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Abstract

A review on the solar-cycle dependence of the monthly median critical frequencies of the different ionospheric
layers is attempted. Some of the existing questions are emphasized and the differing viewpoints are reported.
Moreover, the correlations between daily values of the critical frequencies and solar activity indices are briefly
considered and compared to those for monthly median values.
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1. Introduction

The name «ionosphere» is used to indicate
that part of the Earth’s atmosphere lying be-
tween about 50 km above sea level and the
outer limit of the atmosphere, that is several
earth radii. The ionosphere is also defined as
«the part of the Earth’s upper atmosphere
where ions and electrons are present in quanti-
ties sufficient to affect the propagation of radio
waves» (Institute of Radio Engineers, 1950).

The ionosphere is divided into «regions»
within which there can exist distributions called
«layers» (Ratcliffe and Weekes, 1960). The
part of the ionosphere below 90 km is called
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the D-region, that between 90 and 160 km the
E-region and that above 160 km the F-region.
These limits are rather conventional boundaries
for it has been observed for example that
the ionization of the F-region extends below
140 km under certain circumstances.

Our knowledge concerning the state of the
ionosphere has been derived primarily from
routine ionosonde measurements, although in
situ measurements from rockets and satellites
also play an important role. Routine observa-
tions employing the pulse method have been
carried out at many stations (Piggott and
Rawer, 1978) and many observational data,
such as critical frequencies, minimum virtual
heights and other useful parameters have been
accumulated over more than 50 years at some
stations (Hanbaba, 1993, 1994 PRIME, 1995;
COST 251-1I Annual Report, 1997).

The statistical study of these data provides
the most widely spread information about the
complex phenomena that take place in the iono-
sphere. In these studies the experimental re-
sults, on the one hand, are usually compared
with the predictions of the classical theory of
the formation of ionospheric layers first devel-
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oped by Chapman (1931) and on the other
hand, are used to develop empirical prediction
models and maps (Rawer and Bilitza, 1989;
Bilitza, 1990; ITU, 1993; PRIME, 1995).

Although Chapman’s theory stands upon
several simplifying assumptions, it substan-
tially succeeds in explaining the origin of the
ionosphere. According to this theory, the elec-
tron densities, and hence the critical frequen-
cies, should be effectively controlled by solar
radiation, and thus by the solar zenith angle ¥
and the state of solar activity. It seems that, to a
first approximation, this classical theory ex-
plains the more obvious synoptic features of the
ionosphere. Features that do not fit Chapman’s
theory are still often referred to as anomalous.
The world morphology of most of these anoma-
lies as well as their origin and the mechanism
by which they are produced, are still the subject
of detailed studies (e.g., Titheridge, 1997). It is
evident that the actual interpretation and esti-
mation of the non-Chapmanlike variations on a
world-wide basis will greatly contribute to our
knowledge of the ionosphere.

To a first approximation, the E and F, layers
vary with cosy, both diurnally and seasonally,
in a fairly regular manner as is expected for a
Chapman layer (fig. 1). This is not the case for
the F,-layer; its behaviour is found to be very
complicated and is difficult to summarize.
Usually the behaviour of the F,-layer is de-
scribed by pointing out how it differs from that
of a Chapman layer. Systematic deviations
mainly in the F,-layer behaviour and in much
smaller scale in the other layers, are due to geo-
magnetic perturbations and seasonal variations
of atmospheric parameters (composition, tem-
perature etc.). Moreover, movements of ioniza-
tion affect the distribution of electron densities
in the E and F regions. This effect is particu-
larly important in the F,-region where the life-
time of free electrons is measured in hours.
Vertical drifts of ionization in the F, region
which are generated by tidal air motions have
been investigated by many workers and al-
though their importance has been established,
the detailed nature of their effects is not yet
known (Fejer, 1965). Vertical drifts in the E re-
gion are not as important as those in the F, re-
gion (Shimazaki, 1959), because of the quick
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recombination of charged particles, which have
a typical lifetime of a few minutes, and also be-
cause of the greater drag of the neutral gas. Be-
sides, it is well assessed that the ionospheric
electron density depends very strongly on the
state of the solar cycle (Beynon and Brown,
1959; Appleton, 1964; Rawer and Suchy, 1967;
Jones and Obitts, 1970). The law of depend-
ence on the state of solar activity of the maxi-
mum electron densities of the layers and thus of
their critical frequencies, is the basis of any nu-
merical or computerised prediction models of
the ionosphere, developed to support HF com-
munications (e.g., Cander and Zolesi, 1991;
Zolesi et al., 1993).

According to the current theory, the iono-
spheric electron density is due to the ionization
of the neutral atmosphere by solar radiation,
mainly in the ultraviolet and X-ray region. Al-
though both components are involved in the
ionization of the ionosphere, the relative impor-
tance of each component is not accurately
known and may well vary during the solar cy-
cle, because both X-ray and ultraviolet radiation
vary during the solar cycle. Since the solar radi-
ation has an eleven-year cycle, similar changes
are expected in the important characteristics of
the ionosphere, such as the critical frequencies
of the various layers, the propagation factor
M(3000)F,, the Maximum Usable Frequency
MUF etc. The level of solar activity is often ex-
pressed in terms of a numerical index. A num-
ber of such indices have been considered and
are in use (Bradley, 1993, 1998; ITU-R, 1994).

2. Indices of solar activity

Three different classes of indices are in use.
The first class of indices is «solar indices»
based on solar radiation. The second class is
«ionospheric indices» based on the observed
trends in ionospheric characteristics measured
at a selected number of locations. The third
class of indices is «mapping indices» which are
mean interpolation factors appropriate to spe-
cific maps, needed to match the values these
give with the measured ionospheric characteris-
tics values at reference measuring stations
(Bradley, 1993). Within these classes the fol-
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lowing indices are included (Bradley, 1998):

a) Solar indices: R, R,, ®and P,,;

b) Ionospheric indices: IF, T, MF,;

¢) Mapping indices: IG, IG,,, R, ;
where R is the sunspot number (Bradley, 1993;
ITU-R, 1994), ® the 10.7 cm solar flux
(Covington, 1969), IF, the F-region ionospheric
index (Minnis, 1955, 1964; Minnis and Bazzard,
1959), T the Australian index (Turner, 1968;
Caruana, 1990), MF, an ionospheric index re-
cently proposed (Mikhailov and Mikhailov,
1995; Mikhailov et al., 1996), IG applies for
global maps (Liu ez al., 1983) and R is an ef-
fective sunspot number (Secan and Wilkinson,
1997).

Present recommendations of the Interna-
tional Telecommunication Union are that R,
should be used for all long-term predictions
more than 12 months ahead; moreover, R, or
®,, should be used for long-term prediction of
the monthly median F -layer critical frequency,
JoF, and of the propagation factor M(3000)F, up
to 6 and perhaps to 12 months ahead of the last
observed value, whereas @, should be used for
predicting monthly median values of the
E-layer critical frequency, fE and of the
F-layer, f.F, up to 6 and perhaps up to 12
months ahead of the last observed value. How-
ever, other indices like the index T or the iono-
spheric index MF, are also used successfully in
empirical prediction models. Mean expressions
relating the different indices have been pub-
lished. Thus, a mean relationship between R,
and ® has been given by Joachim (1966).
Stewart and Leftin (1972) have examined the
relationship between R, and ®,, Several work-
ers have examined the relationship between
R, and IF, (Barclay, 1962) and vice versa
(Joachim, 1966; Muggleton and Kouris, 1968).
Similar relationships have been proposed for
the indices T and R,, (Turner, 1968).

The choice of a «best» index is usually
based on a number of potentially relevant fac-
tors which may be summarized as follows
(Bradley, 1993):

i) Degree of correlation with ionospheric
characteristics values.

ii) Predictability of the index.

iii) Linear dependence of ionospheric char-
acteristics values on index.
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iv) Availability of the index and adequate
dissemination.

It is to be noted that to date no indices fulfil
all the above factors for all ionospheric charac-
teristics. For example, the ionospheric index
MF, seems to provide a slightly higher degree
of correlation with f,F, than any other index,
but it is not so when it is correlated with
M(3000)F, (Kouris et al., 1997). According to
Mikhailov et al. (1996), effects as «saturation»
at high solar activity and «hysteresis» in the
course of a solar cycle are avoided when MF, is
used, contrary to what happens when R,or®,
is used; but on the other hand the prediction of
the solar index R,, is accurate and readily avail-
able well in advance (Kouris et al., 1993a).

At this point we must observe that linearity
nowadays should not be a factor to consider in
determining a «best» index. More important
factors are predictability with adequate service
of dissemination of the index values. However,
the choice of long-term index and the law of
solar-cycle variation are very important for
mapping generation. The use of only a single
index in long-term predictions could be very
useful and positive but it seems impossible
at present. Short-term forecasting might addi-
tionally involve a separate disturbance index,
which might also prove necessary to the long-
term index (Alberca et al., 1997).

3. The dependence of f,E on solar activity

The critical frequency of the E-layer, JE,
varies with the time of day, season and epoch in
the solar cycle, as well as with the location on
the earth. At one epoch in the solar cycle, £, is
approximately a unique function of the sun’s
zenith distance y, whether y changes through
the day or the season at one location or by dis-
placement over earth at one time. Figure 1 il-
lustrates a typical variation of fE during the
course of one day.

The values of the critical frequency J,E mea-
sured at different locations over the earth, have
been examined by various workers to see how
well they fit the expression

(f,E)* =Kcosy 3.1
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Fig. 1. Sketch of a typical variation of fE during
the course of one day.

as they would if the E-layer, under equilibrium
conditions, behaved like a Chapman-layer. In
eq. (3.1) K depends mainly upon the solar ion-
izing radiation, which may vary according to
the state of solar activity and the annual varia-
tion of the Sun-Earth distance. It follows there-
fore from eq. (3.1) that when the seasonal
variation with cosy is removed, as well as any
other seasonal, annual and latitude influences
(Appleton, 1963; Kouris and Muggleton, 1973;
Titheridge, 1997), then (£,E)* will vary accord-
ing to the epoch in the solar cycle. Different
methods have been adopted to remove the in-
fluence of the time of day and of the season, so
as to isolate the component which is attribut-
able to changes in solar activity. For example
one technique is to apply at each location and
for each month of the year the following rela-
tionship

(f,E)" =a, (+b,R) (3.2)

where R is the sunspot number and the subscripts
of a, and b, refer to separate months of the year.
In all these techniques it is assumed that the scale
height and the recombination coefficient do not
change with solar cycle and season.

All investigators agree that the relationship
between (f,E)" and any index of solar activity is
approximately linear whatever the value of the

706

exponent in eq. (3.2). However, there is consid-
erable inconsistency in their results (see for ex-
ample, Kouris, 1971, 1981a).

A simplified expression of eq. (3.2) is the
following;
f, E=09[(180+144R) cos x1°* MHz (3.3.)
which is valid for any time of day and any sea-
son (Davies, 1990). A detailed analysis of
monthly median data from 45 stations, over a
period of at least one solar cycle, has given
much more accurate results (Kouris, 1981b). In
this analysis monthly median noon (f,E)" values
of one or more complete solar cycles, for each
month of a given station are correlated with
corresponding monthly mean values of each of
the three indices of solar activity, R, ® and IF,
(Kouris and Muggleton, 1974; Kouris, 1977).
The overall correlations were very high, of the
order of 0.97. The conclusion is that the best
linear relations between fF and the three indi-
ces are of the form

(fL,E) =a,(1+b,R 3.4)
(f,E) =ay(+b,D) 3.5)
foE=a, (+b, IF,) (3.6)

where
b, =91x107 £0.2x10°° 3.7
by =94x107° £02x107° (3.8)
by, =144x107 £0.02x107. (3.9)

It is to be noted that the above relationships
(3.4) to (3.9) are valid at any location for the
prediction of the monthly median values as
well as of daily values with a mean error of
about the same magnitude (Kouris, 1981b).

4. The dependence of f,F, on solar activity

The undisturbed F,-layer is observed only
during the day; it is most pronounced in sum-
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mer and at low solar activity, and during iono-
spheric storms; in winter at the maximum of so-
lar activity it is never observed.

The ordinary critical frequency of the
F -layer, fF,, measures the maximum electron
density in the F -layer, as any critical frequency
does for its corresponding layer. It is found that
/.F, varies in a remarkably regular way and re-
sembles that of the E-layer critical frequency
/.E, that is it resembles the critical frequency of
a Chapman layer. Figure 2 illustrates the varia-
tion of £,F, with season and sunspot number at
the location of Rome (41.9°N, 12.5°E). It is ev-
ident from fig. 2 that the monthly median val-
ues of fF, are positively correlated with the
twelve-monthly smoothed sunspot number R,,
quite well.

Statistical analyses accomplished by differ-
ent investigators (e.g., Ducharme et al., 1971,
1973; Dominici and Zolesi, 1987), similar to
those carried out on f,E, and based on many
observed data have led up to different analyti-
cal expressions between f,F, and R,,, @, or IF,.
An approximate relationship (Davies, 1990),
valid for any time of day and any season, is

f,F, =(43+001R,,)cos*? . 4.1

A more comprehensive expression for fi, has
been established by Ducharme et. al. (1971,
1973), based on a large amount of ionosonde
data. This relationship gives fF, in terms of R,,,
x and magnetic dip latitude y (Bilitza, 1990):

foF, =f cos”" g 4.2)
o= fy g — o) 43)
100
f, =435+0058y|-000012 9> (43a)
Foo =5348+0011y|-0.00023 >  (4.3b)
n = 0093 +0.0046fy| - 0.000054 3* +
+0.0003R,, (4.3¢)
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5. The dependence of f,F, on solar activity

The F,-layer is the most important layer
from the point of view of HF radiocommunica-
tions. When the F,-layer is investigated at dif-
ferent locations at different times, its behaviour
is found to be very complicated. Unlike the
E-layer or F,-layer the overall behaviour of the
F,-layer can be described as that of a
non-Chapmanlike layer. Thus, presentations of
the variations of the F,-layer electron density
and hence of its critical frequency fF, or of any
other ionospheric characteristics of this layer
cannot be derived from theoretical consider-
ations which only take account of production
by photoionization but through the statistical
analysis of past measurements. As a conse-
quence, different models have been developed
by different investigators (e.g., Rawer and
Bilitza, 1989; Bradley, 1990) in order to take
into account the peculiarities of the electron
density of the F,-layer and/or the physical pro-
cesses which appear as irregularities with re-
spect to the standard assumptions (e.g., Kouris
et al., 1993b). It is common practice in study-
ing these peculiarities of fF, to investigate in
the first place its actual relationship with solar
activity.

Many workers have investigated the so-
lar-cycle variations of the monthly median fF,
values, seeking to establish empirical relation-
ships in terms of indices of solar activity. An
example is reported in fig. 3. Several different
solar and ionospheric indices have been consid-
ered (Bradley,1993); but not all investigators
are agreed on which is the best index to use.
This is not contrary to expectations because on
the whole each index does not differ markedly
from the others. On the other hand, the «best»
index for f;F, may well differ from that of the
other ionospheric characteristics, e.g., £E, £,
etc.. Then, the question arises whether each
characteristic should be determined by means
of its «best» index or one index should be used
for all of them? For example in COST
238-PRIME (Prediction and Retrospective Ion-
ospheric Modelling over Europe) the former
practice has been followed.

Further to that, for very high solar activities
f,F, measurements indicate a saturation effect;
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et al., 1996).

when measurements for the rising and falling fects on fF,, indicating thus the strong mag-
portions of a solar cycle are separately com- netic control on the F,-layer characteristics.
pared, a hysteresis-like variation of foF, in the  This view is also shared by Rao and Rao
course of a solar cycle is evident (Rao and Rao, (1969), Apostolov et al. ( 1993) and by Kane
1969). Appleton and Piggott (1955) pointed out (1992). The type of hysteresis in f,F, may be
that, for the same sunspot number, the degree  different, sometimes even negligible (Kouris,
of magnetic storminess may cause different ef- 1995). To face the hysteresis phenomenon
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Kane (1992) proposed using simultaneously a
solar index and an index of geomagnetic activ-
ity; but a small hysteresis effect still remains.
Mikhailov and Mikhailov (1992) suggested that
by using an index related to EUV radiation the
hysteresis will be eliminated. Furthermore,
there is evidence of changes between cycles,
but these are irregular and small compared to
the scatter and non-repeatable features of the
hysteresis. Therefore, taking account of the
above complexities the PRIME group for in-
stance, decided that for modelling and predic-
tion purposes the hysteresis effect should be ne-
glected and a single relationship should be used
for a given month and hour to describe so-
lar-cycle variations (Bradley, 1994; Kouris,
1995). Since the solar-cycle law is different for
different locations it has conveniently been
quantified for each station, month and hour by
reference values within the low, medium and
high epoch bands (Bradley et al., 1995).

It is clear that critical to any mapping are the
choice of the index representative of state of the
solar cycle and the law of dependence of the
critical frequency f;F, on solar activity. The
sunspot number is convenient for use because
of its long series of reliable observations, al-
though all other indices have also been avail-
able regularly for some decades. All indices of
solar activity show the 11-year sunspot cycle.
The behaviour of fiF, with respect to each one
of the most used indices in ITU, URSI or
PRIME seems to be virtually identical. The
CCIR supposes that f,F, increases linearly with
R, for values less than 150 and that for higher
R,, there is complete saturation. An alternative
S, global mapping of Jones and Obitts (1970)
based on the same measurements data set ap-
plies a parabolic dependence. Kouris and
Nissopoulos (1994) and Bradley (1994) have
examined the correlation of fF, with each of
the following indices: R ,, ®,, IF, , IG, and T,
using data sets measured at six European loca-
tions. They have shown that practically there
was not any appreciable difference in the de-
gree of correlation for the separate indices. A
difference may be found (Kouris et al.,, 1997)
in the correlation between fF, and the MF,
index proposed by Mikhailov and Mikhailov
(1995).
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Kouris and Nissopoulos (1994), Bradley
(1994) and Mikhailov (1993) have also exam-
ined the law of dependence of the critical fre-
quency f,F, on the different indices and found
that hourly monthly median fF, values give
close agreement to a linear variation with each
index most of the time but a second-order rela-
tionship provides better fit in particular epochs,
that is in summer daytime and winter nighttime
hours (Kouris and Nissopoulos, 1994). On the
other hand, it seems that the index MF, holds
better a linear relationship. Sizun (1992a,b) and
Apostolov et al. (1993) have suggested to adopt
different second-degree relationships for the
rising and falling half solar cycles; and in addi-
tion the latter also indicated that the coeffi-
cients of these relations should be evaluated us-
ing data measurements over a period of three
solar cycles.

It is evident that there exist different view-
points regarding the index of solar activity to be
used and the law of dependence of f,F, on solar
activity. On the other hand, the statistical analy-
ses show that the standard error of estimate cal-
culated using a linear or quadratic relationship
and any solar or ionospheric index is of the
same order, i.e. = 0.4 MHz. Besides, we should
perhaps take account of the fact that the
monthly median values are still affected, to a
less extent may be, by the effects of the
geomagnetic activity and the ionosphere storm-
iness on the daily fF, values. Therefore, the
specification of these effects on the daily
f,F, values and consequently the specification
of the quiet ionosphere and its ionospheric
electron density might give the desirable solu-
tion.

Similar statistical analyses accomplished on
daily f,F, values (Kouris et al., 1998; Secan and
Wilkinson, 1997) show that the degree of corre-
lation of f,F, with corresponding daily values of
solar indices is rather poor. The difference in
the degree of correlation when monthly median
or daily f,F, values are used, is attributed to the
effects of ionospheric day-to-day variability
not associated with ionization production
(Wilkinson, 1995; Kouris et al., 1998). There-
fore, it is concluded that an adjusted solar or
ionospherically derived index might give better
results.
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6. The propagation factor M(3000)F, and
the maximum usable frequency

The propagation factor M(3000)F, is defined
as the ratio between the Maximum Usable Fre-
quency (MUF) and the critical frequency J.F, of
the F,-layer. The MUF is the conventional
maximum usable frequency that, refracted in
the ionosphere, can be received at a distance of
3000 km (Bilitza, 1990). M(3000)F, is a fair
measure of the height of the maximum electron
density on a reciprocal scale (Rawer and Suchy,
1967).

The dependence of the propagation factor
M(3000)F, on solar activity has received rela-
tively limited treatment (e.g., Dominici and
Zolesi, 1987, Bradley, 1994; Kouris er al.,
1994). It is merely assumed that M(3000)F,
varies with the 1l-year solar cycle as does
JoF,- However, it has been shown that there
exist some substantial differences in their re-
spective changes with solar activity (Kouris,
1995). Indeed, the statistical analyses showed
that a linear dependence of M(3000)F, with
solar activity may be retained. Moreover, the
degree of correlation between the propagation
factor and each of the different indices of so-
lar activity is very high and of the same mag-
nitude without any appreciable difference
from one to another (Kouris, 1998). Unlike
the critical frequency S, the M(3000)F,
shows a negative correlation with solar ac-
tivity.

Similar statistical analyses to establish the
law of dependence of MUF on solar activity
have shown that the correlation between the
maximum usable frequency and the twelve-
month running mean sunspot number R, is
very high, showing a strong positive solar con-
trol. Regarding the law of dependence it is
found that monthly median MUF values give
close agreement to a linear variation with R,
most of the time but a second-degree relation-
ship provides better fit in particular epochs of
year and hours of day.

It is worth stating that the MUF presents the
same features as fF, that is, the MUF behav-
lour during the rising part of the solar cycle is
different from the behaviour during the falling
part, resulting in a hysteresis effect.
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7. General remarks

The critical frequency of the E-layer fE,
varies with the epoch in the solar cycle as is ex-
pected for an equilibrium Chapman layer. Ob-
served measurements of monthly median fE
values at different locations on the earth and es-
timated values using egs. (3.4) to (3.9) show
close agreement. The same could be stated for
J.E daily values.

The critical frequency JoF, of the F-layer,
when it is evaluated using eqs. (4.2) and (4.3),
is in very good agreement with the observed
measurements data.

When the ionospheric characteristics of the
F,-layer are considered, it is found that their be-
haviour is not very simple. On the other hand,
they are extremely important to the description
of the International Reference Ionosphere. All
empirical prediction models and maps describe
the synoptic ionosphere with different degrees
of success, since they rely upon the adopted
values of f,F, and M(3000)F,. Efforts to up-
grade maps of the ionospheric characteristics
JoF, and M(3000)F, have been made in the past
and are still pursued. Indeed, there is a ten-
dency to improve global and regional maps.
The question is the choice of the «right» index
to use and the law of solar-cycle dependence to
adopt.

It is evident from the above-reported find-
ings that there exist different viewpoints. It is to
be noted, however, that the differences between
the different recognised models are usually
small in comparison with the daily variations of
the characteristics. Monthly median foFF, and
M(3000)F, values must be influenced by the ef-
fects of geomagnetic storms on the daily val-
ues; these may lead to an increase or decrease
of the monthly value according to the fre-
quency and magnitude of the storms. An ap-
proach to minimize daily variability could be
the adoption of an adjusted solar or iono-
spherically derived index of solar activity.
Another is to specify the ionospheric day-
to-day variability and then to define the quiet or
normal ionosphere. It is clear consequently that
more studies are needed to improve monthly
median models and to evaluate day-to-day ion-
ospheric variability.



Stamatis S. Kouris

Acknowledgements

Acknowledgement is made to D. Fotiadis
for his help in the preparation of the manu-
script.

REFERENCES

ALBERCA, L., G. JUCHNIKOWSKI, S.S. KOURIS, A. MIK-
HAILOV, V. MIKHAILOV, G. MIRO, B. DE LA MORE-
NA, PL. MUKHTAROV, D. PANCHEVA, J.G. SOLE,
1. STANISLAWSKA, L. VILLANEUVA, and TH. XENOS
(1997): Comparison of different ionospheric fF, pa-
rameter single station models in European area, in
Proceedings of the joint COST 251/IRI Workshop
and Working Group Sessions, COST 251 TD(97)006
(part 1), 5-13.

ArostoLov, EM., LF. ALBERCA and D. PANCHEVA
(1993): Long-term prediction of the f,F, on the rising
and falling parts of the solar cycle, in Proceedings of
the PRIME/URSI joint Workshop on «Data Validation
of Ionospheric Models and Maps (VIM)», Memoria,
16, 178-185.

APPLETON, E.V. (1963): A seasonal anomaly in the iono-
spheric E-layer, J. Atmos. Terr. Phys., 25, 577-579.
APPLETON, E.V. (1964): Sunspot-cycle control of iono-
spheric and geomagnetic variations, J. Atrmos. Terr.

Phys., 26, 633-636.

APPLETON, E.V. and W.R. PIGGOTT (1955): Storm phe-
nomena and the solar cycle variation of the F,-layer
ionization at noon, in The Physics of the lonosphere,
Physical Society, London, 219-228.

BARCLAY, L.W. (1962): Variations in the relation between
sunspot number and IF,, J. Atmos. Terr. Phys., 24,
547-549.

BEYNON, W.J.G. and G.M. BROWN (1959): Region E and
solar activity, J. Aimos. Terr. Phys., 15, 168-174.

BiLITZA, D. (1990): International Reference lonosphere,
Report 90-22, National Space Science Data Center,
World Data Center A for Rockets and Satellites, Mary-
land, U.S.A.

BRADLEY, P.A. (1990): Mapping the critical frequency of
the F,-layer: part 1 — requirements and developments
to around 1980, Adv. Space Res., 10 (8), 47-56.

BRADLEY, P.A. (1993): Indices of ionospheric response to
solar-cycle epoch, Adv. Space Res., 13 (3), 25-28.

BRADLEY, P.A. (1994): Further study of fF, and
M(3000)F, in different solar cycles, Ann. Geofis., 37
(2),201-208.

BRADLEY, P.A. (1998): Solar-cycle indices for COST 251
mapping of f,F,, in Proceedings of the 2nd COST 251
Workshop «Algorithms and Models for COST 251
Final Product», Side, Turkey, March 1998, 33-38.

BRADLEY, P.A., S.S. Kouris, TH. D. XENos and M.I. Dick
(1995): Reference f,F, measurements data set for
long-term temperate-latitude regional mapping, Adv.
Space Res., 16 (1), 163-166.

CANDER, LIR. and B. ZoLEsI (1991): Review of recent
progress in ionospheric mapping, Nuovo Cimento C,
14 (2), 153-169.

712

CARUANA, J., (1990): The IPS monthly 7 index, Solar-
Terrestrial Predictions: Proceedings of a Workshop
at Leura, Australia, October 16-20, 1989, 257-263.

CHAPMAN, S. (1931): The absorption and dissociative or
ionising effect of monochromatic radiation in an atmo-
sphere on a rotating Earth, Proc. Phys. Soc., 43, 26-45,
483-501.

COST 251- I Annual Report (1997): Improved Quality of
Service in Telecommunication System Planning and
Operation, Lannion, France, October 1997.

COVINGTON, A.E. (1969): Solar radio emission at 10.7 cm
«1947-1968», J. R. Astron. Soc. (Canada), 63,
125-132.

DAVIES, K. (1990): Ionospheric Radio (Peter Peregrinus
Ltd., London, U.K.), pp. 130.

Dominicr, P. and B. ZoLEsI (1987): A model for the nor-
mal ionosphere over Rome, Nuovo Cimento C, 10 (2),
191-208.

DuUCHARME, E.D., L.E. PETRIE and R. EYFRIG (1971): A
method for predicting the F -layer critical frequency,
Radio Sci., 6, 369-378.

DucHARME, E.D., L.E. PETRIE and R. EYFRIG (1973): A
method for predicting the F,-layer critical frequency
based on Zurich smoothed sunspot number, Radio Sci.,
8, 837-839.

FEIER, J.A. (1965): Motions of ionization, in Physics of the
Earth’s Upper Atmosphere, edited by C.O. HINES et al.
(Prentice-Hall, Inc.).

HANBABA, R. (1993): Proposals for a data base for use in
map generation and for testing maps, in Proceedings of
the PRIME/URSI joint Workshop on «Data Validation
of lonospheric Models and Maps (VIM)», Memoria,
16, 238-245.

HANBABA, R. (1994): COST 238 Biennial Report, period
May 1992- May 1994, COST 238 - TD(94)014.

INSTITUTE OF RADIO ENGINEERS (1950): Standards on wave
propagation: definitions of terms, Proc. IRE, 38,
1264-1276.

ITU (1993): CCIR Atlas of ionospheric characteristics, In-
ternational Telecommunication Union, Radiocommu-
nication Sector, Recommendation 340, Int. Telecom.
Union, Geneva.

ITU-R, (1994): Choice of indices for long-term iono-
spheric predictions, Recommendation 371, Interna-
tional Telecommunication Union, Geneva.

JoAcHIM, M. (1996): Study of correlation of three basic in-
dices of ionospheric propagation: R, IF, and @,
Nature, 210, 289-290.

Jones, W.B. and D.L. OBITTS (1970): Global representa-
tion of annual and solar cycle variation of f;F, monthly
median 1954-1958, Telecommunications Report 3
(U.S. Government Printing Office, Washington DC).

KANE, R.P. (1992): Solar cycle variation of fF,, J. Atmos.
Terr. Phys., 54 (9), 1201-1205.

Kougris, S.S. (1971): A statistical study of the solar and
seasonal control of E-layer critical frequency, Ph.D.
Thesis, University of Edinburgh.

Kouris, S.S. (1977): Variation of E-layer critical fre-
quency with solar activity, Proc. IEE, 124, 1007-1008.

KOURIS, S.S. (1981a): Solar and latitude dependence of E
region critical frequency, Nuovo Cimento C, 4 (4),
417-430.



The dependence of ionospheric characteristics on the state of the solar-cycle

Kouris, S.S. (1981b): On the prediction of the E-layer crit-
ical frequency, Alta Frequenza, vol. 50, 276-278.

Kouris, S.S. (1995): On the hysteresis observed between
ionospheric characteristics, Adv. Space. Res., 15 (2),
89-91.

KOuRis, S.S. (1998): The solar-cycle variation of M(3000)F,
and its correlation with that of JoF,, Ann. Geofis., 41
(4), 583-590.

Kouris, S.S. and L.M. MUGGLETON (1973): World mor-
phology of the Appleton E-layer seasonal anomaly, J.
Atmos. Terr. Phys., 35, 141-151.

Kouris, S.S. and L.M. MUGGLETON (1974): Analytical ex-
pression for prediction of f,E for solar zenith angles
0-78°, Proc. IEE, 121, 264-268.

Kouris, S.S. and J.K. NISSOPOULOs (1994): Variation of
JF, with solar activity, Adv. Space Res., 14 (12),
51-54, 163-166.

Kouris, S.S., L.F. ALBERcA, E.M. ApPoSTOLOV, R.
HANBABA, TH.D. XENOS and B. ZOLESI (1993a): Pro-
posals for the solar-cycle variation of JoF, (part 2), in
Proceedings of the Workshop on «PRIME Studies With
Emphasis on TEC and Topside Modelling», Graz, May
1993 (Institut fur Meteorologie und Geophysik, Karl-
Franzens-Universitat, Graz), Wiss. Ber., 2 (1), 89-90.

Koursis, S.S., P. DoMINICI and B. ZOLESI (1993b): Behav-
iour of fF, over European mid-latitudes, Ady. Space
Res., 13 (3), 53-56, 117-119.

Kouris, S.S., P.A. BRADLEY and LK. NISSOPOULOS
(1994): The relationships of f,F, and M(3000)F, versus
R, in Proceedings COST-238 Workshop on «Numeri-
cal Mapping and Modelling and Their Applications to
PRIME>», Eindhoven, COST 238-TD(94)010, 155-167.

Kouris, S.S., V. PApANDONIOU, D.N. FOTIADIS and TH.
D. XENos (1997): A study on the response of f,F, and
M(3000)F, to different indices of solar activity, in
Proceedings of the Joint COST 251/IRI Workshop
and Working Group Sessions, COST 251 TD(97)006
(part I), 63-78.

Kouris, S.S., P.A. BRADLEY and P. DOMINICI (1998): So-
lar-cycle variation of the daily S, and M(3000)F,,
Ann. Geophysicae 16 (8), 1039-1042.

Liu, R.Y., P.A. SMITH and J.W. KING (1983): A new solar
index which leads to improved JoF, predictions using
the CCIR Atlas, Telecomm. J., 50, 408-414.

MIKHAILOV, A.V. (1993): On the dependence of monthly
median f,F, on solar activity indices, Adv. Space Res.,
13 (3), 71-74.

MIKHAILOV, A.V. and V.V. MIKHAILOV (1992): On the
hysteresis type of monthly median f,F, versus F 10, Vari-
ation in the course of solar cycle, in Proceedings of the
PRIME/URSI Joint Workshop on «Data Validation of
lonospheric Models and Maps (VIM)», Memoria, 16,
218-221.

MIKHAILOV, A.V. and V.V. MIKHAILOV (1965): A new
ionospheric index MF,, Adv. Space Res., 15 (2), 93-97.

MIKHAILOV, A.V., V.V. MIKHAILOV and M.G. SKOBLIN
(1996): Monthly median SfoF, and M(3000)F, iono-
spheric model over Europe, Ann. Geofis., 39 (4),
791-805.

MINNIS, C.M. (1955): A new index of solar activity based
on ionospheric measurements, J. Atmos. Terr. Phys., 7,
310-321.

713

Minnis, C.M. (1964): Ionospheric indices, in Advances in
Radio Research, edited by J.A. SAXTON, vol II, p- 1
(Academic Press, London and New York), 1-19.

MINNIS, C.M. and G.H. BAZZARD (1959): Some indices of
solar activity based on ionospheric and radio noise
measurements, J. Atmos. Terr. Phys., 14, 213-228.

MUGGLETON, L.M. and S.S, KOURIS (1968): Relation be-
tween sunspot number and the ionospheric index IF,,
Radio Sci., 3, 1109-1110.

Pi1GGotT, W.R. and K. RAWER (1978): URSI Handbook of
ionogram interpretation and reduction.. World Data
Center-A, U.S. Dept. of Commerce, Boulder, Colo-
rado, U.S.A. Report UAG-23A.

PRIME (1995): Final Report (Prediction and Retrospective
Ionospheric Modelling over Europe), COST Action
238, Commission of the European Communities,
Brussels, 1995.

RAO, M.S.V.G. and R.S. RAO (1969): The hysteresis varia-
tion in F, layer parameters, J. Armos. Terr. Phys., 31,
1119-1125.

RATCLIFFE, J.A. and K. WEEKES (1960): The ionosphere,
in Physics of the Upper Atmosphere, edited by J.A.
RATCLIFFE (Academic Press, New York), 377-470.

RAWER, K. and D. BiLiTzA (1989): Electron density profile
description in the International Reference Ionosphere,
J. Atmos. Terr. Phys., 51, 781-790.

RAWER, K. and K. SucHY (1967): Radio-observations of
the ionosphere, Encycl. Phys., 49 (2), 308-314.

SECAN, I.A. and P.J. WILKINSON ( 1997): Statistical studies
of an effective sunspot number, Radio Sci., 32(4),
1717-1724.

SHIMAZAKI, T. (1959): A theoretical study of the dynami-
cal structure of the ionosphere, J. Radio Res. Lab., 6,
107-122.

S1zuN, H. (1992a): f,F, variation with R,, solar index, in
Proceedings of the III PRIME Workshop, Rome,
COST 238 - TD(92)014, 184-189.

SIZUN, H. (1992b): F,-layer critical frequency modelization
as a function of upward and downward phase of
solar activity cycle, in Proceedings of the PRIME/URSI
Jjoint Workshop, Roquetes, May 1992, Memoria, 16,
205-217.

STEWART, F.G. and M. LEFTIN (1972): Relationship be-
tween Ottawa 10.7 cm solar radio noise flux and Zu-
rich sunspot number, Telecomm. J., 37, 228-232.

TITHERIDGE, J.E. (1997): Model results for the ionospheric
Eregion: solar and seasonal changes, Ann. Geophysicae,
15, 63-78.

TURNER, J.F. (1968): The development of the ionospheric
index T., Ionospheric Prediction Service, Sydney,
Aystralia, IPS Series R report R-11.

WILKINSON, P.J. (1995): Predictability of ionospheric vari-
ations for quiet and disturbed conditions, J. Amos.
Terr. Phys., 57, 1469-1481.

XENOS, Th. D., S.S. KOURIS and B. ZOLESI (1996): Assess-
ment of the solar-cycle dependence of JoF Ann.
Geofis., 39 (6), 1157-1166.

ZoLEsl, B., L1R. CANDER and G.DE FRANZESCHI (1993):
Simplified Ionospheric Regional Model (SIRM) for
telecommunication applications, Radio Sci., 28(4),
603-612.





