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ARTICLE INFO ABSTRACT

Keywords: A long-term statistical analysis of thermospheric tides in an altitude range from 150 to 400 km is presented. The
Atmospheric tides analysis is based on a dataset with 31 multi-day experiments conducted from an incoherent scatter radar at
Thermosphere

Arecibo Observatory between 1984 and 2015. This is the first time that the climatological mean and seasonal
variations of the thermospheric tides and their response to solar activities are reported using an extensive
dataset. The climatological mean amplitude of diurnal tide (DT) is dominant while the amplitudes of the
semidiurnal tide (SDT) and terdiurnal tide (TDT) are comparable. Below 250 km, the SDT and TDT phases show
downward propagation with vertical wavelengths of 300 and 240 km, respectively. Above 250 km, the DT is the
most prominent component except in autumn while the SDT dominates below 250 km except in winter. Above
250 km, the DT is the strongest in winter and its amplitude varies around 28 m/s. Below 250 km, the SDT is
prominent in autumn and fluctuates around 35 m/s. The TDT is the most important in winter compared to the
other three seasons and its amplitude is slightly less than 20 m/s. The DT and SDT amplitudes show the opposite
response to solar activity. Above 250 km, the former increases with increasing solar activity while the latter is the
opposite. The enhanced DT amplitude and its phase structure under the high solar activity indicates that the in-
situ EUV radiation plays a major role in generating the thermospheric DT over Arecibo.

Long-term analysis
Incoherent scatter radar

2019).
Chapman and Lindzen (1970) solved the zonal structure of atmo-

1. Introduction

Atmospheric solar tides are global-scale oscillations and they are
mainly generated by the solar radiation (Chapman and Lindzen, 1970).
The periods of the solar tides are related to a solar day, which are 24, 12,
8, and 6 h. The diurnal tide (DT) and semidiurnal tide (SDT) usually
have strong horizontal amplitudes and are frequently observed by
various instruments (e.g., Forbes, 1995). Comparing to numerous
studies on the DT and SDT, the terdiurnal tide (TDT) and quarter-diurnal
tide have received less attention due to their relatively small amplitudes
and short durations (e.g., Gong and Zhou, 2011; Gong et al., 2018).
Owing to their significant impacts on the transportation of atmospheric
energy, atmospheric tides have been studied extensively in numerous
publications (e.g., Zhou et al., 1997; Huang et al., 2006, 2007; Forbes
et al., 2008, 2011; Hagan et al., 1999; Hagan and Forbes, 2002; Ober-
heide et al., 2007, 2011; Gong et al., 2013; Dhadly et al., 2018; Liu et al.,

spheric tides and provided a review of the tidal theory. Using numerical
models, Forbes (1982a, 1982b) investigated the vertical structure of
diurnal and semidiurnal tides in an altitude range from 100 to 400 km.
Hagan et al. (1995) established the Global Scale Fluctuation Model
(GSWM) that allows users to define important atmospheric parameters
such as background wind field, tidal driving force, and dissipation terms.
The basic generation mechanisms and characteristics of the migrating
solar tides in the mesosphere and lower thermosphere (MLT) region are
introduced by Forbes (1995). Hagan et al. (1999) revised the GSWM to
predict the migrating solar tide in the troposphere, stratosphere, meso-
sphere, and lower thermosphere. Hagan and Roble (2001) suggested that
non-migrating tides could be excited by nonlinear interaction between
migrating tides and planetary waves based on the data obtained from
the thermosphere-ionosphere-mesosphere-electrodynamics general
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circulation model (TIME-GCM). Using the GSWM, Hagan and Forbes
(2002) reported that in the troposphere, non-migrating tides are mainly
excited by latent heat release. Based on the self-established numerical
tidal model, Huang et al. (2006, 2007) studied the nonlinear interactions
on the migrating diurnal and semidiurnal tides.

Aside from numerical studies, extensive observation analyses on at-
mospheric tides have been reported using ground-based and satellite
measurements like meteor radars (e.g., Huang et al., 2013; Yu et al.,
2013; Davis et al., 2013), MF radars (e.g., Zhao et al., 2012; Singh and
Gurubaran, 2017), Lidars (e.g., Liibken et al., 2011; Fong et al., 2014;
Kopp et al., 2015; Baumgarten et al., 2018) and satellites (e.g., Ober-
heide and Forbes, 2008; Oberheide et al., 2011; Jin et al., 2012; Pan-
cheva et al., 2012; Sakazaki et al., 2012; Moudden and Forbes, 2013;
Singh et al., 2018; Liu et al., 2019). The data taken from the Doppler
interferometer on board the TIMED satellite allows Oberheide et al.
(2007) to report the climatology of nonmigrating semidiurnal tides.
Using multi-year observations obtained from meteor radars, Pokhotelov
et al. (2018) reported the seasonal variability of atmospheric tides. Liu
et al. (2019) presented the vertical structures of the diurnal, semi-
diurnal, and terdiurnal tides using 15 years’ data collected from the
Syowa MF radar (69°S, 39°E).

Due to the limitation of detecting instruments, observational studies
of atmospheric tides in the altitude range from 120 to 400 km are limited
(Oberheide et al., 2011). However, investigating the characteristics of
the atmospheric tides in that altitude range is important in under-
standing the ionosphere-thermosphere system. Above 120 km, inco-
herent scatter radar (ISR) is an effective instrument to obtain the altitude
and time dependence of wind at that altitude range. Using ISR mea-
surements at Millstone Hill (42°N) and St. Santin (45°N), Salah et al.
(1975) observed a strong SDT in the altitude range from 100 to 130 km,
which is likely excited in the lower atmosphere. Goncharenko and Salah
(1998) reported the seasonal and climatological variability of the SDT in
the altitude range from 90 to 140 km based on data collected from the
Millstone Hill ISR between 1987 and 1997. Using the Arecibo ISR,
Harper (1981), Zhou et al. (1997), Gong and Zhou (2011), and Gong
et al. (2013, 2018) presented the vertical structure of the atmospheric
tides in the thermosphere. Although the Arecibo ISR has been used to
study the tidal characteristics in the thermosphere, a statistic and sys-
tematic analysis with a long-term dataset is still lacking.

In this study, the climatological mean and seasonal variation of the
DT, SDT, and TDT in the thermosphere and their response to solar ac-
tivities are investigated using the Arecibo ISR experiments conducted
between 1984 and 2015. The dataset used in this study and the pro-
cessing method is described in section 2. The climatological mean and
seasonal variation of the thermospheric tides are given in sections 3 and
4, respectively. The response of the thermospheric tides to the solar
activities are presented in section 5. Conclusions are summarized in
section 6.

2. Data analysis

A dataset with 31 multi-day experiments conducted between 1984
and 2015 using the ISR at the Arecibo Observatory, Puerto Rico (18.3N,
66.7W) is applied in this study. The dates of the dataset and the corre-
sponding geophysical conditions are listed in Table 1. The dataset covers
a total of 140 days of measurements and reflects a large variety of
geophysical conditions including periods of low, moderate, and high
solar activities and different seasons. In this study, we define March,
April, and May as spring, June, July, and August as summer, September,
October, and November as autumn, and December, January, and
February as winter. According to Table 1, the number of experiments in
spring, summer, autumn, and winter are 41, 27, 39, and 33 days,
respectively, and in low, moderate, and high solar activities are 58, 55,
and 27 days, respectively.

The experiments used a multiple radar autocorrelation function
(MRACF) program to obtained ion acoustic wave power spectra (Sulzer,
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Table 1
Geophysical conditions of the 31 multi-day experiments used in this study.
Experiment number Dates Fi0.7 (SFU) Season
1 Jan.16-19, 1984 93.4-96.6 Winter
2 July 23-25, 1984 85.9-87.3 Summer
3 Sept. 17-22, 1984 73.8-75.9 Autumn
4 Jan. 14-17, 1985 72.3-75.8 Winter
5 Mar. 19-22, 1985 74.2-76.1 Spring
6 Jan. 14-17, 1986 74.4-76.4 Winter
7 Jan. 27-30, 1987 69.8-70.8 Winter
8 Sept. 21-26, 1987 76.4-83.0 Autumn
9 May 30-June 4, 1989 183.0-221.3 Spring
10 Aug. 28-30, 1989 174.1-192.0 Summer
11 Mar. 19-23, 2003 88.3-107.2 Spring
12 Mar. 29-Apr. 3, 2004 107.4-128.3 Spring
13 May 17-20, 2004 107.2-113.7 Spring
14 June 14-18, 2004 103.1-115.1 Summer
15 Nov. 9-13, 2004 93.0-138.1 Autumn
16 Sept. 7-11, 2005 93.6-117.6 Autumn
17 Nov. 17-20, 2005 94.1-99.6 Autumn
18 June 26-July 1, 2006 79.0-89.0 Summer
19 Nov. 24-26, 2008 66.0-66.5 Autumn
20 Jan 18-20, 2010 78.9-81.6 Winter
21 Jan 21-23, 2010 79.8-82.0 Winter
22 Apr. 12-15, 2010 74.9-75.6 Spring
23 Aug. 5-9, 2011 100.2-113.2 Summer
24 Sept. 4-7, 2012 130.0-139.9 Autumn
25 Dec. 11-14, 2012 100.5-115.5 Winter
26 Jan. 8-12, 2013 150.5-168.2 Spring
27 July 8-12, 2013 117.1-124.0 Summer
28 Sept. 27-Oct. 2, 2014 149.3-182.2 Autumn
29 Dec. 16-22, 2014 173.4-208.9 Winter
30 Mar. 17-20, 2015 108.3-113.7 Spring
31 Mar. 20-24, 2015 111.8-132.2 Spring

1986). Important ionospheric parameters used in this study including
electron temperature, ion temperature, ion drifts, and electron density,
which are obtained from the ISR power spectra. The MRACF program
measures altitudes from ~150 to ~700 km with a height resolution of
~38 km (Sulzer, 1986). The data-taking techniques using the Arecibo
ISR are described in detail by Zhou and Sulzer (1997). Using the iono-
spheric parameters measured by the Arecibo ISR, neutral winds can be
further deduced (Gong et al., 2013). Note that the ratio of ion-neutral
collision frequency to the ion gyrofrequency (p) is inversely propor-
tional to the zonal wind error. The ion-neutral collision frequency is
much smaller than the ion gyrofrequency in the F-region, which results
in a very small value of p. The zonal wind will be dramatically affected if
there is an error in estimating p. Hence, the error in the zonal wind is
typically too large to be useful in the F-region (Zhou et al., 1997; Gong
et al., 2013).

Many studies have presented detailed derivations of the thermo-
spheric meridional wind using the ISR techniques (e.g., Buonsanto and
Witasse, 1999; Santos et al., 2011; Gong et al., 2012). The thermospheric
meridional wind can be computed via,

Uy = (vu,, — vd)secl 1)

where, vgp is the ion drift that anti-parallel to the magnetic field, v4is the
diffusion velocity (positive upward), and I is the dip angle. The diffusion
velocity is calculated based on the following equation (e.g., Buonsanto
and Witasse, 1999),

1dn, 1 14T,

D2 sint
= _p gy (Ldn, L, 14T,
Ve 77"\ dz TH,TT, d

036 L) -

T. dz

where, D, = %
iVin

Boltzmann constant, m; is ion mass, T; is ion temperature; n, represents
electron density;

H, = 2,’%" T, = (T; + T)/2, T, = (T; + Tp)/2 with T, and T, as
electron and neutral temperature, respectively. T;, T,, and n, are

is the ambipolar diffusion coefficient with kj is the
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obtained from the ISR measurements. In the F-region, the main ion
component is O, and its collision frequency with neutral particles is
calculated by the following formula (e.g., Buonsanto and Witasse,
1999),

2
kb{0.3T§’-5 <1 - 0.13510glgﬁ) (0] +6.7(0,] + 6.9[N2]}
519.6 x 10my:

Vip = 3)
where, [0], [02], and [N2] are neutral number densities in cm™>; Mo iS
the O" ion mass in the atomic mass unit. The neutral densities and
temperature are adopted from the MSIS-E-90 atm model. Fig. 1 presents
the thermospheric meridional wind in the period from 13:00 LT March
29 to 13:00 LT April 3, 2004.

The white area indicates that the data is not available. This is because
the electron concentration is very low during the nighttime that the ISR
cannot make good measurements (Zhou et al., 1997). The uncertainty of
the derivation of the meridional wind is largely due to the O*-O collision
frequency (Gong et al., 2018). The O™-O collision frequency cannot be
directly measured and it has slightly different derivation methods pro-
vided by different studies (Joshi et al., 2018 and references therein). As
many previous studies (e.g., Buonsanto and Witasse, 1999; Santos et al.,
2011; Gong et al., 2012), we adopted the O*-O collision frequency from
Pesnell et al. (1993). Using the same formula of the O™-O collision fre-
quency, Santos et al. (2011) reported a comparison of the thermospheric
meridional wind obtained from the ISR and Fabry-Perot Interferometer
at Arecibo. They concluded that the meridional wind obtained from the
Arecibo ISR is reliable. A detailed analysis of the O"-O collision fre-
quency can be found in Joshi et al. (2018). Note that due to large un-
certainties of the ambipolar coefficient above 400 km, the meridional
wind obtained in this study is limited to the altitude range from ~150 to
~400 km.

The Lomb-Scargle (LS) method (Press et al., 1992) is applied in
determining dominant oscillations in the meridional wind. Fig. 2 shows
the periodogram of the meridional wind in the period of 13:00 LT March
29 to 13:00 LT April 3, 2004. The LS results larger than 0.006 corre-
spond to confidence levels higher than 95%. As shown in Fig. 2, the
diurnal, semidiurnal, and terdiurnal tides are prominent. The DT and
SDT dominate at altitudes from 150 to 250 km, while the DT and TDT
are the strongest oscillations above 300 km. In order to simultaneously
extract the amplitude and phase of the DT, SDT, and TDT, the least
square fitting method is used and the fitting formula is:
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where u(t) is the meridional winds, DC is the mean background wind,
the subscripts of DT, SDT, and TDT represent the diurnal, semidiurnal,
and terdiurnal components, respectively, t;r is the local time (i.e.,
Atlantic Standard Time). The amplitudes and local time of the maximum
meridional winds can be derived as follows:

Amp = VA* + B )

arctan| —
6
LT = —A ( )
2aT

where Amp is the amplitude of tidal components and LT is the local time
of maximum meridional wind, T is the period of each tidal component.
Since 31 multi-day experiments are used, 31 vertical variations of the
amplitude and phase of the DT, SDT, and TDT are obtained. The results
of tidal amplitudes and phases are averaged according to different sea-
sons and solar activities. As shown in Fig. 1, a large amount of data
below 250 km is absent, which affects the results of the least square
fitting. Zhou et al. (1997) presented a detailed study of harmonic fitting
in the presence of big data gaps. They concluded that if 50% of the data
is absent, the fitting error for DT, SDT, and TDT is 13%, 12%, and 10%,
respectively.

3. Climatological characteristics

In order to investigate the climatological characteristics of tidal
waves in the thermosphere, all the results of the tidal amplitudes and
phases are averaged together. The averaged results of the DT (red), SDT
(blue), and TDT (orange) are shown in Fig. 3. To describe the variability
of the climatological mean tidal amplitudes and phases, the standard
deviation of the results is computed and presented as error bars in Fig. 3.
The ratio of the standard deviations to the climatological mean tidal
amplitudes are 50-70% for the DT, 50-60% for the SDT, and 30-50% for
the TDT. The DT amplitude has the largest variation. The variability of
the SDT amplitude below 250 km is larger than above 250 km. The
amplitude of the DT dominates above 250 km, which is about 20 m/s.
The SDT and TDT amplitudes above 250 km are comparable, which are
around 15 m/s. Below 250 km, the SDT amplitude is the most prominent
and it reaches its maximum of ~33 m/s at ~188 km. The amplitudes of
the DT and TDT below 250 km are around 25 m/s and 15 m/s. The
results manifest that the TDT is as important as the DT and SDT over
Arecibo.

u(t)=DC+ Apy cos(2r / 24 X ty7) + Bpr sin(2x / 24 X t7) + Aspr cos(27 / 12 X t17) +Bspr sin(2z/12 X t7) + Azpr cos(27/8 X trr) + Brpr sin(2z/8 X trr)
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Fig. 1. The variation of the meridional wind in the period of 13:00 LT March 29 to 13:00 LT April 3, 2004.
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Fig. 2. Normalized Lomb-Scargle periodogram of the meridional wind in the period of 13:00 UT March 29 to 13:00 UT April 3, 2004.
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Fig. 3. The climatological mean amplitude (top row) and phase (bottom row) variations of the diurnal (red), semidiurnal (blue), and terdiurnal (orange) tides in the

meridional wind. The error bars represent standard deviations.

Like the amplitude, the DT phase has the largest variability as well.
The averaged phase variation of the DT, SDT, and TDT is 4.6 h, 2.6 h,
and 1.4 h, respectively. The phase of DT above 200 km is largely con-
stant and it varies around 0:00 LT. The phase structure of the DT in-
dicates that the thermospheric diurnal tide is very likely generated by
the in situ absorption of EUV radiation. Our results are consistent with a
numerical study made by Forbes (1982a). The SDT phase shows limited

downward progression above 280 km and the vertical wavelength below
280 km is estimated as 300 km. The phase structure of the SDT below
280 km agrees with the classical Sy, 5 tidal mode (Forbes, 1995). The
vertical variation of the TDT phase is very similar to the variation of the
SDT phase. The altitude variation of TDT phase is limited and the ver-
tical wavelength of TDT below 280 km is about 240 km. Based on nu-
merical simulations, Forbes (1982a; 1982b) reported that the DT and
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SDT phases are largely constant above 200 km. Their results are
consistent with our observation of the diurnal component. However, as
shown in Fig. 3, the SDT and TDT show clear downward phase propa-
gation below 280 km. Our results indicate that the SDT and TDT excited
in the lower atmosphere can propagate upward into higher altitudes
than the prediction of the models and the diurnal component.

4. Seasonal variations

The vertical variations of DT (left), SDT (middle), and TDT (right)
amplitudes (red) and phases (blue) in spring (first row), summer (second
row), autumn (third row), and winter (fourth row) are shown in Fig. 4.
The error bars represent the standard deviations. As shown in the first
row of Fig. 4, in spring, the amplitudes of the DT is about 15 m/s, which
is ~3 m/s larger than the SDT and TDT amplitudes above 250 km. Below
250 km, the SDT is generally larger than the DT and TDT. However, the
DT and SDT amplitudes exhibit large variabilities as indicated by the
~20 m/s error bars at around 188 km. Above 250 km, the tidal phases
have limited altitude variations. Below 250 km, the SDT and TDT show
clear phase propagation and the vertical wavelengths are estimated to
be 290 km for the SDT and 160 km for the TDT.

As seen from the second row of Fig. 4, above 250 km in the summer,
the DT amplitude, at about 25 m/s, is the largest while the SDT ampli-
tude is the weakest. Below 250 km, the SDT amplitude is dominant. The
variabilities of the tidal amplitudes are larger in the summer than in the
spring. Above 180 km, the phases of the DT and TDT show litter altitude
variation. Below ~270 km, the SDT exhibits a downward phase propa-
gation and the vertical wavelength is about 200 km. Above ~270 km,
the SDT phase variation does not change much except at ~380 km.

. Diurnal Wind Diurnal Wind
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However, since the SDT amplitude is weak (10 m/s) at that altitude, the
phase result may not be accurate.

As shown in the third row of Fig. 4, the SDT dominates in autumn,
whose amplitude is larger than 22 m/s at all interested altitudes and the
maximum value is ~44 m/s. Above 250 km, the DT and TDT amplitudes
are comparable at around 15 m/s. The DT and TDT phases are largely
constant above 180 and 250 km, respectively. The phase of the SDT
shows a downward propagation at all interested altitudes, which is very
different from the phase variation in spring and summer.

In winter, as we can see from the fourth row of Fig. 4, the DT
amplitude, at ~25 m/s, is the largest among the three tidal components.
As in summer, the DT amplitude in winter shows large uncertainties
with the error bars larger than 10 m/s at all interested altitudes. In the
altitude range from 200 to 350 km, the TDT amplitude is about 5 m/s
larger than the SDT amplitude. The phase is largely constant for the DT
above 180 km and it has limited altitude variation above 250 km for the
SDT and TDT.

According to the results shown in Fig. 4, the DT amplitude is most
prominent above 250 km except in autumn while the SDT amplitude
dominates below 250 km except in winter. The TDT has the least sea-
sonal variation and its amplitude is the most prominent in winter.
Although the TDT is not the largest of the three tidal components in any
season, its amplitude is comparable with the DT in autumn and larger
than the SDT in winter above 250 km. Our results indicate that the
thermospheric TDT is as important as the DT and SDT at Arecibo. The
phases of the DT asymptote to constant values above ~250 km in the
non-summer seasons. In spring and winter, the DT phases vary around
0:00 LT while the phases in autumn asymptote to around 20:00 LT. In
summer, the DT phases show limited variation around 04:00 LT. The
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Fig. 5. The amplitude and phase variations of the diurnal (red) and semidiurnal (blue) tides in the meridional wind under the low (F10.7 < 100 solar flux unit (SFU
= 10-22 W/m2/Hz), top row), moderate (100 SFU < F10.7 < 140 SFU, medium row) and high (F10.7 > 140 SFU, bottom row) solar activities. The error bars

represent standard deviations.
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phases of the SDT and TDT show downward phase propagation below
250 km in all seasons. In general, the standard deviations of the tidal
amplitudes below 250 km are larger than they are above 250 km.

Using the Arecibo ISR measurements, Harper (1981) reported that
the SDT dominates the wind field above 110 km. However, Gong et al.
(2013) and Gong et al. (2018) found that the DT is the dominant tidal
component in the thermosphere at Arecibo. The inconsistent results in
above studies are due to the seasonal differences of atmospheric tides in
the thermosphere. The study made by Harper (1981) used the data
around equinox while the conclusion made by Gong et al. (2013, 2018)
was based on the data collected in winter. According to our observation,
in winter, the DT amplitude is the most prominent while the SDT is the
weakest among the three tidal components. In autumn, the SDT domi-
nates the meridional wind and the SDT amplitude in spring is larger than
the DT amplitude below 200 km.

5. Tidal response to solar activities

The amplitudes and phases of the diurnal (red curve) and semi-
diurnal (blue curve) components under low (first panel), moderate
(middle panel), and high (bottom panel) solar activities in the thermo-
sphere are obtained and presented in Fig. 5. Since the thermospheric
terdiurnal tide has a limited response to different solar activities, the
results of the TDT are not presented in this paper. As shown in Fig. 5, the
DT amplitude increases with increasing solar activity except for the
amplitude below 200 km under moderate solar activity conditions.
Above 250 km, it appears that the SDT amplitude decreases with
increasing solar activity. The phase variation of the DT under the low
and moderate solar conditions are very similar, which is different from
the variation under the high solar activity below 250 km. In the high
solar activity, below 250 km, the DT phase propagates upward as alti-
tude increases, which indicates that the diurnal component propagates
downward from 250 to 150 km. Above 280 km, the SDT phases under
low and moderate solar activities exhibit little variations at around
22:30 LT while the phases under high solar activity show limited fluc-
tuation around 03:00 LT. There is 3.5 h phase lag between different solar
activities.

Amayenc (1974) reported that thermospheric tides are mainly
generated via in-situ EUV radiation, dynamo electric field contribution,
and tidal waves from the lower atmosphere. Using the theoretical alti-
tude structure of the fundamental symmetric diurnal mode, Amayenc
(1974) compared the contributions of the three mechanisms for the
thermospheric tides. According to his results, the effect of the in-situ
EUV heating results in that the DT phase decreases with decreasing al-
titudes below 250 km (Fig. 5 in Amayenc, 1974), which is consistent
with our results under the high solar activity. It is likely that under the
high solar activity (F;g,7 > 140 SFU), the in-situ EVU radiation plays a
major role in generating the DT in the thermosphere while it is not
important in exciting the SDT and TDT at Arecibo.

6. Summary and conclusions

The dataset used in this study consists of 31 multi-day experiments
conducted by the Arecibo incoherent scatter radar between 1984 and
2015. The vertical structures of the thermospheric diurnal, semidiurnal,
and terdiurnal tides in each experiment are derived. To our knowledge,
this is the first time that a long-term statistical analysis of the atmo-
spheric tides in the altitude range from 150 to 400 km has been reported.
The climatological mean and seasonal variation of tidal components and
their response to solar activities are investigated. New findings are
summarized below:

1) The climatological mean DT is the most prominent above 250 km
while the climatological mean SDT dominates the other tidal modes
below 250 km. The phase of the climatological mean SDT and TDT
shows clear downward propagation with a vertical wavelength of
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300 km and 240 km in an altitude range from 150 to 280 km, which
is different from the model prediction (Forbes, 1982b). Our results
manifest that the thermospheric terdiurnal tide is as important as the
normally recognized diurnal and semidiurnal tides.

2) Above 250 km, the SDT amplitude is most prominent in autumn
while the DT amplitude dominates in the other seasons. Below 250
km, the DT amplitude dominates in winter while the SDT amplitude
is generally the largest tidal component in the other seasons.
Compared with the DT and SDT, the TDT has the weakest seasonal
variations. The TDT in winter is most prominent compared with the
other three seasons. Our results reveal that inconsistent statements
made by Harper (1981) and Gong et al. (2013, 2018) is due to the
seasonal variability of thermospheric tidal waves at Arecibo.

3) Above 200 km, the DT amplitude increases with increasing solar
activity while the SDT amplitude decreases with increasing solar
activity. The phase of the DT increases as altitude increases below
250 km. Our results may indicate that in-situ EUV radiation plays an
important role in the generation of the thermospheric diurnal tide
while it is not significant for the excitation of the thermospheric
semidiurnal and terdiurnal tides at Arecibo.
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