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This work describes a simple ﬁlter able to eliminate the traces caused by second-order
reﬂection from ionograms. This ﬁlter is applied to Autoscala in order to smooth out
cases in which the autoscaling of the ionogram is mistaken because the second-order
F2 layer reﬂection is identiﬁed as ﬁrst order. A dataset of 32,626 ionograms recorded at
the ionospheric observatory of Rome was used to test the ﬁlter.
& 2008 Elsevier Ltd. All rights reserved.
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1. Introduction
One of the longest standing techniques for carrying out
ionospheric ground-based observations is vertical sounding with an ionosonde. The principle of this technique is to
transmit radio pulses, with carrier frequency typically
varied from 1 to 20 MHz, vertically towards the ionosphere and record the time that elapses before the echo is
received. Traditionally, in place of time delay the virtual
height is plotted against the frequency and this record is
referred to as an ionogram. When analysing an ionogram
several important parameters can be identiﬁed of signiﬁcance for space weather purposes, making ionogram
analysis one of the most signiﬁcant ways to monitor and
study ionospheric storms. These are the sum of solar–
terrestrial events starting in many cases with a coronal
mass ejection followed by its transit from the Sun to the
Earth and the subsequent coupling of its energy and mass
to the magnetospheric–ionospheric–thermospheric domain. The initial, main and recovery stages of ionospheric
storms are often discussed in terms of the variations of the
two main ionospheric parameters foF2 and hmF2, as
obtained by ionograms recorded by ionosondes covering
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a large range of geomagnetic latitude (Cander and
Mihajlovic, 1998; Blagoveshchensky et al., 2006). Moreover, severe ionospheric disturbances originating from
solar ﬂares have signiﬁcant effects on the propagation of
radio waves over the entire radio spectrum, on which
radio communications and navigation systems critically
depend (Thomson et al., 2004).
For these reasons in recent years real-time monitoring
of the ionospheric plasma by ionosondes, together with
the immediate availability of good-scaled data has
become crucial. Since the 1980s several groups of
researchers in the ionospheric community have been
devoting much work and time to developing appropriate
algorithms to automatically scale the ionograms and
output the standard ionospheric characteristics (Reinisch
and Huang, 1983; Fox and Blundell, 1989; Igi et al., 1993;
Tsai and Berkey, 2000; Ding et al., 2007). The problems
faced by these researchers are varied and complex and
still today extensive effort is invested in continuously
upgrading these programs in order to steadily improve the
reliability of the automatically scaled data (Reinisch et al.,
2005; McNamara, 2006).
One of the difﬁculties that an autoscaling program has
to deal with is that sometimes, when carrying out
ionospheric soundings on ionograms, F2 traces at double
the altitudes are visible. These second-order F2 layer
reﬂections are due to the ‘‘second bounces’’ of the signal
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that this occurrence seems to be unaffected by the
transition from quiet conditions to severe storm conditions.
When an ionogram shows multiple reﬂections from
the F2 layer computer programs able to perform an
autoscaling of the ionogram trace can be misled and the
second-order F2 layer reﬂection can be identiﬁed as ﬁrst
order. When this happens the foF2-scaled value is usually
not affected by a signiﬁcant error, on the contrary the
M(3000)F2 and the MUF(3000)F2 are wrongly scaled and

between the ionosphere and the Earth and do not
represent additional higher layers. Pierce and Mimno
(1940) ﬁrst discussed these high multiple reﬂections from
the F2 layer at night and concluded that they were the
result of suitable curvatures in the F2 layer producing
focusing effects. Subsequently, Bowman (1964) showed
that these multiple reﬂections were mainly due to ionospheric irregularities instead of focusing effects and found
evidence of an occurrence peak at sunrise and in the
equinoctial months. In the same work Bowman also notes
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Fig. 1. (a) Ionogram recorded on 20 January 2005 at 16:30 UT by the AIS ionosonde installed at Rome for which (b) Autoscala was misled by the secondorder F2 layer reﬂection, which is identiﬁed as ﬁrst order. The automatically reconstructed traces are reported (the ordinary trace in green and the
extraordinary trace in red).
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as a consequence the electron density proﬁle given as
output is misrepresented.
Fox and Blundell (1989), Igi et al. (1993), and Tsai and
Berkey (2000) discussed this issue in their works, nevertheless all of them underlined the fact that this process
becomes important in determining whether or not the
F trace is completely blanketed or overlapped by Es
multiple traces without considering the cases in which
only second-order F2 layer reﬂections are present. For
instance Fox and Blundell included in their algorithm a
check test for multiplicity of traces, looking for multiple Es
layer traces overlapping with F layer traces.
The F2 layer identiﬁcation performed by Autoscala
(Pezzopane and Scotto, 2004) is not affected by characteristically ﬂat Es multiple reﬂections, because the algorithm
is designed to recognise the typical vertical asymptotical
behaviour of the F2 traces (Pezzopane and Scotto, 2007).
On the contrary Autoscala can be misled by multiple
reﬂections from the F2 layer.
Fig. 1 is a typical example of an ionogram, recorded by
the AIS ionosonde (Zuccheretti et al., 2003) installed at
Rome, for which only multiple reﬂections from the F2 layer
are visible; in this case Autoscala wrongly identiﬁed the
second-order F2 layer reﬂection as ﬁrst order.
This work describes a simple ﬁlter to smooth out this
problem making the Autoscala output more reliable.
2. The identiﬁcation of the second-order reﬂection
The basic idea of the ﬁlter is to compare the images
contained in two sliding rectangles (see Fig. 3a) whose
points are placed on the ionogram at virtual heights h(u)
and h(l) ((u) and (l) standing for upper and lower,
respectively), with the condition
hðuÞ ¼ 2hðlÞ

(1)

and at frequency f. The side dh(l) in height of the lower
rectangle is 103 km, the side dh(u) in height of the upper
rectangle is 206 km, and the side df in frequency of both
rectangles is 2.3 MHz. Hence as is also evident from
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Fig. 3a, dh(u) is twice dh(l), so that the ﬁlter takes into
account the vertical stretch undergone by the second hop
trace. The two rectangles are slid on the ionogram by
varying the frequency of their centres from (fi+df/2) to
(ffdf/2), the virtual height of the centre of the lower
rectangle from 170 km to [(hfdh(l)/2)/2], and consequently the virtual height of the centre of the upper
rectangle from 340 to (hfdh(l)/2), according to (1); hf, fi,
and ff, are the ﬁnal height of the sounding, the initial
frequency of the sounding, and the ﬁnal frequency of the
sounding, respectively. At each sliding step the images
contained in the two rectangles are compared and if they
are similar the image in the upper rectangle is considered
as a second-order reﬂection trace, and at the end of the
sliding process it is sensibly deleted from the ionogram.
In order to apply this idea, it is necessary to introduce a
method to compare these two images and to establish
whether they are similar or not. The correlation method is
used, a technique widely applied for digital image
processing (Vijaya Kumar et al., 2005; Stahlberg et al.,
2002). As shown in Fig. 2, the grey-level value (the echo
amplitude received by the AIS ionosonde is represented as
a grey-level value, the darker the value, the stronger the
echo amplitude received) of each image is acquired on
two vectors xi, and yi, where i ¼ 1, y, N, and N represents
the number of corresponding points contained in the
rectangles. The correlation r is then calculated as follows:
P
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In order to assess whether the two images are similar or
not, a threshold is ﬁxed for r.
Fig. 3 illustrates how the application of this method to
the ionogram of Fig. 1 allows Autoscala to correctly
identify the ﬁrst-order reﬂection instead of the second.
Comparing the two ﬁgures it is worth noting that while
the values of foF2 differ only by 0.1 MHz, the values of
M(3000)F2 and MUF(3000)F2 are signiﬁcantly different.

Fig. 2. The method used to compare two images. The grey-level value of each image is acquired on two vectors xi, yi, and the correlation r is computed
according to Eq. (2). The two images are considered similar if r exceeds a ﬁxed threshold.
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Fig. 3. (a) Application of the ﬁlter to the ionogram of Fig. 1. Two sliding rectangles are placed on the ionogram at virtual heights h(u) and h(l), with the
condition h(u) ¼ 2h(l), and at frequency f. If the images contained in the two rectangles are similar the image in the upper rectangle is considered as a
second order reﬂection trace. (b) The ionogram as it appears after deleting the identiﬁed second order reﬂection. (c) The correct autoscaling performed by
Autoscala on the ﬁltered ionogram. The automatically reconstructed traces are reported (the ordinary trace in green and the extraordinary trace in red).
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Fig. 4. ROC curve obtained from the data analysis. According to this curve the threshold of r was deﬁnitively set to 0.16.

3. ROC curve method: selection of the r threshold and
performance of the ﬁlter
In signal detection theory, a receiver operating characteristic (ROC) curve is a graphical plot of the true
positive rate (TPR) vs false positive rate (FPR) for a binary
classiﬁer system, as its discrimination threshold is varied.
Each point on the ROC curve represents a TPR/FPR pair
corresponding to a particular decision threshold. A test
with perfect discrimination has a ROC curve that passes
through the upper left corner (100% TPR, 0% FPR) of the
plot. As a consequence, the closer the ROC plot is to
the upper left corner, the higher the overall accuracy of
the test.
Regarding our problem, a dataset of 32,626 ionograms
recorded in 2006 by the AIS ionosonde installed at Rome
was considered. Within this dataset a population A of
ionograms for which Autoscala was deceived because the
second-order F2 layer reﬂection was identiﬁed as ﬁrst
order and a population NA of ionograms not affected by
this problem were deﬁned. For each possible value
of the threshold, a fraction of ionograms belonging
to A is correctly classiﬁed by the ﬁlter as positive
(TP ¼ true positive), while the rest of A is incorrectly
classiﬁed by the ﬁlter as negative (FN ¼ false negative).
Similarly, for each possible value of the threshold, a
fraction of ionograms belonging to NA is correctly
classiﬁed by the ﬁlter as negative (TN ¼ true negative),
while the rest of NA is incorrectly classiﬁed as positive
(FP ¼ false positive).
The ROC curve can quantify, in terms of TPR ¼
TP/(TP+FN) and FPR ¼ FP/(FP+TN), the overall effectiveness of the correlation r to correctly discriminate the two
populations A and NA of ionograms.

Table 1
Results TP and FN for the population A, and results TN and FP for the
population NA, by applying the ﬁlter with the decisional threshold of
r set to 0.16
Total number of ionograms: 32,626
Population A

Population NA

TP

FN

TN

FP

357

32

32219

18

An high percentage [TP/(TP+FN) ¼ 92%] of second hop F2 traces that
previously deceived Autoscala were successfully removed by the ﬁlter.

Fig. 4 shows the ROC curve for the binary classiﬁer
described in this work. According to this curve the
threshold of r was deﬁnitively set to 0.16.
Table 1 presents the results TP and FN obtained for the
population A, and the results TN and FP obtained for the
population NA, after applying the ﬁlter with the decisional
threshold set to 0.16. It emerges that the ﬁlter successfully
deleted a high percentage [TP/(TP+FN) ¼ 92%] of second
hop F2 traces that previously deceived Autoscala.

4. Conclusions
This paper proposes a simple method to identify and
delete an F2 second-order reﬂection trace in an ionogram.
The tests performed showed that the application of this
ﬁlter improves Autoscala’s reliability.
A routine containing the ﬁlter was added to the
new version of Autoscala running on the ionograms
recorded by the AIS-INGV ionosondes installed at Rome
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(41.8N, 12.5E; http://ionos.ingv.it/Roma/latest.html), Gibilmanna (37.9N, 14.0E; http://ionos.ingv.it/Gibilmanna/
latest.html), and Tucuman stations (26.9S, 294.6E; http://
www.ionos.ingv.it/Tucuman/latest.html).
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