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ABSTRACT

This paper presents a series of improvements made in the Topside Sounders Model assisted by Digisonde (TaD), verification results
on these improvements, and its validation at the topside part of the profile. The TaD is based on the simple empirical functions for
the O'/H" transition height (%7), the topside electron density scale height (Hr), and their ratio, based on the Alouette/ISIS database.
From its first release, published some years ago, TaD offers analytical formulas for obtaining the shape of the vertical plasma dis-
tribution in the topside ionosphere and plasmasphere. This first version of the TaD model (TaDv1) is using Digisonde measured
parameters of the F layer maximum density, its height, and its scale height to specify the profiler’s characteristics at its lower
boundary. TaDv1 models separately the O" and H' density profiles, providing the H' scale height in the plasmasphere, extracted
from ISIS-1 topside sounder data, as a function of geomagnetic latitude. The upgraded version of TaD (TaDv2) provides calcula-
tion of O', H', and He" density distributions in transition region between topside F region and plasmasphere, extracted from the
analysis of the electron density profiles from ISIS-1, and in addition approximates the plasmaspheric scale height as a function of
altitude, latitude, local time, and season using an optimization procedure to achieve best fit with the measured profiles. These
improvements, which concern the part of the profile above the transition height, are presented in detail in the first part of the paper.
In the second part we present statistical results for the verification of the model’s improvements that show that the optimization
procedure contributes to a reduction of the model error of more than two times. The model validation for the topside part of
the profile is presented in the last part of this paper, comparing Incoherent Scatter Radar (ISR) electron density profiles (EDP) with
the model reconstructed profiles. Comparison with measured EDP from ISR at middle latitudes gives a model error of 3TECU
which is close to the GNSS measurement error. Further improvements of TaD reconstruction model are attempted in a follow-

on paper, mainly targeted to the reliable operational implementation of the algorithm.
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1. Introduction

The safety and security of space operations requires that space
craft operators know and understand the environment around
their spacecraft. A measure of the ionospheric element of that
environment is given by the precise values of the total electron
content (TEC) between the spacecraft and some location on
the surface of the Earth (partial TEC) — and in some cases
between two spacecrafts. The partial TEC value differs from
those derived from ground-based GNSS receivers. The latter val-
ues represent the TEC of the whole ionosphere-plasmasphere
system, i.e. height-integrated from the surface to the GNSS sat-
ellites around 20 000 km altitude. For many space activities we
must partition GNSS TEC above and below the spacecraft in
order to derive the TEC applicable to a particular activity. A pre-
cise knowledge of the electron density distribution with height is
required to calculate the TEC between two arbitrary points in
space.

As direct observations of electron density are sparse, precise
estimation of the partial TEC requires accurate modeling of the
topside ionosphere, i.e. the region above peak electron density
and that gradually merges into the plasmasphere at altitudes
above the O"-H" transition height. The topside is the region that
contains most of the plasma that contributes to the TEC values

that we seek to estimate; typically only 25% is below the F2
peak while typically <10% comes from the plasmasphere.
Furthermore, the topside ionosphere is the region in which most
LEO spacecraft operate, so accurate estimates of the TEC rele-
vant to a particular spacecraft activity require us to partition the
TEC within this region. Thus modeling the topside electron
density distribution is central to our key objective.

Along this direction, Marinov et al. (2004) and subse-
quently Kutiev et al. (2006), Kutiev & Marinov (2007), and
Belehaki et al. (2006a) developed an improved topside profiler
model, the Topside Sounders Model assisted by Digisonde
(TaD). The first version of TaD (TaDv1) is based on the Topside
Sounder Model (TSM) which is an empirical model for the O"-
H" transition height (/7), the topside electron density scale
height (Hr), and their ratio Ry = Hy/ht. TSM equations are
based on vertical electron density profiles (EDP) measured by
the topside sounders onboard Alouette-1a, 1b, lc, and 2, and
ISIS-1 and -2 (Bilitza 2001). The two topside parameters were
extracted from 176,622 measured EDPs by assuming that the
lowest gradient in EDP represented the O" scale height, while
the transition height was obtained by extrapolating the O" den-
sity profile upward to the height where its density became one
half of the electron density. The models provided the topside
scale height Hy and O"-H" transition height /1 on a global
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scale, as a function of geomagnetic latitude, day of year, local
time, solar flux F10.7, and Kp. Kutiev & Marinov (2007) have
found that O scale height and transition height in individual
profiles correlate well, as in midlatitudes correlation exceeds
0.8. That property has been further used to develop a new
model TSM, combining the former Hr and At models, with
the model of their ratio Ry = Hy/ht. The model ratio Ry, which
is based on the individual ratios of scale height and transition
height, can be used as a link to other applications. Kutiev &
Marinov (2007) have also proposed a new profiler (TSMP),
which used TSM topside parameters to provide the shape of
the Ne profiles above the F2 layer peak height (hmF2). The
TSMP (TSM profiler) describes EDP as a sum of O and H"
profiles. In the topside F region, the O" profile is presented
by the a-Chapman formula with a scale height Ht, and above
the transition height the H" distribution is presented by a pure
exponential function of height with a scale height Hp = 16Hr.

Kutiev et al. (2009a) applied TSMP to Digisonde measure-
ments to reconstruct the electron density profile from the F layer
peak up to GNSS orbits developing the TaD model based on a
new expression for the H' scale height in the plasmasphere
(Hp) extracted from ISIS-1 topside sounder data, as a function
of the geomagnetic latitude. TaD method is considered to be a
powerful basis for the development of operational applications
especially over regions covered by dense Digisonde networks,
as, for example, the European middle latitude region covered by
DIAS network (Belehaki et al. 2006b; Belehaki et al. 2007), but
in principle, the successful transition from research to opera-
tional models requires among others the systematic assessment
of the models’ performance under all possible conditions
(Tsagouri et al. 2012). The evaluation of the TaD model’s per-
formance has been previously attempted in qualitative terms by
Belehaki et al. (2009). The tests were mainly focused on the
comparisons between the integral of the TaD profiles and the
TEC measured by the CHAMP satellite (from 400 km up to
GNSS orbits) and by ground-based GPS receivers. Comparison
results of few IMAGE/RPI plasmagrams with TaD modeled
profiles from conjugated Digisondes with the satellite have also
been considered. Although a general agreement between TaD
results and the corresponding parameters derived from the pro-
cessing of satellite observations (CHAMP and RPI/IMAGE)
and ground-based GPS receivers data was found, one has to
note that this is just a qualitative indication of the model perfor-
mance, since all these are comparisons made with indirect mea-
surements of plasmaspheric parameters (electron density and
TEC) and were mostly restricted to case studies. Therefore, a
comprehensive validation plan based on the systematic compar-
ison between TaD-derived and measured electron density pro-
files, especially in the topside ionosphere, is still a strong
requirement.

In addition, Kutiev et al. (2006) have shown that the range
of altitudes where O' distribution is pure exponential is
165 km, while Kutiev et al. (2009b) showed that the H" distri-
bution is practically exponential above 2500 km, the accuracy
of the TSMP profiling approach in the altitude region between
the two exponential parts of the Ne profile is not yet extensively
investigated. In particular, it is the assumption that H" is the
major light ion throughout the region of interest that still needs
to be verified upon the measured profiles.

Starting from the latter, the investigation of the validity of
the underlying TSMP assumptions in the transition region
between topside F region and plasmasphere is the first point
to be addressed in this paper. The results of this investigation
guided a substantial reformulation of the underlying TSMP
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Fig. 1. One measured Ne profile (red curve), the inferred O"

distribution (light gray line), the transition height (yellow line), and

the H" distribution above transition height (green dashed line). The

TSMP H" distribution is plotted with the dark gray line. The blue
curve represents the expected light-ion (H" + He") distribution.

expressions, and the optimization of the TaD algorithm.
Improvements of the TaD prediction capabilities in respect to
the previous version of the model are verified through a self-test
procedure based on the comparison between TaD and ISIS-1
topside profiles. Its accuracy at the topside is investigated
through the comparison between TaD predictions with actual
profiles obtained from Malvern-ISR.

2. Upgrade of the TaD model

2.1. Electron density distribution in transition region between
topside F region and plasmasphere

The following discussion is based on the analysis of 12 616 Ne
profiles measured by the topside sounder onboard ISIS-1 satel-
lite during the period 1969-1971. The database was compiled
after selecting those profiles, for which the scale heights Ht
and Hp, and the transition height 4 lie within predefine limits.

As an indicative example of measured and calculated pro-
files, Figure 1 shows one measured Ne profile (red curve),
the inferred O distribution (light gray line), and the transition
height (yellow line). In principle, TSMP determines the H" dis-
tribution (dark gray line) as having its maximum value at At
equal to that of O" and scale height Hp is obtained from the
upper part of Ne. It is clearly seen in this example that the
H" values systematically exceed the measured Ne ones at alti-
tudes above 1500 km. If one draws the H' distribution at its
right position, i.e. over the Ne profile (dashed green line), its
maximum value at the transition height is significantly less than
that of O". Obviously, there is an excess of ionization, which
complements the H density to become one half of the mea-
sured Ne. We speculate that this excessive ionization is
assigned to He", which is the only light ion that is expected
to be found at these altitudes, besides the H'. Indeed, the behav-
ior of the light ion density in the topside F region and
the plasmasphere has been extensively studied by satellite
data and in general, the main physics is known. Since
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Fig. 2. (a) Daytime Ne profiles measured at three different geomagnetic latitudes: equatorial (green), midlatitude (red), and higher midlatitude
(blue). (b, ¢, and d) The figures in each of the three panels reproduce each of the profiles and the inferred ion distributions in the same format as
in Figure 1. The two purple arrows in panel ¢ formulate the difference between the inferred H" and O" densities at the transition height as
evidence for the existence of extra ionization. Single purple arrows in panels b and d indicate coincidence between the two values.

Moffett & Hanson (1973) have proposed excessive He' ions at
low latitudes as formed through the £ x B drift at equator, sev-
eral basic studies have been conducted to reveal He" distribu-
tion, among them Heelis et al. (1990), Kutiev & Stankov
(1994), and recently Su et al. (2005). The blue curve represents
the expected light-ion (H" + He") distribution.

To further investigate the above finding, Figure 2a presents
three daytime Ne profiles measured at three different geomag-
netic latitudes: one in the equatorial zone (2° N), one in the
lower middle latitude zone (43° N), and one in the higher mid-
dle latitude zone (50° N). The other three panels of Figure 2b,
¢, and d) analyze each of the profiles and the inferred ion dis-
tributions in the same format as in Figure 1. Based on Figure 2,
the profiles in the equatorial and the higher middle latitude
zones seem purely composed by H" and O, providing no evi-
dence for the existence of extra ionization at these latitudes.
However, the extra-ionization signature is clearly seen in the
lower middle latitudes, indicating that the appearance of He"
is latitude dependent and most probably observed at middle
latitudes.

Next, all ISIS-1 profiles that were included in the Alouette/
ISIS database were analyzed in a similar manner as above
approach. In particular, the difference In(O") — In(H") at the
transition height was estimated for all cases and the results
are presented in Figure 3a as a function of the geomagnetic lat-
itude. The difference, which here is attributed to the presence of
He", is larger at middle to low latitudes and less pronounced at
higher latitudes. Another view of the He" presence is given in
Figure 3b, which provides the geomagnetic latitude/local time
contour map of the difference between O and H' densities
at the transition height. The difference is assumed to be directly
equal to He" density. This map clearly shows that at middle lat-
itudes the He" appears in the moming and the afternoon hours,
while it is almost absent at noon and at night. Contrary, at high
latitudes He" appears mainly at night.

There could be other explanations of the inconsistent expo-
nential distribution in transition region, for example, a vertical
electrodynamic drift at equator, which increases O" in the
anomaly crests and hence makes its vertical distribution to devi-
ate from exponential. There is no direct way to verify which
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Fig. 3. The difference In(O") — In(H"), for all ISIS-1 profiles, taken at the transition height as a function of geomagnetic latitude is shown on
the left side. The geomagnetic latitude/local time contour map of the difference of O" and H" densities at the transition height is given at the right

panel.

assumption is correct: the existence of He ions or the effect of
equatorial £ X B drift which alters the O" distribution around
the ionospheric anomaly crests. However, if the vertical electro-
dynamic drift at the equator changes the O distribution at the
crests, it will necessarily change the He" distribution creating a
latitude maximum poleward from that of the O" crests. There-
fore, the drift is expected to increase He' density in the same
proportion as it does for O", but at little higher latitudes. The
net effect is again the increase of He" density.

2.2. Improvements in the TSMP formulation

Based on the above discussion, one may argue that it is possible
to accommodate the observed extra ionization due to the pres-
ence of He" ions and its characteristics in the TSMP formula-
tion. For this purpose, a correction parameter g, defined as
the ratio of the H and O densities, g = n(H")/»n(0") and a
new term similar to the second term describing the H" distribu-
tion were introduced in the original TSMP formula (e.g. Kutiev
et al. 2009b) that provides the electron density as a function of
the altitude. The new formula is now given in the form:
h—h
Ne = Ng+(h) + gNo+ (hr) exp (— %)
|h — hrl

1= o (exp (<20 )

In the absence of He', g = 1 and the third term is equal to zero.
The lower the g is, the more He" ions are present. Obviously,
g should be a function of the geomagnetic latitude and the local
time and probably the season.

Concerning g, TaD cannot obtain any information about the
He" from the bottomside sounding results and therefore its pres-
ence is a priori determined on the basis of the topside sounder
profiles. To obtain analytical expression for g, profiles from the
ISIS-1 database were used as it is described previously but
excluding those with g = 1. This restriction is necessary in order
to exclude contribution of the profiles with no presence of He".
To approximate g obtained from the individual measured pro-
files (g = n(H")/n(0")), we chose analytical function of three
variables: local time, geomagnetic latitude, and O" density.
The latter variable was added to the first two after finding the
strong correlation between g and n(O"). A description of the
mathematical formulation for g approximation is provided in
the Appendix A.

The scatter plot of model g (gm) versus measured g values
is given in Figure 4. The thick blue line is the linear regression
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Fig. 4. The scatter plot of the modeled g (gm) versus measured g
values. The thick blue line is the linear regression through the origin
over gm values.

through the origin over gm values. Correlation coefficient is
0.98, which shows that the analytical function of g represents
the data exceptionally well. However, the angular coefficient
of the regression line is 0.945, which means that at higher g val-
ues gm tends to overestimate the g function. The parameter g is
a 3-D function that could not be easily visualized. To get an
idea of how g function depends on each of the three variables,
in Figure 5 we have approximated the projection of gm values
on each of the axes plane with low order polynomials. In the
top panel, the linear fit shows that gm tends to decrease with
increasing O" density. This means that He" (reversely propor-
tional to g) predominantly appears when O" density increases,
which happens at the F region anomaly crests. The middle
panel shows that gm has a minimum of around 0.6 at low lat-
itudes and increases toward higher latitudes, which complies
with the known fact that He" is predominantly present at low
latitudes (Fig. 3, left panel). Local time dependence shows a
minimum in the early afternoon hours, when the equatorial
anomaly is well developed. As a conclusion, we may say that
gm behavior is in compliance with expected variation of He"
density and the function can reliably estimate contribution of
helium ions in the transition region.
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Fig. 5. The projection of the function gm on each of the axes plane
approximated with low order polynomials; top panel: the linear fit
shows that gm have a tendency to decrease with increasing O"
density; middle panel: gm has a minimum of around 0.6 at low
latitudes and increases toward higher latitudes; bottom panel: local
time dependence shows a minimum in the early afternoon hours.

2.3. Optimization of the fitting procedure

Regarding the scale height of He', it is reasonable to assume
that He" has its maximum again at the transition height, At
and exhibits a pure exponential distribution above, with a scale
height equal to four times that of Hr. However at higher lati-
tudes, for the plasmaspheric scale height Hp, which theoreti-
cally should be 16 times that of Hy, the multiplication factor
drops significantly due to the shape of plasmasphere (Kutiev
et al. 2009b). Having in mind this fact, we tried to infer the fac-
tor s = Hye+ /Hr from the data. So, formula (1) is modified as
in the last exponent instead of 4Hr we place sHr:

h—h
Ne = N+ (h) + gNo+(hr) exp < HpT|)
|h — hrl

+ (1 — g)No+ (hr) exp (_W> (2)

By definition, the He" density strongly depends on the O™ and
H' densities at the transition height, which in their turn strongly
depend on the scale heights Ht and Hp, determined from the
lowest and the highest altitude gradients of the measured Ne
profiles. Increasing the fitting accuracy of the measured Ne pro-
files in the transition region comes up through the increase of
the accuracy in the determination of the He" at 4. To increase
the accuracy of the Hp and Hy, we developed a sophisticated
algorithm, based on the optimization of Hr, Hp, and s toward
best fitting with measured Ne profile. Formula (2) runs multiple
times by using a set of Hy, Hp, and s and the model profile is
compared with the measured Ne profile by calculating the root

mean square (RMS) error in each run. A series of values is
assigned for each of these variables and Ne is calculated from
formula (2), executing three nested cycles: the outer for Hr,
middle for Hp, and internal for s. Each run takes one of the
Hr values, calculates the corresponding Hr, takes one of the
Hp values, calculates the ratio g at /7 takes one of the s values,
and then calculates the whole profile based on formula (2) in
the altitude range corresponding to the measured profile. The
RMS error is stored and the next cycle is performed. We have
set 40 values around the minimum Hry, 40 values around max-
imum Hp, and 120 values of s around 4. The whole optimiza-
tion of a given profile contains 40 X 40 x 120 = 192 000 runs.
So, we select the set of the three variables that has the smallest
RMS error. In this way we perform optimization to 14 775
measured ISIS-1 profiles.

We found that the He' scale height cannot be reliably
obtained. Indeed, the RMS error is formed by comparing for-
mula (2) with the whole measured profile. He" density in some
cases is comparable with electron density within the transition
region, but it is always much smaller outside that region and
its net contribution to the RMS error is negligible. When calcu-
lating procedure executes formula (2) for variables in the nested
cycles, RMS errors are practically determined by the pairs of
Hr and Hp values, with no significance of values of s. Thus
s value could not be optimized. Statistically for the whole data-
base, s values are spread almost uniformly in the defined range.
Taking into account this fact, we further take s = 4.

It is well accepted (see, for example, Banks & Kockards
1973; Stankov et al. 2003) that the broad maximum of the ver-
tical H" distribution is placed slightly above the transition O"-
H" height, e.g. above the transition region with the highest rate
of charge-exchange reaction O«>H". The maximum of the ver-
tical distribution of He" is found to lie around or slightly below
transition height (Heelis et al. 1990; Koleva & Kutiev 1990;
Kutiev & Stankov 1994). To simplify the TSMP model, we
placed both H" and He" maxima at the transition height. We
assumed that should not worsen the accuracy of the profiler
because TSMP reconstructs the total Ne profile and the ion pro-
files only compose it. TSMP is not designed to provide detailed
ion composition from the Ne profile.

Figure 6 shows, as an example, the profile measured on day
97 of the year 1969, at 17:03 UT around equator (lat = 12° S,
long = 12.5° E). The ion density profiles in logarithmic scale
obtained without optimization (denoted as “old”) and those
with optimization (denoted by “new”) are color coded, along
with the measured Ne profile presented with the black line.
The “old” profiles are presented by dashed lines, while the
“new” profiles are given by solid lines. The total ion density
presented the sum of the “new” profiles is given by the orange
line. In this sample, optimization increases slightly the values of
Hr and At and reduces Hp. Optimization invokes its largest
effect on He" density, which is substantially reduced. However,
He" density profile below transition height A1 depends strongly
on H" density shape, which, as we have demonstrated, could
not represent the real situation. As we are interested in recon-
structing the electron density profile, which below At is mainly
defined by O, the shape of H" is not important. The same is
true for the He" profile below /1. In this study we are mainly
interested in He' density around its maximum fixed at Ar.
The standard deviation of the optimized model from measured
profiles, denoted as RMS, is 0.051, while without optimization
it is 0.112 units of logarithm density. Here optimization has
reduced RMS error more than twice.
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Fig. 6. A sample profile measured on day 97 of the year 1969, at
17:03 UT around equator (lat = 12° S, long = 12.5° E). The ion
density profiles in logarithmic scale obtained without optimization
(denoted as “old”) and those with optimization (denoted by “new”
are color coded, along with the measured Ne profile presented with
the black line. The “old” profiles are presented by dashed lines,
while the “new” profiles are given by solid lines. The total ion
density presented the sum of the “new” profiles is given by the
orange line.

3. Verification of the model’s performance

Verification aims at determining how well an operational model
is performing. To verify the performance of the improved TaD,
we compare results of the improved TaD (TaDv2) with actual
measurements obtained by ISIS-1 satellite, and we compare
the RMS errors obtained with the previous (TaDvl) and the
new version (TaDv2) of the model to confirm improvement
in the performance.

This test, as it is based on comparison with ISIS-1 measure-
ments, is not an independent evaluation test, because ISIS-1
profiles were used for the development of the TaDv2, but pro-
vides with evidence of how well the new profiler reproduces the
input measurements. It is also designed to verify improvements
in respect to the previous version of the TaD model (TaDv1).

The comparisons were made through the estimation of the
RMSE over whole profile, according to the following formula:

1

RMSE = nip {i [nrap (h) — nlSISl(h)]Z} ; (3)

where np indicates the number of points in each ISIS1 EDP,
Nmin and Ap,., are the lowest and highest altitudes for which
ISIS1 electron density measurements are provided for a given
profile, nr,p and nigis; are the electron density values at a
given height 4, provided by the TAD model and ISIS1 satel-
lite respectively.

The distribution of the RMS errors comparing modeled
with measured profiles before (no optimization) and after (with
optimization) TaD upgrade collected from the whole selected
ISIS-1 database is presented in Figure 7 in boxplot and histo-
gram formats. The boxplot format (left panel) includes a box
and whisker plot for each case. The box has lines at the lower

quartile, median (red line), and upper quartile values. Whiskers
extend from each end of the box to the adjacent values in the
data; in our case to the most extreme values within 1.5 times
the interquartile range from the ends of the box.

The histogram distribution of the RMS errors is presented
in the right panel. The green filled bars represent the histogram
of the RMS error for the previous TaD version, while transpar-
ent blue bars show the distribution of RMS error for the
improved profiler. It is clear that the introduced upgrades
improve both the accuracy and the precision of the model’s pre-
dictions. The average RMS error from 0.189 is now 0.085,
being reduced 2.25 times.

An important evaluation test applies to the TEC parameter.
For this purpose, TaD and ISIS1-derived TEC values were
compared in two altitude zones: in the topside ionosphere
and in the plasmasphere region. TEC was calculated by inte-
grating the electron density from the lower height of the ISIS1
satellite (slightly above #mF2) up to the transition height and
from the transition height up to the maximum height of the
ISIS1 satellite, respectively, for the two zones. This test was
applied to both the original and the improved TaD profilers.

The results are presented in Figure § in a scatter plot format.
As a first comment, we can stress out the very good agreement
between the TEC parameters estimated by the ISIS1 profiles
and those provided by the improved TaD model reflected
in a correlation coefficient greater than 99% for both altitudinal
zones. Figure 8 also demonstrates obvious improvement
in the model’s performance in respect to its previous
version.

To further investigate the relative performance of the two
TaD versions, the distributions of the error between the model
and the data-derived TEC estimates for all of the cases are pre-
sented in Figure 9 in a boxplot format. The results indicate sub-
stantial improvement in both the accuracy and the precision of
the model’s predictions in TaD-TEC estimates for the plasma-
spheric region. In the topside ionosphere, the improved TaD
does not yield in noticeable improvement to the main features
of the error distribution, but it succeeds to significantly reduce
the number and the range of the outliers denoted with the gray
crosses in the figure. This is expected since TaD improvements
reported here apply mainly in the region above the transition
height, so we expect that the performance of the previous and
current versions of the model at the topside is equivalent. The
He" profile introduced in the TaDv3 becomes a significant com-
ponent of the total density profile in the heights above the tran-
sition height and this is reflected in the improved performance
of TaDv3 demonstrated with the results of Figure 9.

4. Validation of the model in the topside part
of the profile

Validation aims at determining that the model is ready for oper-
ational use, based on its performance. The topside ionosphere is
a region of special interest because it is the region where inho-
mogeneities and scintillations occur predominantly, with the
primary disturbance region being in the F region between
250 and 400 km. In addition, a large number of LEO satellites
operate in that region and reliable information on the existence
of density gradients is very important especially during dis-
turbed space weather conditions. Therefore it is important to
assess the performance of the model in this specific region. This
is achieved with the comparison of the reconstructed EDPs with
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independent measurements of the electron density distribution
from the ISR operated in Malvern in 1968-1971. This data
set has been chosen because Malvern is a middle latitude site
and the operation of the ISR temporary coincides with the
ISIS-1 mission, therefore long-term trends in the ionosphere
cannot be the cause of any possible discrepancies in the

comparison results. In addition, validation of space weather
operational models with ISR profiles has been recommended
by the US National Space Weather Program for the establish-
ment of the top high priority metric for the ionosphere-thermo-
sphere domain, as being the only independent source of full
density observations from the ground.
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It has to be emphasized here that this test does not mean to
assess improvements made in TaDv2 regarding the contribution
of the He ions to the reconstructed profile, since this concerns
the part of the profile above the topside. Based on the conclu-
sion of the previous section in the topside, both versions of the
model have an almost equivalent performance, and therefore
we present here results only for TaDv2. This test aims at pro-
viding information on the TaD performance in quantitative
terms, which has not been done before and this information
is very important for users willing to apply the model in the alti-
tude zone of 200—-600 km (approximately).

For this purpose, a data set of some of 4000 electron density
profiles obtained at Malvern-ISR site (52.1° N, 2.3° E) during
the time interval 1968—1971 were analysed. A quality check
was applied to the data, to separate profiles with missing top-
side part and those with large scatter in its topside part which
does not allow determining reliably the scale height. After the
quality check, almost the 30% of profiles have been eliminated
from our sample. The F layer peak density NmF2 and height
hmF2 were extracted from each individual profile. However,
for the scaling of the ISR EDPs we have applied the method
used in the topside sounder profiles scaling, i.e. the NmF2
and ~AmF2 parameters have been located in each measured pro-
file; then its topside scale height Hryy has been obtained as a
regression line from a number of data points above the peak,
with the transition height Aty being calculated from Hry and
corresponding TSM ratio Rr. The four quantities (foF2,
hmF2, Hry, and hry) taken from the measured profile have
been ingested to the formula (2) and the model profile was
calculated for altitude range of the topside part of measured pro-
file. Keeping this in mind, the analysis attempted below may be
considered as a rough evaluation of the method’s performance
but in our opinion it provides suggestive conclusions. Figure 10
gives some examples of the derived profiles.

Malvern-ISR profiles cover the altitude range up to approx.
700 km which is about the altitude of the actual transition
height, so it is expected that O" will dominate and the observed
Ne profile will follow closely the TaD profile of the O" density.
Based on this, we first compared the model predictions for O"
distribution in respect to the measured O™ profiles. The results
are expressed in terms of the normalized RMSE estimates that
were obtained over the topside profiles (from AmF2 up to the
maximum height of the observed profiles). Their distribution
is presented in Figure 11.

The distribution of normalized RMSE for the predictions of
the total electron density in respect to the measured TEC from
Malvemn-ISR is given in Figure 12. Comparing the results in
Figures 11 and 12 we note a slightly better fit between the
observed and modeled O" densities rather than observed and
modeled total electron densities. This is probably due to the fact
that the upper part of ISR profiles is not included in calculation
of Hry;, because as explained above, the topside scale height
Hry has been obtained as a regression line from only a number
of data points above the peak. In addition, due to the fact that
the topside ISR profiles are limited to 700 km, transition height
cannot be always reliably obtained, e.g. we cannot reach the
height where O™ is one half of the measured density. Moreover,
the measured profiles around their upper height values exhibit
often an artificial increase which confuses the TaD algorithm.

This might be the reason for the tendency of the model to
overestimate the electron density, as seen in Figure 13. Here
we present the distribution of the simple difference between
the observed and the modeled electron densities at three

Normalised RMSE (%): Topside profile (O+)
mean: RMSE: 12%
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Fig. 11. The normalized RMSE distribution of model predictions for
O in respect to the measured profiles.
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Fig. 12. The normalized RMSE distribution of modeled total
electron density in respect to the measured profiles.

selected altitudes: 400 km (top), 500 km (middle), and
600 km (bottom). Another interesting result concerning the
dependence of the model’s performance with the height is that
the fit of the model to the observed values increases with
increased altitude. This can be explained taking into account
that the density decreases with altitude and thus the simple dif-
ference becomes smaller.

As TEC is the most critical parameter for the reliable perfor-
mance of several applications, we also performed comparison
tests between TEC estimates obtained from modeled and
observed EDP from the ISR at Malvern site concentrating on
the topside part of the profile, i.e. above the altitude of imF2.

First, we present in Figure 14 the scatter plot of TEC mod-
eled versus TEC observed estimates. The results indicate that
the two parameters correlate reasonably well. A larger scatter
is seen in the daytime hours (the area with larger TEC values),
which is probably due to the high altitude of the transition
height, something that makes its accurate determination prob-
lematic due to the lack of observations above 700 km. The
O'/H" transition height varies but seldom drops below
500 km at night or 800 km in the daytime, although it may
lic as high as 1100 km, depending on the geophysical condi-
tions, and particularly on solar activity (Denton et al. 1999).

In Figure 15 we present the TEC error (abs(TECobs-TEC-
mod)) distribution and the relative TEC error distribution. At
the top we present the results based on all available measure-
ments, in the middle we present the corresponding distribution
diagrams for a subset of measurements that correspond to day-
time EDP, and in the bottom we give the distribution diagrams
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Fig. 13. The distribution of the simple difference between the
observed ISR and the modeled electron densities at 400 km (top),
500 km (middle), and 600 km (bottom).

for nighttime cases. The analysis on the whole sample of mea-
surements gives a mean error of 3TECU and mean relative
error of 28.5%. However, this error is considerably reduced
when we include only the nighttime cases. This is an additional
evidence showing that during daytime, when the transition
height is in its upper limits, or even higher of 700 km, there
are not enough data for the TaD to estimate correctly the tran-
sition height and this yields to artificial results. The same prob-
lem was reported by Belehaki & Kersley (2006), when they
compared the ISR EDP from Malvern with the results from
the topside extrapolation based on the Reinisch & Huang model
(2001).

Malvern, 1968-1971
50 : : :

y=1.2%+0.47
40+

30r

20r

Topside TEC modeled (in TECU)

0 5 10 15 20 25 0 3 ) 3 50
Topside TEC observed (in TECU)

Fig. 14. The scatter plot of TEC modeled versus TEC observed
estimates.

5. Discussion and conclusions

The performance of the first version of the TaD paper was eval-
uated in qualitative terms by Belehaki et al. (2009) through the
comparisons between electron density profiles and TEC param-
eters extracted from TaD model and (a) CHAMP reconstructed
profiles, (b) CHAMP-derived TEC parameters, (c) ground-
based GPS-derived TEC parameters, and (d) profiles recon-
structed from RPI/IMAGE plasmagrams. All data that have
been used come from indirect measurement of the related
parameters (electron density and TEC) and therefore, due to
the uncertainties involved in all data sets it was possible to
extract only results concerning the qualitative characteristics
of TaD. We have reported a general agreement between TaD
results and the corresponding parameters derived from the pro-
cessing of satellite observations (CHAMP and RPI/IMAGE)
and ground-based GPS receivers data. The preliminary analysis
of the TaD performance during storm intervals indicated that
TaD is extremely sensitive to the Digisonde measurements
and to disturbances that reflect changes in the ionization in
the bottomside ionosphere, indicating that TaD has the potential
to provide qualitative characteristics of ionospheric-plasma-
spheric conditions over Digisonde locations.

In this paper we propose further improvements to the
model, attempting also a systematic validation that allows us
to have a quantitative estimate of the model error. The improve-
ments come from (i) the introduction of the He" profile in the
reconstruction of the total electron density profile, whose pres-
ence is more pronounced at the middle latitudes in the morning
and afternoon hours and (ii) an approximation of the plasma-
spheric scale height as a function of altitude, latitude, local time,
and season, using an optimization procedure to best fit model
with observations.

In general, He" is a minor ion constituent, but in some cases
its density is comparable with that of O in the transition region.
He" term in formula (2) allows a better fitting of the formula to
the measured profiles, since it results in lower RMS. This is
done through the optimization procedure. Inclusion of He" term
reduces the model error (increases accuracy) which is the main
goal of the modeling. It also demonstrates the capability of the
model to infer more information from the data and enlarge its
range of applications. For example, if measured vertical Ne pro-
files in ionosphere and plasmasphere may become available in
the future, TaDv2 model is capable to separate ion distributions
and allow studies in geophysical sense.

The evaluation of the improved TaD performance verified
significant improvement in respect to its original version in both

A20-p10



A. Belehaki et al.: Topside sounders model assisted by Digisonde (TaD): upgrade and validation

Distribution of TEC error (in TECU) Distribution of TEC relative error (%)
600 f T T T T T T T 600 : .
Mean error: 3 TECU : Mean relative error: 28.5%
500 F RPN ittt S vt 500 F SETPRSS M- S Aeligie - obien s
400 400 |

300 300 r

200 200

100 100

[— I

‘ 0 :
0 2 4 6 8 10 12 14 16 18 20 0 20 40 60 80 100 120 140 160 180 200

Distribution of TEC error (in TECU) Distribution of relative TEC error (%)

150

150

10:00- 16:00 LT 10:00 - 16:00 LT

n*jleanierro?r: 44 TE(§2U nj'neanérelat:ive e;rrori 29.81%

100

i i i i J
20 40 60 80 100 120 140 160 180 200

Distribution of TEC error (in TECU) Distribution of relative TEC error (%)

150

o

):00 + 04:00 LT 00:00 -104:00 LT}

mean jerroé: 1.14 TECU P mean felative efror: ?4.1 %%

100

100 |-eeemeemeeecbeneenns

50

AN 5 TR S N R O SO SO

0 S RS RS S S T N SRR S N

0 2 4 6 8 10 12 14 16 18 20 0 20 40 60 80 100 120 140 160 180 200
Fig. 15. The TEC error (abs(TECobs-TECmod)) distribution and the relative TEC error distribution. From the top to the bottom: (a) results
based on all available measurements; (b) the corresponding distribution diagrams for a subset of measurements that correspond to daytime EDP;
(c) the distribution diagrams for nighttime cases.

0

A20-pl1



J. Space Weather Space Clim. 2 (2012) A20

Altitude, km

In(Ne)

(a)

Altitude, km

1200 -

“hT

1100 -

1000 =

900 = —»

800 -

700 -

600 -

500 - BTl

400 -

300 [T T T T
0 100 200 300 400

Scale height

Fig. 16. (a) Five Ne profiles in semi-logarithmic scale (In(Ne), /) measured at low-midlatitudes in afternoon hours. Arrows indicate the
corresponding transition heights. (b) The augmented lower part, demonstrating the large variability of the scale height at the topside F region.

the accuracy and the precision of the electron density and TEC
estimates. The improved profiler reproduces with very high
accuracy the ISIS-1 profiles demonstrating that the model does
what it is designed to do and that it is free of intrinsic uncertain-
ties. The very high (more that 99%) correlation coefficients
between modeled and measured plasmaspheric and topside
TEC is an additional confirmation of the model’s successful
performance in the whole altitudinal range, from the topside
ionosphere to the GNSS height.

We have also performed systematic comparison with
3 years of electron density profiles data, obtained from the
Malvern-ISR. This comparison gave us the possibility to esti-
mate the model error in the area of the topside ionosphere
which is of particular interest for the operators of LEO and
MEO satellites. The mean RMSE obtained from the compari-
son of ISR EDPs is in general larger than the RMSE obtained
from the comparison with ISIS-1 profiles but this was expected
as ISIS-1 profiles were also used for the model’s development.
The comparison with ISR EDPs gives a model’s error mainly
attributed to limitations imposed by the measured profiles them-
selves. During nighttime hours, when the transition height is
lower than 700 km and can be determined by the TaD algo-
rithm, the model values are in very high correlation with the
ISR observations, with a mean error of only 1.1 TECU. An
overall model error of 3TECU is estimated and it is close to
the measurement (GNSS) error.

Further improvements on TaD model may be foreseen in
two directions. First, based on recent developments giving evi-
dence that the use of the variable scale height can simulate suc-
cessfully electron density structures variation above the peak
height (Reinisch et al. 2007; Kutiev et al. 2009b), one may
argue that substantial improvement to TaD profiler may be
achieved through its realization by using a variable scale height
function instead of the TSMP approximation that uses the clas-
sical a-Chapman shape to represent the O" distribution above
the F2 peak <mF2 with a constant scale height provided by Dig-
isonde measurements. For the description of F region profiles
Rishbeth & Garriott (1969) suggested the use of a modified
o-Chapman function, which takes account of the height varia-
tion of the scale height. Reinisch & Huang (2001) had used
vary-Chap functions to represent measured bottomside profiles
and determined from it the Chapman scale height Hm at the F2
peak. Height integration of the bottomside profile and the top-
side Chapman function provides an estimate of the ionospheric

total electron content ITEC that is routinely calculated in all
Digisondes (Reinisch et al. 2005). Of course by its derivation,
ITEC does not include the plasmasphere electron content
(Belehaki et al. 2003). Using the available plasmasphere and
topside profile measurements from ISIS-1 satellite we tried to
investigate the possibility to construct a suitable scale height
function that changes with height for a topside vary-Chap func-
tion. Our analysis is described below and was based on the
ISIS-1 database used also in the previous sections.

Figure 16a shows five Ne profiles in semi-logarithmic scale
(In(Ne), /) measured at lower middle latitudes in the afternoon
hours. Arrows indicate the corresponding transition heights. In
Figure 16b we present the derivatives dA/dIn(Ne) which present
the measured scale height versus altitude up to 1200 km and
demonstrates how the scale height of the topside F region is
obtained. Although the profiles themselves look pretty
smoothed (Fig. 16a), obtaining the scale height is not so trivial
technique, since the proper number of data points for linear
regression should be selected automatically. In certain cases
the technique fails to extract properly the scale heights and yield
unreliable model parameters. That is why, it needs to be further
tested and improved.

Figure 17 summarizes measured derivatives (measured val-
ues marked by red crosses) of the profiles from the whole data-
base. The histogram of Hp obtained from the corresponding
profiles is shown at the top portion of the figure. The average
Hp value is around 1100 km and the scatter (standard devia-
tion) is 40%. As was mentioned by Kutiev et al. (2009b), Hp
is latitude dependent and this dependence is contained in the
statistics on Figure 17. The large scatter of d//In(Ne) clearly
indicates that an analytical expression of the varying scale
height should contain dependences (besides altitude) on lati-
tude, and probably local time and season. Without such a diver-
sification, the total error (standard deviation of data around the
model curve) will be too large and will compromise the reliabil-
ity of reconstruction technique. We conclude that, at least on
this stage, approximation of the altitude varying scale height
with single expression is not feasible for TaD improvement
due to the limited availability of data.

In another direction, studies performed during the last years
demonstrated that the exploitation of coordinated measurements
from ionospheric sounders and GNSS receivers can lead to the
development of advanced algorithms for the accurate specifica-
tion of the electron density distribution from the bottomside
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Fig. 17. A statistical representation of the measured derivatives
(measured values marked by red crosses) of the profiles from the
whole database. The histogram of Hp obtained from the corre-
sponding profiles is shown at the top portion of the figure.

ionosphere to the plasmasphere. Following this current trend,
further improvements for TaD model are attempted in an
accompanied paper submitted in the current issue (Kutiev
et al. 2012), where we propose adjustments of the integral of
the modeled electron density to the TEC derived from GNSS
signals.

Acknowledgements. This study has been supported by the COST
Action ES0803. The authors also acknowledge the contribution of
the EOARD through the Grant Award FA8655-12-1-0004. Anna
Belehaki is grateful to Prof Len Kersley for providing the digitized
electron density profiles from the Malvern-ISR.

References

Banks, P., and G. Kockards, Aeronomy — part B, Acad. Press, NY
and London, 1973.

Belehaki, A., and L. Kersley, Statistical validation of a technique for
estimating total electron content from bottomside ionospheric
profiles, Radio Sci., 41, RS5003, DOIL: 10.1029/2005RS003433,
2006.

Belehaki, A., N. Jakowski, and B. Reinisch, Comparison of
ionospheric ionization measurements over Athens using ground
ionosonde and GPS derived TEC values, Radio Sci., 38 (6), 1105,
DOI: 10.1029/2003RS002868, 2003

Belehaki, A., P. Marinov, 1. Kutiev, N. Jakowski, and S. Stankov,
Comparison of the topside ionosphere scale height determined by
topside sounders model and bottomside Digisonde profiles, Adv.
Space Res., 37 (5), 963-966, 2006a.

Belehaki, A., Lj. Cander, B. Zolesi, J. Bremer, C. Juren, L
Stanislawska, D. Dialetis, and M. Hatzopoulos, Monitoring and
forecasting the ionosphere over Europe: The DIAS project, Space
Weather, 4, S12002, DOI: 10.1029/2006SW000270, 2006b.

Belehaki, A., Lj. Cander, B. Zolesi, J. Bremer, C. Juren, L
Stanislawska, D. Dialetis, and M. Hatzopoulos, lonospheric
specification and forecasting based on observations from
European ionosondes participating in DIAS project, Acta
Geophys., 55 (3), 398-409, DOI: 10.2478/s11600-007-0010-x,
2007.

Belehaki, A., 1. Kutiev, B. Reinisch, N. Jakowski, P. Marinov, I.
Galkin, C. Mayer, 1. Tsagouri, and T. Herekakis, Verification of
the TSMP-assisted Digisonde (TaD) topside profiling technique,
Acta Geophys., 58 (3), 432-452, 2009.

Bilitza, D. International Reference Ionosphere (IRI) — Task Force
Activity Report 2000, IRI News, 8 (1/2), 8-15, 2001.

Denton, M.H., G.J. Bailey, Y.Z. Su, K.-I. Oyama, and T. Abe, High
altitude observations of electron temperature and a possible north-
south asymmetry, J. Atmos. Solar Terr. Phys., 61, 775788, 1999.

Heelis, R.A., W.B. Hanson, and G.J. Bailey, Distribution of He" at
middle and equatorial latitudes during solar maximum, J.
Geophys. Res., 95 (10), 313-310-320, 1990.

Koleva, R., and I. Kutiev, Variations of helium ion density from
theoretical considerations, Adv. Space Res., 10 (8), 95-98, 1990.

Kutiev, I., and P. Marinov, Topside sounder model of scale height
and transition height characteristics of the ionosphere, Adv. Space
Res., 39, 759-766, DOI: 10.1016/j.asr.2006.06.013, 2007.

Kutiev, I, and S. Stankov, Relative abundance of H" and He" in
outer ionosphere, Adv. Space Res., 14 (12), 139-142, 1994.

Kutiev, I, P. Marinov, and S. Watanabe, Model of topside
ionosphere scale height based on topside sounder data, Adv.
Space Res., 37 (5), 943-950, 2006.

Kutiev, 1., P. Marinov, A. Belehaki, B. Reinisch, and N. Jakowski,
Reconstruction of topside density profile by using the Topside
Sounder Model Profiler and Digisonde data, Adv. Space Res., 43,
1683-1687, 2009a.

Kutiev, 1., P. Marinov, A. Belehaki, N. Jakowski, B. Reinisch, C.
Mayer, and 1. Tsagouri, Plasmaspheric electron density recon-
struction based on the Topside Sounder Model Profiler, Acta
Geophys., 58 (3), 420-431, 2009b.

Kutiev, 1., P. Marinov, S. Fidanova, A. Belehaki, and I. Tsagouri,
Adjustments of the TaD electron density reconstruction model
with GNSS TEC parameters for operational application purposes,
J. Space Weather Space Clim., 2, A21, 2012.

Marinov, P., I. Kutiev, and W. Watanabe, Empirical model of O"-H"*
transition height based on topside sounder data, Adv. Space Res.,
34, 2015-2022, 2004.

Moffett, R.G., and W.B. Hanson, Calculated distribution of hydro-
gen and helium ions in the low latitude ionosphere, J. Atmos. Terr.
Phys., 35 (2), 207-222, 1973.

Reinisch, B.W., and X. Huang, Deducing topside profiles and total
electron content from bottomside ionograms, Adv. Space Res., 27
(1), 23-30, 2001.

Reinisch, B., W.X. Huang, L.A. Galkin, V. Paznukhov, and A.
Kozlov, Recent advances in real-time analysis of ionograms and
ionospheric drift measurements with digisondes, J. Atmos. Solar
Terr. Phys., 67, 1054-1062, 2005.

Reinisch, B.W., P. Nsumei, X. Huang, and D.K. Bilitza, Modeling
the F2 topside and plasmasphere for IRI using IMAGE/RPI, and
ISIS data, Adv. Space Res., 39, 731-738, 2007.

Rishbeth, H., and O.K. Garriott, Introduction to ionospheric physics,
Academic Press, New York, International Geophysics Series, V.
14, 1969.

Stankov, S., N. Jakowski, S. Heise, P. Muhtarov, I. Kutiev, and R.
Warnant, A new method for reconstruction of the vertical electron
density distribution in the upper ionosphere and plasmasphere, J.
Geophys. Res., 108 (AS), 1164, DOI: 10.1029/2002JA009570, 2003.

Su, S.-Y., C.K. Chao, H.C. Yeh, and R.A. Heelis, Seasonal and
latitudinal distribution of dominant light ions at 600 km topside
ionosphere from 1999 to 2002, J. Geophys. Res., 110, A01302,
DOI: 10.1029/2004JA010564, 2005.

Tsagouri, 1., A. Belehaki, N. Bergeot, C. Cid, V. Delouille, T.
Egorova, 1. Kutiev, A. Mikhailov, M. Nunez, M. Pietrella, A.
Potapov, N. Jakowski, R. Qahwaji, Y. Tulunay, P. Velinov, and A.
Viljanen, Progress in space weather modeling in an operational
environment, J. Space Weather Space Clim., Submitted, 2012.

A20-p13


http://dx.doi.org/10.1029/2005RS003433
http://dx.doi.org/10.1029/2003RS002868
http://dx.doi.org/10.1029/2006SW000270
http://dx.doi.org/10.2478/s11600-007-0010-x
http://dx.doi.org/10.1016/j.asr.2006.06.013
http://dx.doi.org/10.1029/2002JA009570
http://dx.doi.org/10.1029/2004JA010564

J. Space Weather Space Clim. 2 (2012) A20

Appendix A
Mathematical formulation

Coefficient matrix CFN is a solution of the problem for LSQ
approximation of the given data points (x(k); f(k)), x(k) = (x;(k),
x(k), x3(k),), i.e. CFN minimizes the functional:

N

> (f(k) — F(CEN, x(k)))?

k=1
where F(CFN, x) = F(x) is an element of the LSQ
approximation.

We define the function F(x;, x,, x3) within the intervals
[a;, b, [ci» di], i=1, ..., 3; base functions and coefficients
as follows:

n n
F(xh X2, x3) = Z Bljl (Sl) Z szz(sz)
Ji=1 =1

n3
X Z B3j3 (S3) CFN(]17 j27 j3)7

J3=1
where
(x1, X2, x3) € R*, (51,85, 83) ER® for i =1,2,3
X; € [a,', b[], S; € [C,‘, d[], Si = C; 4 3= (d, — Cl').

bi—a;

CEN (i}, i», i3) are elements of coefficient matrix with a size

ny X np X nz;

Base functions are B;;(s;),j = 1, 2, ..., n.

For the base function we use:
Algebraic functions: 1, s, 5o sk
Tchebishev’s  functions: To(s) =1, Ti(s)=s, ...,
Tk(S) = ZSTk_l(S) — Tk_z(S), for k = 2,3, ey ie. Tk(S) = COS
(k arccos(s));
Trigonometric functions: 1, sin(s), cos(s), ..., sin(ks),
cos(ks), .. .;

In our case the base function and coefficient, defined above,
are:

m =17 la, b]=10,24]; [e1,d] = [0,2n]; Bi.(s) =1,
Bi2(s) = sin (s), B13(s) = cos (s);...B17(s) = cos(3s)

=T [a, b)) =[-90,90]; ez, do] = [-Z,%];

Bz(](S) = 17 BZAZ(S) = SiIl(S)7 I 7sz(S) = Sill(6S).

n3 = 5, [a3, b}} = [4, 12}, [6‘37 d3] = [—1, 1], B3'1(S) = 1,
B3a(s) = s, B3s(s) = 25 — 1;  Biyals) = 4s° —3s...;
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