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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 estimate

the scale height and its gradient. Based on the global coverage of the Radio-Occultation (RO)

data,  Spherical  Harmonic  functions  were  applied  to  detect  some  spatial  features  of  the

estimated topside, such as an anti-correlation between the scale height and its gradient in the

geomagnetic  Equator.  In  addition,  a  Fourier  time-dependent  method  was  applied  in  ten

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 the electron density peak showed high correlation with the Global Electron Content and a

strong anti-correlation with the gradient of the scale height. This suggests that the equatorial

topside was mainly controlled by the ExB equatorial vertical drift, that increases the scale

height and the peak height, and the diffusion of the electrons along the geomagnetic lines,

that reduces the gradient of the scale height at the equatorial region and increases the electron

density peak in the low-latitudes. Also, a one-year prediction with a reasonable margin of

errors  showed that  the  proposed model  is  a  powerful  tool  for  predicting  features  of  the

topside ionosphere, which may have special interesting for the development of climatological

models.
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Introduction

The development of ionospheric  models for describing the topside ionosphere has

been a continues challenge since the discovery of the ionosphere a century ago. One major

challenge has remained since the most reliable remote sensing instruments used to explore

the topside plasma structure,  such as the incoherent-scatter  radars (ISRs) and the topside

sounders on-board Alouette and ISIS satellites, are limited both spatially and temporally. On

the  other  hand,  the  Radio-Occultation  (RO)  techniques  using  GPS  (Global  Positioning

System) receivers on-board the Low Earth Orbit (LEO) satellites provides continuous data

with global coverage of electron density measurements for altitudes above the F2 layer peak.

Therefore, RO techniques have become an outstanding data source for exploring the topside

ionosphere (Pedatella et al., 2011; Liu et al., 2011; Zhao et al., 2011).

During the past decades, several analytical functions have been proposed in order to

find  a  suitable  mathematical  formulation  that  describes  the  altitude  dependence  of  the

electron density in the topside,  such as exponential  functions (Llewellyn and Bent,  1973;

Stankov et.  al,  2003),  parabolic  functions  (Kutiev and Marinov,  2007),  Epstein functions

(Rawer,  1988;  Radicella  and Leitinger,  2001;  Depuev  and Pulinets,  2004)  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 in which the electron density changes by a

factor of an exponent. But in addition, it has a dependence with the thermal structure and

composition of the ionosphere, which might contribute to describe ionospheric features that

are not completely understood.

There are various numerical ways to compute the scale height using the Chapman

functions.  Often,  a  simplifying assumption is  made to represent  the topside by an  α -

Chapman function with constant scale height (Reinisch et al.,  2004), i.  e.,  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 considering 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, which



became a presumable option to improve the topside profiles of the International Reference

Ionosphere (IRI) (Bilitiza et. al, 2011). Such task faces a mainly 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  VTEC (Vertical  Total  Electron

Content) (Wu et al., 2016), as well as consistent seasonal variations and strong dependence

on temperature (Stankov and Jakowski, 2006). Most of the studies retrieving the topside by

RO were carried out using a fixed scale height. On the other hand, Olivares-Pulido et al.

(2016) and Hernández-Pajares et al. (2017) have found that the RO observations fit well to a

varying scale height described by linear functions, where two parameters can be estimated to

best describes the ionosphere topside: the scale height referred to the peak height 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 estimating 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 F2 peak are also analyzed in order to give a

complete  view  of  the  Vary-Chap  topside.  As  a  result,  the  first  section  shows  how  the

ionospheric profiles were independently used to retrieve the topside. A spatial modelling 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 modelling was performed to describe the temporal

evolution of the estimated values and the possibility of their prediction. 

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 s  that varies with height h  by the following equation:



N e (h )=Nme
k (1− z−e−z ) with z=

h−hm

H s (h )
(1)

where N e  is the electron density at the height h , Nm  and hm  are the density and

height at  the F2 peak,  k=1  for the  α -Chapman function and  k=1/2  for  β -

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. In this

regard, the varying scale height is approximated as the following linear equation:

H s (h )=
∂ H0

∂h
(h−hm )+H 0(2)

where  H 0  stands to the scale height referred to the peak height and  ∂ H 0/∂h  to the

gradient of H 0 . In Olivares-Pulido et al. (2016), a two-step procedure was applied to the

determination  of  H 0  and  ∂ H0/∂h . First,  z  was  iteratively  obtained  based  on

electron density data and, second, a fitting of the linear function given by Eq. (2) was carried

out. 

The  main  difference  of  the  method  proposed  in  this  work  is  that  a  one-step  is

performed to the estimation of  H 0  and  ∂ H 0/∂h .  The iteratively fitting  of  Eq.  (1)

linked  to  Eq.  (2)  is  processed  with  a  Jacobian  matrix  given  by  the  following  partial

derivatives:

∂ N e

∂H 0

=
Nm (h−hm ) (e

z0

−1 )e1−2 z0
−e−z 0

[(∂ H 0
0
/∂h ) (h−hm )+H 0

0 ]
2 (3)

and

∂ N e

∂ (∂H 0/∂h )
=

N m (h−hm )
2 (ez0

−1 )e1−2 z 0
−e−z0

[(∂H 0
0
/∂h ) (h−hm )+H 0

0 ]
2 (4)

where  z0  is obtained using  approximated values of  H 0
0  and  ∂ H0

0
/∂h ,  which are

iteratively estimated with the initial guess equal to  H0
0
=80  km and ∂ H0

0
/∂h=0.1 . In

general, the adjustment process converges well with a low number of iterations. However,

when non-real values are obtained, such as negative values of  H 0
0 ,  H0

0
>1000  km or

∂ H0
0
/∂h>1 ,  the estimation process is reinitialized with  H 0

0  or  ∂ H0
0
/∂h  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 Incoherent Scatter Radar

(ISR) at  Millstone Hill,  the profile retrieved when fitting a constant 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

ionospheric temperature that it provides, in addition to the electron density. The dataset was

obtained  from  a  campaign  of  measurements  available  in  Madrigal  database  that  were

conducted to obtain reliable data of the atmospheric warming. 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 α -Chapman and β -Chapman could lead to the

same result in terms of the estimated electron density, however, considerable differences in

the magnitude of the estimated values of  H0  and  ∂ H0/∂h  are obtained when using

these approaches. In order to identify the best option for the topside estimation,  H 0  and

∂ H0/∂h  were  estimated  using  α -Chapman  and  β -Chapman  functions  and

compared to the scale height calculated trough 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 formula:

H s=
kbT n

m (O )g
(5)

where T n  is the neutral temperature, kb  is the Boltzmann’s constant (1.38 x 10-23 m2 kg

s-1 K-1),  m (O )  is  the  oxygen  mass  (2.65  x  10-26 kg)  and  g  is  the  gravitational

acceleration (9.81 m s-2). 

Figure 1 (top right) shows the estimated value of H s (h )  for a fixed height of 400

km over almost 6 hours of data. Also, the bottom panel shows the gradient of the scale height

( ∂ H 0/∂h ).  This  experiment  was performed to make a  preliminary  check whether  the

magnitude of the topside estimated 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 comparison 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  α -Chapman  function  in

comparison to  the scale  height  derived from ISR.  The mean difference  between the ISR

H s  and the Vary-Chap  H s  using k=1 was 21 km, while the mean difference using



k=1/2  was  5 km,  so a  recombination  rate  of  1/2 best  described the  ionospheric  topside.

Consequently, the subsequent analyses were performed using the α-Chapman function.

Fig. 1 The left panel shows the topside estimation using a fixed scale height and a varying

scale height when adjusted to an ionospheric profile retrieved from ISR. The panels on the

right show the estimated values of the scale height and its gradient for six hours of data. The

ISR data represents all the final data processed for Millstone Hill in date 15 of January, 2010,

and available in the Madrigal database.

The reliable magnitude of the values estimated with the proposed procedure when

compared to ISR data, coupled with 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 0  and  ∂ H0/∂h . 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 hm  and Nm  to show whether the RO

data was reliable to estimate the expected patterns of hm  and Nm  and then to obtain the

correlations  between  the  parameters.  Therefore,  after  applying  the  topside  estimation

procedure for independent RO profiles, four parameters, hm , Nm ,H 0  and ∂ H0/∂h ,

were recorded with the horizontal position related to the coordinates of the peak height.



Spatial Modeling

In order to process the spatial interpolation of hm , Nm ,H 0  and ∂ H0/∂h  and

represent  global  patterns  of  these  parameters,  RO  data  of  distinct  days  and  hours  were

superimposed. Figure 2 shows an example of the spatial distribution of Nm  converted to

the critical frequency ( foF 2 ) superimposed 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 into critical frequency was computed by  foF 2=√N m/( 1.24 x1010 )  and  the

data were obtained from the Constellation Observing System for Meteorology, Ionosphere,

and Climate (COSMIC) (Lei et al., 2007). In general, the best coverage was obtained when

all data of 60 consecutive days between doys 70 and 130 of 2017 were superimposed, i. e., a

window  of  30  days  better  showed  the  ionosphere  at  the  central  doy  100.  It  is  worth

mentioning  that  when  analyzing  all  the  RO  data  given  by  COSMIC Data  Analysis  and

Archive Center (CDAAC) and processed by UCAR (University Corporation for Atmospheric

Research) between the years of 2008 and 2017, we have found that a 30 days window is good

enough to obtain a global distribution without gaps that could affect the spatial modeling in

any of the days.

Fig. 2 Coverage of COSMIC RO data when varying the number of consecutive days with

superimposed data of Nm . The unit of the color bar is MHz and the central day of each

global representation was doy 100 of 2017.



The  spatial  modelling  was  performed  using  spherical  harmonics  (SH)  expansion,

which  are  mathematical  functions  widely  used  to  represent  the  behavior  of  several

atmospheric  parameters  at  a  global  scale.  The  parameters  hm ,  Nm ,  H 0 and

∂ H0/∂h  were  spatially  represented  by  a  set  of  coefficients  given  by  the  following

equation:

f (ϕm , tL )=∑
n=0

N

∑
m=0

n
~Pnm ( sinϕ m )[anm cos (π m tL

12 )+bnmsin (π m tL
12 )](6)

where f (ϕ m, tL )  stands for any of the interested parameters, ϕm  is the magnetic latitude,

tL  is the local time, 
~
Pnm  is the normalized associated Legendre polynomial, and anm

and  bnm  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  hm ,  Nm ,H 0  and  ∂ H0/∂h  when

applying  the  SH estimation  in  the  Northern  Solstice  (doy  172),  Equinox  (doy  264)  and

Southern Solstice (doy 356) of 2008, which represents a minimum in the solar cycle 24. It is

also  presented  the  scale  height  computed  by  equation  (5)  using  the  neutral  temperature

derived from IRI for a fixed height of 400 km. 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 Nm , such as the representation of the two crests due to the Equatorial

Ionization Anomaly (EIA) and also 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 Summer sun is located in the Southern Hemisphere. In addition, the

hm  estimation is presenting an expected surface of the peak height, with higher values in

the  equatorial  region,  which  is  driven  by  the  resulting  force  due  to  the  electric  and

geomagnetic fields in the ionosphere. The daytime and nighttime of both surfaces of Nm

and  hm  are  clearly defined and the values  were estimated with reasonable magnitude,

which follows an increasing together with the solar cycle. Notice that the scale of the color

bar  is  higher  for  the  year  2014.  Therefore,  it  is  reasonable  to  say that  the proposed SH

estimation procedure using the RO data seems reliable for analyzing global patterns of the

ionospheric topside.

Some interesting features can be verified in the estimated surfaces of  H 0 , which

were obtained with similar magnitude as in previous works (Liu et al., 2008; Olivares-Pulido

et al., 2016) and with similar magnitude of H s  derived from the neutral temperature of IRI



( H IRI ).  The  H 0  surface clear follows the position of the sun and  H IRI ,  showing

higher values in the Northern Hemisphere during the Northern Solstice, higher values in the

Southern Hemisphere during the Southern Solstice and a balanced behavior in the Equinox.

In  the  Hemisphere  that  corresponds  to  the  Solstices,  the  H 0  values  are  higher  in  the

daytime and lower at nighttime. There is also a lower daily variation of H 0  in the polar

region during the Solstices, which is mainly due to the absence of nights. Therefore, it seems

that  the  spatial  distribution  of  the  estimated  H 0  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 explained by only looking to the sun position and the

temperature patterns of H IRI . First, there are high values of H 0  in the equatorial region

in the daytime that appears to be independent of the position of the Sun and, second, there is a

noticeable lower concentration of H 0  in low-latitudes and mid-latitudes in the daytime for

the regions in the Winter, i. e., in the Southern Hemisphere during the Northern Solstice and

in the Northern Hemisphere during the Southern Solstice.



Fig.  3 Spatial  patterns  of  hm ,  Nm ,  H 0  and  ∂ H0/∂h  for  distinct  periods  of

Solstices and Equinoxes in the year 2008. It is also shown the scale height of IRI computed

based on the neutral temperature of the ionosphere.



Fig. 4 Spatial patterns of hm , Nm ,H 0  and ∂ H 0/∂h  for distinct periods of Solstices

and Equinoxes in the year 2014. It is also shown the scale height of IRI computed based on

the neutral temperature of the ionosphere.

At the daytime over the geomagnetic equator,  the electric and magnetic fields are

mutually perpendicular to each other. The resulting force drives the electron density to higher

altitudes with a drift velocity  ExB, where E and B stands to 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

indicates that not only the peak high that changes with the resulting vertical drift, but a higher

concentration of electrons in the upper ionosphere has also changed the shape of the topside

by  increasing  H0 .  Indeed,  the  higher  values  of  the  H0  surface  seem  even  more



confined to the equator than the  hm  surfaces, which is an indication that  H 0  is more

affected by the intensification of the vertical drift in the equatorial region than  hm . This

may be true because the increasing of hm  depends on the elevation of the entire F2 layer,

while H 0  increases only by having a few more electrons in the upper part.

Figure 5 illustrates the synergy between the vertical  drift  at  the equatorial  region,

driven by  ExB force, and real profiles obtained with the estimated  hm ,  Nm ,H 0  and

∂ H0/∂h . Despite lower values of Nm  in the geomagnetic equator than Nm  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

electron density is the mainly cause of an increasing of H 0  in the geomagnetic equator. In

addition, it is interesting to note that, at higher altitudes, the uplifted plasma diffuses  along

with the geomagnetic lines in the direction 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 0 , the parameter that is mainly affected by the diffusion of the electrons is the gradient

∂ H0/∂h . In this regard, despite the electron density being higher in the topside of the

equatorial profile, the exponential decay with the altitude is not so strong in the equatorial

region when compared to the low-latitudes profiles. Indeed, ∂ H 0/∂h  mainly controls how

strong is  the  exponential  decay of  the  electron  density  in  the  upper  part  of  the  topside.

Therefore,  there  is  an  anti-correlation  between  H 0 and ∂ H 0/∂h  observed  in  the

equatorial region in Figures 3 and 4 that can be mainly associated with the vertical drift, that

increases H 0 , and a diffusion of the electrons along the geomagnetic lines, which reduces

the values of ∂ H 0/∂h .

The electron density that diffuses along with the geomagnetic lines towards the crests

of EIA remains mainly in the region with the highest conductivity, i. e., in the peak height

hm . 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 significant changes.  In this  sense, the increasing of  Nm

linked to the low variability of the topside indicates that it is reasonable to observe lower

values of H 0  in the crests of EIA, mainly in the Winter, since the peak height is lower at

this season.

It  is  important  to  observe a relevant  increase of  ∂ H0/∂h  near  05 hours LT in

Figures 3 and 4. Since ∂ H 0/∂h  is strongly controlled by the electron density at the upper



part  of the topside,  the high values near 05 hours LT can be mainly 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 significant variation occurs at  the peak height.  Consequently,  there is a justifiable

increasing of  ∂ H0/∂h . Such event was also indicated in Prol et. al (2016) as the main

reason that was affecting the estimation of Nm  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.

Fig. 5 Topside variability of the profiles due to the ionospheric fountain effect.

Time Modeling

The SH coefficients for all the days between the beginning of the year 2008 and the

end of 2015 were estimated 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 ( a00 )

obtained  from the  observations  of  Nm ,  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)

and a global view of the ionosphere given by the Global Electron Content (GEC) derived

from the UQRG Global Ionospheric Maps (GIMs) produced by Universitat Politecnica de



Catalunya. Each daily value was divided by the mean value of the time series in order to

show  a  superimposed  graphic.  Despite  the  time  series  were  obtained  from  distinct

instruments and distinct processing techniques, it is possible to see a good agreement between

Nm , F10.7 and GEC. The correlation of  Nm  and F10.7 was 91% and of  Nm  and

GEC was 96%, which indicates that the proposed method is a powerful tool for analyzing 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 hm , Nm ,H 0  and

∂ H0/∂h .  FFT was  applied  to  convert  the  time  domain  of  the  SH  coefficients  to  a

representation  in  the  frequency  domain  and  then  identifying  the  periods  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  (bot)  shows the

identification of the frequencies, converted to periods, that contributed the most to the first

coefficient of Nm . 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  Nm ,  F10.7 and GEC are mainly related to  the periods  of 1460 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  Nm  and GEC but low energy of F10.7. It seems that

seasonal variations of the ionosphere were detected by the RO and GIMs but could not be

observed  by  the  F10.7  index.  Since  the  F10.7  index  is  related  to  the  solar  flux,  it  is

convenient that some regional structures of the ionosphere are not well represented by the

time  series.  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 Nm . It is relevant saying that despite showing results of Nm , similar principal

periods were detected for the coefficients of hm , H 0  and ∂ H0/∂h . 



Fi

g.  6 The  top  panel  shows  the  time  series  of  the  first  SH  coefficient  of  Nm ,  the

corresponding values of the 81-day running mean of the F10.7 index and 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.

After calculating the most important time dependent periods of each SH coefficient, a

time modeling procedure was carried out. The temporal modeling of hm ,  Nm ,H 0  and

∂ H0/∂h  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:

anm
( 2008… 2015 )

=c0+∑
n=1

N

cn sin(2π
t d
T d

(n) )+dn cos(2π
t d
T d

(n) )(7)

where anm
( 2008… 2015 )  is the time series of a specific SH coefficient related to the years between

2008 and 2015, cn  and dn  are the Fourier coefficients to be estimated,  t d  is the day

of the time series varying from 1 to 2920 and T d
(n)  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 Eq. (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 4017 days, which

represents the entire solar cycle that was not detected by FFT due to the small size of the

dataset. 

Figure  7  shows  the  performance  of  the  Fourier  fitting  when  applied  to  the  first

coefficient  of  the  time  series  of  hm ,  Nm ,H 0  and  ∂ H0/∂h .  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 from 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  being  a  bit  worse,  the  Fourier  had  a  reasonable  performance  in  the

prediction for 2016 and 2017, which indicates that the detected periods from FFT described

well the energy of the time series. 

Fig. 7 Temporal evolution of hm , Nm ,H 0  and ∂ H 0/∂h  calculated trough a moving

window  of  30  days  using  the  SH  estimation,  the  Fourier  adjustment  and  the  Fourier

prediction.



From the results of the prediction, it  can be said that the estimated coefficients of

hm , Nm , H 0  and ∂ H 0/∂h  have predictable temporal patterns, so it gives strong

indications that physical interpretations can be associated with them. In general,  the anti-

correlation of H0  and ∂ H 0/∂h  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 evolution of the parameters that conduct to an anti-correlation. However, in the case

of the temporal patterns, it can be seen in Figure 7 that the gradient of the scale height is

highly anti-correlated with Nm . The obtained anti-correlation between the time series of

Nm  and  ∂ H 0/∂h  was -94%. This high anti-correlation can be explained because, as

mentioned before, the gradient ∂ H 0/∂h  in the equatorial region is likely controlled by the

decrease in the electron density in the topside due to the font effect while Nm  increases in

the  crests  due  the  diffusion  of  the  electron  density  along  with  the  geomagnetic  lines.

Therefore, despite a spatial distribution of ∂ H0/∂h  completely distinct in comparison to

the spatial distributions of Nm , when we look to the global mean of the values, i, e., the

first SH coefficient, they are highly correlated. Other ionospheric regions than the equatorial

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 0  temporal evolution is quite closely related to the hm  temporal evolution. Indeed, the

correlation between the time series of H 0  and hm  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

surfaces  obtained for  hm ,  Nm ,H 0  and  ∂ H0/∂h  when the proposed method was

applied in doy 356 of 2016 (Southern Solstice). This is a representative example because it

shows the  performance of  the  prediction  when applied  to  almost  one  year  after  the  last

observations was incorporated into the Fourier estimation, which is a relevant challenge in

terms of the prediction. The prediction was capable of showing the Seasonal patterns, being

H 0  higher in the Southern hemisphere and Nm  more intense in the South EIA crest. It

is also shown lower values of hm  and H0  in the Northern hemisphere, a clear spatial

anti-correlation  between  H0  and  ∂ H0/∂h  in  the  equatorial  region  as  well  as  the

∂ H0/∂h  increasing at 05 hours LT, mainly due the local sunrise. However, despite the

possibility  to  predict  seasonal  patterns,  some  regional  structures  were  smoothed,  which

produced  non-negligible  errors.  The  Root  Mean  Square  Error  (RMSE)  and  maximum

absolute error was 1.0 and 2.9 MHz for Nm , 13.9 and 50.6 km for hm , 4.4 and 21.4 km



for H 0  and 0.01 and 0.04 for ∂ H0/∂h . By taking the ratio of the maximum error and

the maximum estimated value, we computed the magnitude error of 37%, 13%, 28% and

25%  for  Nm ,  hm ,  H 0  and  ∂ H0/∂h ,  which  indicate  that,  in  general,  the

magnitude of the prediction is in a good agreement with the estimated and that the  Nm

parameter was the most difficult to predict. Such results suggest that both spatial patterns and

magnitude  of  all  the  parameters  can  be  predicted  with  a  reasonable  margin  of  errors.

Therefore, this is a clear indication of the possibility of building climatological models of the

topside ionosphere based on RO data.

Fig. 8 Comparison between the surfaces obtained with the SH estimation and the Fourier

prediction  on  doy  356  of  2016  (Southern  Solstice).  The  last  observation  used  for  the

prediction is from doy 365 of 2015. 

Conclusions

We have successfully implemented a procedure to estimate spatial and temporal patterns of

the varying scale height of the topside ionosphere ( H 0 ) and its gradient ( ∂ H 0/∂h ) as

well as the electron density ( Nm ) and height ( hm ) at the F2 peak. All RO data available



from COSMIC from the solar cycle 24, which corresponds to ten 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. It is possible to analyze the spatial features of hm , Nm ,H 0  and ∂ H0/∂h  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 GIMs.

3. The temporal evolution of the global mean of H o  is highly correlated with hm  and

the temporal evolution of the global mean of ∂ H 0/∂h  has a strong anti-correlation with

Nm .

4. When describing the topside by a linear Vary-Chap we find a spatial anti-correlation in the

equatorial region between H0  and ∂ H 0/∂h .

5. The estimated ionospheric profiles indicate that the anti-correlation between  H 0  and

∂ H0/∂h  is mainly associated with the equatorial vertical drift, that increases H 0 , and

with the diffusion of the electrons along the geomagnetic lines, that reduces the values of

∂ H0/∂h .

6. There is an increasing of ∂ H 0/∂h  near 05 hours LT which is mainly associated with the

increasing of the ion production 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 1.0 MHz for Nm , 13.9 km for hm , 4.4 km

for  H 0  and 0.01 for ∂ H0/∂h , which revels the GPS RO as a powerful instrument to

build climatological models for the topside ionosphere. 
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