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Abstract

The results derived from processing vertical-incidence ionograms obtained with the chirp-ionosonde at Irkutsk for di6erent
winter time intervals (February) and at equinox are presented. The peak height hmF2 was determined by Dudeney’s formula
based on ionogram parameters, including the coe;cient M(3000). The algorithm is suggested for determining the coe;cient
M(3000) in the automatic mode using the conventional form of the transfer curve method without invoking a standard
transparency called the “transfer curve”. The parameters foF2 and hmF2 are compared with the international reference
ionosphere (IRI-95) model. It is found that in most cases the values of the foF2 and hmF2 parameters, calculated in the IRI-95
model, are similar to the median ones. It is con?rmed that for practical purposes where it is necessary to know the radio wave
propagation conditions along the propagation path, the IRI model is convenient and attractive.
c© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Information obtained from vertical-incidence sounding
(VS) ionograms with the chirp-sounder (Brynko et al.,
1988) is insu;cient for practical purposes of calculating
propagation characteristics. Using additional algorithms for
determining the basic ionospheric parameters (foE, foF2,
hmF2, and ymF2), as well as the electron density pro?les
themselves, enhances the capabilities of the ionosonde. The
question of ionogram processing where ionospheric parame-
ters and pro?les are obtained simultaneously, was addressed
in a su;ciently large number of publications (McNamara
et al., 1987; Berkey and Stonehocker, 1987; Reinisch
et al., 1991; Altyntseva et al., 1990; Wilkinson, 1998).
However, it cannot be said unambiguously that this prob-
lem is completely solved. Therefore, the semi-automatic
(interactive) approach in obtaining ionospheric parameters
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using ionograms from the chirp-ionosonde is the most e6ec-
tive to date. For radio communication and radar problems,
it is necessary to have the spatial distribution of electron
density along the propagation path, but measurements from
the VS ionosonde at a single location cannot ensure this.
Therefore, ionospheric models should be invoked, which
provide ionospheric pro?les in sections of the path, and cur-
rent data should be used in order to adapt the model to actual
conditions.

Such requirements are met by the empirical international
reference ionosphere (IRI) model recommended by the
Union Radio Science International (URSI) for practical
implementation in decametric wave propagation applica-
tions (Dudeney and Kressman, 1986; Bilitza, 1990; Bilitza
and Rawer, 1990). The IRI model was tested against suf-
?ciently large experimental material obtained in regions
where modern digisondes are installed, as well as against
data from standard automatic ionospheric stations (AIS)
for mid-latitudes, exclusive of the data for East Siberia
(Russia). Work on improving the IRI model has been
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underway all the time and a new version, the IRI-2000
model, has now been developed (Bilitza, 2001). The IRI
model was used in calculating maximum usable frequencies
(MUF) along the Magadan–Irkutsk path, and its validity
was assessed (Chistyakova et al., 2001). For that reason, it
is appropriate to employ in the IRI model of adaptation for
calculating the pro?le by obtaining the pro?le parameters
from VS ionograms and to use the procedure of inverting
the ionogram into the pro?le of true heights at the stage
of testing, as not all experimental ionograms are suited to
calculate the N (h)-pro?les. To achieve a reliable imple-
mentation of the IRI model in the region of East Siberia, it
is necessary to make sure that here, too, the IRI model for
foF2 and hmF2 gives results comparable with experimental
data.

The objective of this paper is: (1) to demonstrate the
capabilities of the simpli?ed technique for calculating the
hmF2 from a digitized F2-layer trace of the VS ionogram;
(2) to compare the ionograms processing results for Irkutsk
(lat. 52◦, long. 104◦) with pro?le parameters obtained in the
IRI-95 model for the same conditions, both in the long-term
prediction (LP) mode and in the adaptation mode.

2. Technique for analyzing experimental results

This paper presents the results of automatic as well as
semi-automatic processing of VS ionograms measured with
the chirp-ionosonde operated by the ISTP (Irkutsk) (Brynko
et al., 1988) at 15-min intervals from November 2 to 20,
1993, March 1 to 12, 1996 and from March 4 to 12, 1997,
as well as for separate days for the other months (February
1989 (days 11, 15, 18, 19, and 20), October 1989 (23, 24,
and 26), February 1994 (days 15, 16, 17, and 18), and
February 1996 (from 22 to 29). In November 1993 there
occurred three magnetic storms that produced the disturbed
days of November 4, 5, 18, and 19. In March 1997, a solar
eclipse was recorded at Irkutsk (March 9 is day 67 of the
year, at 0:52 UT). Programs (Brynko et al, 1988; Altyntseva
et al., 1990), which envisage two versions of ionogram pro-
cessing (a fully automated version, and the version involv-
ing intervention of the operator), were used to determine
the parameters foE, foF1 and foF2, and h′–f traces of those
layers which were present at the time of recording the
height–frequency characteristic (HFC). The processing of
VS ionograms taken in 1996 used a fully automatic mode,
from recording to output the parameters. Of all recorded
ionograms for that period, only 65% were subjected to
an automatic processing. This suggests both a complexity
of the information process and a need to seek methods
of further improvement upon the technique of automatic
determination parameters of VS ionograms.

The technique of semi-automatic (interactive) approach
was predominantly used in order to exclude the error
in the determination of foF2 in the automatic mode. A
semi-automatic processing is carried out in two stages. The

?rst stage involves a total digital automatic processing of
the ionogram where primary VS signal processing programs
identify the points on the ionogram with the maximum
signal amplitude characterizing the arrival times (Grozov
and Nosov, 1998). These points are displayed on a personal
computer. After that, the operator singles out only those
points on the ionogram, which correspond to the h′–f traces.
The points of arrival times lying outside this plot are ne-
glected. This is followed by an automatic recording of the
virtual heights of separate layers in the format at uniform
steps in frequency by marking o6 the beginning and end
of the trace. For the analytical description of the HFC, the
procedure provides an approximation over points character-
izing the arrival times of the signal. The need to apply such
an approach is dictated by the fact that, although radiation
frequencies vary uniformly over the experiment, the mea-
sured HFC at separate frequencies can have gaps in virtual
heights. Besides, along with the main, regular layers, vari-
ous manifestations of disturbances (sporadic Es, F-spread,
di6usiveness, hooks near foF2, kinks, twin-reMections, etc.)
are observed. Therefore, when digitizing such complicated
ionograms, it is more advantageous to use the interactive
approach where the operator follows a standard technique
for processing VS ionograms (Piggott and Rawer, 1978). In
either case, in addition to critical frequencies and minimum
virtual heights, it is necessary to determine the coe;cient
M(3000) which is used to determine indirectly the height
of the ionization peak. To calculate the height of the peak
electron density from the coe;cient M(3000) we decided
to use Dudeney’s formula (Dudeney, 1983). The errors of
calculating the height of the peak, using Dudeney’s for-
mula was estimated in McNamara et al. (1987) and Berkey
and Stonehocker (1987). The substantiation for using this
formula with minimum input information was presented in
Dudeney (1983), and in Grozov and Kotovich (1999) we
con?rmed its usefulness for data where the height hmF2
was calculated by two techniques: T.L. Gulyaeva’s IT-
ERAN program (Gulyaeva, 1978) which is in wide use for
calculating pro?les (Gulyaeva et al., 1990), and Dudeney’s
technique (Dudeney 1983). To calculate the coe;cient
M(3000) requires the foF2 critical frequency and MUF for
the range of 3000 km which, according to the instruction
in Piggott and Rawer (1978), is determined from interna-
tional standard “transfer curves” (transparencies) based on
simpli?ed Smith’s method; the relevant references to publi-
cations outlining the basic principles of the method may be
found in Kelso (1968).

In our algorithm, MUF (3000) is determined by a con-
ventional form of the Smith method without such propaga-
tion curves as used in Aono (1962). According to the Breit
and Tuve theorem (Breit and Tuve, 1926) about an equiva-
lent triangle, for the range D = 3000 km from the e6ective
height, the reMection angle (’) is determined by a modi?ed
formula

’= arctg(sin(D=2R)=(x − cos(D=2R)));
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where R is the earth’s radius, x = (h′ + R)=R, and h′ is the
virtual height. Furthermore, it is necessary to check that the
angle ’ does not exceed the maximum angle for a given
range: ’max = arcsin(l=x).
The oblique-incidence sounding frequency f=kfv sec’

is deduced from this angle and the plasma frequency fv

corresponding to a given e6ective height h′ by the secant
law, taking into account the curvature of the earth and
the ionosphere. The correction factor k for D = 3000 km
is 1.117 (Wieder, 1955). The algorithm for deducing the
frequency and propagation characteristics is described in
Kiyanovsky (1971).

Thus, the corresponding pairs of virtual heights h′ and
reMection frequencies fv of one ionogram trace identi?ed
as the F2-layer of the ordinary component are used to de-
termine the oblique-incidence sounding frequencies, and it
is the highest frequency which determines the MUF(3000).
The coe;cient M(3000) can then be determined as
MUF(3000)/foF2.

The accuracy of calculating the parameter M(3000) is de-
termined both by errors of deducing the foF2 critical fre-
quency for any approach and by the accuracy of calculating
MUF(3000) by the “transfer curve” method. Therefore, for
digitizing h′–f traces it is necessary to carefully monitor
the correctness of the inclusion of the digitized HFC in the
observed h′–f traces. In doing this, it should be borne in
mind that errors introduced by approximating traces when
?lling the set of heights will give rise to errors in determin-
ing the coe;cient M(3000) and, hence, the height of the
peak hmF2 as well.

It should be noted that an important element of the
chirp-ionosonde with regard to the reliability of obtaining
data on the signal delay (in terms of the virtual height)
is the provision of a reliable referencing to the standard
time meter and a correct placing of the initial mark for
measuring the virtual height. For that reason, this study
is devoted not only to discussing the results derived from
processing the ionograms by the above technique for ob-
taining hmF2 using a simpli?ed algorithm but also to
explaining the factors that sometimes lead to substan-
tial di6erences of these heights from those given by the
IRI model.

In the long-term prediction mode, calculations of the
pro?le node parameters as well as calculations of the pro-
?le itself were based on using the international IRI-95
model with URSI coe;cients. Diurnal foF2 and hmF2
variations were calculated; based on the parameters ob-
tained from experimental data at the processing stage. The
height hmF2 was determined from the coe;cient M(3000)
in accordance with Dudeney’s technique. Our choice of
this straightforward formula was dictated by the prompt-
ness and minimum input information. The parameters
determined from VS ionograms were used to calculate
the model N (h)-pro?le, which was compared with the
pro?le calculated from the ionogram by T.L. Gulyaeva’s
technique.

3. Discussion of results

An analysis of the data covering the period of observa-
tion has shown that at the time of the March 9, 1997 eclipse
(day 67), from 00.00 to 02:00 UT, the anticipated, consid-
erable decrease in electron density in the F-layer peak was
observed. The solar eclipse response to the ionosphere in the
experiment under consideration is described in su;cient de-
tail in Grozov and Kotovich (1999). In November 1993, the
ionospheric response to magnetic disturbances was also ob-
served, which were characterized by signi?cant deviations
from the mean suggesting that the foF2 has a wave charac-
ter in its day to day behavior. If it is assumed that the model
describes average undisturbed periods, then the experimen-
tal median must not di6er very strongly from model values.
Therefore, model values must—to some extent—substitute
the median. This is mentioned in publications on testing re-
sults of comparisons of experimental data obtained in re-
gions not covering Russia’s East Siberia. The IRI model,
as a median model, is also compared with models in which
disturbances are taken into account (Fuller-Rowell et al.,
2000). Such an extensive use of a median model as the ref-
erence for quiet conditions indicates that the complex devel-
oped is reliable, although the height in the complex is also
calculated by an approximate formula from the coe;cient
M(3000), but Bilitza’s rather than Dudeney’s.

Thus, the IRI model can be advantageously used in such
applications as radio communication and radar where it is
necessary to know predicted oblique-incidence sounding fre-
quencies for di6erent paths including those for which Irkutsk
is a transmitting or receiving center. In this connection, we
carried out an additional comparison of the height of the
peak electron density and foF2 critical frequencies obtained
by processing the VS ionograms from the chirp-ionosonde
(Irkutsk, Russia) with LP data in the IRI-95 model by adapt-
ing to a current monthly index of solar activity. Since the
model is a median one, the comparison involved calculations
of the median foF2 and hmF2 using ionogram parameters
from the chirp-ionosonde for the relevant interval observed,
supplemented by data from the AIS where available. Unfor-
tunately, regular observations at the AIS at Irkutsk were sus-
pended in 1997 while observations with the chirp-ionosonde
are carried out on an irregular basis. The height of the peak
was determined from median critical frequencies foE and
foF2, and from the coe;cient M(3000). As an example,
Fig. 1a presents the experimental median foF2 (solid line
with points) and the values of foF2 calculated in the IRI-95
model (solid line—from CCIR coe;cients, dashed line—
from URSI) for the season of November 1993 with F10:7

equal to 93.8; Fig. 1b—also for March 1997 with F10:7 equal
to 73.9. In the former case the monthly median is given, and
in the latter case the median was calculated from 9 days of
observation.

Fig. 2 shows the diurnal variations in foF2 critical
frequencies for the days of observation obtained by a
semi-automatic processing (solid line). Dashed lines in the
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Fig. 1. Diurnal variations of the median of critical frequencies: (a) for November 1993 and (b) for March 1997 (solid line with
dots—experiment, solid line—IRI model (CCIR coe;cients), dashed line—IRI model (URSI coe;cients).

Fig. 2. Diurnal variations of foF2 critical frequencies: (a) November 1993 and (b) March 1997 (solid line—experiment, dashed line—IRI
model (URSI coe;cients). In Fig. 3b the square shows the eclipse time.
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Fig. 3. Experimental h′–f traces (3a–c) and N (h)-pro?les (3d–f); dashed line—predicted pro?le in terms of the IRI model in the LP mode,
solid line with dots—pro?les calculated from ionograms by T.L. Gulyaeva’s technique; solid line—N (h) obtained in terms of the IRI-95
model adapted to actual foF2 and using the calculated hmF2 from the coe;cient M(3000).

?gure also show the values of foF2 calculated in the IRI-95
model for the middle of the month for monthly mean F10:7

indices. In Fig. 2b, the time of solar eclipse is shown by
a square. As an example, Fig. 3 presents the pro?les for
the time when the predicted critical frequency di6ers only
slightly from the experimentally observed frequency. Fig. 3
a–c presents the ionograms taken by the chirp-ionosonde:
the solid line shows the digitized traces of the E- and
F-layers. Fig. 3d–f shows the N (h)-pro?les correspond-
ing to ionograms 3 a–c: dashed line shows the predicted
pro?le in the IRI model in the LP mode for given indices

of solar activity; the solid line with points shows the pro-
?les calculated from ionograms following T.L. Gulyaeva’s
technique; the solid line corresponds to N (h) obtained in
the IRI-95 model by adapting to the actual foF2 and to the
hmF2 calculated from the coe;cient M(3000). In this case
the coe;cient M(3000), deduced from a standard interna-
tional propagation curve, is 3.4 for ionogram 3a, 3.64 for
3b, and 3.5 for 3c. For the same ionograms, according to
the technique of a modi?ed method of the “transfer curve”
proposed in this paper, M(3000) is 3.41, 3.63 and 3.52
in the ?rst, second and third variants, respectively. These
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Fig. 4. Diurnal variations height of the peak electron density hmF2: (a) for November 1993 (F10:7 =93:8), (b) for March 1997 (F10:7 =73:9),
(c) for March 1996 (F10:7 = 70), (d) March 1994 (F10:7 = 89:5), (e) February 1989 (F10:7 = 217), (f) February 1996 (F10:7 = 69:8), (g)
February 1994 (F10:7 = 97:2), and (h) October 1989 (F10:7 = 217) (solid line—hmF2 calculated from experimental median foE, foF2 and
M(3000), dashed line—hmF2 predicted of IRI model, dots—hmF2 calculated by the Dudeney method from chirp-ionosonde ionograms).



V.P. Grozov, G.V. Kotovich / Journal of Atmospheric and Solar-Terrestrial Physics 65 (2003) 409–416 415

values of M(3000) and the parameters foE and foF2 taken
from ionograms were used to calculate (by the Dudeney
formula) the heights of the ionization peaks (240, 209 and
220) which are similar to the values of hmF2 obtained from
the pro?le in accordance with the ITERAN program (228,
208, and 213).

Fig. 4a for November and Fig. 4b for March 1997 (for 9
days) present the diurnal variations of the calculated hmF2:
the solid line corresponds to the height calculated from the
median foE and foF2 and fromM(3000), and the dashed line
refers to the model. The November median was obtained
from the data for the entire month by taking account of the
AIS measurements as well, and the March 1997 median was
deduced for 9 days of observation with the chirp-ionosonde
only. Points in Fig. 4 show the values of the height calcu-
lated from chirp-ionosonde ionograms using the coe;cient
M(3000). Open circles in Fig. 4a represent the hmF2 for the
disturbed day of November 18. An analysis of raw and pro-
cessed material showed that while the electron density at a
maximum of the pro?le is determined exactly from the VS
data on the F2-layer critical frequency, the height of the peak
is determined approximately by indirect methods from the
digitized h′–f trace of the F2-layer (from the virtual height
h′ and from the plasma frequency f). Furthermore, it was
found that the VS ionograms recorded in March 1997 in-
volved a systematic error in the determination of the initial
mark of time reading. This introduced an error into the mea-
surement of the virtual height (Qh′ ≈ 20 km) and, hence, of
the parameter M(3000). It is for that reason that the height
of the ionization peak deduced from the VS ionogram for
that period is substantially lower than the hmF2 predicted
in the IRI model.

Furthermore, our analysis used the processed data for
March 1996 (F10:7 = 70) when the observing interval also
corresponded to the beginning of the month, as in the March
1997 experiment. Fig. 4c presents the results on hmF2 for
March 1996. It is evident from the ?gure that the heights
calculated fromM(3000) using ionograms for the concerned
period are in agreement with the model. Computational re-
sults on hmF2 for the other periods used in the analysis are
presented in Fig. 4d–h; for comparison, the solid line in this
?gure shows the heights calculated from the median foE,
foF2 and M(3000) of the AIS data.

4. Conclusion

In this paper we have demonstrated, that in the region un-
der consideration the model describes satisfactorily the peak
electron density distribution, which con?rms the results ob-
tained by other authors for mid-latitudes. It has been estab-
lished that during the periods under consideration the critical
frequencies, calculated in terms of the IRI-95 model are in
good agreement in their diurnal variation with experimen-
tally observed frequencies using the chirp-sounder (6% er-
ror for median averages). In spite of the fact that the height

of the peak from the ionogram was determined by approxi-
mate methods, the error in calculating the height of the peak
electron density corresponds to that provided by long-term
predictions of ionospheric parameters and does not exceed
15–20%. It was con?rmed that for practical applications,
where it is necessary to know the radio wave propagation
conditions along the propagation path, the IRI model is con-
venient and attractive.

We are grateful to D. Bilitza for letting us access the IRI
model on the Internet.
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