
1.  Introduction
The increasing concentration of anthropogenic greenhouse gases (GHGs) leads to global warming in the 
lower atmosphere but can cool the upper atmosphere (Laštovička, 2015, 2021; Laštovička et al., 2006; Roble 
& Dickinson,  1989). However, the observed upper atmospheric cooling could also be caused by long-term 
changes in geomagnetic activity (Liu et al., 2021; Mikhailov, 2006), secular changes in the Earth's magnetic field 
(Cnossen, 2014, 2020a; Qian et al., 2021; Yue et al., 2018), increased gravity wave activity (Oliver et al., 2013), 
and also other drivers which are in debate (Laštovička, 2015; Oliver et al., 2014, 2015, 2013).

Studies of long-term changes in the upper atmosphere/ionosphere have started after the modeling work of Roble 
and Dickinson (1989). They found the cooling trends and density decrease in the mesosphere and thermosphere 
by doubling the CO2 and CH4 concentrations in the mesosphere. Also, they found lowered E- and F- layer peak 
densities. Calculations by Rishbeth (1990) also predicted a decrease in thermospheric density (and therefore the 
satellite drag) in response to an increase in the concentration of GHGs. Emmert et al. (2004) performed an obser-
vational study on the long-term changes of neutral densities using the near-Earth space objects of 1996–2001 at 
the height around 400 km. There have been various studies of long-term changes in thermosphere density based 
on observations of satellite drag (Cai et  al.,  2019; Emmert,  2015; Emmert et  al.,  2010, 2004, 2008; Keating 
et al., 2000). The density decreases were in the range of −2% to −5% per decade, about twice as large as predicted 
by the theory of Roble and Dickinson (1989) (Emmert et al., 2004). These decreasing trends in densities were 
also found when the effect of solar cycle variability was minimized by evaluating only the solar minimum years 
(Emmert et al., 2010).

Lowering of the peak height of the F2-layer (hmF2) was found in ionospheric long-term trend studies possi-
bly due to the thermospheric cooling (Bremer, 1992; Brum et al., 2011; Santos et al., 2011). This lowering of 
peak height could also be associated with the changes in the meridional neutral wind component that became 
more poleward as reported by Brum et al. (2012). In thermosphere, the meridional wind and F2 parameters are 
coupled with the ion flow through ion-neutral collisions, playing a direct role in the transport of ionospheric 
plasma along the magnetic field lines and modifying the ion densities above about 200 km by affecting the rate 
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at which the O + ions diffuse downward (Santos et al., 2011). Therefore, the lowering of hmF2 caused by the 
meridional wind found over Arecibo by Brum et al. (2012) and Santos et al. (2011), respectively, agree with the 
theory, and a decrease in electron density would be expected. However, Santos et al. (2011) have shown that for 
the same period of 30 years of study despite the lowering of hmF2 at the rate of about 600 m per year, the F2 
peak frequency increased/decreased ∼0.015 MHz per year at dusk/dawn periods, showing that the long-term 
trend changes are somehow a mixture of different factors with different impacts in the thermospheric altitudes 
yet to be understood. For instance, Holt and Zhang (2008) pointed out some disadvantages in using the F2 peak 
parameters for inferring the trends of neutral temperature because of the different forcings that modulates it, like 
the aforementioned meridional wind, composition, and, long-term trends in solar and geomagnetic activity, and 
secular variations of geomagnetic field orientation. Holt and Zhang (2008) stated that the ion temperature (Ti) 
is a good representative of neutral temperature up to the height of 400 km, where there exists a close coupling 
between neutrals and ion components (Holt & Zhang, 2008).

Holt and Zhang (2008) studied long-term trends of Ti over Millstone Hill (42.6°N, 288.5°E) using the observa-
tions of incoherent scatter radar (ISR) from 1978 to 2007. They found a larger negative trend in daytime Ti and 
Tn (−5 K/year) at 375 km than anticipated from Roble and Dickinson (1989). This trend of Ti matches with that 
of the St. Santin ISR at the same altitude (Donaldson et al., 2010). Four solar cycles of Millstone Hill ISR data 
(1968–2006) were analyzed for long-term noontime trends at 100–550 km altitude. A cooling trend was found 
above 200 km, and it increased with altitude; also, a warming trend was found below 200 km (Zhang et al., 2011). 
They stated that their results of the long-term trend altitude variation are in agreement with the models predicting 
the response of the ionosphere to the changes in concentration of GHG.

Zhang and Holt (2013) also used Millstone Hill ISR data to understand the long-term cooling as function of local 
time, season, solar activity, and geomagnetic activity. They found stronger cooling trends during daytime than 
nighttime. They also found negligible seasonal variation in the Ti trend, which is in agreement with the seasonal 
variation of neutral density trends reported by Emmert et al. (2004). Emmert et al. (2004) also studied the depend-
ency of long-trends in density on geomagnetic activity, local time, latitude, and season using the observations of 
27 near-Earth space objects over 36 years. They did not find a larger or consistent dependency, whereas Zhang 
and Holt (2013) found a clear local time dependency. Both of them found solar activity dependency. In Millstone 
Hill, strong cooling trends were found during solar minimum, whereas less cooling or warming was found during 
solar maximum. Zhang and Holt (2013) speculated that a fraction of the cooling trend was due to the gradual 
shifting of Millstone Hill away from the sub-auroral region.

Zhang et al. (2016) analyzed two high-latitude ISR site data sets (Sondrestrom during 1990–2015, and Chatanika/
Poker Flat during 1976–2015 with a gap in 1983–2006) for a comprehensive study on long-term trends and a 
comparison with the Millstone Hill ISR data. They concluded that the upper atmosphere is cooling globally, signif-
icantly above 200 km. The cooling trends were much stronger than the Thermosphere-Ionosphere-Mesosphere-
Electrodynamics general circulation model (GCM) predicted for the increase in the concentration of GHGs (Qian 
et al., 2011). Above 275 km, cooling trends have a geomagnetic latitudinal dependency since ISRs estimated Ti 
trends increase with increasing magnetic latitude. Cooling trends from ion temperature residuals are found in all 
the altitudes of the ionosphere/upper atmosphere except below ∼175 km.

At lower altitudes of the ionospheric F-region (∼125–175  km), the warming trends are mostly observed at 
mid-latitude and high-latitudes but at different altitudes. During the daytime, warming trends are occurring below 
175 km in Millstone Hill, Sondrestorm, Chatanika/Poker Flat, and Saint Santin (Donaldson et al., 2010; Zhang 
et al., 2016, 2011). Warming trends were also observed during nighttime at lower altitudes of the ionospheric 
F-region. During the nighttime, Millstone Hill has a warming trend below 350 km (Zhang & Holt, 2013) and 
Sondrestorm below 250 km, while at Chatanika/Poker Flat, no data were analyzed below 220 km, and no warm-
ing was observed above 220 km (Zhang et al., 2016). These warming trends at fixed altitudes are not due to the 
true warming of the ionosphere; it is due to the downward shift in pressure level because of the subsidence of 
warmer air with a substantial altitude gradient in temperature, as is the case for the lower F-region (Akmaev & 
Fomichev, 1998; Donaldson et al., 2010; Zhang & Holt, 2013; Zhang et al., 2016, 2011). These warming trends 
occur at the lowest altitudes during the daytime but higher altitudes during nighttime. These occurrences are the 
same in all the latitude stations except Tromso (Ogawa et al., 2014; Zhang et al., 2016).

Ogawa et al. (2014) used the ISR observations of EISCAT UHF radar in Tromso during 1981–2013 to estimate 
the ionospheric Ti trends at high latitudes. Moreover, they have found comparable values to the GCM predictions 
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of Qian et al. (2011). Their Ti trends are −0.5 to −1.5 K/year at 200–380 km altitude, and −0.5 to 1 K/year at 
400–470 km altitude. They stated that their height profiles of observed trends are relatively close to the GCM 
predictions. In fact, the trends observed by Ogawa et al. (2014) were still somewhat larger than the prediction and 
are less than those estimated from Millstone Hill and Saint Santin IS radar data.

Cooling trends increase with altitude over Tromso from 230 to 330  km. Above 330  km, cooling trends are 
decreasing as a function of altitude, and the trends turn into warming at just 410  km. The warming trends 
increase above 410  km as a function of altitude (Ogawa et  al.,  2014). The decrease of the cooling trend as 
a function of altitude was observed at other latitudes too, but in different altitude ranges. It was observed as 
325(night)/425(day)  - 450 km over Sondrestrom and 325–375 km over Chatanika/Poker Flat. These kinds of 
reduced cooling trends in altitude profiles more or less occur at the peak altitude of the F-region. It can be noted 
that only Millstone Hill does not observe any such feature. Rather, Millstone Hill observed increasing cooling 
trends as a function of altitude, which is found to be in the overall trends of Saint Santin and Chatanika/Poker 
Flat, too. In contrast, warming trends were observed above the peak altitude of the F-region over Tromso (above 
400 km) during the daytime (Ogawa et al., 2014).

There is an attempt to explain the strong Ti trends of ISR data sets by long-term changes in the ion composition 
of the lower part of the F-region (Perrone & Mikhailov, 2017). The study was made to clear up the two situations, 
namely, (a) the positive Ti trends below 200 km, and (b) the increasing positive Ti trends with altitude above 
400 km. Perrone and Mikhailov (2017) used the June noontime monthly median foF1 to calculate Tex long-term 
variations from the chain of ionosondes in the European sector, Sodankyla, Juliusruh, and Rome. Perrone and 
Mikhailov (2017) pointed out that ISR observed a positive Ti trend at 175 km altitude is an overestimation since 
it should be a negative trend at F1 region altitudes by the negative trend in mean ion mass. This overestimation 
is due to the sensitivity of the ISR observations to the Ti/m +, where m + is the mean ion mass. Furthermore, they 
commented on Ti trends of Ogawa et al. (2014) particularly above 400 km of altitude where the positive trend 
increases with altitude. Perrone and Mikhailov (2017) pointed out that the decreasing mean ion mass might cause 
this increasing positive trend above 400 km due to lighter ions of H + and He +, as an overestimation as like F1 
region altitudes.

The discrepancy between model-predicted values and observed cooling trends is not yet fully understood. Lack 
of understanding in long-term trends could be due to the limited amount of well-calibrated data and its availa-
bility (Ogawa et al., 2014). It may need further studies to understand the variability in derived cooling trends as 
mentioned by Zhang et al. (2016). To bring more light to understanding the long-term trend of ion temperature in 
the upper atmosphere, we analyzed the Ti data over Arecibo, using Arecibo Observatory incoherent scatter radar 
(AO-ISR) data sets from 1985 to 2019. We also compared the long-term trends we found in Ti from AO-ISR 
with the Ti trends from the Whole Atmosphere Community Climate Model eXtension (WACCM-X model). The 
datasets of WACCM-X were obtained from WACCM-X version 2.0 with the model top at about 400–700 km 
altitude. This WACCM-X model simulation includes the effects of GHGs and the Earth's magnetic field changes. 
It also has realistic solar and geomagnetic activity variations. For details on WACCM-X and a description of 
the simulation setup, the readers are referred to Cnossen (2020a, 2020b, 2022a, 2022b) and Liu et al. (2018). 
To understand the geomagnetic latitude dependency of Ti trends, we have compared the estimated Ti trends of 
AO-ISR with those of other ISRs.

2.  Data Analysis
We have analyzed the ion temperature (Ti) from ion-line data sets, which were obtained from the AO-ISR 
(18°20’N, 66°45’W). The AO-ISR ion-line data sets were processed in different ways. We use the data which 
were processed by the world day standard algorithm. These data sets are available from January 1985 throughout 
three solar cycles. We use the ISR data from 1985 to 2019 at all zenith angles; the AO-ISR could steer the beam 
up to 20° of off-zenith, and these data cover all the hours and months as shown in Figure 1, especially in panel (c). 
ISR data has been missing for 2 years (1996 and 2007), as shown in panel (a). Data gaps are represented by white/
blank space in the figure of the year versus month. The hourly median values generate this data distribution. Since 
AO-ISR observations had different time and altitude resolutions, altitude resolution is fixed to be ∼36 km to bin 
the Ti data into 16 altitude bins from ∼122 to ∼695 km, centered at 140, 176, 212, 247, 283, 319, 355, 391, 427, 
462, 498, 534, 570, 606, 642, and 677 km.
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Climatological models could be less reliable when disturbed geomagnetic conditions or extremely high solar 
activity exist. To remove such effects, we rejected the Ti values corresponding to the solar flux at 10.7 cm having 
F10.7 > 300 sfu and geomagnetic activity having ap > 80 nT. Monthly median values of Ti are estimated for the Ti 
trend calculations to eliminate the issues in observations such as short-term correlations over days/hours, over-
sampling, and outliers (Holt & Zhang, 2008; Zhang et al., 2016). In the estimation of Ti trends, these binned Ti 
data are analyzed by following the methods of Holt and Zhang (2008), and Zhang et al. (2016). In the estimation 
of monthly median values, the minimum number of data points is set to be more than six points in each altitude 
bin, as described by Holt and Zhang (2008), and Zhang et al. (2016). For further details, the readers are referred 
to their papers. These Ti data are binned by altitude and month bins for constructing a Ti model. Tis corresponding 
to local mid-noon (16 UT) and mid-night (4 UT) are taken within ±3 hr of these times for comparison between 
day and night as of Zhang et al. (2016).

Figures 2 and 3 show the monthly median of Ti (black dot) for day and night, respectively, at various altitudes, 
along with the corresponding F10.7 and Ap index. The Ti values are within ±3 hr of local noon and local midnight. 
Day and Night values have a similar dependence on F10.7 and Ap index. Red symbols indicate the yearly medians. 
The variation of Ti shows a strong dependence on F10.7. This means that solar activity influences on Ti need to 
be removed to reveal the trend caused by unknown drivers. The influences of magnetic activity (Ap index) on Ti 

Figure 1.  Temporal distribution of ion temperatures from 1985 to 2019 over Arecibo; (a) year versus Universal Time, (b) 
year versus month, and (c) Universal Time versus month. The scale represents the number of hours of data available for each 
bin. Horizontal bars in panel (a) represent the local-noon (red) and local-night (black) times.
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values of AO-ISR are not strong as F10.7. But Ap index is a contributor to the Ti values (Holt & Zhang, 2008; Zhang 
& Holt, 2013; Zhang et al., 2016, 2011). Hence, we will discuss this part in detail in Section 2.2. Continuous 
observations of Ti are not available all the day and night. Thus, there are data gaps, especially above ∼660 km 
during the day and below ∼158  km during the day and night. Those altitude ranges are included instead of 
removed to maintain consistent altitude ranges in day and night.

2.1.  Estimation of Ti Residuals

For a given altitude bin, Ti variations are modeled for each time (month) bin based on the least squares fitting 
using the monthly median of the ISR observed Ti, the monthly median of solar flux at 10.7 cm, Ap index, annual- 

Figure 2.  Monthly medians of ion temperature within ±3 hr of local noon (black dot) at various altitudes. The red dashes 
represent the yearly medians. The two bottom panels of each column are solar flux (F10.7) and geomagnetic activity (Ap), 
corresponding to the study period.
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and semi-annual oscillations (Holt & Zhang, 2008; Zhang & Holt, 2013; Zhang et al., 2016, 2011). The variation 
of Ti is modeled based on the equation given by Zhang et al. (2016), as shown in Equation 1, while Equation 2 
describes the fitting residuals, discussed below.
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Figure 3.  Same as Figure 2 but for local mid-night.
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where, Tb is the background constant term; y is the floating-point year; 𝐴𝐴 𝑦𝑦 is the mean floating year, t is the long-

term trend, d is the day number of the year, F10.7 is the monthly solar flux in sfu, 𝐴𝐴 𝐹𝐹10.7 is the mean of the solar flux 

over the entire time series, Ap is the Ap index in nT, 𝐴𝐴 𝐴𝐴𝑝𝑝 is the mean of the Ap index over the entire time series, and 
R is the fitting residual. The coefficients Tb, t, an, bn, f1, f2 and a are estimated for each altitude bin by the least 
squares fitting method.

For a given component (long-term trend /F10.7 /Ap index), the Ti residuals are obtained by removing the contri-
bution of the other two components (estimated) from the ISR observed Ti in addition to the seasonality. The 
detailed procedures to obtain the Ti residuals are given in Holt and Zhang (2008), Zhang and Holt (2013), and 
Zhang et al. (2016, 2011). For example, the Ti residuals for the component of the long-term trend (Rt) are given 
in Equation 2. It shows that the trend term lies within the residuals in order to obtain the trend by the curve fit. 
In order to make the comparison of Ti trends among the ISR sites, a similar method has been used in this study 
for 95% confidence intervals estimations also, as in Holt and Zhang (2008), Zhang and Holt (2013), and Zhang 
et al. (2016, 2011). In the estimation of 95% confidence intervals, 10,000 bootstrap samples are used.

2.2.  The Dependence of Ti Trends on the Quadratic Term of F10.7 and Ap

In the modeling of Ti variations, as mentioned above, we used the formula of Zhang et al. (2016) to compare our 
Ti trends over Arecibo with their Ti trends of other ISR sites. From Figures 2 and 3, we find a strong dependence 
of Ti on the solar activity term of F10.7. Hence, F10.7 is an unavoidable contributor to the Ti variations but such 
strong dependence of Ti on the geomagnetic activity term (Ap) is not very clear specifically at Arecibo latitudes 
(but could be significant at higher latitudes). In Equation 1, solar activity (F10.7) contributes to two terms in the 

modeling of Ti variations; one is the linear term 𝐴𝐴

(

𝑓𝑓1

(

𝐹𝐹10.7 − 𝐹𝐹10.7

))

 and the another one is the quadratic term 

𝐴𝐴

(

𝑓𝑓2

(

𝐹𝐹10.7 − 𝐹𝐹10.7

)2
)

 . Further, the geomagnetic activity (Ap) also contributes to the modeling of Ti variations. 

However, such a strong dependence of Ti on Ap is not very clear, and the role of the quadratic term of the F10.7 
flux variations is not easily understood. Therefore, we demonstrate the dependence of Ti trends on Ap and the 
quadratic term of F10.7. In order to do that, we re-write Equation 2 of the Ti residuals for the component of the 
long-term trend to check the influence of additional/removal of Ap and quadratic term of F10.7 on estimated Ti 
trends, as follows:
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where, 𝐴𝐴 𝐹𝐹 2

10.7
=

(
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)2

 and 𝐴𝐴 𝐴̃𝐴𝑝𝑝 = 𝐴𝐴𝐴𝐴 − 𝐴𝐴𝐴𝐴 .

The Ti residuals for the component of the long-term trends are shown in Equations 3–5. Equation 3 calculates the 
residuals by modeling the Ti without Ap and the quadratic term of F10.7. It means the resulted Ti residuals contain 
the contributions of the long-term trend, Ap and the quadratic term of F10.7 in it. Equation 4 calculates the residuals 
by modeling the Ti without the quadratic term of F10.7. It means the resulted Ti residuals contain the contributions 
of long-term trend and the quadratic term of F10.7 in it. Equation 5 calculates the residuals by modeling the Ti 
without AP. It means the resulted Ti residuals contain the contributions of long-term trend and AP in it.

In addition to the Ti residuals for the component of the long-term trend, we have also calculated the Ti residuals 
for the component of F10.7(the contribution of F10.7 to Ti is not removed, but the contribution of the long-term 
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trend and Ap are removed from ISR observed Ti) and for the component of Ap (the contribution of Ap to Ti is not 
removed but the contribution of long-term trend and F10.7 are removed from ISR observed Ti) to estimate the 
correlation coefficients. In the comparison of correlation coefficients among different cases, Ti of WACCM-X is 
also included for the sake of comparison between the model and observations. For the comparison of the model 
(WACCMX∼All) and observation (ISR∼All), the Ti residuals are also estimated without removing any terms 
(quadratic term of F10.7 / AP) from the Ti model. From WACCM-X, the monthly mean Ti values are obtained 
for the locations of Arecibo in the time period of January 1985 to February 2019 at the same altitude levels as 
AO-ISR. These monthly values do not distinguish between day and night; therefore, it represents the whole day 
and night together.

Figure 4 shows the correlation coefficients between F10.7 and Ti residuals for (a) day and (b) night, and the correla-
tion coefficients between Ap and Ti residuals for (c) day and (d) night. Figures 4a and 4b represent the correlation 
coefficients calculated between F10.7 and Ti residuals by using the Ti models without (Equation 3) Ap and quadratic 
term of F10.7 (pink-line), (Equation 4) quadratic term of F10.7 (blue-line), and (Equation 5) Ap (green-line). The 
red-line (ISR∼All - day), black-line (ISR∼All - night), and orange-line (WACCMX∼All - whole day) represent 
the correlation coefficients calculated without removing any terms from the Ti model. Figures 4c and 4d repre-
sent the correlation coefficient between Ap and Ti residuals without (Equation 3) Ap and quadratic term of F10.7 
(pink-line), (Equation 4) quadratic term of F10.7 (blue-line), and (Equation 5) Ap (green-line) in the estimation of 
Ti variations. The red-line (daytime), black-line (nighttime) (ISR∼All), and orange-line (WACCMX∼All - whole 
day) represent the correlation coefficients which are calculated without removing any term from the Ti model.

In Figure 4a, the correlation coefficients (r) during daytime vary from 0.8 to 0.9 in the altitudes of ∼220–400 km. 
Above the ∼400 km, it decreases as a function of altitude. In Figure 4b, the nighttime correlation coefficients 
vary from 0.8 to 0.93 within altitudes of ∼220–650 km. During day and night, there is no significant difference 
among different cases resulting from adding/removing Ap and the quadratic term of F10.7. Unlike the daytime, the 
values of r during the night are gradually decreasing as a function of altitude for small changes. The correlation 
coefficients of WACCM-X (WACCMX∼All) between F10.7 and the Ti residuals are found to be as high as 0.99. 
The values of r decrease as a function of altitude above ∼300 km and are negative above ∼450 km altitude.

In Figure 4c, the correlation coefficients (r) during daytime vary within the range of −0.15 to 0.1 in most alti-
tudes. In particular, a positive correlation is observed below ∼400 km altitude, and a negative correlation is 
observed above ∼400 km altitude. The correlation is very poor in the case of modeled Ti variations without Ap 
and the quadratic term of F10.7 (pink-line). Almost the same poor correlation is found in the case of modeled Ti 
variations without the quadratic term of F10.7 (blue-line) but with Ap. A slight improvement in correlation is seen 
in the case of modeled Ti variations with a quadratic term of F10.7 but without Ap. There is more improvement 

Figure 4.  The correlation coefficients as a function of altitude. (a) Correlation between F10.7 and Ti residuals for day, (b) 
correlation between F10.7 and Ti residuals for night, (c) correlation between Ap and Ti residuals for day, and (d) correlation 
between Ap and Ti residuals for night.
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in correlation coefficients in the case of modeled Ti variations without removing any terms from the model 
(ISR∼All in red-line). This behavior is observed at nighttime (ISR∼All in black-line), too, even though the 
magnitudes of r are not comparable to the same of daytime. However, the nighttime r values are positive in all 
the altitudes and higher (0.43) than the daytime. The correlation coefficients of WACCM-X (WACCMX∼All) 
between Ap and Ti residuals are found to be as high as 0.51, they have a feature similar to the daytime values of 
ISR∼All in the sense of changing the r values from positive to negative. The values of r decrease as a function of 
altitude above ∼300 km and have negative values above ∼450 km altitude. Overall, there is no significant differ-
ences among the correlation coefficients among different cases. And no significant correlation is found between 
ion temperature  and geomagnetic activity using AO-ISR over Arecibo. Based on these demonstrated results, one 
can neglect  the geomagnetic activity removal in the estimation of Ti trends over Arecibo. To understand further 
the influence of geomagnetic activity and the quadratic term of F10.7 on the estimated Ti trends, it may be interest-
ing to see the comparison of Ti trends among those cases before removing the geomagnetic activity term.

The comparison of Ti trends among those different cases is shown in Figure 5. Notably, there is no significant 
difference in 95% confidence intervals among those different cases. The confidence intervals vary in their trend 
values. These variations in the trend values are mostly from 0.8 to 1 K/year below ∼400 km altitude, and those are 
more than 1 K/year above ∼400 km altitude during the daytime period. It is similar but has a little smaller range 
in the nighttime than in the daytime. Generally, the confidence intervals increase with altitude. These values of 
the confidence intervals for the altitudes below 550 km are closely matching with those of Millstone Hill ISR 
observations during 1978–2007 (∼1.1 K/year about the Ti trend), 1968–2006 (∼0.75 K/year about the Ti trend) 
and 1980–2006 (∼1.5 K/year about the Ti trend; Holt & Zhang, 2008; Zhang et al., 2011).

The notable differences in Ti trends are found among those different cases during day and night. In Figure 5a, 
relatively weaker cooling trends are found below ∼400 km altitude for the case of modeled Ti variations without 
the quadratic term of F10.7 (blue-line). Above the altitude of ∼400 km, cooling trends are very stronger in this case 
and also get stronger as a function of the altitude. Removal of the quadratic term of F10.7 leads to weak cooling 
trends in the altitudes below ∼400 km and strong cooling trends in the altitudes above ∼400 km. Removal of 
both Ap and quadratic term of F10.7 from the Ti model causes more strong cooling below ∼400 km and relatively 
weak cooling above ∼400 km altitude. Removal of Ap from the Ti model leads to a relatively strong cooling below 
∼400 km altitude, whereas it results in weaker cooling above ∼400 km altitude. Removal of Ap affects the trend 
profile, especially near ∼230 km altitude and above ∼400 km altitude during daytime and nighttime. During 
the nighttime, weaker cooling trends are found by the removal of Ap, and stronger cooling trends are found by 
the removal of the quadratic term of F10.7. In comparison, Ti is more sensitive to Ap during nighttime due to the 
absence of solar EUV (Extreme Ultra-Violet) than during the daytime. In contrast, both day and night times of Tis 
are highly sensitive to the quadratic term of F10.7.

Figure 5.  The Ti trends as a function of altitude. Pink represents the trend from the Ti model without Ap and quadratic term 
of F10.7; blue represents the trend from the Ti model without the quadratic term of F10.7; green represents the trend from the Ti 
model without Ap; red (day) and black (night) represents the trend from Ti model with all terms.
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In all cases, Ti trends are generally found to be cooling in all altitudes. Weakening and strengthening of cooling 
trends are found to appear in different cases. Even though there is no significant correlation found between ion 
temperature and geomagnetic activity, there is an influence of geomagnetic activity on the estimated Ti trends. 
This means that solar and magnetic activity influences on Ti need to be removed to reveal the trend caused by 
unknown drivers. Hence, we use all the terms of Equation 1 in further analysis of Ti trends to avoid just before 
mentioned biases and have an identical formula to compare Ti trends with other ISR sites.

3.  Results
3.1.  Ti Trends From AO-ISR

The Ti residuals are presented in Figures 6 and 7 for daytime and nighttime, respectively. The Ti residuals are 
calculated by removing the contributions from the annual and semi-annual oscillations, as well as the effects of 
solar and geomagnetic activity. In Figures 6 and 7, Ti residuals (monthly median-black and yearly median-green) 
are shown at various altitudes from ∼122 to 700 km along with the number of months (No.), trend line (solid 
black line), and their slope (m) (corresponding to the 50th percentile), 97.5th percentile (confidence level of 
95%), and correlation coefficient (r) between Ti residuals and floating year. The confidence level of 95% is calcu-
lated from 10,000 bootstrap samples, and the 97.5th percentile is shown in figure for each altitude. The 97.5th 
percentile means that 97.5% of the bootstrap samples have trend values at that percentile or less. At the lowest and 
highest altitudes (centering altitudes of ∼140 and 677 km) during the daytime, the trend values are not significant 
since the trend values at 50th (represented by m) and 97.5th percentile are largely different. These large devia-
tions between the 50th and 97.5th percentile are associated with too few data points; even the data points in those 
altitudes do not cover the three solar cycles as in other altitudes. We eliminate these altitudes with few data points 
and large deviations between the 50th and 97.5th percentile in further analysis to avoid the biased interpretations 
of trends. The Ti residuals spread around the trend line, meaning those residuals are the origin of ionospheric 
weather rather than statistical noise. All the altitudes have clear, significant cooling Ti trends from ∼158   to 
∼660 km (from ∼158 to ∼695 km) during daytime (nighttime) except a few altitude bins of ∼157.9–193.7 km 
(during daytime) and ∼372.8–408.7 km (during daytime and nighttime) have negligible cooling trends.

In Figure 6, those cooling Ti trends vary from −0.53 to −4.53 K/year during the daytime. Strong cooling of 
−4.53 K/year occurs at the altitude bin of ∼623.6–659.5 km, where high values of 97.5th percentile are seen. The 
weakest or even negligible cooling of −0.53 K/year is happening at ∼372.8–408.7 km with the 97.5th percentile 
of 0.31 K/year. Altitudes above ∼516 km mostly have relatively larger values of 97.5th percentile (−2 K/year) 
than lower altitudes.

During the nighttime, the first lower altitude bin does not have enough samples (∼122–158 km) to estimate the 
long-term trends; the available samples are shown in Figure 3. In all the altitudes, significant cooling trends 
are found (from ∼158 to 695 km) except in one altitude bin of ∼372.8–408.7 km. These cooling Ti trends vary 
from −0.6 to −3.96 K/year during the nighttime. Strong cooling of −3.96 K/year occurs at the altitude bin of 
∼659.5–695.3 km with the 97.5th percentile of −1.92 K/year. The negligible cooling of −0.6 K/year occurs at the 
altitude bin of ∼372.8–408.7 km with the 97.5th percentile of 0.02 K/year.

The 95% confidence intervals lie within the range of −7.4 to 0.31 K/year during daytime (−6.1 to 0.02 K/year 
during nighttime). These values mainly represent cooling trends except for the two (one) altitude bins during 
daytime (nighttime), which have small positive values at ∼157.9–193.7 km (during the day) and ∼372.8–408.7 km 
(during day and night). Generally, the trend magnitudes and the 95% confidence intervals on the average increase 
with altitude in the altitudes above ∼400 km and decrease with altitude till ∼400 km altitude during day and night.

Estimated mean (50th percentile) Ti trends are negative in all the altitudes indicating overall cooling trend of the 
overall ionosphere during day and night. Ti trends are almost equal between day and night in overlapping altitudes 
of (centered at) 212, 391, 462, and 498 km. Generally, strong Ti cooling trends are mostly found to be in the 
daytime than nighttime, and those differ by almost ∼1 K/year in altitudes less than ∼500 km.

3.2.  The Residual Solar Cycle Influences on Ti Trends

In estimating long-term trends, one of the most significant factors affecting the trend estimates is the removal 
of the solar cycle (Clilverd et al., 2003; Cnossen, 2020a). Cnossen (2020a) presented the global mean neutral 
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temperature (Tn) trends at 400 km from WACCM-X. Furthermore, she demonstrated the influence of solar cycle 
variations on the estimated Tn trends. In this study, we use Ti of AO-ISR over Arecibo instead of the global mean of 
Tn. Therefore, we check the influence of solar cycle variations on the estimated Ti trends from WACCM-X model 
over Arecibo in addition to the AO-ISR observations since there is no other study to compare the observations 
with the model based on Ti trends. As Cnossen (2020a) did, we also check for any issue with the appropriate 
removal of solar cycle influences by following their methods. For this purpose, we calculate the long-term trends 
for a minimum of two solar cycles, from 1985 to the end years (2008–2019).

Figure 8 shows the time evolution of the Ti trends for (a) day and (b) night at various altitudes from 158 to 516 km. 
During the day, cooling trends occur at all times, and the cooling trends get stronger over time at all altitudes 
except ∼157.9–193.7 km and ∼372.8–408.7 km. Nighttime also has such features in addition to the warming 

Figure 6.  Daytime Ti Residuals as a function of year and altitude along with trend line (solid black line) and its statistics 
(slope (m), 97.5th percentile, and correlation coefficient (r) between Ti and floating year). Monthly medians are in black 
crosses, and yearly medians are in green crosses.
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trends for the four end years from 2008 to 2011 at the altitudes of ∼265.4–337 km and the weakening of cooling 
trends over time. Mostly, large variations in the magnitude of the trends and their 95% confidence intervals occur 
from 2008 to 2013. Since 2013 (2014), the variations have been mostly small during the day and night. These 
variations are getting smaller and smaller when the trends are approaching the end year of 2018/2019.

The time evolution of the Ti trends from AO-ISR shows a flat line structure after ∼the end year of 2014. It 
is insufficient to state that the formulation used in this study removed the influence of solar cycle variations 
since the number of end years is not large enough as in Cnossen (2020a) results. For this reason, we use the 
time evolution of the Ti trends from WACCM-X over Arecibo and Millstone Hill instead of the global mean 
neutral temperature. WACCM-X model trends over Arecibo are for the same period as the AO-ISR. Furthermore, 
WACCM-X model trends over Millstone are for the same period of Millstone Hill's ISR (1968–2015) mentioned 
in Zhang et al. (2016). Millstone Hill's time duration covers more than half of the total number of end years of 
Cnossen (2020a). Figure 9 shows the time evolution of the Ti trends from WACCM-X over (a) Arecibo and (b) 

Figure 7.  Same as Figure 6 but for the nighttime.
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Millstone Hill at various altitudes from 158 to 409 km. Above the altitude of 409 km, the confidence intervals are 
large, hiding the trends in the lower altitudes than 409 km. Thus, the time evolution of the Ti trends for altitudes 
more than 409 km are not shown here. The flat horizontal line structures are primarily observed in WACCM-X 
over Arecibo and Millstone Hill, even though the trends in high altitudes have variations of ∼1 K/year as a maxi-
mum. Compared with the time evolution of global mean neutral temperature from WACCM-X, Ti trends are hori-
zontally flat, varying ∼1 K/year during 1998–2015, whereas global mean neutral temperature varies ∼3 K/year 
during 1998–2015. Hence, no significant or noticeable ringing effect is found in Ti trends by the inappropriate 
removal of solar cycle variations.

At 400 km, global mean neutral temperature trends from WACCM-X fall from −4 K/year at the end year of 2008 
to −5.8 K/year at the end year of 2014 (Cnossen, 2020a). That drop of −1.8 K/year is not seen in AO-ISR trends 
at the corresponding altitude bin of ∼372.8–408.7 km, and also, such a monotonic drop in trends with a decline 
of −1.8 K/year is not seen during 2008–2014 within the altitudes of 400 km or less. After the 2008/2009 solar 
minimum, there is a large potential influence of weak solar activity on the trends (Cnossen, 2020a). Those effects 
may vanish over time in ISR observations since the variations are getting smaller, and flat-horizontal line features 
are also seen at most of the altitudes when approaching 2018/2019. Hence, the trends estimated at the end year of 
2019 would be a good representative of the long-term trends.

3.3.  Comparison of Ti Trends

Long-term trends of the ion temperature from multiple ISR locations show variations in magnetic latitude (Zhang 
et al., 2016). It is useful to compare the AO-ISR trends with those reported from other ISRs because it is at 
geomagnetic midlatitudes, while the others are higher in latitude. Figure 10 shows the comparison of long-term 
trends of ISR measured Ti among various ISR locations along with trends of the WACCM-X model for Arecibo 
and Millstone Hill (red-daytime AO, gray-nighttime AO, black - WACCM-X model for Arecibo, pink-Millstone, 
sky blue - WACCM-X model for Millstone Hill, green-St. Santin, yellow-Poker Flat, and blue-Sondrestrom). In 

Figure 8.  The time evolution of the Ti trends at various altitudes during (a) Day and (b) Night.
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Figure 10, the observed Ti trends of the listed facilities (daytime) are shown as a function of altitude along with 
nighttime AO-ISR and WACCM-X model for the entire day and night. The trends from facilities other than Arec-
ibo are from Zhang et al. (2016). As discussed earlier, the error bars from all ISRs represent the 95% confidence 
intervals corresponding to the 2.5th and 97.5th percentile. As seen in Figure 10, the large confidence intervals 

are found in AO-ISR than in any other ISRs, but those are comparable to 
the Millstone Hill ISR observations during different time periods (Holt & 
Zhang, 2008; Zhang et al., 2011). Even those large confidence intervals exist 
in the WACCM-X model above ∼400 km altitude at the ISR locations of 
Arecibo and Millstone Hill.

From the ISRs measured Tis, cooling trends are observed above 200  km 
except at St. Santin, which only shows a cooling trend above 300 km altitude. 
Almost all cooling trends increase with altitude, but Arecibo has a differ-
ent feature instead of simply increasing with altitude. Warming Ti trends are 
observed within the altitude range of 100–200 km in the data from all facilities 
other than Arecibo. Over Arecibo, the cooling trend is seen in that particular 
altitude range but is small during the day and strong during the night. Zhang 
et al. (2016) observed increases in the cooling trend with increasing magnetic 
latitudes above 275 km except for St. Santin. It could be a geographic latitude 
dependency if St. Santin is excluded. Since St. Santin data was collected from 
1966 to 1987 when global warming signals at the surface had just started and 
data coverage is too short for long-term trends (Zhang et al., 2016); hence, St. 
Santin's long-term result is removed for further analysis. To demonstrate the 
latitudinal dependency, the linear interpolation is performed on the Ti trends 
of ISRs to get the values at the altitude of AO-ISR. And then, the variations 
of Ti trends are presented in Figure 11 as a function of geographic latitude 

Figure 9.  The time evolution of the Ti trends from Whole Atmosphere Community Climate Model eXtension (WACCM-X) 
model at various altitudes over (a) Arecibo and (b) Millstone Hill.

Figure 10.  Comparison of Ti trend variations among the Incoherent Scatter 
Radars (ISRs), namely, Millstone Hill (pink), St. Santin (green), Poker Flat 
(yellow), Sondrestrom (blue) and Arecibo (red-day and gray-night). The black 
and sky blue represent the Ti trends from the Whole Atmosphere Community 
Climate Model eXtension (WACCM-X) model at the ISR locations of Arecibo 
and Millstone Hill, respectively.
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(pink) at different altitudes (blue - 319.1  km, orange - 354.9  km, green - 
390.7 km, and red - 426.6 km). The geomagnetic latitudes of ISRs are given 
on the x-axis at the top. In Figure 11, the negative Ti trends are increasing as 
a function of geographic latitude/poleward. Cooling trends of ISRs are fall-
ing in place to support latitudinal dependency even though only four points 
(ISRs) are presented. Thus, coincidence is unlikely.

Above 500 km, AO-ISR observed rapid cooling trends as a function of alti-
tude during the daytime, whereas nighttime cooling trends are almost steady 
at around −2 K/year in those comparable altitudes. Unfortunately, other ISRs 
are limited to 475 km, and the trends of AO-ISR estimation show enhanced 
values of 95% confidence intervals at high altitudes. Over Arecibo, the night-
time trends are mostly smaller than the daytime trends.

The trend profile of AO-ISR has different features than any other ISRs, espe-
cially within the altitude range of ∼150–400 km. Notably, there is no simple 
altitude dependency found over Arecibo. For that reason, we compare the 
trends of AO-ISR with those of the WACCM-X model. WACCM-X model 
trends are computed for the locations of AO-ISR and Millstone Hill-ISR. 
WACCM-X model for Millstone Hill is chosen since the cooling trends over 
there increases with altitude monotonically above ∼170 km in which altitudes 
the trends of AO-ISR differ. In this altitude range, cooling trends of AO-ISR 
increase with altitude up to ∼265  km (−2.1  K/year) during the daytime, 
and it decreases with altitude above ∼265 km (∼158 km during the night) 
till ∼400 km. This feature is evident in the WACCM-X model over Arec-
ibo, especially for daytime; the cooling trends from the WACCM-X model 
increase with altitude from ∼122 km (−0.25 K/year) to ∼265 km (−0.9 K/

year) and it decreases with altitude from ∼265 km (−0.9 K/year) to ∼400 km (−0.53 K/year). In this altitude 
range, the WACCM-X model over Millstone Hill shows a similar altitude profile of cooling trends even with 
closely similar cooling trends below ∼300 km. Above ∼300 km till ∼400 km, stronger cooling trends are found 
over Arecibo than Millstone Hill, which is opposite to the trends from ISRs over those locations. Furthermore, 
this is the altitude range where the nighttime trends of AO-ISR are closely comparable with the WACCM-X 
model. In remaining altitudes, the cooling trends are mostly stronger than those in the WACCM-X model.

4.  Summary and Discussion
We have studied the long-term trends in ion temperature using incoherent scatter data from the Arecibo Observa-
tory from 1985 to 2019. We have compared the trends to those from other ISR sites and to the WACCM-X model. 
The following is a list of our results:

1.	 �Ion temperatures (Ti) are found to be highly sensitive to solar activity (represented by the F10.7 flux) during 
both day and night, but much less so to the Ap index.

2.	 �Removal of the quadratic term of F10.7 from the Ti model causes enhanced and reduced cooling relatively 
depending on the time of the day and altitudes. Enhanced cooling resulted from removing this term above the 
altitude of ∼400 km during the day, whereas it occurs almost in all altitudes during the night. The reduced 
cooling is found to occur below the altitude of ∼400 km during the day.

3.	 �Removal of Ap index resulted in cooling trends opposite to those resulting from the removal of the quadratic 
term of F10.7 from the Ti model.

4.	 �The contributions of the quadratic term of F10.7 and Ap index to the Ti trends are found to be significant over 
Arecibo. Hence, we use those terms in modeling Ti variations.

5.	 �Generally over Arecibo, the trend (from ISR) magnitudes and the 95% confidence intervals on average 
increase with altitude in the altitudes above ∼400 km, and the trends decrease with altitude till ∼400 km from 
∼250 (∼158) km during the day (night). Generally, stronger Ti cooling trends are found in the daytime than 
nighttime, and those differences are within ∼1 K/year in altitudes below ∼500 km.

6.	 �Interestingly, there is no overestimation of AO-ISR Ti trends below 200 km and above 400 km altitudes, as 
pointed out by Perrone and Mikhailov (2017), due to the sensitivity of the ISR observations to the Ti/m +. Since 
no warming trends are estimated below 200 km or/and above 400 km altitudes.

Figure 11.  Variation of Ti trends as a function of geographic latitude at 
different altitudes (blue - 319.1 km, orange - 354.9 km, green - 390.7 km, and 
red - 426.6 km).
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7.	 �Cooling trends from ISR and WACCM-X model over AO show a similar decrease with altitude from ∼250 
to ∼400 km. Mostly, AO-ISR cooling trends are stronger than the WACCM-X model during the day, whereas 
nighttime ISR trends are very closely comparable with the WACCM-X model from ∼300 till ∼400  km. 
At these altitudes of ∼300 to ∼400 km, the cooling trend over Millstone Hill from the WACCM-X model 
decreases with altitude whereas the ISR cooling trend increases with altitude which is opposite to Arecibo 
trends.

8.	 �In the comparison of ISRs trends, the AO-ISR also falls in place to support magnetic latitude dependency as 
increasing cooling trends with increasing magnetic latitudes in the altitudes of ∼325–450 km except for St. 
Santin.

Over Arecibo, comparison of Ti trends during day and night reveals that stronger cooling is observed mostly 
during the daytime than at nighttime. A similar value of trends are also observed in both times at few altitudes 
over Arecibo. Similarly, a significant difference was observed between day and night over Millstone Hill, Sondre-
strom, and Chatanika/Poker Flat (Zhang & Holt, 2013; Zhang et al., 2016). Stronger cooling occurs during the 
day than at night at all the altitudes over Sondrestrom and Arecibo. It was the other way around over Chatanika/
Poker Flat, such as stronger cooling during the night than at day. Over Millstone Hill, stronger cooling was 
observed during the day than at night up to 450 km. Above 450 km, the relationship flips as stronger cooling was 
observed during the night than at day.

Most of the linear Ti trends from the ISRs are cooling trends. Generally, above the altitudes of 200 km, cool-
ing trends are observed at all latitudes (Donaldson et al., 2010; Zhang & Holt, 2013; Zhang et al., 2016, 2011) 
except high-latitude-station Tromso, where warming was observed above 400 km (Ogawa et al., 2014). From 
200 to 400 km altitude, the global mean Tn trend was calculated to be 4–6 K/decade using the neutral density 
trend (Akmaev, 2012). This means 0.4–0.6 K/year, which is smaller than Arecibo's Ti trends (−1.58 K/year) and 
comparable to or larger than Millstone Hill's Ti trends of −0.35 K/year as a gross average in the highly dynam-
ical altitude region (Zhang & Holt, 2013). At the altitude of 225–325 km, Ti is approximately equal to Tn. The 
estimated average Ti trend over Millstone Hill and Arecibo is −0.35 and −1.92 K/year, respectively. During the 
daytime, stronger cooling exists over Arecibo than Millstone Hill at these altitudes.

At the altitude of 200–250 km, stronger cooling occurs over Arecibo than any other ISRs, as shown in Figure 10. 
Whereas Arecibo has weaker cooling trends than any other ISR facilities at the altitude range of 350–470 km, 
it is the altitude range where clear latitude dependency exists. The latitudinal dependency is obvious among the 
ISR facilities except for St. Santin. Even though the Ti data are from different periods among ISRs (Sondrestrom, 
Poker Flat, Millstone Hill, and Arecibo), the same method is used to obtain the trends for comparison (Zhang & 
Holt, 2013, 2016). From high-mid latitude, the strength of cooling trends is decreasing. Even though the latitudi-
nal dependency of Ti trends exists in that altitude range, each location appears to have unique features.

Over Arecibo, trends from AO-ISR decrease with altitude till ∼400 km altitude from ∼250 (∼158) km during the 
day (night). Daytime trends of AO-ISR increase with altitude from ∼158 to ∼250 km. This feature of the altitude 
profile, especially daytime trends, matches with Tromso trend profile, but there is a difference in altitudes and 
magnitudes. Within the altitude range of 250–400 km, cooling trends of Tromso (Arecibo) increase with  alti-
tude till ∼330 (250) km from ∼260 (175) km and decrease with altitude after that altitude of ∼330 (250) km. 
Above 400 km, warming trends are observed over Tromso, whereas cooling trends are observed over Arecibo 
(Ogawa et al., 2014). This warming trend above 400 km altitude over Tromso was pointed out by Perrone and 
Mikhailov (2017) to be overestimated from the real Ti. They also found the overestimation of Ti trends in F1 region 
heights over various ISR locations. In the F1 region below 200 km, the negative trends should result in Ti trends 
over various ISR locations due to the negative trend in mean ion mass. Interestingly, there is no overestimation of 
Ti trends from the AO-ISR below 200 km and above 400 km altitudes since there are no positive trends in those 
altitude ranges, as pointed out by Perrone and Mikhailov (2017), due to the sensitivity of the ISR observations 
to the Ti/m +.

Cooling trends from ISR and WACCM-X model over AO show a similar feature of decrease with altitude from 
∼250 till ∼400 km (covering five altitude bins). Mostly, AO-ISR cooling trends are stronger than the WACCM-X 
model during the day, whereas nighttime ISR trends are very much closely comparable with the WACCM-X 
model from ∼320 till ∼400 km. At these altitudes of ∼320–400 km, a comparison of cooling trends from the 
WACCM-X model and ISRs over Arecibo with Millstone Hill show distinct features over both locations. Rather, 
Millstone Hill ISR observed increasing cooling trends as a function of altitude, which is found in the overall 
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trends of Saint Santin, and Chatanika/Poker Flat. Around the altitude of 570 km, the warming trend is estimated 
by the WACCM-X model, whereas ISRs estimate cooling trends.

In WACCM-X model simulations, the thermosphere-ionosphere trends are driven by the trends of the two driv-
ers, such as GHGs concentrations and the Earth's magnetic field (Cnossen,  2020a; Qian et  al.,  2021). Even 
though the WACCM-X model simulations were different between Cnossen (2020a) and Qian et al. (2021), their 
simulations include the increase in GHG concentrations and the changes in Earth's magnetic field to drive the 
long-term change in the upper atmosphere. Therefore, we assume that the findings of WACCM-Xs are the same 
since the drivers of long-term change are the same. Over Arecibo at the altitudes of ∼320–400 km at night, 
cooling trends might be derived by those two drivers in comparable contributions based on the conclusions of 
Qian et al. (2021) since ISR trends are very closely comparable to the WACCM-X model, as shown in Figure 10. 
During the day, those two comparable drivers might be contributing to cooling at the altitude of ∼391 km, and the 
dominant driver of GHG might be cooling the ionosphere at ∼175 km. Except for those corresponding altitude 
ranges during night and day in AO-ISR measurements, overall altitudes have stronger cooling trends than model 
simulations. Over Millstone Hill above the altitude of 220 km, cooling trends are stronger in ISR measurements 
than in the WACCM-X model. These discrepancies between the WACCM-X model and ISR data sets were also 
reported by Qian et al. (2021).

Stronger cooling trends in ISRs than the WACCM-X model suggest that a large part of the cooling has a cause 
other than the contributions from the increasing GHG concentrations and magnetic field variations represented 
by the WACCM-X model. This significant part of enhanced cooling might be possible by the contributions from 
the unaccounted magnitude of these two drivers (if any), other drivers, or a combination of both. Further studies 
are needed to understand this enhanced cooling by removing the contributions of increasing GHG concentrations 
and magnetic field variations from the Ti model. Notably, AO-ISR Ti trends fall in place to support the latitudinal 
dependency, but only four ISR sites are used. To explore the variations of long-term trends over latitude and 
longitude, further studies may be conducted using the measurements of electron density from (Global Positioning 
System - Radio Occultation) GPS-RO over various locations.

Data Availability Statement
Solar flux F10.7, geomagnetic activity Ap index, and WACCM-X version 2.0 model data are available at https://
lasp.colorado.edu/lisird/data/penticton_radio_flux/, http://wdc.kugi.kyoto-u.ac.jp/kp/index.html, and https://
catalogue.ceda.ac.uk/uuid/dc91f5e39ae34fd883af81dfdbaf659c, respectively. ISR data are available at the 
madrigal (http://openmadrigal.org) website.
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