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Abstract A new method for probing the spatial and temporal features of the topside ionosphere

is presented. The Vary-Chap model given by linear functions was used to discover and report features of the
topside scale height and its gradient. Based on the global coverage of the radio occultation data, spherical
harmonic functions were applied to detect some spatial features of the estimated topside. In addition,

a Fourier time-dependent method was applied in 10 consecutive years to both estimate and predict the
temporal evolution of the topside. As a result, the temporal variation of the peak height showed high
correlation with the scale height. And on the other hand, the electron density peak showed a strong
anticorrelation with the gradient of the scale height. This suggests that the equatorial topside was mainly
controlled by the E x B equatorial vertical drift, which increases the scale height in the equatorial region,
and the diffusion of the electrons along the geomagnetic field lines, which reduces the gradient of the
scale height. Also, a 1 year prediction with a reasonable accuracy showed that the proposed model can be
considered a practical and useful tool for predicting features of the topside ionosphere, which may have
special interest for the development of climatological models.

1. Introduction

The development of ionospheric models for describing the topside ionosphere has been a continuous chal-
lenge since the discovery of the ionosphere a century ago. One major limitation has remained since the most
reliable remote sensing instruments used to explore the topside plasma structure are limited both spatially
and temporally, such as the incoherent scatter radars (ISRs) and the topside sounders on board Alouette and
ISIS (International Satellites for lonospheric Studies) satellites. But more recently, the radio occultation (RO)
techniques using GPS (Global Positioning System) receivers on board the low Earth orbit satellites are provid-
ing continuous data with global coverage of electron density measurements for altitudes above the peak of
the ionospheric F, layer. Therefore, RO techniques have become an outstanding data source for exploring the
topside ionosphere (Liu et al., 2011; Pedatella et al., 2011; Zhao et al., 2011).

During the past decades, several analytical functions have been proposed in order to find a suitable math-
ematical formulation that describes the altitude dependence of the electron density in the topside, such as
exponential functions (Llewellyn & Bent, 1973; Stankov et al.,, 2003), parabolic functions (Kutiev & Marinov,
2007), Epstein functions (Depuev & Pulinets, 2004; Radicella & Leitinger, 2001; Rawer, 1988), and Chapman
functions (Chapman, 1931; Reinisch et al., 2004; Venkatesh et al., 2011). Fonda et al. (2005), for instance,
presented a comparison between distinct analytical functions and found that the Chapman model best
described the topside ionosphere when compared to the topside sounder observations. As a result of the
Chapman adjustment, one of the most important parameters that describes the ionospheric characteristics
is estimated —the scale height. In general, the scale height is defined as the vertical distance over which the
electron density diminishes by a factor of e and can be used as a measure of the ionospheric density gradi-
ent (Marinov et al,, 2015) and ionospheric slab thickness (Duarte-Silva et al., 2015). But in addition, it shows
a dependence with the thermal structure and composition of the ionosphere, which might contribute to
describe ionospheric features that are not completely understood.
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There are various numerical ways to compute the scale height using the Chapman functions. Often, a sim-
plifying assumption is made to represent the topside by an a-Chapman function with constant scale height
(Reinisch et al., 2004), that is, a unique scale height is estimated for the entire topside. In order to incorporate
an altitude dependence on the scale height, Rishbeth and Garriott (1969) first proposed a formulation con-
sidering a continuously varying scale height, which was later named Vary-Chap. Reinisch et al. (2007) used
a hyperbolic tangent function to fit the proposed Vary-Chap to ISIS sounders, and it became a presumable
option to improve the topside profiles of the International Reference lonosphere (IRI) (Bilitza et al., 2011). Such
task faces mainly a limitation due to the lack of data measured by a large number of instruments around the
globe, which could be improved by the incorporation of RO observations.

Current studies are revealing that Chapman functions are performing well to describe the topside ionosphere
retrieved by the RO data. The validation of the scale height derived from RO has been presenting good
agreements with the vertical total electron content (Wu et al., 2016), as well as consistent seasonal variations
and strong dependence on temperature (Stankov & Jakowski, 2006). Most of the studies retrieving the top-
side by RO were carried out using a fixed scale height. On the other hand, Olivares-Pulido et al. (2016) and
Hernandez-Pajares et al. (2017) have found that the RO electron density observations above the peak fit much
better to a varying scale height described by a linear dependence, where two parameters can be estimated
to better describe the ionosphere topside above the peak height, h,,, and bellow the low Earth orbit height:
the scale height at h,,, and the gradient of the scale height.

Despite the considerable efforts already made to describe the topside ionosphere, a relevant challenge still
remains due to the lack of information on the global patterns of the topside ionosphere when described by
Vary-Chap functions retrieved by RO data. In this regard, we are taking the advantage of the global coverage
of RO data to analyze spatial and temporal patterns of the topside ionosphere using a new technique for esti-
mating the linear Vary-Chap. Therefore, a pioneering set of procedures is presented to discover and report
global features of the spatial and temporal behavior of the topside scale height and its gradient. The electron
density and height at the F, peak are also analyzed in order to give a complete view of the Vary-Chap top-
side. They were obtained from the Constellation Observing System for Meteorology, lonosphere, and Climate
(COSMIC) Data Analysis and Archive Center and processed by UCAR (University Corporation for Atmospheric
Research) following the methods developed by Schreiner et al. (1999) and Syndergaard et al. (2005). As a
result, the first section shows how the ionospheric profiles were independently used to retrieve the topside. A
spatial modeling was then carried out to show the spatial patterns of the peak height, electron density peak,
scale height, and its gradient. At last, a time modeling was performed to describe the temporal evolution of
the estimated values and the possibility of their prediction.

2. New Procedure to Estimate the Vary-Chap Function

The topside of the ionosphere was represented by the Vary-Chap functions, which characterizes the topside
by an exponential decay with altitude. The general Vary-Chap function is a simple mathematical formulation
that describes the electron density profile with a scale height H, (that varies with height h) by the following
equation:

—h,,
(M

N.(h) = N_e-2¢  with z=
e m Hs(h)

where N, is the electron density at the height h, N, and h,, are the density and height at the F, peak, k = 1/2
for the a-Chapman function, and k = 1 for g-Chapman.

Olivares-Pulido et al. (2016) have found that linear functions can be used to well estimate the variability of
the scale height at the topside when adjusted to RO data, finding the Pearson coefficient above 0.98 for more
than 72% of the analyzed RO ionospheric profiles. In this regard, the varying scale height is approximated as
the following linear equation:

H(h)—a—HO(h—h )+ H (2)
s - oh m 0

where H, stands for the scale height referred to the peak height and dH,/dh to the gradient of H,. In
Olivares-Pulido et al. (2016), a two-step procedure was applied to the determination of H, and 0H, /dh. First, z
was iteratively obtained based on electron density data, and second, a fitting of the linear function given by
equation (1) was carried out.
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The main difference of the method proposed in this work is that the electron density observations are directly
used for the estimation of H, and dH,/dh. Here a linear least square method based on equation (1) is used,
where H,(h) was approximated by equation (2), that is, H,(h) = dH,/0h(h—h,,) + H,. The following steps were
considered for the estimation:

Step 1: Exclusion of N, outliers and construction of the measurement vector y;
- . . OH?
Step 2: Initialize the vector of approximated parameters x, using H; = 80 km and a—h° =0.1;

Step 3: Use Hj and % in equation (1) to obtain the vector of approximated measurements y,;
Step 4: Build the Jacobian matrix H using equations (3) and (4) shown ahead;

Step 5: Obtain the vector of the estimated parameters by x = x,, + (H'H)™ HT(y -Yo)
oHo

Step 6: Update the initial parameters of Hj and a—h" by x, = x;

Step 7: Go to Step 3 if the number of iterations is smaller than 20 times. Otherwise, end the iterations.

The Jacobian matrix is given by the following partial derivatives:

% = kN (h — hm) _ (h - hm)e720 ek(1—z°—eflo) (3)
oHy | (HYY? (Hoy?
and
oNe (h—hp)?* (h- h,)%e? 1) @
d(dHg /oh) T (Hoy? (HO)?

where z° and H? are obtained using approximated values of Hy and 04 /dh. In general, the adjustment process
converges well with a low number of iterations. However, when nonreal values are obtained, such as negative
values of Hg, Hj > 1,000 km or 0HS /oh > 1, the estimation process is reinitialized with Hj or oHg /oh equal to
twice or half the number used before, depending if the estimated values are above or below the thresholds.

Figure 1 (left) shows a typical example of the performance of the proposed method. It shows a profile of
observations derived from measurements of the ISR at Millstone Hill, the profile retrieved when fitting a con-
stant scale height and the profile retrieved when fitting the varying scale height with the proposed method,
referred as Vary-Chap. ISR data were used in this example due to the important measurements of the iono-
spheric temperature that it provides, in addition to the electron density. The data set was obtained from the
final data processed in a campaign of measurements available in Madrigal database that were conducted to
obtain reliable data of the atmospheric warming on 15 January 2010. As can be seen, the varying scale height
is more flexible to describe the topside due to the strong influence of the gradient in the upper part of the
topside, which includes a considerable improvement when compared to the fixed scale height. In fact, both
a-Chapman and g-Chapman could lead to the same result in terms of the estimated electron density; how-
ever, considerable differences in the magnitude of the estimated values of H, and dH, /dh are obtained when
using these approaches. In order to identify the best option for the topside estimation, H, and dH,/oh were
estimated using a-Chapman and g-Chapman functions and compared to the scale height calculated through
temperature measurements of ISR. As pointed out by Belehaki et al. (2006), the scale height derived from
Chapman functions can be theoretically evaluated by the neutral temperature. Therefore, the scale height
from ISR measurements was derived using the following equation:

_ kb Tn

= 5
* m@Og ®

where T, is the neutral temperature, k, is the Boltzmann’s constant (1.38 x 10722 m? kg s=' K=1), m(O) is the
oxygen mass (2.65 x 10726 kg), and g is the acceleration of gravity (9.81 m s2).

Figure 1 (top right) shows the estimated value of H,(h) for a fixed height of 520 km over almost 6 h of data.
It is presented H, from the proposed iteration process with k = 1, the proposed process with k = 0.5 and
derived from equation (5). Also, Figure 1 (bottom right) shows the gradient of the scale height (6H,/dh).
This experiment was performed to make a preliminary check whether the magnitude of the topside esti-
mated by the proposed procedure was close to the scale height derived from temperature measurements.
In general, both Vary-Chap functions presented similar values of the scale height and its gradient in com-
parison to the ISR values. In this respect, the magnitude of the estimated values of the proposed method
seems reliable. In addition, a better agreement was clearly obtained for the a-Chapman function in com-
parison to the scale height derived from ISR. The mean difference between the ISR H; and the Vary-Chap H;
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Figure 1. The left panel shows the topside estimation using a fixed scale height (blue line) and a varying scale height
with k = 1 (red line) and k = 0.5 (green line). The black dots are the N, observations obtained from ISR data. The panels
on the right show the estimated values of H, (top) and dH,/oh (bottom) for 6 h of data. The black line of the top right
panel was obtained using equation (5) for an altitude of 520 km. The green and red lines are the scale height H;
obtained from the proposed iteration process. The ISR gradient 0H,/dh is the average of the gradients obtained using
all observations above the peak height.

using k=1 was 29 km, while the mean difference using k = 1/2 was 9 km, with the later being the one that
best describes the ionospheric topside. Consequently, the subsequent analyses were performed using the
a-Chapman function.

The reliable magnitude of the values estimated with the proposed procedure when compared to ISR data,
among the lack of studies that shows the dynamics of the scale height and its gradient, inspired us to check
the spatial and temporal patterns of the estimated H, and 0H,/dh. Such analyses were carried out using RO
data in order to obtain a global coverage and reasonable amount of data from consecutive days. We were
also interested in the spatial and temporal patterns of h,, and N, to show whether the RO data were reliable
to estimate the expected patterns of h,, and N, and then to obtain the correlations between the parameters.
Therefore, after applying the topside estimation procedure for independent RO profiles, four parameters, h,,,
N,,. Hy, and 0H, /oh, were recorded with the horizontal position related to the coordinates of the peak height.

3. Spatial Modeling

In order to process the spatial interpolation of h,,, N,,, Hy, and dH,/dh and represent global patterns of
these parameters, RO data of close days and hours were superimposed in a Sun-fixed reference frame.
Figure 2 shows an example of the spatial distribution of N, converted to the critical frequency (foF2) super-
imposed with distinct number of consecutive days of RO data in terms of local time (LT) and magnetic
latitude. The conversion of the electron density peak (in el/m3) into critical frequency (in MHz) was com-
puted by foF2 = /N,,/(1.24 x 10'0), and the data were obtained from the FORMOSA Satellite Series No. 3
(FORMOSAT-3)/COSMIC (Lei et al., 2007). In general, the best coverage was obtained when all data of 60 con-
secutive days between days of year (hereinafter as DOYs) 70 and 130 of 2017 were superimposed; that is, a
window of 30 days better depicted the ionosphere at the central DOY 100. The RO data used in this study
were given by COSMIC Data Analysis and Archive Center and processed by UCAR. It is worth mentioning that
when analyzing all the RO data obtained between the years of 2008 and 2017, we have found that a 30 day
window is good enough to provide, for any specific day, a global distribution without gaps that could affect
the spatial modeling of the parameters.

The spatial modeling was performed using spherical harmonics (SH) expansion, which are mathemati-
cal functions widely used to represent the behavior of several atmospheric parameters at a global scale.
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Figure 2. Coverage of FORMOSA Satellite Series No. 3/Constellation Observing System for Meteorology, lonosphere, and
Climate radio occultation data when varying the number of consecutive days with superimposed data of N,,,. The unit
of the color bar is megahertz, and the central day of each global representation was day of year 100 of 2017.

The parameters h,,, N,,, H,, and dH,/oh were spatially represented by a set of coefficients given by the
following equation:

N n

. th . th

f(Pm. t,) = Z Z Pom(sin ) [anm cos <ﬂﬁ> + by, SiN (7[6)] (6)
n=0 m=0

where f(¢,,, t;) stands for any of the target parameters, ¢,, is the magnetic latitude, t, is the LT, P, is the

normalized associated Legendre polynomial, and a,,,, and b,,,,, are the coefficients to be determined in a least

square adjustment with degree N = 15, which give us 256 coefficients to be estimated for each parameter.

Figure 3 shows the resulting surfaces of h,,, N,,,, Hy, and dH,/oh when applying the SH estimation in three
representative days of the minimum in the solar cycle 24: northern solstice (DOY 172), equinox (DOY 264),
and southern solstice (DOY 356) of 2008. It is also presented the scale height computed by equation (5) using
the neutral temperature derived from IRI-2012 for a fixed height of 400 km and the scale height H,, which
is the scale height at a fixed height of 400 km computed by H, = H, + dH,/0oh (400 — h,,). Figure 4 shows
the same configuration, but for the year 2014, which was a maximum in the solar cycle 24. It is possible to
see the expected global patterns of N,,, such as the representation of the two crests of the equatorial ion-
ization anomaly (EIA). It is also noticed an asymmetric behavior, where the north crest is more intense when
the summer Sun is located in the Northern Hemisphere and the south crest is more intense when the sum-
mer Sun is located in the Southern Hemisphere. In addition, the h,, estimation is presenting an expected
surface of the peak height, with higher values in the equatorial region, where the electron density distribu-
tion is driven by the resulting force due to the electric and geomagnetic fields in the ionosphere. The daytime
and nighttime of both surfaces of N, and h,, are clearly defined, and the values were estimated with reason-
able magnitude, which follows an increasing trend together with the solar cycle. Therefore, it is reasonable to
say that the proposed SH estimation procedure using the RO data provides consistent global patterns of the
ionospheric topside.

Some interesting features can be verified in the estimated spatial distributions of H,, which were obtained
with similar magnitude as in previous works (Liu et al., 2011; Olivares-Pulido et al., 2016) and with similar mag-
nitude of H, derived from the neutral temperature of IRl (Hg,). A similar consistency of H, and H, was obtained,
with small differences due to the contribution of 0H, /dh. Also, the H, surface clear follows H,y and the position
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Figure 3. Spatial patterns of h,,, N,,, Hy, and dH, /oh for distinct periods of solstices and equinoxes in the year 2008. It is
also shown the scale height derived by the neutral temperature of the ionosphere and computed from International
Reference lonosphere 2012 model.

of the Sun, showing higher values in the Northern Hemisphere during the northern solstice (June), higher
values in the Southern Hemisphere during the southern solstice (December), and a balanced behavior in the
equinox. In the hemisphere that corresponds to the solstices, the H, values are higher in the daytime and
lower at nighttime. There is also a lower daily variation of H, in the polar region during the solstices, which
is mainly due to the absence of dark nights. Therefore, it seems that the spatial distribution of the estimated
H, is closely related to the ionospheric temperature patterns, which are mainly driven by the solar irradiation.
However, there are two important patterns that are not well explained by only looking to the Sun position
and the temperature patterns of Hy,. First, there are high values of H, in the equatorial region in the day-
time that appears to be independent of the position of the Sun, and second, there is a noticeable lower
concentration of H, in low latitudes and midlatitudes in the daytime for the regions in the winter, that is,
in the Southern Hemisphere during the northern solstice (June) and in the Northern Hemisphere during the
southern solstice (December).

Over the geomagnetic equator, the electric and magnetic fields are mutually perpendicular to each other. The
resulting force in the daytime drives the electron density to higher altitudes with a drift velocity E x B, where
E and B stand for the vectors of the electric and geomagnetic field. It is well known that the peak height is
correlated to the intensity of the electric currents at the equator. However, in addition to this, the results of
Figures 3 and 4 indicate that not only the peak height changes with the resulting vertical drift but also a higher
concentration of electrons in the upper ionosphere has changed the shape of the topside by increasing H,.
Indeed, the higher values of H, seem even more confined to the equator than the h,, distributions, which is
an indication that H, might be more affected by the intensification of the vertical drift in the equatorial region
than h,,,. This may be true because the increasing of h,, depends on the elevation of the entire F, layer, while
H, increases only by having a few more electrons in the upper part.
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Figure 4. Spatial patterns of h,,, N,,,, Hy, and dH, /oh for distinct periods of solstices and equinoxes in the year 2014. It is
also shown the scale height derived by the neutral temperature of the ionosphere and computed from International
Reference lonosphere 2012 model.

Figure 5 illustrates the synergy between the vertical drift at the equatorial region, driven by E x B force, and
real profiles obtained with the estimated h,,,, N,,,, Hy,, and dH, /oh. Despite lower values of N, in the geomag-
netic equator than N, of low-latitude regions, it is possible to see a higher concentration of electron density
above the peak height of the equator, mainly for the altitudes between 500 km and 700 km. Such higher elec-
tron density is the main cause of an increasing of H, in the geomagnetic equator. In addition, it is interesting to
note that at higher altitudes, the uplifted plasma diffuses along with the geomagnetic field lines in the direc-
tion to the low-latitude regions, forming the crests of EIA by the so-called fountain effect. Therefore, there is a
continuous flow of electrons that are leaving the upper part of the equatorial topside. But instead of reducing
the values of H,, the parameter that is mainly affected by the diffusion of the electrons is the gradient oH, /dh.
In this regard, despite the electron density being higher in the topside of the equatorial profile, the expo-
nential decay with the altitude is not so strong in the equatorial region when compared to the low-latitude
profiles. Indeed, 0H,/dh mainly controls how strong is the exponential decay of the electron density in the
upper part of the topside. Therefore, there is an anticorrelation between H, and 0H, /dh observed in the equa-
torial region in Figures 3 and 4 that can be mainly associated with the vertical drift, which increases H,, and a
diffusion of the electrons along the geomagnetic field lines, which reduces the values of 0H, /oh.

The electron density that diffuses along with the geomagnetic field lines toward the crests of EIA remains
mainly in the peak height h,,,. The fountain effect, therefore, contributes to a considerable increasing of the
electron density in the peak height of the crests of EIA. However, during the fountain effect, the topside of
the crests does not show significant changes. In this sense, the increasing of N,,, linked to the low variability of
the topside indicates that it is reasonable to observe lower values of H, in the crests of EIA, mainly in the winter,
since the peak height is lower at this season.
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Figure 5. Topside variability of the profiles due to the ionospheric fountain effect. The electron density is plotted on a
logarithmic scale.

Itisimportant to observe a relevant increase of the equatorial 0H, /dh after 00 LT and a further increasing near
05 LT in Figures 3 and 4. During nighttime, the recombination process quickly reduces the electron density of
the ionosphere near the peak height. On the other hand, the plasma at higher altitudes is maintained due to
the low recombination rates. In addition, the electron density at the plasmasphere can flow back into the F
region on the night, as mentioned by Kelley (2009). Therefore, since 0H,/dh is strongly controlled by the elec-
tron density at the upper part of the topside, the high values after 00 LT is likely related to the variations due
to the topside recombination process and the plasmasphere. Also, the dH,/0oh increasing near 05 LT can be
also related to the local sunrise. At the local sunrise, the sunlight reaches first the upper part of the topside.
The increasing of the ion production in the upper part of the topside raises the electron density, but no signif-
icant variation occurs at the peak height. Consequently, there is a justifiable increasing of 0H, /oh. Such event
was also indicated in Prol and Camargo (2016) as the main reason that was affecting the estimation of N, by
the ionospheric tomography. But at that time, the electron density increasing of topside in the local sunrise
was only a speculation that now can be seen thanks to the proposed model based on RO data.

4, Time Modeling

The SH coefficients for all the days between the beginning of the year 2008 and the end of 2015 were esti-
mated with a moving window of 30 days. A temporal series was then obtained for each SH coefficient, which
enabled to analyze the temporal dependence of the coefficients. Figure 6 (top) shows the time dependency of
the first SH coefficient (a,,) obtained from the observations of N,,,, converted to the critical frequency. It is also
presented the behavior of the solar activity given by the solar radio flux at 10.7 cm (F10.7 index) and a global
view of the ionosphere given by the global electron content (GEC) derived from the UPC Quarter an hour
Rapid GIM global ionospheric maps produced by Universitat Politécnica de Catalunya (Herndndez-Pajares
etal., 1999). Each daily value was divided by the mean value of the time series in order to show a superimposed
graphic. Despite that the time series were obtained from distinct instruments and distinct processing tech-
niques, it is possible to see a good agreement between N, (in el/m3), F10.7 (in units of 10722 Wm~=2Hz""),and
GEC (in units of 1032 electrons). The correlation of N, and F10.7 was 91% and of N,,, and GEC was 96%, which
indicates the consistency of the proposed method in order to analyze the global behavior of the ionosphere.

A fast Fourier transform (FFT) algorithm was used before applying a time modeling procedure in the time
series given by 256 SH coefficients for each of h,,,, N,,,, Hy, and 0H,/dh. FFT was applied to convert the time
domain of the SH coefficients to a representation in the frequency domain and then identify the periods
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Figure 6. The top panel shows the time series of the first spherical harmonics coefficient of N,,,, converted to
megahertz, the corresponding values of the 81 day running mean of the F10.7 index and global electron content (GEC)
in GEC units (GECU), where 1 GECU = 1032 electrons. The bottom panel shows the periods detected by FFT with high
energy in the time series.

that shows predominant temporal patterns. The frequencies that contribute the most to the time series were
identified using a specific criterion. We used the frequencies that were capable of showing at least 99% of the
energy of the time series, where Figure 6 (bottom) shows the identification of the frequencies, converted to
periods, that contributed the most to the first coefficient of N,,,. It is also represented the predominant periods
obtained when applying the FFT to the time series of F10.7 and GEC, showing that the time series have similar
temporal patterns. In general, it is possible to verify that higher energies of the first coefficient of N, F10.7
and GEC are mainly related to the periods of 1,460 days (4 years), 730 days (2 years), and 365 days (1 year).
There were also two periods given by 172 and 324 days with high energy of N,, and GEC, but low energy
of the F10.7 solar flux index, as expected, since F10.7 in an indicator of the solar activity. Therefore, seasonal
patterns of the ionosphere, mainly due to the regional variations in the Northern and Southern Hemispheres,
lead to a better agreement between GEC and N,,,. It is relevant saying that despite showing results of N,
similar principal periods of the temporal patterns were detected for the coefficients of h,,, Hy, and 0H, /dh.

After calculating the most important time-dependent periods of each SH coefficient, a time modeling pro-
cedure was carried out. The temporal modeling of h,,, N,,, H,, and dH,/oh was described by a Fourier
time-dependent method. In this regard, the time series of a specific SH coefficient was approximated in Fourier
coefficients by the following equation:

N
t t
(08...15) _ . d d
a%-1% = ¢, + E c,sin <2n—7_(n)> +d, cos (277—7_(”)) (7)

n=1 d d

where a?3-' is the time series of a specific SH coefficient related to the years between 2008 and 2015, c,,

and d,, are the Fourier coefficients to be estimated, t, is the day of the time series varying from 1 to 2920, and
T;") is the period of the sinusoidal function, which depends on the value of n and was defined by the most
important frequencies obtained in the FFT analysis. The Fourier series of equation (7) was expanded up to N,
which represents the number of needed frequencies to describe at least 99% of the energy of the time series.
In addition to the FFT periods, it was included the period of 4,017 days, which represents the entire solar cycle
that was not detected by FFT due to the small size of the data set.

Figure 7 shows the performance of the Fourier fitting when applied to the first coefficient of the time
series of h,,, N,,, Hy, and dH,/oh. It also shows the predicted values of the coefficients by extending the
Fourier adjustment to the whole year of 2016 and 150 days of 2017, covering all data available nowadays
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Figure 7. Temporal evolution of h,, N,,, Hy, and 0H, /oh calculated trough
a moving window of 30 days using the spherical harmonics (SH) estimation,
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the Fourier adjustment, and the Fourier prediction.

from FORMOSAT-3/COMISC for the solar cycle 24. In this example, the SH
estimation was also applied for 2016 and 2017 with a moving window of
30 days to show reference values to the prediction. As can be seen, the
Fourier fitting performed well to describe the first SH coefficients between
2008 and the end of 2015. Despite a small worsening, the Fourier had
either a reasonable or good performance in the prediction for 2016 and
2017, which indicates that the detected periods from FFT described well
the energy of the time series.

From the results of the prediction, it can be said that the estimated coef-
ficients of h,,,, N,, Hy, and 0H, /0h have predictable temporal patterns, so
it gives strong indications that physical interpretations can be associated
with them. In general, the anticorrelation of H, and dH, /0h does not occur
occasionally for the spatial distributions between equinox and solstices,
such as observed in the previous section, but there is also a temporal evo-
lution of the parameters that conduct to an anticorrelation. However, in
the case of the temporal patterns, it can be seen in Figure 7 that the gra-
dient of the scale height is highly anticorrelated with N,,. The obtained
anticorrelation between the time series of N, and dH,/oh was —94%.
This high anticorrelation can be explained because, as mentioned before,
the gradient 0H,/oh in the equatorial region is likely controlled by the
decrease in the electron density in the topside due to the plasma fountain
effect, while N, increases in the crests due the diffusion of the electron

density along with the geomagnetic field lines. Therefore, despite a spatial distribution of dH,/dh completely
distinct in comparison to the spatial distributions of N,,,, when we look to the global mean values, that is, the
first SH coefficient, we can notice that they are highly correlated. Other ionospheric regions than the equato-
rial contributes to the first SH coefficient, but we are mainly looking to the equatorial region and the crests
of EIA because they play the most principal role. It is interesting to notice that the H, temporal evolution
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Figure 8. Comparison between the surfaces obtained with the spherical harmonics estimation and the Fourier
prediction on day of year 356 of 2016 (Southern Solstice). The last observation used for the prediction is from day of

year 365 of 2015.
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is quite closely related to the h,,, temporal evolution. Indeed, the correlation between the time series of H, and
h,,, was 99%. This is mainly because, as mentioned before, both parameters are controlled by the equatorial
currents that drift the electron density at the equatorial region to higher altitudes.

In order to analyze all the estimated and predicted SH coefficients, Figure 8 shows the distribution in geomag-
netic latitude and LT obtained for h,,,, N,,,, H,, and 0H,, / 0h when the proposed method was applied in DOY 356
of 2016 (southern summer solstice). This is a representative example because it shows the performance of the
prediction when applied to almost 1 year after the last observations was incorporated into the Fourier esti-
mation, which is a relevant challenge in terms of the prediction. The prediction was capable of showing the
Seasonal patterns, being H, higher in the Southern Hemisphere and N,, more intense in the southern crest
of the EIA. It has also shown lower values of h,, and H, in the Northern Hemisphere, a clear spatial anticorre-
lation between H, and dH,/oh in the equatorial region, as well as the dH, /dh increasing at 05 LT, mainly due
the local sunrise. However, despite the possibility to predict seasonal patterns, some regional structures were
smoothed, which produced nonnegligible errors. The root-mean-square error (RMSE) and maximum absolute
error was 1.1 and 2.7 MHz for foF2, as calculated from N,,, 14.1 and 47.0 km for h,,, 4.5 and 18.6 km for H,,
and 0.01 and 0.04 for d0H, /oh. By taking the ratio of the maximum error and the maximum estimated value,
we computed the magnitude error of 47%, 13%, 25%, and 22% for N, h,,,, H,, and dH, /oh. These results indi-
cate that in general, the magnitude of the prediction is in a good agreement with the estimated reference
value and that the N, parameter was the most difficult to predict. Also, bearing in mind that this evaluation is
constrained to the coefficient domain of the SH functions, we also calculated the RMSE for all RO ionospheric
profiles in DOY 356 of 2016, that is, the reference values were derived from each RO profile without any SH
interpolation. As a result, the obtained RMSE was 1.5 MHz for foF 2, 30.4 km for h,,,, 13.1 km for H, and 0.03 for
0H,/0h, which is a bit worse result than the SH constrained assessment but still in a good agreement. There-
fore, spatial patterns and the magnitude of all parameters can be predicted with a reasonable accuracy, which
is a clear indication of the applicability of the climatological model developed in this study to the estimation
of the topside ionospheric parameters based on RO data.

5. Conclusions

We have successfully implemented a procedure to estimate spatial and temporal patterns of the varying scale
height of the topside ionosphere (H,) and its gradient (0H, /dh) as well as the electron density (N,,,) and height
(h,,,) at the F, peak. All RO data available from FORMOSAT-3/COSMIC from the solar cycle 24, which corre-
sponds to 10 consecutive years between 2008 and 2017, were used for probing some features of the estimated
parameters. Thus, simultaneous analysis of these parameters provided new information about the topside
ionosphere.

The obtained results can be summarized as follows:

1.1t is possible to analyze the spatial features of h,,, N,,,, Hy, and dH,/dh by using RO data as well as predict
their values to show temporal patterns.

2. The global patterns of the electron density peak obtained with RO data are highly correlated with the GEC
derived from global ionospheric maps.

3. The temporal evolution of the global mean of H, is highly correlated with h,,, and the temporal evolution
of the global mean of dH,/dh has a strong anticorrelation with N,,,.

4. When describing the topside by a linear Vary-Chap, we find a spatial anticorrelation in the equatorial region
between H, and 0H, /oh.

5. The estimated ionospheric profiles indicate that the anticorrelation between H, and dH, /oh is mainly asso-
ciated with the equatorial vertical drift, which increases H,, and with the diffusion of the electrons along
the geomagnetic field lines, which reduces the values of dH, /dh.

6. There is an increasing of 0H,/dh near 05 LT which is mainly associated with the increasing of the ion pro-
duction in the topside due to the solar irradiation that first reaches the upper part of the topside in the
local sunrise.

7. The performance of the proposed model applied for one year of prediction showed a good agreement with
the reference values. The prediction showed well the seasonal features of the topside and was performed
with an RMSE of 1.1 MHz for N,,,, 14.1 km for h,,,, 4.5 km for H, and 0.01 for dH,, /oh, which reveals the GPS
RO as a powerful instrument to build climatological models for the topside ionosphere.
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