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Abstract: We studied the correlations between the migrating and non-migrating tides and solar
cycle in the mesosphere and lower thermosphere (MLT) regions between 60° S and 60° N, which are
in LAT-LON Earth coordinates, by analyzing the simulation datasets from the thermosphere and
ionosphere extension of the Whole Atmosphere Community Climate Model (WACCM-X). A least
squares fitting method was utilized to obtain the daily mean migrating tides and non-migrating tides.
The Pearson linear correlation coefficient was used to analyze the correlations between tides and solar
activity. Our analysis shows that the negative correlations between tides and solar activity are mostly
impacted by the first symmetrical structure of the tidal modes for both migrating and non-migrating
components. The coefficient of molecular thermal conductivity for the first symmetrical structure
is small at low solar flux, so the tides dissipate more slowly when the F10.7 cm radio flux level is
low. Thus, the amplitudes of tidal variations under a solar minimum condition are larger than those
under a solar maximum condition. The correlation between tides and solar activity could also be
influenced by some other factors, such as geomagnetic activity and the density of carbon dioxide
(CO,) on Earth. The tidal variations can be influenced by westward background wind, which grows
stronger as geomagnetic activity rises. Further, dissipation of the tides decreases because the heat
conduction and molecular viscosity are weakened in the cooling thermosphere caused by increasing
CO,, which results in larger tidal amplitudes under the solar maximum condition. It is found that
the correlations between tides and solar cycle vary at different altitudes and latitudes. The negative
correlations are most possibly influenced by the first symmetrical structure of tidal variations and
may also be impacted by geomagnetic activity. The positive correlations are impacted by the density
of CO,.

Keywords: migrating and non-migrating tides; solar cycle; magnetic activity; density of CO,

1. Introduction

Atmospheric solar tides are global-scale horizontal oscillations with periods that are
related to a solar day. The periods of solar tides are usually 24 h, 12 h, 8 h, and 6 h,
and the solar tides with these periods are called diurnal, semidiurnal, terdiurnal, and
quarterdiurnal tides [1]. The solar tides can also be classified into migrating tides and non-
migrating tides. The migrating tides are sun-synchronous and propagate westward with
the subsolar point. The non-migrating tides are out of the subsolar point, which means the
tides can propagate westward, eastward, or stay stationary [2]. Zonal wavenumber means
the number of complete waveforms in the same latitude circle, and the zonal wavenumbers
of migrating tides should be equal to the frequency (day ') counterparts [3]. For instance,
the zonal wavenumber of migrating diurnal tides should be s = —1, where the value
of the zonal wavenumber is equal to the frequency of the diurnal tides and the sign of
the zonal wavenumber represents the tides propagating westward (positive eastward).
Thus, the migrating diurnal, semidiurnal, terdiurnal, and quarterdiurnal tides are DW1,
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SW2, TW3, and QWH4, respectively, and the non-migrating diurnal tides are DE1, DE2,
DW2, DE3, DW3, DE4, DW4, and so on. “D” represents diurnal tides, “E” represents
eastward, and “W” represents westward. The number represents the zonal wavenumber.
The non-migrating semidiurnal, terdiurnal, and quarterdiurnal tides can be classified in
the same manner. To distinguish the longitude information of the migrating and non-
migrating tides, the meteor radar stations are not enough. Thus, the complete longitude
information was not obtained until Challenging Minisatellite Payload (CHAMP) satellite
and Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) on
the Thermosphere-lonosphere-Mesosphere Energetics and Dynamics (TIMED) satellite
were launched [4,5]. The amplitudes of the diurnal tides and semidiurnal tides are usually
large, and the amplitudes of the terdiurnal tides and quarterdiurnal tides are comparatively
small [3]. The amplitudes of the diurnal tides are stronger at low latitudes, whereas the
counterparts of the semidiurnal tides are stronger at middle and high latitudes [1,6]. DW1
dominates in equinoxes and summer in the low-latitude regions and SW2 peaks during
March to October at southern middle latitudes [7]. Research regarding terdiurnal tides and
quarterdiurnal tides is rare because of the small amplitudes of these waves. TW3 shows the
maximum in April and December in the middle latitudes of the northern hemisphere [8].
The amplitudes of non-migrating tides are usually weaker than those of migrating tides;
however, the non-migrating tides still play an important role in atmosphere dynamical
processes [9-11]. For example, non-migrating diurnal tide DE3 is responsible for the zonal
wavenumber-4 structure in the mesosphere and lower thermosphere (MLT) and is crucial
in global tidal wind-driven dynamo [12]. DE3 peaks in June through November, which is
consistent with DE2 [13]. Sometimes, the non-migrating diurnal tides can be comparable in
strength with migrating tides.

Migrating tides are excited by solar radiation absorption by water vapor and water
molecules in the troposphere, solar ultraviolet radiation by O3 in the stratosphere, and
oxygen and nitrogen molecules in the thermosphere [14]. Meanwhile, non-migrating tides
are not only excited by solar radiation but also excited by latent heat release generated by
convection in the tropical regions and nonlinear interaction with planetary waves [3,7,13].
Thus, generation of tides is linked closely with solar radiation, and it is well-founded
to expect that atmospheric tides are related to solar activities, which are influenced by
solar radiation.

The F10.7 cm index is one of the most widely used indices of solar activity [15]. A 10.7 cm
solar flux measurement is a criterion of the strength of solar radio emission in a 100 MHz
wide band centered on 2800 MHz, which refers to a wavelength of 10.7 cm [16]. It can be
applied as a simple solar activity level indicator or as a proxy for other solar emissions or
quantities that are more difficult to obtain, such as extreme ultraviolet (EUV) irradiance [16].
Thus, we use the F10.7 cm index as the index of solar activity in this paper. In previous
studies, the relationship between 11-year solar cycle activities and atmospheric tides has
been explored. Sprenger, et al. [17] found a relationship between tides and solar cycle at the
middle-latitude region. The semidiurnal tides showed a negative correlation with solar cy-
cle during winter below 100 km. Later, many researchers also reported correlations between
atmospheric tides and solar cycle. Namboothiri, et al. [18] found that semidiurnal tides
showed negative correlations between 79 km and 97 km using the observation obtained
from MF radar at Saskatoon, Canada (52° N, 107° W) from 1969 to 1990, which was consis-
tent with the study reported by Sprenger, Schminder and Physics [17]. Bremer, et al. [19]
observed a weak negative correlation between semidiurnal tides and solar cycle, although
the level of significance did not reach 95%. The strong linear response between mean winds
and semidiurnal tides and solar activities between 80 km and 100 km at several northern
hemisphere locations was investigated by Wilhelm, et al. [20]. Further, diurnal tides show
a weak response to solar cycle in this research. The relationship between thermospheric
tides and solar activities above 200 km was reported by Gong, et al. [21]. The amplitudes of
the diurnal tidal waves and semidiurnal tidal waves have been found to be positive and
negative, respectively, correlated with the increasing solar cycle at Puerto Rico (18.3° N,
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66.7° W) between 1984 and 2015 [21]. Andrioli, et al. [22] observed enhanced diurnal and
semidiurnal tidal amplitudes during solar minimum activity at Cachoeira Paulista (22.7° S;
45° W) between 80 km and 100 km from 1999 to 2019. However, some studies reported
that there is no significant correlation between zonal wind tides and solar activities [23-25].
Long-term research regarding migrating and non-migrating tidal waves is rare for limited
observations. The study reported by Chang, et al. [26] exhibited a negative correlation
between DW1 and TW3 and solar cycle, whereas the amplitudes of SW2 show a weak
positive correlation with the influence of solar activity at 97 km between 2007 and 2011.
Most of the previous studies showed correlations between zonal wind tides and solar cycle
at single stations, and the interest of our study is the global distribution of correlations
between zonal wind tides and solar cycle and the possible reasons.

In our present study, the correlations between migrating tides DW1, SW2, TW3, and
the typical non-migrating tides DE2, DE3, SE2, and SE3 and solar activities are explored by
analyzing the global zonal wind simulation data from the specified dynamics thermosphere
and ionosphere extension of the Whole Atmosphere Community Climate Model (SD-
WACCM-X), which will be discussed in detail in the next section. We study the influence
of the solar cycle on the mesosphere and lower thermosphere region tides and further
discuss modulation of solar activity on tides by calculating the correlations between the
migrating tides, the non-migrating tides, and geomagnetic activity (index kp) and carbon
dioxide (COy).

2. Dataset and Analysis
2.1. SD-WACCM-X

The thermosphere and ionosphere extension of the Whole Atmosphere Community
Climate Model (WACCM-X) is configured based on the National Center for Atmospheric Re-
search (NCAR) Whole Atmosphere Community Climate Model (WACCM). The WACCM-X
is a whole atmosphere and ionosphere model with the coupling of ocean, atmosphere,
sea, and land surface. The top boundary of WACCM-X is extended to ~500-700 km
altitude. A detailed description of the first version of the WACCM-X is provided by
Liu, et al. [27]. In our study, we used the current version of the WACCM-X, which is
described in Liu, et al. [28].

The specified dynamics WACCM-X (SD-WACCM-X) used in our study can simulate
specific events by constraining the model meteorology with Modern-Era Retrospective
Analysis for Research and Applications, Version 2 (MERRA-2) data. This model is config-
ured with a horizontal resolution of 1.9° latitude and 2.5° longitude, a temporal resolution
of 1 h, and 145 vertical pressure levels. The output simulations from 2003 to 2019 are
chosen to study the correlation between the migrating tides, the non-migrating tides, and
F10.7 cm index, kp index, and the density of CO;. The comparison between WACCM-X
and SABER has already been performed by some researchers [8,29,30]. Further, the results
from WACCM-X and TIDI are also compared and discussed in more detail in the next
section. Generally, the SD-WACCM-X presents consistent tidal behaviors with observation.
The F10.7 cm index and kp index are obtained from OMNI data, and CO, data are obtained
from SD-WACCM-X.

2.2. Methodology

The global zonal wind simulation data are obtained from SD-WACCM-X. The hourly
dataset is binned by longitudes and latitudes. The least squares fitting method [31] is
utilized to obtain the daily mean migrating tides and non-migrating tides. The fitting
equation is expressed as

y; = Acos[2mt(ot; + sA;)] + Bsin[27t(ot; 4 sAj)] + C (1)

where A and B are amplitudes of tides; o represents the frequency of tides; s is the zonal
wavenumber of the fitted tides; t; and A; are the UT time and longitudes of the samplings,
respectively. C represents the background zonal wind. Then, the daily mean migrat-
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ing tides and non-migrating tides are smoothed with a span of 365 days to remove the
seasonal variations.
The correlation coefficient is Pearson linear correlation coefficient [32], which represents as

Y (Xai — Xa) (Yo, — Y5)
I — 1/2
1 (Xai = Xa) T (Y = Vo) }

rho(a,b) = )

where X and Y represent the array to be calculated correlation; 2 and b represent the index of
the array; n means the length of the array. The result shows the degree of correlation, which
ranges from —1 to 1. The sign represents the negative (positive) correlation. To calculate
the correlation between tides and solar cycle, X represents the migrating or non-migrating
tides and Y represents F10.7 cm index.

Spatial structure is the structure in a certain range of altitude and latitude. The
migrating and non-migrating tides data are three-dimensional data, which are altitude,
latitude, and time. The data are averaged by time to display the spatial structure.

3. Results
3.1. Migrating Tides

Figure 1 shows the migrating tides at the equator from 2003 to 2019 and F10.7 cm
index. Figure 1a illustrates migrating diurnal tide DW1 at the equator from 2003 to 2019.
The white solid line represents the 10.7 cm solar radio flux (F10.7), which is a measurement
of the intensity of solar radio emissions with a wavelength of 10.7 cm (a frequency of
2800 MHz). F10.7 is a general indicator of solar magnetic activity, solar ultraviolet and
X-ray emissions, and even solar irradiance. F10.7 is used for a wide range of applications,
including astronomy, climate modeling, geophysics, meteorology, communications, satellite
systems, and so on [33]. Thus, the 10.7 cm solar radio flux is a useful index of solar activity
as a proxy for solar extreme ultraviolet radiation. As reported by Hathaway [34], the solar
minimum between solar cycle 23 and 24 is approximately from 2007 to 2009. Figure 1a
shows a positive correlation between DW1 and F10.7 cm index above 160 km at the equator,
whereas the correlation becomes weak at 30° N, as shown in Figure 1b. Figure 1c,d exhibits
the negative relationship between SW2 and solar activity above 120 km. Meanwhile,
Figure lef shows the positive correlation and negative correlation between TW3 and
F10.7 cm index above 120 km at the equator and 30° N, respectively. Thus, it is not hard
to find that the migrating tidal variations are influenced strongly by solar cycle, and the
relationships between different tidal waves and solar cycle vary at different latitudes.

To further analyze the relationships between tides and solar activities, we calculate the
correlations using the Pearson linear correlation method. Figure 2 exhibits the correlation
coefficients between DW1, SW2, TW3, and solar cycle and the spatial structure of tidal
waves. The correlation between amplitude of tides and F10.7 cm index at the equator and
30° N, which are displayed in Figure 1, are also included in Figure 2, and the correlations
between DW1 and F10.7 cm index at the equator and 30° N are almost the same. The
correlations are positive above 130 km and are negative below 130 km. The correlations
between SW2 and F10.7 cm index at the equator and 30° N are also almost the same.
The correlations are positive below 130 km and are negative above 130 km. Further, the
correlations between TW3 and F10.7 cm index at the equator and 30° N are different.
The correlations at the equator are positive above 130 km, and the correlations at 30° N
are negative above 120 km. The correlation coefficients of DW1 and F10.7 cm index are
displayed in Figure 2a. The migrating tide DW1 below approximately 140 km at latitudes
from 50° S to 50° N shows a negative correlation with solar cycle. Further, the DW1
above around 140 km at latitudes from 60° S to 60° N displays a positive correlation with
solar cycle. The strong negative correlation between DW1 and F10.7 cm index exists at
approximately 120 km from 40° S to 10° S and from 10° N to 40° N, and the maximum of
the negative correlation is approximately 0.5, which appears at 20° N and 20° S at 120 km.
Meanwhile a strong positive correlation between them appears above 140 km from 30° S to
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30° N. The positive correlation peaks above around 160 km from 20° S to 20° N, and the
maximum of the positive correlation is 0.8. The correlation coefficients are symmetrical
in both hemispheres. The reason why the correlations between tidal waves and solar
activities vary from different heights and latitudes is the key point of this paper and will
be discussed later. Figure 2b displays the spatial structure of DW1, which is dominant
at approximately 100 km at about 30° N and 30° S. The spatial structure of DW1 is also
symmetrical in both hemispheres. Wu, Ortland, Killeen, Roble, Hagan, Liu, Solomon, Xu,
Skinner, and Niciejewski [29] displayed the migrating diurnal tides obtained by TIDI from
2002 to 2007, which can be compared with our results in this paper. The maximum of the
spatial structure from TIDI is between 20° N and 50° N and between 20° S and 50° S [29],
which is consistent with the spatial structure of WACCM-X DW1 in zonal wind shown in
Figure 2b. Figure 2c shows the correlation coefficients of SW2 and F10.7 cm index from
2003 to 2019. The migrating tide SW2 below approximately 130 km at latitudes from 60° S
to 60° N shows a positive correlation with solar activity. Meanwhile, the SW2 above around
130 km at latitudes from 60° S to 60° N displays a negative correlation with solar cycle,
which is opposite to the counterpart of DW1. The negative correlation coefficients are
larger than the positive and they are not symmetrical in hemispheres. The maximum of
the negative correlation coefficients is 0.7 and the maximum of the positive correlation
coefficients is 0.5. Figure 2d exhibits the spatial structure of SW2, and the amplitudes of
SW2 are large at approximately 120 km between 60° S and 0° and between 30° N and
60° N. The spatial structure of SW2 is asymmetrical in hemispheres. Figure 2e shows
the correlation coefficients of TW3 and F10.7 cm index from 2003 to 2019. The migrating
tide TW3 below approximately 120 km between 60° S and 15° S and between 15° N and
60° N displays a negative correlation with solar cycle, whereas the TW3 between 15° S and
15° N displays a positive correlation with solar cycle at the same height. The maximum
of the negative correlation coefficients is 0.6 and the maximum of the positive correlation
coefficients is only 0.2, which is much smaller than other correlation coefficients. Figure 2f
shows the spatial structure of TW3, which is much weaker than the strength of DW1 and
SW2. The amplitudes of TW3 are stronger between 60° S and 15° S and between 15° N and
60° N above 120 km. Further, the amplitudes of TW3 in the southern hemisphere are a bit
stronger than their counterparts in the northern hemisphere.
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Figure 1. Migrating tidal variations from 2003 to 2019 for (a,b) DW1, (c,d) SW2, and (e,f) TW3 at
(a,c,e) equator and (b,d,f) 30° N. The white solid line presents the daily mean F10.7 cm index from
2003 to 2019.
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Figure 2. The correlation between migrating tidal variations (a) DW1, (¢) SW2, and (e) TW3 and
F10.7 cm index between 60° S and 60° N from 2003 to 2019. The spatial structure between 60° S and
60° N from 2003 to 2019 for (b) DW1, (d) SW2, and (f) TW3.

3.2. Non-Migrating Tides

Studies on the characteristic of non-migrating tides are rare, and non-migrating tides
DE2, DE3, SE2, and SE3 are studied in this paper. Figure 3 displays the correlation co-
efficients between the non-migrating diurnal tides and F10.7 cm index and their spatial
structures. Figure 3a shows the correlation between DE2 and F10.7 cm index, which varies
with altitude and latitude. The positive relationship with them is shown at approximately
60° S above 110 km and displays a rapid descent in height until 120 km between 0 and
30° S. The positive correlation in the northern hemisphere is found between 0 and 50° N
from 80 km to 100 km. Further, the negative correlation is shown above 120 km from 0 to
50° N in the northern hemisphere, and the coefficients in the southern hemisphere descend
with altitude from 60° S to the equator. The maximum of the negative correlation is 0.7,
which appears from 20° S to 10° N above 170 km. At the same time, the maximum of the
positive correlation coefficients is 0.5, which appears at approximately 50° S at 120 km. The
relationship between DE2 and solar cycle is completely different from DW1. The reason
that caused these phenomena will be discussed in the next section. Figure 3b displays the
correlation coefficients between DE3 and F10.7 cm index, which are almost negative above
110 km from 60° S to 60° N. The correlation coefficients below 100 km are rather weak and
less regular. The maximum of the negative correlation coefficients is 0.7 and the maximum
of the positive correlation coefficients is 0.5. The spatial structures of DE2 and DE3 shown
in Figure 3c,d are both dominant from 100 km to 140 km between 30° S and 30° N. Wu,
Ortland, Killeen, Roble, Hagan, Liu, Solomon, Xu, Skinner and Niciejewski [30] displayed
non-migrating diurnal tides DE3 in zonal wind obtained from TIDI. The spatial structure of
DE3 from TIDI is dominant between 30° S and 10° N at approximately 100 km. The spatial
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structure of DE3 from WACCM-X shown in Figure 3d is also dominant between 30° S and
20° N at approximately 100 km, which is nearly consistent with observations. It is obvious
that the amplitude of DE3 is much stronger than that of DE2. The amplitude of DE2 in
the northern hemisphere is stronger than that in the southern hemisphere, and the spatial
structure of DE3 is nearly symmetric in both hemispheres. The amplitude of DE3 in the
southern hemisphere is larger than in the northern near the equator.

(a)zonal SE2 (b)zonal SE3
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Figure 3. The correlation between non-migrating tidal variations (a) DE2 and (b) DE3 and F10.7 cm
index between 60° S and 60° N from 2003 to 2019. The spatial structure between 60° S and 60° N
from 2003 to 2019 for (c¢) DE2 and (d) DE3.

Figure 4 displays the correlation between the non-migrating semidiurnal tides and
F10.7 cm index. The correlation coefficients of SE2 and F10.7 cm index, which are a little
weaker than the coefficients of diurnal tides, are shown in Figure 4a. Negative correlation
coefficients are exhibited above approximately 130 km between 0 and 60° N. At the same
time, the negative correlation coefficients in the southern hemisphere are found above
120 km between 0 and 60° S. The positive correlation coefficients are displayed below the
regions of the negative correlation coefficients except the equator region. The maximum of
the negative correlation coefficients is 0.4, which is comparatively smaller than the negative
correlation coefficients of other tides. The maximum of the positive correlation coefficients
is also 0.4. The correlations between SE2 and solar cycle are weaker than other tides.
Figure 4b shows the negative relationship between SE3 and F10.7 cm index from 60 km
to 180 km. The negative correlation coefficients are exhibited almost above approximately
120 km between 60° S and 60° N, whereas the positive correlation coefficients are below
120 km. The maximum of the negative correlation coefficients is 0.7 and the maximum
of the positive correlation coefficients is 0.4. Figure 4c,d displays the spatial structures
of SE2 and SE3, which are similar to each other. The structures of SE2 and SE3 are both
dominant above 100 km between 50° S and 15° S and 15° N and 50° N. Figure 4c shows
that the amplitudes of SE2 peak at approximately 40° S and 40° N, and Figure 4d shows the
maximum of SE3 is at 40° S and 30° N. The amplitude of SE2 in the northern hemisphere is
stronger than that in the southern hemisphere, which is opposite to SE3.
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Figure 4. The correlation between non-migrating tidal variations (a) SE2 and (b) SE3 and F10.7 cm
index between 60° S and 60° N from 2003 to 2019. The spatial structure between 60° S and 60° N
from 2003 to 2019 for (¢) SE2 and (d) SE3.

3.3. Seasonal Variation

Figure 5 shows the seasonal variations in migrating tides DW1, SW2, and TW3. The
seasonal variations in DW1 at 100 km between 60° S and 60° N from 2003 to 2019 are
displayed in Figure 5a. The remarkably strong amplitudes of the migrating tides DW1 are
notable in February to April between 40° S and 10° S and 10° N and 40° N, and two small
peaks of DW1 amplitudes are shown in July and October, respectively, at the same regions.
The seasonal variation is almost symmetrical in the northern and southern hemispheres,
and Figure 5d shows the same seasonal variations in DW1 at 140 km, which are totally
different from the seasonal variations at 100 km. In Figure 5d, large amplitudes are found
from March to August between 60° S and 30° S and two other weak peaks from February
to April and from October to December between 30° N and 60° N, which are asymmetrical
in both hemispheres. As shown in Figure 2a, the correlations with DW1 and solar cycle are
different at 100 km and 140 km, which is consistent with the seasonal variation in DW1.
Figure 5b,e displays the seasonal variations in SW2 at 100 km and 140 km. At 100 km,
the amplitudes of SW2 reach the maximum in January and December between 60° S and
approximately 30° S and in May and September between 30° N and 60° N, respectively.
However, the amplitudes at 140 km peak in June and July between 60° S and 30° S and
peak in January and December between 30° N and 60° N. Apparently, the results are nearly
opposite in different hemispheres at these two altitudes. The correlations of SW2 and
solar activity are also contrary at 100 km and 140 km, as displayed in Figure 2c. Seasonal
variations in TW3 at 100 km and 140 km are exhibited in Figure 5¢,f. In Figure 5c, the
amplitudes of TW3 at 100 km show the maximum in January to February and November to
December between 60° S and 30° S and peak in June to August between 30° N and 60° N.
At the same time, the seasonal variations also peak in March and September at the equator.
Figure 5f shows the large amplitudes in January, March, and October between 60° S and
30° S and in January, March to August, November, and December between 30° N and
60° N. Further, a weak peak is found in June and July between 30° S and the equator. The
seasonal variations at 100 km are similar to the variations at 140 km in the high-latitude
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Figure 5. Seasonal variations of migrating tides (a,d) DW1, (b,e) SW2, and (c,f) TW3 at (a-c) 100 km,
and (d—f) 140 km between 60° S and 60° N from 2003 to 2019.

Observed from the above results, the correlations between the migrating tides and
solar cycle are consistent at different altitudes when the seasonal variations in the migrating
tides are consistent. The results indicate that the relationship between the migrating tides
and solar cycle may be influenced by the seasonal variation in the migrating tides. The
zonal winds at different altitudes have the same seasonal variations when they have the
same correlation with solar activity and vice versa. The reasons for the different seasonal
variations at different altitudes will be the focus of the following discussion.

Figure 6 shows the seasonal variations in non-migrating tides DE2, DE3, and SE2, SE3.
The seasonal variations in DE2 at 100 km and 140 km between 60° S and 60° N from 2003
to 2019 are displayed in Figure 6a,b. The large amplitudes of the non-migrating tides DE2
at 100 km are notable all year around 30° S and 30° N, and they peak in spring and winter
in the southern hemisphere and in August to October in the northern hemisphere. Further,
notable amplitudes are found in January, February, May, June, July, August, November,
and December between 30° S and 30° N. The seasonal variations in winter are lager than
the summer counterparts, and they are almost symmetrical in the northern and southern
hemispheres. As exhibited in Figure 3a, the correlations with DE2 and solar cycle are
different at 100 km and 140 km, which is consistent with the seasonal variation in DE2.
Figure 6¢,d shows the seasonal variations in DE3 at 100 km and 140 km, respectively. The
amplitudes of DE3 reach the maximum in January and July, August, and September around
the equator at both 100 km and 140 km. Apparently, the correlations are the same at these
two altitudes, as displayed in Figure 3b. The seasonal variations in SE2 at 100 km and
140 km are exhibited in Figure 6e,f. The amplitudes of SE2 at 100 km show the maximum in
March and November between 60° N and approximately 30° N and in April, August, and
November between 10° S and 60° S. Figure 6f shows notable amplitudes in March, October,
and November between 60° N and 10° N and in September and November between 10° S
and 60° S. The seasonal variations at 100 km are different from the variations at 140 km,
which is consistent with the correlations. The seasonal variations of SE3 at 100 km and
140 km are shown in Figure 6g,h. The amplitudes of SE3 at 100 km are dominant all year
except in winter between 30° S and 45° S. Figure 6h shows large amplitude in January,
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Figure 6. Seasonal variations in non-migrating tides (a,b) DE2, (¢,d) DE3, and (e,f) SW2, (g,h) SE3 at
(a,c,e,g) 100 km, and (b,d,f,h) 140 km between 60° S and 60° N from 2003 to 2019.

4. Discussion
4.1. Seasonal Variation
4.1.1. Migrating Tides

The present work displays the relationship between the different migrating and non-
migrating tides and solar activity utilizing 17-year wind simulation data from SD-WACCM-
X. This long-term relationship reveals some characteristics of zonal tidal variations from
stratosphere to thermosphere, which will be discussed in the following parts. The seasonal
variation in tides may be one of the influence factors for the correlation between tides and
solar cycle. Further, the seasonal variation in tides has been taken into account before
analyzing the solar cycle correlation.

As displayed in Figure 5, the seasonal variations correspond to the spatial structure
shown in Figure 2. At approximately 100 km, migrating tide DW1 is dominant at the
regions around 30° N and 30° S. The seasonal variation in DW1 also shows the same
characteristic, and it is not difficult to find that the negative correlation is strong between
40° S and 40° N at approximately 110 km. The shape of the negative correlation regions is
similar to the spatial structure of DW1. The same situation is also found in SW2 and TW3.
The amplitudes of SW2 are large above 110 km, and the negative correlation between SW2
and solar activity is displayed above around 120 km. The amplitudes of TW3 are strong
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between 60° S and 15° S and between 15° N and 60° N above 120 km. A negative correlation
of TW3 is found in the same regions. To sum up, the negative correlations between the
migrating tides and solar cycle are always found where the migrating tides are dominant.
Oberheide, et al. [35] studied the vertical structures of DW1 and SW2 using Hough Mode
Extension (HME) fitting. HME is an extension of the classical Hough mode and represents
the solution of Laplace’s tidal equation with dissipation and mean winds [36]. HME1
and HME?2 represent the first symmetrical structure and the first asymmetrical structure,
respectively, and HME3 and HME4 represent the second symmetrical structure and the
second asymmetrical structure by that analogy. The diurnal and semidiurnal tides are well
described by using HME1, HME2, HME3, and HME4 fitting. Oberheide, Forbes, Zhang
and Bruinsma [35] found that the structure of DW1 was linked closely with HME1, which
dissipated above approximately 110 km to 120 km. The short vertical wavelength of HME1
is the reason why HME1 cannot propagate upward to the thermosphere. This finding is
consistent with the spatial structure shown in Figure 2b. The spatial structure of DW1
displayed in Figure 2b also shows that the tide dominates at approximately 100 km and
dissipates above approximately 110 km to 120 km, which confirms the HMEs analyses.
Oberheide, et al. [37] found that HME1 dissipates slowly when the F10.7 cm radio flux level
is low because the coefficients of molecular thermal conductivity of HMEs are proportional
to the temperature [14], and the higher order HME:s also dissipate slowly when the solar
activity level is low. However, the impact caused by higher order HMEs is smaller than
HME1 because the coefficient of molecular dissipation is in direct proportion to the square
of the vertical wavelength. It is well-known that the temperature is high at high solar flux.
Therefore, the winds dissipate more quickly when the solar flux level is high. Thus, it can
be inferred that the amplitudes of DW1 during the time of low solar activity are larger than
those during the time of high solar activity. Therefore, the negative correlations between
DWT1 and F10.7 cm radio flux are shown at the regions dominated by the maximum of
spatial structure. Further, it is well-known that the migrating tides are excited by solar
radiation, and the tides in the thermosphere are influenced strongly by solar radiation,
which is related with solar activity. However, there is a negative correlation above 120 km
where HME1 of DW1 has dissipated. Hence, the relationship between DW1 and solar cycle
may also be influenced by some other factors, which will be discussed in the next section.

As for SW2, it is governed by HME1 and HME?2 in the thermosphere above 100 km [35],
and HME1 and HME2 are dominant at different months. As discussed above, the coeffi-
cients of molecular thermal conductivity in HME1 and HME2 of SW2 are also related with
temperature [14]. The negative correlations are also present in the large-amplitude SW2
regions, which is consistent with our conclusion, and the vertical wavelength of HME2
for SW2 is shorter than HMEI1 [35]. Hence, HME1 of SW2 is dominant at higher altitudes
for shorter vertical wavelength and dissipates more easily in MLT. The spatial structure
of SW2 displayed in Figure 2d shows the tide dominates between approximately 110 and
130 km, which also confirms the HMEs analyses. Positive correlations are shown between
100 km and 120 km, where there is control by HME1 and HME2 of SW2. The coefficient
of molecular dissipation is in direct proportion to the square of the vertical wavelength,
which leads to the smaller amplitudes of HME2. Oberheide, Forbes, Hausler, Wu and
Bruinsma [37] also showed that the amplitudes of HME1 vary considerably at different
solar flux than HME?2. It is reasonable to speculate that the correlation coefficient between
HME?2 of SW2 and solar activity is lower than HME1, and DW1 in the MLT has been
proven to be almost excited by troposphere radiative heating, whereas SW2 is influenced
by multiple sources, including chemical heating and ozone heating [38]. This otherness
may also account for the different characteristic of the correlations of DW1 and SW2.

The HME fitting for TW3 is very complicated and more wave modes are needed
to fit TW3 well. HME1, HME2, and HME4 all contribute to TW3 in MLT regions, and
higher order HMEs dissipate more quickly for their short vertical wavelengths [35]. Thus,
HME1 of TW1 may govern at higher altitudes. As shown in Figure 2e,f, the negative
relationship between TW3 and solar cycle is almost present in the regions where the spatial



Atmosphere 2022, 13, 2036

12 0f 18

space of TW3 reaches the maximum above 120 km. As a result, no matter which HME
dominates the tides, the dominance areas of spatial structures shown in Figure 2 are areas
of negative correlations.

As discussed above, we dope out that the negative correlations between migrating
tides and solar activity are most possibly present in the regions where HME1s of the
migrating tides dominate, and HMEIs of the migrating tides usually dissipate more slowly
during low solar activity time. However, some other factors also impact the correlations,
which will be discussed in the next section.

4.1.2. Non-Migrating Tides

DE2 and DE3 are both governed by HME1s, which propagate upward to the ther-
mosphere with less dissipation because of their long vertical wavelengths. As shown in
Figure 3a, the negative relationship between DE2 and solar activity appears in the regions
where the spatial structure of DE2 reaches the maximum above 100 km, and positive
correlations are present below the strong HME1 of DE2. It may be caused by other factors
for the small amplitudes of DE2 in this region. The negative correlations between DE3 and
solar cycle displayed in Figure 3b are also present above 100 km between 50° S and 50° N,
where the HME1 of DE3 is dominant. SE2 and SE3 are both governed by HME1 and HME2,
and HME2 contributes more in the MLT regions. The negative relationships between SE2,
SE3, and solar activity appear in the regions where the spatial structures of SE2 and SE3 are
dominant above 120 km in Figure 4, and the positive correlations are present below 120 km,
which may be caused by other factors.

4.2. Impact of CO; and Geomagnetic Activity
4.2.1. Migrating Tides

Increasing CO; leading to thermosphere cooling has been proven [39], and dissipation
of the tides decreases with weaker heat conduction and molecular viscosity in the cooling
thermosphere [40]. As a result, the density of CO, has an impact on the correlation
between tides and solar activity cycle. At the same time, geomagnetic activity, which
plays a role in tidal waves, is linked closely with solar activity [41-43]. The geomagnetic
activity may also influence the correlations between tides and solar activity. The tides
usually have two sources, one in situ and one propagating from below. The source in
situ is usually the solar radiation, which is related with CO, and kp index. The impact of
CO; and kp on tides is generated in situ, and the impact of HMEL is propagating from
below. The geomagnetic index kp and CO; are added to further study the reason for the
different correlations between migrating and non-migrating tides and solar activity at
different altitudes and latitudes. Figure 7 displays the correlations between the migrating
tides and F10.7 cm index, geomagnetic index kp, and CO; between 60 km and 180 km
from 2003 to 2019. It is well-known that geomagnetic activity is linked closely with solar
activity [41-43]. The geomagnetic activity is strong when the solar activity is strong, which
shows a positive relationship between geomagnetic activity and solar activity, and the
geomagnetic activity is also related with tidal waves. The westward wind increases with
the geomagnetic activity increasing [44]. From the above we can infer that the westward
wind will increase during the time of high solar activity. At the same time, the dissipation
of tidal waves will also increase when the background westward wind increase. As a result,
the geomagnetic activity has an impact on the negative correlations between tides and
solar activity. Figure 7b shows the correlations between DW1 and kp, which exhibit a
negative relationship between 30° S and 30° N from about 110 km to 140 km. The negative
correlation at approximately 120 km from 40° S to 40° N displayed in Figure 7a may be
influenced by the negative correlations in Figure 7b.



Atmosphere 2022, 13, 2036 13 of 18
(a)F10.7 DW1 150 (b)kp DW1 . (¢)CO2 DW1 .
0 0
0 i Siadly 0 1ERsTeey | 0 oSl o= -1
-60 -30 0 30 60 -60 30 0 30 60 -60 -30 0 30 60
Latitude(deg) Latitude(deg) Latitude(deg)
180 (d)F10.7 SW2 . (e)kp SW2 . (HCO2 SW2 .
2160 \ '
2 140
=120 831 1o 0 0
2”100 A
80 ,ﬂ. R 4
z 0 ﬂ" S=2 o= -1 60 = K J -1 0 LA = L -1
-60 -30 0 30 60 -60 30 0 30 60 -60 -30 0 30 60
Latitude(deg)
. 180 () CO2 TW3 :
TTTT
2 160 \/_,/ggi%} )\\\a\/
2140 [ A\ 159
0 =120 /\J "’f-/ 0
2100 7 i
jpk = 80,4
0° e 60 = : -1 60 s -1
—-60 -30 0 30 60 —60 30 0 30 60 —-60 -30 0 30 60
Latitude(deg) Latitude(deg) Latitude(deg)

Figure 7. The correlation between migrating tidal variations (a-c) DW1, (d—f) SW2, and (g-i) TW3,
and (a,d,g) F10.7 cm index, (b,e,h) kp index, and (¢ f,i) CO, between 60° S and 60° N from 2003 to
2019. The green curve means the zero lines.

Moreover, the high solar activity accounts for the increasing CO,. Increasing CO,
leading to thermosphere cooling has been proven [39,45-47], and the dissipation of the
tides decreases for the weaker heat conduction and molecular viscosity in the cooling
thermosphere [40]. The tides will increase when the dissipation of the tides decreases.
Thus, CO; has an impact on the positive correlations between tidal waves and solar cycle,
and Figure 7c shows the relatively stronger positive correlations between DW1 and CO,
above approximately 130 km and 140 km. It can be inferred above that amplitudes of
DW1 increase when density of CO; increases. Hence, the positive correlations present
above 130 km and 140 km in Figure 7a may be influenced by the positive correlations in
Figure 7c. The positions of the maximum of the positive correlations in Figure 7c are almost
the same with the counterparts in Figure 7a, which further verifies the above speculation.
The structures of the correlations for kp and CO, displayed in Figure 7e—i are all consistent
with this conclusion. As a result, the positive relationships between migrating tides and
solar cycle are possibly influenced by the density of CO,, and the negative relationships
between migrating tides and solar cycle are possibly influenced by geomagnetic activity.

4.2.2. Non-Migrating Tides

Figure 8 shows the correlations between non-migrating diurnal tides DE2 and DE3
and F10.7 cm index, geomagnetic index kp, and CO, between 60 km and 180 km from
2003 to 2019. In Figure 8b,e, the negative correlations are shown in the regions where the
negative correlations display in Figure 8a,d. The speculation we discussed above is also
verified in the non-migrating tides. In Figure 8c/f, the positive correlations are present
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below 100 km. The thermosphere cooling caused by CO, appears in the thermosphere, and
the density of CO; in the mesosphere shows little impact on the relationships between the
non-migrating diurnal tides and the solar cycle. The impact of tides” own structures and
geomagnetic activity is stronger than the impact of CO,.
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Figure 8. The correlation between non-migrating tidal variations (a-c) DE2, (d-f) DE3, and (a,d) F10.7 cm
index, (b,e) kp index, and (c,f) CO, between 60° S and 60° N from 2003 to 2019. The green curve
means the zero lines.

Figure 9 represents the correlations between non-migrating semidiurnal tides SE2
and SE3 and F10.7 cm index, geomagnetic index kp, and CO, between 60 km and 180 km
from 2003 to 2019. In Figure 9a, the negative correlations above 140 km may be influenced
by geomagnetic activity shown in Figure 9b, which is consistent with our speculation.
Figure 9c exhibits strong positive correlations between SE2 and CO, between 15° S and
45° N above 100 km, which is not consistent with the speculation raised above. It can be
indicated that the impact of HME1 of SE2 is stronger than the CO, counterparts from 2003 to
2019, and the negative correlations above 140 km shown in Figure 9a are relatively smaller
than those of other tides. The structures of the correlations for kp and CO, displayed in
Figure 9e,f are all consistent with this speculation.
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Figure 9. The correlation between non-migrating tidal variations (a—c) SE2, (d—f) SE3, and (a,d) F10.7 cm
index, (b,e) kp index, and (c,f) CO, between 60° S and 60° N from 2003 to 2019. The green curve
means the zero lines.

5. Summary

We studied the global distribution of the correlations between migrating and non-
migrating tides and solar cycle in the MLT regions between 60° S and 60° N by analyzing the
simulation data obtained from SD-WACCM-X. The SD-WACCM-X dataset displays that the
correlations vary from different altitudes and latitudes and the possible influence factors.

Our analysis shows that the negative correlations between tides and solar activity
are mostly impacted by structures for both migrating and non-migrating components.
Oberheide, Forbes, Hiausler, Wu and Bruinsma [37] found that HME1 or other HMEs
dissipate slowly when the F10.7 cm radio flux level is low, and the impact caused by higher
order HMEs is much smaller than HME1 because the coefficient of molecular dissipation
is in direct proportion to the square of the vertical wavelength. Therefore, the negative
correlations between tides and F10.7 cm radio flux are shown at the regions dominated
by HME], and the migrating and non-migrating tides are both excited by solar radiation,
which is related to solar activity [3,7,13]. As a result, the maximum of the spatial structures
has an impact on the negative correlations between migrating and non-migrating tides and
solar cycle.

The correlation between tide and solar activity could also be influenced by some other
factors, such as geomagnetic activity and CO,. The negative correlation between tidal
waves and solar cycle is possibly influenced by geomagnetic activity. It is well-known that
geomagnetic activity is linked closely with solar activity [41-43]. The geomagnetic index
kp is lower during the time of low solar activity. Tidal variations can also be influenced by
westward background wind, which increases as magnetic activity rises [44]. The positive
correlations between tidal waves and solar activities are possibly influenced by the density
of CO,. The dissipation of the tides decreases with increasing CO,, which results in larger
tidal amplitudes [39,40], and the high solar activity accounts for the increasing CO,.

The negative correlations are most possibly influenced by the first symmetrical struc-
ture of tidal variations and may also be impacted by geomagnetic activity. The positive
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correlations are impacted by the density of CO,. We also found that the impact of HME1
regarding tidal variations is stronger than the CO, counterparts. The correlations between
the migrating tides and non-migrating tides and solar cycle are influenced mostly by HME1
of tides and geomagnetic activity.
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