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lonospheric Electron Content model based on a
steady-state theoretical profiler: 1. Model evaluation

S. M. Stankov
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Abstract. Reported is an evaluation study of a newly proposed lonospheric
Electron Content (IEC) model. This model employs a steady-state theoretical code
to simulate the topside ion and electron density distribution. The evaluation
procedure is based on a long-term series of IEC data using the Differential Doppler
effect on signals from the U.S. Navy Navigation Satellite System (NNSS).
Extensive comparison between actual NNSS data and modelled IEC values are
presented for the most important diurnal, latitudinal, seasonal, and solar-activity
variations. The following points are among the major findings: (1) The steady-state
theoretical profiler is a high-precision tool when additional measurements are
available such as NmF2 and O*-H" transition level; (2) The IEC model is much
more suitable for applications at low and middle latitudes; (3) A comparison with
the International Reference lonosphere (IR1) empirical model values reveals that in
many cases the presented IEC model is a better option to use.
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1. Introduction

In the previous companion publication (Stankov, 2001), a new lonospheric
Electron Content (IEC) model has been formulated. The general idea behind this
model is to produce a vertical electron density profile of high quality and then to
integrate it numerically in order to derive the electron content up to a given ceiling
height. Because the major contribution comes from the ionosphere, and because of
the large time-series data have been accumulated via the U.S. Navy Navigation
Satellite System (NNSS), the emphasis here is on the ionospheric rather than the
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total electron content. The construction of the IEC model is built upon a previously
developed steady-state theoretical profiler (Stankov, 1994; Stankov, 1996), tied to
empirically obtained values of the O+-H+ transition level and ionosonde data.

The purpose of this publication is to present an evaluation of the above
model of ionospheric content with actual measurements for various spatial and
temporal conditions. For this purpose, data from NNSS satellites have been used,
for both low and high solar activity conditions and various latitudes at the sub-
ionospheric point (from 40°N to 60°N). The IEC model requires several inputs, as
for example the neutral atmosphere parameters, which are obtained from satellite
measurements or the empirical model MSIS.

The paper is organised in the following way. First, details are provided on
the data base used for comparison between empirical and modelled values. Next,
the evaluation procedure is outlined with the error estimates used. Finally, the
comparison is made and discussed.

2. Data base

It is not possible to gain both temporal and spatial dependencies with one
receiving station and with one satellite, like in the case of geostaniary satellites.
Although the GPS-based measurements offer good opportunity for wourld-wide
coverage, the NNSS is an established system providing reliable data for decades. It
gives the latitude dependence of electron content for essentially constant time (the
typical duration of a high-elevation NNSS pass is 20 minutes). The NNSS satellites
have nearly circular and nearly polar orbits in about 1100 km height. The data are
gained by means of the Differential Doppler Effect (Carrier Phase Difference) on
the signals from NNSS.

The IEC database used in this study has been created (Feichter and
Leitinger, 1993) from measurements acquired at two receiving stations — Lindau /
Harz (10.1°E, 51.6°N) and Graz (15.5°, 47.1°N). The Graz station data has been
used for “calibration’ purposes by the ‘two-station’ method (Leitinger et al., 1975).
Reliable and long time-series data are available for a sequence of equidistant
geographic latitudes in the range 40°-60°N for both slant and vertical values.
Vertical values will be used here for the latitudes 40, 45°, 50°, 55°, and 60°N.
NNSS observations, spanning more than a solar activity cycle, have been used to
create two sets of data - a low-solar activity (LSA) data set (for sunspot number
R<40) from 1975-1976 and a High Solar Activity (HSA) data set (130<R<170)
assembled during the 1978-1982 period.
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Fig.1 Diurnal curves (monthly medians) of the ionospheric electron content in units of 10°m?
derived from the Differential Doppler effect on signals from NNSS. Receiving station Lindau
(10.1°N, 51.6°E). Sub-ionospheric points at 45°N(dashed line), 55°N(solid line).
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The electron content demonstrates strong variability which is unusual for
an integral quantity (Fig.1). It depends on the location (spatial variation), local time
(diurnal variation), time in the year (annual variation), solar activity (solar cycle
variation).

The IEC diurnal behaviour is similar for LSA and HSA. During winter, the
electron content increases sharply in the morning hours, reaches its maximum
around noon, and then decreases slowly toward the night values. During summer,
there is a retardation of the peaks and the second-half day components. The HSA
summer maxima are much lower than the winter and equinox ones. Notice also the
high late-evening values in July - this is because the F-layer moves upwards during
afternoons leading to an increase of the ionisation in the topside of the F-layer and
the content values are preserved unchanged until 18:00-20:00 LT. Combined F2-
layer maximum density and total electron content data (in middle latitudes) show
that, while the winter-day values are higher than the summer-day values, the
highest values occur at one or the other of the equinoxes.

A longterm study of the annual behaviour reveals distinct differences
between day-time and night-time characteristics. During day-time, two maxima
occur around the equinoxes (April/October). Reported is also a 22-year periodicity
in the equinoctal peak - in 1975-76 minimum the autumn peak is higher than the
spring peak, while in 1986 it is just the opposite. During night, for both LSA and
HSA, only one maximum is observed (in June) while the minimum is in the winter
(December/January).

Generally, the TEC decreases with increasing latitude both during LSA
and HSA and both during day and night. The differences are large, especially in the
equinoctial months - the peaks increase by 50% at LSA and approximately 100% at
HSA (spring equinox). The mentioned changes are not so pronounced during
winter and summer seasons. The occurrence of the maxima is also latitude
dependent in such a way that it happens earlier at higher latitudes.

3. Evaluation procedure

The model is run for various field lines and electron concentration and is
afterwards integrated along the intersections of the vertical path with the field lines.
Detailed description of the model geometry, numerical callculations and input
parameters has been already provided (Stankov, 2001).

After obtaining the measurement data and model calculations, the results
for the corresponding spatial and temporal conditions are compared in the ‘climate’
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sense, i.e. for monthly median values. The estimation is based on the relative
(percentage) deviations of the model value from the measurements, i.e.
R =(IEC, 4 — IEC,aeurea )/ IEC

The absolute value of this error, and its mean at various time and space intervals
are also used to evaluate the model performance under different conditions. The
IEC model results are compared also with the International Reference lonosphere
(IR1) model calculations of the ionospheric electron content.

To facilitate the comparison, all measurements were subjected to Fourier
analysis and a reconstruction formula was developed (Feichter and Leitinger, 1993)
to deduce the content at an arbitrary local time and day number:

11 11 cos 27[ Ccos 27[
IEC(t,d) Z(;JZ;CJ N [m >d tj N (m 265 dj
where t — local time [hours], d — day number-15 [days] m=i, n=j for i,j=0,1,...,6 and
m=i-6, n=j-6 for i,j=7,8,...,11. The formula coefficients are given in Tablel, where
i - column index {0(a0),...,11(b5)} and j - row index {0(A0),...,11(B5)}.

model measured

[45°N] a0 | a1 | a2 | a3 | a4 | a5 | a6 | b1 | b2 | b3 | b4 | b5 |

A0 2875 -732 -72.70 -22.42 1887 501 -594 1554 895 26.34 -281 -16.34
Al  -156.1 -64.01 44.06 12.03 -11.70 253 8.94 3540 -292 -2247 518 357
A2 3452 2758 -557 -245 -6.14 -6.10 -251 -16.38 -3.80 -1.43 -499 14.03
A3 -669 -820 114 -156 1249 386 -646 318 -238 9.12 -0.37 -9.50
Ad 416 -150 -312 357 -219 1.04 342 -467 507 -115 -356 522
A5 -037  6.05 3.01 -455 -1.04 -277 -262 459 -6.02 -1.10 486 -3.94
A6 -096 -365 -131 238 -070 123 230 -1.17 342 -055 -164 173
Bl -7464 -1396 31.13 -248 -120 322 -8.05 -11.32 -21.88 -1.10 130 4.05
B2 6.88 1276 -3.58 11.07 027 -267 570 -737 150 257 -3.13 -1.79
B3 293 791 575 -993 -408 490 012 416 166 -3.27 417 -1.65
B4 0.66 -1029 -336 664 -6.28 -419 218 -249 -247 537 -234 -121
B5 243 296 136 -332 -136 160 020 163 099 -1.09 139 -0.64

A0 67.21 -1839 -264 108 -034 062 -115 529 -032 027 -1.03 -240
Al -3229 254 763 148 -374 -018 035 134 -232 -223 094 221
A2 564 617 -311 -007 183 024 006 -555 -0.00 389 045 -1.22
A3 -1.17 -050 179 021 -137 -079 030 172 080 -147 -192 164
Ad 09 009 -092 -014 -024 074 025 004 078 -014 -020 -0.75
A5 -029 0.00 050 010 086 -0.73 -0.44 -0.66 -1.29 074 090 042
A6 001 -056 -024 -008 -033 042 014 058 047 -048 -0.16 -0.33
B1 -1595 811 223 -125 057 007 -026 -430 -026 09 -1.11 -0.18
B2 -160 655 -217 -040 089 -093 005 009 066 -042 033 -0.04
B3 139 -023 079 -097 -08 -004 016 023 -006 -066 0.75 0.12
B4 071 -217 -023 -007 069 101 -104 071 061 -032 056 -0.32
B5 078 -023 022 -030 -0.30 -001 0.06 016 -0.02 -024 0.28 0.04

Table 1. Fourier coefficients: horizontally — diurnal coefficients, vertically — annual coefficients
for HSA (top) and LSA (bottom); NNSS — based IEC at 45°N; station Lindau (10.1°N, 51.6°E).
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4. Results and discussion

Using the steady-state model, the electron densities (and the integrated
IEC) have been calculated for conditions closely matching those during the NNSS-
based data acquisition. Here, the neutral atmosphere parameters were taken from
the AE-C satellite measurements for low-solar activity conditions and MSIS-90E
empirical model was used for the HSA values. The electron and temperatire
initial/boundary values were taken from the IRI-95 model. The O+ ion inital
density is determined with the searching procedure (Stankov, 1996) and the topside
profile fitted to the upper transition level values (Stankov, 2001).

Previous evaluation studies reveal that the semi-empirical approach has
sufficient advantages over the purely theoretical (Brown et al., 1991) simulations.
This is confirmed by the results presented here.

4.1 Diurnal behaviour

The results of the reconstructed diurnal behaviour is presented in Fig.2
with the help of the relative deviations of IEC from the measured values. Overall,
the simulation is obviously better during the mid-day and midnight hours, than it is
in the remaining hours. That is why, the dawn-dusk (DD) periods ( 04:00-08:00LT
and 16:00-20:00LT) are separately estimated from the twenty-four-hours (24H)
period (00:00-24:00LT). During LSA, the absolute value of the mean relative error
for the twenty-four-hours period varies between 7.2 % (in April) and 10.7 % (in
January), while the corresponding dawn-dusk period, the average deviations vary
between 7.4% and 17.4%. During HSA conditions, the behaviour is essentially
preserved — the all-day averages vary between 7.5% and 13.5%, while during the
dawn/dusk time the errors are between 8.2 and 21.1%. It is obviously that all errors
tend to increase with rising solar activity. Generally, the model systematically
underestimates the HSA diurnal behaviour. One possible reason can be the MSIS
neutral atmosphere, which is supported by the fact that the LSA simulations are
better by few percents. Another reason is the inaccuracy of the upper transition
level data, particularly because the HSA values are obtained via extrapolation from
those at medium solar activity (R=100).

The relatively large values during the dawn-dusk period are expected due
to the steady-state nature of the theoretical profiler. Unless correct input values (via
in-situ and ionosonde measurements) are used, this model has no ambition of
‘perfectly’ simulating these sunrise and sunset periods of quick changes. However,
the simulation was improved drastically after utilising the values from the upper
transition values.
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Fig.2 Diurnal variations of the relative error (TECmod-TECmes)/TECmes at 45°N (solid line) for
low solar activity (left-hand panels) and high solar activity (right-hand panels). Root-mean-square
and average relative errors are also provided in the bottom left corner of each panel.
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Fig.3 Latitudinal variations (approximated) of the average relative errors for the 24-hour period
(solid line) and for the dawn/dusk period (dashed line). The IRI-95 percentage deviations are

provided for 40°N, 50°N, and 60°N.
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4.2 Latitudinal behaviour

In order to better investigate the abilities to model the IEC latitudinal
variations, the IEC model has been run for several field lines so the vertical
guantities of the IEC has been obtained at different latitudes in the range 40-60°N.
These model calculations have been compared with the corresponding
measurements and graphically presented in Fig.3 for LSA (left-hand side) and
HSA (right-hand side). The DD periods are again presented separately (dashed
lines) from the 24H based estimations (solid lines).

In general, all errors increase at higher latitudes. It is explained with the
nature of the theoretical profiler (which is designed for low and middle
geomagnetic latitudes) and with the ion through effects which is difficult to model
with the proposed approach. Worst are the results for January when at HSA errors
can reach 40% at 60°N. The large errors are attributed mostly to inaccuracies for
the DD periods (notice the large gap between the two curves). The best results are
obtained during summer. Then the relative deviations do not exceed 10-12% on
average. The gap between the DD and 24H average curves is small.

4.3 Comparison with IRI

The IRI-95 empirical model has been run for day 16 of January, April,
July, October and with the average solar activity values observed during the NNSS
measurements (Feichter and Leitinger, 1993). The following IRI options have been
used: URSI maps for the peak density NmF2, CCIR maps for the peak height
HmF2, and Danilov-95 model for the ion composition. The IEC is integrated from
50 to 1100 km with 5 km height steps. Percentage deviations, based on averages at
0100, 0700, 1300, and 1900 LT, are given in Fig.3 for 40°N, 50°N, and 60°N
latitudes. Generally, the IRI tend to significantly overestimate the IEC values,
particularly during HSA. Also, the same trend of increasing the error at higher
latitudes is observed during HSA.

In many cases the IEC simulates the average electron content much better
than the IRI, e.g. during equinox months of LSA and all months of HSA.

5. Conclusions

Reported was an evaluation of a newly proposed IEC model formulated in
a previous publication (Stankov, 2001). This model employs a steady-state
theoretical code to simulate the topside ion and electron density distribution and
the IEC is obtained after integrating the vertical electron density profile at a given
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spatial location and time. The evaluation procedure is based on a long-term series
of IEC data using the NNSS-based observations of the electron content up to
1100km altitude. The extensive comparison between actual NNSS data and
modelled IEC values yields the following conclusions:

e The steady-state theoretical profiler is a high-precision tool when
additional measurements are available such as NmF2 and O*-H" transition
level;

o The IEC model is much more suitable for applications at low and middle
latitudes;

e A comparison with the International Reference lonosphere (IRI) empirical
model values reveals that in many cases the presented IEC model is a
better option to use.

The constructed model can be run at an operational mode as well and can
be further improved with new measurements of the upper transition level,
particularly for HSA.
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