geomagnetic activity is also found
in the lower ionosphere–thermosphere region [13]. Yu et al. [14] studied 27-day and
13.5-day periodic oscillations in the ionospheric sporadic E (Es) layer, and found that the
27-day and 13.5-day oscillations in the high-latitude Es layer are closely related to the Dst
and Ap indices that represent the geomagnetic activity. Jiang et al. [15] found that the
geomagnetic oscillations can penetrate to an altitude of about 105 km above the ground
and the amplitude of the oscillations is greater at high latitudes than at low latitudes.

In addition to periodic solar activity and geomagnetic activity, dynamical processes
within the lower atmosphere are also capable of causing periodic changes in the ionosphere.
Although the atmosphere can respond to the periodic variations in solar radiation, the dy-
namic changes within the atmosphere itself can also produce quasi-27-day oscillations [16].
Researchers using the Chemical Climate Model (CCM) and the Whole Atmosphere Com-
munity Climate Model (WACCM) have shown that models can still output quasi-27-day
variations even without the forcing conditions of solar radiation, implying that quasi-27-
day variations in the atmospheric wind field and temperature are inherent features of the
atmosphere [17,18]. Quasi-27-day oscillations propagating from below to above can also
affect the ionosphere. Von Savigny, Peters, and Entzian [4] found that the amplitude of
the standard phase height of the 27-day feature is greater during solar minima than solar
maxima, suggesting that the feature is not only driven by photoionization of NO. The
authors identified statistical evidence for the influence of ultra-long planetary waves on the
standard phase height of the quasi-27-day feature during the winter months of the solar
minimum. De Abreu et al. [19] studied the modulation of the ionospheric perturbation
of planetary waves (PWs) by traveling waves (TPWID) in the F region. They found that
the approximately 27-day TPWID long-period oscillations show distinct features in the
equatorial region and at low latitudes.

In this study, we investigated the variations in TEC in the Wuhan area from 2001 to 2020.
There have been few studies of middle latitudes over such a long period of time before. The
solar F10.7 index and the geomagnetic Kp index were also used in this research. Through
statistical analysis of these three data sets, the correlation between the ionospheric oscillations
over Wuhan and the variations in solar and geomagnetic activity will be addressed. Moreover,
a quasi-27-day ionospheric oscillation induced by internal atmospheric dynamical processes
is also studied. This article fully reveals the formation mechanism of the ionospheric quasi-
27-day oscillation and the unique properties of the ionospheric oscillations related to the
harmonic oscillations of solar rotation at mid-latitudes.

The paper is organized as follows: Section 2 presents the data sets and the analysis
method. Section 3 focuses on the correlation between the ionospheric oscillations with
periods of 6–30 days and the corresponding periodic perturbations in the solar F10.7
index and geomagnetic activity Kp index. Section 3.3 presents a quasi-27-day ionospheric
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oscillation event induced by internal atmospheric dynamics. The discussion and summary
are given in Sections 4 and 5, respectively.

2. Data and Methods

For studies on the correlations between the variations in solar radiation or geomagnetic
activity and the ionospheric oscillations, the F10.7 flux and Kp index were used.

The ionospheric response of the Wuhan area to solar and geomagnetic forcing was
characterized by the TEC data from the International Global Navigation Satellite Systems
Service (IGS) from 2001 to 2020. The IGS TEC, with geographic coordinates of 115◦E and
30◦N, was used to represent the Wuhan ionospheric variation. IGS-TEC data are well-
known data that combines model data with observations from around the world to form
a globally complete and consistent dataset using the laws of physics. The continuity and
timescale of IGS-TEC provides an excellent opportunity to study ionospheric oscillations
over a 20-year period.

TEC data derived by the BeiDou geostationary orbit (GEO) satellite receiver is superior
to other GNSS observations in the study of regional ionospheric variation due to their spatial
stability and continuity of observations [20–22]. However, due to the completion time of the
BeiDou network, GEO-TEC is currently not up to the task of long-term regional ionospheric
research. Therefore, the hourly ground-based GEO-TEC observations were used to examine
the accuracy of the IGS-TEC for regional ionospheric variation studies. Figure 1 shows a
comparison of IGS-TEC data and the GEO-TEC data during 2017. Figure 1a,b show the
annual variation in IGS-TEC and GEO-TEC, respectively. It can be seen that IGS-TEC and
GEO-TEC demonstrate a consistent seasonal variation. For an in-depth study of ionospheric
oscillations, spectral analysis of TEC data is necessary. Before the spectral analysis, the
short-period variations in TEC data were removed. A low-pass filter was utilized to smooth
the TEC data and retain the fluctuation components with periods over 5 days. Filtered TEC
data are shown in Figure 1c,d. Moreover, we analyzed the Filtered TEC data using the
Morlet wavelet analysis technique. The Morlet wavelet was selected because it is widely
used in the study of the ionosphere system and has a good performance in the analysis
of oscillations [3,22,23]. Figure 1e–h showed the period–time variations in ionospheric
oscillations from IGS-TEC and GEO-TEC, respectively. Similarly, the spectral analysis of
the IGS-TEC and GEO-TEC demonstrate consistent variation. This means that IGS-TEC
data can be applied to study regional ionospheric oscillations on medium timescales.

In this paper, the specified dynamics Whole Atmosphere Community Climate Model
with thermosphere and ionosphere extension (SD-WACCM-X) was used to study atmo-
spheric fluctuations at different altitudes. WACCM-X is a comprehensive atmospheric
numerical model established by the National Center for Atmospheric Research (NCAR).
This extended model version has a top boundary height ranging from 500 to 700 km.
WACCM-X operates as the atmospheric component of the Community Earth System Model
(CESM), which also includes land, ocean, sea ice, and land ice components. The WACCM-X
model has been extensively utilized to study atmospheric waves (planetary waves, gravity
waves, and tides), and agrees well with other model simulations and observations [24,25].
SD-WACCM-X data, constrained by the Modern-Era Retrospective Analysis for Research
and Applications Version 2 (MERRA-2), were used in this work [26,27]. The temporal reso-
lution of the numerical simulation results used to extract the PWs in the neutral atmosphere
and ionosphere in this work is 1 day.

Moreover, the specific humidity and outgoing longwave radiation (OLR) were used as
proxies of convective activity over the tropical region. We expect to explore the origin of
the atmospheric oscillations by analyzing the OLR variations.

The least squares fitting was used to analyze the atmospheric oscillations, and the
specific equation is as follows:

y = Acos
(

2π ∗ t
T
− sλ

)
+ Bsin

(
2π ∗ t

T
− sλ

)
+ C (1)
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where A, B, and C are coefficients; t represents the universal time; T represents the period
of atmospheric oscillations (both units are converted to hours in the calculation); s is the
zonal wavenumber, in which positive values represent the eastward direction; and λ is
the longitude (in radians) normalized by 2π. Moreover, the total amplitude R is calculated
from the in-phase and quadrature components A and B as follows:

R2(T) = A2(T) + B2(T) (2)
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Figure 1. (a,b) The original data from IGS (Beidou GEO)-TEC during 2017. (c,d) The filtered IGS
(Beidou GEO)-TEC data during 2017 after filtering by the low-pass filter. (e,f) Wavelet spectrums
of the filtered IGS (Beidou GEO)-TEC during 2017 with a period range of 16–32 days. (g,h) Same as
(e,f), but the period range is 0–16 days.
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3. Results
3.1. Periodic Variations in Solar and Geomagnetic Activity

In this section, we focus on the ionospheric oscillation in the Wuhan region from
2001 to 2020. Before analyzing the statistical results, we first examine multiday periodic
oscillations in solar radiation and geomagnetic activity during the same period from 2001
to 2020.

In order to bring out the spectral features of the solar radiation and geomagnetic
activity, we have applied the power spectral analysis technique, as shown in Figure 2.
Figure 2 illustrates the Lomb-Scargle (LS) periodogram of the F10.7 and Kp indexes from
2001 to 2020. The blue curve represents the periodogram of F10.7 and the red curve
represents the periodogram of Kp. The green vertical dash lines represent the four harmonic
periods of solar rotation (27 days, 13.5 days, 9 days, and 6.75 days). The periodic oscillations
in F10.7 have a prominent peak near 27 days. Similarly, the Kp index also has a peak at
around 27 days. However, the periodic oscillations in the Kp index are not totally the same
as in the F10.7 index. There are three other spectral peaks in the Kp index; the prominent
peaks are around 9 days, not 27days, and the other weaker peaks are around 13.5 and
6.75 days. These peaks, with a period centering at the harmonic period of solar rotation,
indicate that periodic energy from the Sun can strongly influence the Earth as it rotates.
It is important to note that the solar rotation period is approximately 25 days at the solar
equator and increases towards the solar poles. Since the Earth moves ahead in its orbit
around the Sun by about a day and a half during a solar rotation, the solar rotation period
as seen from Earth is approximately 27 days. Hence the observed solar period of more than
27 days (about 27 to 30 days) can be attributed to higher solar latitudes. Moreover, the end
of a particular active solar region or the local variations of a dominant radiance from an
activity solar region can also cause the observed solar period to be slightly less than 27
days [28]. The small variation in solar period is also reflected in the F10.7 and Kp indices.
For clarity of presentation, we still use 27 days, 13.5 days, 9 days, and 6.75 days as the four
harmonic periods of solar rotation in the following.
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As an example, Figure 3 shows filter processing and wavelet analysis for the indices
Kp and F10.7 for 2017. The filtering method for the Kp and F10.7 indices is the same as in
Figure 1. The period ranges of the wavelet spectra are between 0 and 32 days. Both F10.7
and Kp exhibit strong oscillations, with a dominant period around 27 days. It is clear that
the variation in solar and geomagnetic activities have a prominent period near 27 days,
which is associated with solar rotation. However, during the year, the strong variations in
solar radiation and geomagnetic activity occur at different times. Variation in F10.7 with
a period centered at 27 days exhibit a weaker increase around DoY (Day of Year) 50–100
and a maximum increase around DoY 250, while the influence of recurring geomagnetic
activities is centered around Days 50–100 and has a weaker increase near Day 300. Smaller
amplitudes with periods around 13.5, 9 and 6.75 days can also be distinguished in the Kp
wavelet spectra while there were no similar oscillations in the F10.7 spectra.
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Figure 3. (a,b) The original data from the F10.7 (Kp) index during 2017. (c,d) The F10.7 (Kp) index
during 2017 after filtering with a low-pass filter. (e,f) Wavelet spectrums of the filtered F10.7 (Kp)
index during 2017.

Figure 1e,g show the wavelet spectra of IGS-TEC in the Wuhan area for the same year
(2017). The ionosphere exhibits two strong responses with periods near 27 days around
DoY 100 and around DoY 260. Comparing Figures 1 and 3, the ionospheric oscillation
around DoY 100 is forced by a combination of solar and geomagnetic effects, the dominant
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forcing factor is the geomagnetic effect, and the ionospheric oscillation around DoY 260 is
mainly forced by solar activity. Moreover, some short-period ionospheric responses can
also be found to correspond to perturbations in the Kp spectra, such as the oscillation near
DoY 150 and the oscillation near DoY 270. It is worth noting that the ionosphere does not
respond to the geomagnetic oscillation each time, such as the oscillation between DoY 250
and 300 with a period of around 13.5 days. This is an interesting phenomenon and will
be discussed in the subsequent presentation. In fact, there are many more ionospheric
oscillations associated with the harmonic oscillations of the 27-day solar rotation (e.g.,
27 days, 13.5 days, 9 days, and 6.75 days) between 2001 and 2020. Examples of ionospheric
oscillations with different periods are shown in Figure 4. It is very meaningful to count
these oscillations and reveal the laws of physics in them.
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3.2. The Relationship between Solar or Geomagnetic Activity and Ionospheric Oscillation

The number of ionospheric oscillations with periods centering at the harmonic oscilla-
tions of solar rotation during 2001–2020 was counted first. We treated each local maximum
in the time-period wavelet spectrum as an oscillation event, and the oscillation maximum
value must be greater than one-quarter of the maximum annual variation in the wavelet
spectrums. Moreover, due to the small variation in the solar period, oscillations with a local
maximum of 25–30 are counted as 27-day oscillations, oscillations with a local maximum of
12.5–15 are counted as 13.5-day oscillations, oscillations with a local maximum of 8.3–10 are
counted as 9-day oscillations, and oscillations with a local maximum of 6.25–7.5 are counted
as 6.75-day oscillations. The statistical results are shown in Figure 5a. The ionospheric
oscillations with a period of 27 days dominated the statistics, which is an expected result, as
the 27-day oscillations dominated both spectra of the F10.7 and Kp indexes. Moreover, the
ionospheric oscillations with a period of 9 days had the second-highest statistical placing,
which also corresponds to the spectral results of the Kp index in Figure 2. However, the
number of oscillations with a period of 13.5 days did not reach the third placing, which
do not correspond to the spectral results of the Kp index in Figure 2. It seems that the
response of the ionosphere in the Wuhan area is not very sensitive to geomagnetic oscil-
lations with a period of 13.5 days. The LS periodogram of IGS-TEC in Wuhan from 2001
to 2018 are shown in Figure 5b, where the green vertical dash lines represent the four
harmonic periods of solar rotation. As the IGS-TEC data for late 2019 was missing for
ten days, the periodogram was analyzed over the range 2001 to 2018. Different from the
dominant peak around 27-day, the other three types of ionospheric oscillations did not
have a clear peak. It seems that the ionosphere does not respond well to the Kp oscillation
with periods shorter than 20 days. To figure out the 6–16 days ionospheric oscillations,
an LS periodogram with a period range of 6–16 days is shown in Figure 5c. Similar to the
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spectral result of the Kp index, the TEC have a dominant peak at around 9 days and a small
peak at around 6.75 days. However, the TEC does not show a clear peak at around 13.5. In
addition, the comparison in Figures 1g and 3h above also illustrates the poor response of
the ionosphere in the Wuhan area to the geomagnetic oscillation with a period shorter than
20 days, particularly 13.5 days.

Remote Sens. 2022, 14, x FOR PEER REVIEW 9 of 21 
 

 

 
Figure 5. (a) Counts of ionospheric oscillations with periods centering at the four harmonic periods 
of solar rotation. (b) The Lomb-Scargle (LS) periodogram of the original IGS-TEC data during 2001–
2018 with a period range of 6–30 days. The green vertical dash lines represent the four harmonic 
periods of solar rotation. (c) Same as (b), but the period range is 6–16 days. 

Figure 5. (a) Counts of ionospheric oscillations with periods centering at the four harmonic periods of
solar rotation. (b) The Lomb-Scargle (LS) periodogram of the original IGS-TEC data during 2001–2018
with a period range of 6–30 days. The green vertical dash lines represent the four harmonic periods
of solar rotation. (c) Same as (b), but the period range is 6–16 days.

The interannual distribution of the ionospheric oscillations with four different periods
was counted in Figure 6. First, the interannual variation in solar activity is shown, as shown
in Figure 6a. Earth experienced two solar maxima between 2001 and 2020, near 2002 and
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2014, respectively. As for the ionospheric oscillations with a period of 27 days, as shown
in Figure 6b, the number of oscillations occurring per year is relatively average. Figure 6c
shows the ionospheric oscillations with a period of 13.5 days, although the overall number
of oscillations is small, the vast majority of oscillations occur during the declining phase of
solar activity. The interannual distribution of the ionospheric oscillations with a period of
9 days is shown in Figure 6d; the oscillation activity increases significantly with decreasing
solar activity and reaches a peak at the deep solar minimum stage (2008 and 2019). As for
the ionospheric oscillations with a period of 6.75 days, most oscillations also occur during
periods of weaker solar activity, but there is no clear trend in the interannual distribution.
Overall, for the three types of short-period oscillations, these ionospheric oscillations occur
mostly in years near the solar minima.
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The relationships between ionospheric oscillations and solar activity and geomagnetic
activity were statistically determined. The relationships are divided into four types: (1)
forced by both solar-geomagnetic activities; (2) forced by solar activity only; (3) forced by
geomagnetic activity only; and (4) unforced by both solar and geomagnetic activities. As
shown in Figure 7, the four type of relationships are indicated by blue, red, yellow, and
purple, respectively. According to the statistics, 60% of the 27-day ionospheric oscillations
are influenced by both solar-geomagnetic activities; 20% of the ionospheric 27-day oscil-
lations are influenced by solar activity only; 12% of the ionospheric 27-day oscillations
are influenced by solar geomagnetic only; and 8% of the ionospheric 27-day oscillations
are unaffected by both solar and geomagnetic activities. This suggests that most of the
27-day ionospheric oscillations are caused by EUV radiation. A small amount is caused
by geomagnetic activity, and a tiny number of uncorrelated oscillations may be caused by
PWs induced by the lower atmosphere. It is worth mentioning that the 27-day ionospheric
oscillations, which were only forced by geomagnetic activities, mostly occurred at the solar
minimum stage. For the other three types of ionospheric oscillations, the vast majority of
these ionospheric oscillations were forced by geomagnetic activity only.
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Figure 8a shows the TEC variations of the 27-day oscillation over the Wuhan region
(red solid line) and the 27-day oscillations in the F10.7 index (blue solid line) between 2001
and 2018. The oscillations in TEC show good agreement with the 27-day oscillation of
F10.7; the overall correlation coefficient reached 0.789. Figure 8b shows the TEC variations
of the 27-day oscillation over the Wuhan region (red solid line) and the 27-day oscillations
in the Kp index (green solid line) between 2001 and 2018. It can be seen that the TEC phase
differs largely from the Kp oscillation curve, especially during periods of high solar activity,
with an overall correlation coefficient of only 0.046. However, during the low solar activity
phase, the TEC and Kp curves become more consistent. This can be more clearly seen in
Figure 8c, which gives the yearly correlation coefficients between the 27-day variations in
the IGS-TEC and Kp index (blue solid line) and those for the F10.7 index (red solid line).
The correlation between TEC and F10.7 has remained at a high level every year, and has
a small drop at the solar minimum stage. However, the correlation between TEC and Kp
is low in years of high solar activity, which cause the low overall coefficient but rises to a
high level of correlation in years of low solar activity. Similar to Figure 8a–c, Figure 8d–f
show the correlation coefficients between TEC variations over the 6–15 days oscillation
for the Wuhan region and the 6–15 days oscillations in the F10.7 index or those for the
Kp index from 2001 to 2018. The overall correlation between TEC and Kp is higher than
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the correlation between TEC and F10.7, which is consistent with the statistics in Figure 7,
although only 0.29, which may be due to the fact that this cycle of TEC oscillations contains
a lot of information on atmospheric fluctuations. In the yearly correlation coefficient curve,
the TEC-Kp correlation increases significantly in low solar activity years, suggesting that
most of the 6–15-day ionospheric oscillations in low solar activity years are caused by
geomagnetic activity. Similar to Figure 5, the IGS-TEC in 2019 is missing ten days of data;
therefore, given the continuity of the data, the correlations among the 2019 to 2020 TEC,
Kp, and F10.7 were not examined.
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3.3. A Quasi-27-Day Oscillation Forced by Lower Atmospheric Dynamics

According to the above statistics, the vast majority of the ionospheric oscillations
with periods centering at the harmonic oscillations of solar rotations are caused by solar
or geomagnetic activity. However, dynamical processes within the lower atmosphere are
also capable of causing periodic oscillations in the ionosphere. Ignoring such effects, the
generation mechanism of the ionospheric oscillations would be incomplete. Therefore,
we analyzed a quasi-27-day ionospheric oscillation in 2002, which was considered in the
statistical phase to be unforced by both solar and geomagnetic activities.

This event occurred around DoY 145 of 2002—an apparent quasi-27-day ionospheric
oscillation that appears in the wavelet analysis of TEC. However, wavelet analysis of F10.7
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and Kp was quiet during this time. To ensure that the quasi-27-day ionospheric oscillation
was not caused by weak solar or geomagnetic activity, data from DoY 100 to 200 of 2002
(including TEC, F10.7, and Kp) were extracted for wavelet analysis, as shown in Figure 9.
From Figure 9a, a quasi-27-day ionospheric oscillation does occur at around DoY 145. As for
the F10.7 index, the solar activity was quiet during this time, with only some disturbance
shown around DoY 190, as shown in Figure 9b. As for the Kp index, a geomagnetic
oscillation occurs at around DoY 110, as shown in Figure 9c; however, there is a delay of
about 35 days between the geomagnetic oscillation and the ionospheric oscillation. Past
studies have shown that the ionosphere responds to solar or geomagnetic activity with a
delay of less than 2 days [3,29,30], which suggests that geomagnetic oscillations are not the
cause of the quasi-27-day ionospheric oscillation.
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Having ruled out the solar and geomagnetic activity as the cause of the event, internal
atmospheric dynamical process emerged as a possible cause. Using the neutral winds
model data from SD-WACCM-X built by NCAR, the zonal winds at the latitude of the
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Wuhan area (31◦N) were studied. A 90 km height was selected for the model data, to
represent the variation in the zonal wind field in the mesosphere lower thermosphere
(MLT) region. As shown in Figure 10a, the zonal winds over 31◦N reveal quasi-27-day
oscillations with a wave number of 0 around 90 km height. Variations in the quasi-27-day
oscillation in the zonal winds are further fitted with a least-square fitting method at each
altitude. The evolution is fitted using a sliding window with a 54-day length and a 1-day
step. The quasi-27-day oscillation occurred in the MLT region, suggesting that the source of
this oscillation is possibly to be in the lower atmosphere. Similarly, the temporal variation
in the quasi-27-day oscillations at 90 km was extracted from zonal winds, as shown in
Figure 10b. During DoY 140–160, significant quasi-27-days oscillations were observed in
the zonal wind fields at the MLT region, and the oscillation is consistent in time with the
quasi-27-day ionospheric oscillation in Figure 9a. This means that the oscillations in the
MLT region and the ionospheric oscillations should be from the same excitation source.
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The spatial structure of the quasi-27-day oscillation in atmospheric zonal wind is
shown in Figure 10c. The result indicates that the oscillation is present throughout the
northern hemisphere at 10–300 km. The wave amplitudes reach a peak above 70–90 km
at 30◦N–80◦N latitude, and relatively weak oscillations occur in the thermosphere. The
weaker oscillations in the thermosphere indicate that this quasi-27-day oscillation is not
caused by solar or geomagnetic activity. The peak height of the quasi-27-day oscillation
occurs in the MLT region, implying that the source of the oscillation is indeed from the lower
atmosphere and that quasi-27-day atmospheric PWs are responsible for this oscillation.

4. Discussion

In this paper, we presented the medium timescale quasi-periodical ionospheric TEC
response over Wuhan with solar (F10.7), geomagnetic (Kp), and internal atmospheric dy-
namics origin. The number of quasi-27-day oscillations in TEC was very evenly distributed
between 2001 and 2020. Approximately 80% of the quasi-27-day oscillation in TEC cor-
relates well with the 27 days variation in F10.7. As far as F10.7 is a proxy of the solar
radiation intensity, it is clear that direct photochemistry contributes significantly to the
medium timescale variation in the ionosphere. However, there are also some quasi-27-day
oscillations forced by geomagnetic activity, which all occur at the minimum solar stage.
The yearly correlation coefficients also reflect this phenomenon, with a significant increase
in the correlation between the quasi-27-day oscillations of TEC and Kp during the low
solar activity phase and, conversely, a small decrease in the correlation between TEC and
F10.7 during this time. Therefore, the 27-day variation in the ionosphere is mainly the
combined effects of variation in solar EUV radiation and recurrent geomagnetic activity
associated with the high-speed streams/CIRs. Moreover, during the solar maximum, the
moderate harmonic periods of 13.5-, 9-, and 6.75-day oscillations in the TEC are quite
rare. However, during the solar minimum, this type of ionospheric oscillation occurs more
frequently, and, according to the statistical results, most of these oscillations are possibly
forced by geomagnetic activity. The overall correlation coefficients of 5–16-day oscillations
between TEC and the Kp index also have a larger value than F10.7. Furthermore, the
yearly correlation coefficients of the 5–16-day oscillations between TEC and the Kp index
showed a significant increase during the low solar activity phase, which indicate that
these oscillations are caused by the recurrent geomagnetic activity associated with the
high-speed streams/CIRs. Therefore, we can conclude that during the solar minimum
stage, the recurrent geomagnetic activity associated with the high-speed streams/CIRs
becomes important. These results are consistent with previous studies [11,14,15,31].

Moreover, the TEC over the Wuhan area also exhibits some unique regional character-
istics that do not respond well to the Kp oscillation with periods below 20 days. Past studies
have indicated that the high-latitude energy input during geomagnetic storms primarily
causes variation around the auroral oval as a result of Joule heating. The lower-middle
latitudes and lower altitudes are changed, in turn, by the propagation and dissipation of
large-scale waves generated near the auroral zone [32]. Therefore, the oscillation of the
neutral component is weaker at mid-latitudes than at high latitudes. Then, electrodynamic
oscillations in the ionosphere caused by a neutral atmosphere may be weaker at mid-
latitudes, leading to the TEC over the Wuhan area not responding well to the Kp oscillation
with periods below 20 days. Moreover, the lack of a significant 13.5-day periodicity may be
related to many other processes, such as electrodynamic processes, planetary waves with a
period of 10–16 days, and their non-linear interactions, and are present in the ionospheric
region of mid-latitudes. These processes may obscure the effects of recurrent geomagnetic
disturbances on the ionosphere.

The internal dynamics of the atmosphere are also an important factor in the generation
of ionospheric oscillations. This reflects the complexity of the ionospheric oscillation
mechanism. It is known that the PW-modulated tides can transfer the PW variability from
the lower to the upper atmosphere and then affect the ionosphere [33]. Moreover, according
to the linear wave theory [34], there is a quasi-27-day normal mode in the atmosphere.
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Therefore, the quasi-27-day ionospheric oscillation event during 2002, which was not forced
by solar and geomagnetic activity, was studied. The activity of tropospheric convection
in the atmosphere was revealed to be an important excitation source of oscillations in
previous studies [22,35–37]. Convective activity can excite gravity waves to propagate
upwards, and the gravity waves can be modulated by the quasi-27-day oscillation of the
zonal wind in the troposphere [23,38]. As the gravity wave propagates upwards and
breaks up, the momentum and energy deposited in the MLT region can induce quasi-
27-day oscillations [23,39]. OLR is usually used to characterize convective activity [40].
Takahashi [41] found that, for the maximum years of solar activity, the yearly spectra of
OLR are characterized by two peaks. One is in the period range of 40–60 days, and the
other one with a period of about 27 days. This quasi-27-day oscillation event occurred
exactly in 2002 and was the solar maximum of the 23rd solar cycle. Therefore, we analyzed
the periodic variation of the OLR at 31◦N. Similarly, the evolution is fitted using a sliding
window with a 54-day length and a 1-day step, the same as in Figure 10. From Figure 11,
the OLR clearly exhibits a quasi-27-day period, and there is a clear peak in the amplitude of
the quasi-27-day oscillation during DoY 140–160, which is highly consistent with the quasi-
27-day oscillations in the zonal wind and TEC, as shown in Figures 9a and 10b. This means
that this quasi-27-day oscillation may be from convective activity. Therefore, the strong
27-day oscillation from the lower atmosphere to the ionosphere may be an atmospheric
response to forcing due to the convective activity for a period of around 27 days in the
tropical region. Moreover, from Figure 10c, the oscillation in zonal wind have a peak region
at 20◦N–30◦N and 10–15 km also confirms this result.
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5. Conclusions

In this paper, we analyzed medium timescale TEC oscillations over the Wuhan area
with periods centering at 27 days, 13.5 days, 9 days, and 6.75 days. This research is based
on the IGS-TEC data set spanning 20 years (2001–2020) and the corresponding solar and
geomagnetic indices (F10.7 and Kp). The correlations between the ionospheric oscillations
and corresponding periodic variations in the solar F10.7 index and geomagnetic activity
Kp index were studied. Moreover, the model data from SD-WACCM-X and the specific
humidity and outgoing longwave radiation were used to investigate the contribution of
internal atmospheric dynamics to these TEC oscillations. Different forcing mechanisms
reveal complexities in the origin of medium timescale ionospheric oscillations. We have
fully explored this series of mechanisms and hope to gain a clearer understanding. The
main conclusions are as follows:

1. The 27-day ionospheric oscillations are strongest and have a high correlation coeffi-
cient with the solar flux index F10.7 but have a small decrease in correlation at the
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solar minimum stage. However, the correlation coefficients between the ionospheric
oscillations and Kp index have a significant increase at the solar minimum stage.
This results in a relatively even interannual distribution of the 27-day ionospheric
oscillations. It indicates that the solar EUV radiations and recurrent geomagnetic
activity associated with the high-speed streams/CIRs have a combined effect on the
ionospheric oscillations with periods near solar rotation.

2. The ionospheric oscillations with periods shorter than 20 days correlate better with
the Kp index. This type of ionospheric oscillation occurs mostly at the minimum
solar stage. And the correlation coefficient between the Kp index and TEC also has a
significant increase at the minimum solar stage. This indicates that these ionospheric
oscillations are most likely caused by coronal hole high-speed streams and CIRs.

3. The spectral peak with periods of 27 days in TEC over the Wuhan area corresponds
to the periodic variations of the F10.7 and Kp index of the corresponding periods.
However, the spectral peak with periods shorter than 20 days in TEC over the Wuhan
area did not have dominating spectral peaks. The mid-latitude ionosphere exhibits
unique regional properties, which did not respond well to the Kp oscillation with
periods shorter than 20 days.

4. A quasi-27-day ionospheric oscillation caused by variations in the lower atmosphere
dynamical process was studied. According to zonal winds model data from SD-
WACCM-X, the quasi-27-day oscillation event was found have a peak amplitude
in the lower atmosphere (the MLT region), which indicates that this oscillation is
generated by the lower atmospheric PWs and propagates upwards. Moreover, similar
oscillations were also found in the OLR, which represents the convective activity,
suggesting that this oscillation may be forced by convective activity.
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