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Abstract: The characteristics and occurrence of the Fl ledge in the electron density profile are
reviewed and discussed in terms of its relevance for the empirical modelling of the ionosphere.
An updated and selected data base is used to confirm the validity the DuCharme et al. formula
taking into account alternative solutions for the particular occurrence restrictions imposed
by that formula and the IRI-90. The information considered includes also L conditions that
indicates the presence of a less defined Fl cusp in the ionogram. A probability of occurrence
of the Fl layer is introduced making use of the hourly ionogram scaling information given in
monthly bulletins of ionospheric data. The possible prediction of the electron density at fixed
heights in the Fl region is discussed and a formulation for such prediction is proposed as a
preliminary step.

The electron density profile at Fl heights and the IRI-90 model

During daytime a ledge is often found in the electron density profile between 150 and 200km
identified by the presence of a cusp in the ionogram echo that is scaled as foFl. This critical
frequency corresponds most of the time to an inflection point in the electron density profile
and very seldom to a real maximum of ionization. The Fl cusp in many occasions is not
well defined and its presence in the ionogram is not scaled with a numerical value but only
with the descriptive letter L. In these cases the electron density profile shows also the presence
of a replenishment of ionization at Fl heights that is not quantified by the ionogram scaling
procedures. The same replenishment is often observed for high solar activity conditions also in
cases when no indication of Fl cusp is seen in the ionogram.

DuCharme et al. (1973) used a large experimental data base from 39 stations around the
world for the period 1954-1966 to obtain an empirical formulation to predict the values of foFl
and the time of occurrence as a function of solar zenith angle, geomagnetic latitude and solar
activity measured by R12. This formulation is not able to predict values where the L condition
is found in the ionograms. Gonzalez and Radicella (1987) found that the critical frequency
of the Fl ledge corresponds to the height hmFl where the electron density vertical gradient
reaches a minimum in the region and that this height could be predicted empirically from
characteristics scaled in the ionograms. Finally Radicella and Gonzalez (1991) have introduced
an empirical formula to predict hmFl in terms of foFl and geomagnetic dip angle.
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Gonzalez and Radicella (1995). Radicella et al. (1994) and Zhang and Radicella (1996) have
found that the electron density in the Fl height interval between 150-190 km. shows a minimum
in the relative variability as a function of height. This result indicates that the electron density
in that height interval could be predicted with less uncertainties than at other heights even
when no indication of the Fl ledge is seen in the ionograms.

The International Reference Ionosphere, the most used empirical model of the ionosphere,
(Bilitza. 1990) has adopted DuCharme et al. (1973) basic formulation to calculated foFl and
its occurrence in order to model the electron density in the Fl region. The model gives hmFl
as the height where the modelled P"2 bottomside profile reaches the value of NmFl derived from
foFl. In the IRI this height is strongly controlled by the F2 region thickness parameter Bo.

IRI introduces an additional strong limitation on the occurrence of foFl by assuming that
it is never present in winter and before sunrise and after sunset. It must be noted that there
are indications that these limits imposed to the occurrence of foFl appear to be unrealistic
in several cases like winter low solar activity conditions at almost all latitudes (Adeniyi, 1996;
Gonzalez et al, 1996 and Gonzalez and Zolesi, 1996).

An example is shown in Figure 1 where a local noon profile that corresponds to an ionograrn
with a well defined Fl cusp for Roma (41 9°N, 12.5°) during winter and low solar activity is
compared with the corresponding IRI 90 profile. Figures 2 and 3 show other examples with
similar comparisons for Tucuman (26.9°S, 294.6°E) when the presence of an L condition in
the ionogram is seen (LT 10.00) and when a well defined Fl cusp is observed (LT 13.00). In
these cases the limits imposed by the IRI on the occurrence of foFl introduce large departures
between the model and the profile obtained from ionogram inversion. It must be noted also
that during high solar activity even when no indication of a Fl cusp appears in the ionogram
the replenishment of ionization in the Fl height region can be important but the IRI model
will ignore it. This case is shown in Figure 4 where ionogram inversion and IRI noon profiles
are compared for Roma in winter and high solar activity.

Validation of the DuCharme et al. (1973) formulation

Monthly median values of foFl from 104 ionospheric stations available on the Ionospheric
Digital Database of the Boulder NGDC in the time interval from 1969 and 1990 were used to
validate the DuCharme et al. (1973) formulation. Table 1 gives the average differences in MHz
between calculated and measured values of foFl when IRI assumes the occurrence of foFl for
different latitude intervals and solar activity (R12) ranges. Table 2 shows the same differences
but including all the cases when experimental median values of foFl are taken into account
and DuCharme et al. (1973) formula is used without any restriction in terms of occurrence.
The results confirm the validity of the foFl prediction by DuCharme et al. (1973) even under
conditions outside the limits of the original formulation and the IRI model.

Taking into account these results an empirical probability function of occurrence of foFl
has been derived from the described large data base assuming a dependence on solar zenith
angle, geomagnetic latitude and solar activity. The function obtained is:

(1)

When the limits arlopted by DuOhanne et. al. (1973) and the IRI model for the occurrence



of foPl are considered, the exponent 7 is given by:

and:

a = 2.9798 + 0.0853993 R12

b = 0.01069-0.0021967 Ri2

c = -0.000256409 + 0.0000146678 Rn

If the cases when the descriptive letter L is observed in the median monthly tabulation of
foFl are also taken into account the value of the exponent 7 is found to be almost independent
of A and R\2-

7 = 2.36 (2)

Figure 5 shows the variation of the probability P as a function of the solar zenith angle
when 7 is given by equation 2.

These results indicates that the limits imposed by DuCharme et al. (1973) and the IRI
model for the occurrence of foFl could be replaced by assuming the DuCharme formula without
occurrence restrictions but taking into account the probability function defined by equations 1
and 2.

Prediction of the electron density at fixed heights in the Fl region

The small relative variability of the electron density at fixed heights found between 150 and
190 km make it possible to search for possible empirical expressions to predict values of the
electron density at fixed heights independently from the presence of foFl or even L condition
in the ionogram.

About 1000 profiles from individual ionograms obtained at four different locations in Ar-
gentina at geographic latitudes from -27° to -55° for different daytime hours, seasons and solar
activity were used to search for a prediction formula. Of the total set of profiles 181 have been
chosen for validation and the remnant profiles were used in order to obtain multiple regression
expressions. The search indicates that the electron density at fixed heights in the Fl region
is not a linear function of the variables investigated and that the most statistically significant
expressions are found for 170 km.

After a lengthy investigation a preliminary empirical expression that shows a dependence
of /V170 on solar zenith angle, foF2, the module of the dip latitude and M(3000)F2 has been
found:

v._. - A. /,.™i 5 Y + Ai A / ( 3 0 0 0 ) F 2 + . 4 2 [ A / ( 3 0 0 0 ) F 2 / / O F 2 ] - L

-45[l/(/oF2)

where:

' " - ' 5> x ~ At\y\ + 45[l/(/oF2)2] ( ' '

,40 = -8 .75,4i = 112.97,^2 = -1518.20,

A3 = 194.67, A4 =-199.94,

A5 = 12063.52 and n = 0.15 /oF2

By using the 181 profiles not included in the derivation of equation 3 the differences between
the experimental values of .\r\jo and the predicted values obtained with the equation were
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calculated. The percentage error was estimated and the corresponding histogram is shown in
Figure 6. For 88.4% of the cases the percentage difference was less than 20 indicating that the
formula is a reasonable first step in the search for the empirical prediction of the electroti density
at fixed height in the Fl region. However the formula given should be further investigated with
a larger data base of electron density profiles.

The formula appears to be able to predict also the diurnal behaviour of N170 as it can be
seen in Figure 7 where experimental values for a daytime hourly sequence are compared with
the IRI 90 model values and those calculated with the equation 3. These last values appear to
be a better prediction of iV170.

Conclusions

The results of the analysis done in this paper show that:

1 - Empirical models like IRI-90 need alternative solutions for the representation of the electron
density profile in the Fl region.

2 - A possible solution is to adopt the DuCharme et al. (1973) formula, that has been con-
firmed as a good prediction for foFl, without any occurrence restriction but including a
probability function like the indicated above.

3 - An alternative solution, particularly valid when no Fl cusp is expected, can be to predict
the electron density at a fixed height like 170 km in terms of solar position, geomagnetic
location and F2 layer characteristics.

4.- The prediction formula for the electron density at 170 km indicated above should be further
investigated with a larger data base of electron density profiles.
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TAI 3 L E 1

Average difference (MHz) between calculated values
with imposed limits

(DuCharme et al. (1973)) and experimental median values of foF1

Geomagnetic Latitudes

0<>.<30

30<X<60

60<X<90

R12<50 50<R12<100

0.142 0237

0 161 0214

0.160 0.174

R12>100

0.412

0.311

0.234

All R12

0.210

0.221

0.194

1

TABLE 2

Average difference (MHz) between calculated values
without imposed limits

(DuCharme et al. (1973)) and experimental median values of foF1

Geomagnetic Latitudes R12<50

30<X<60

!12<50

0.176

0225

0.183

50<R12<100

0259

0.262

0.201

R12>100

0.326

0.328

0258

All R12

0216

0 264

0218
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Local noon profile that corresponds to an ionogram with a
well defined F1 cusp for Roma (41.9" N, 12.5° E) during winter

and low solar activity (IRI does not predict foF1)
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Local time 10.00 profile for Tucuman (26.9° S, 294.6° E)
when a well defined F1 cusp is observed in the ionogram

(IRI does not predict foF1)
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Local time 13.00 profile for Tucuman (26.9° S, 294.6° E)
when a well defined F1 cusp is observed in the ionogram

(IRI does not predict foF1)
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Local noon profile for Roma in winter and high solar
activity when no cusp is observed in the ionogram

(IRI does not predict foF1)
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Difference between measured and calculated

value of N170 percentage error as a funtion

of cases and % of cases

10 to 20 20 to 30 30 to 40 >40
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Comparison of measured, IRI - 90 model (new Bo) and
calculated values ofN170 for a day time sequence
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