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Abstract: In this study, a method is proposed to carry out automatic inversion of oblique ionograms
to extract the parameters and electron density profile of the ionosphere. The proposed method
adopts the quasi-parabolic segments (QPS) model to represent the ionosphere. Firstly, numerous
candidate electron density profiles and corresponding vertical traces were, respectively, calculated
and synthesized by adjusting the parameters of the QPS model. Then, the candidate vertical traces
were transformed to oblique traces by the secant theorem and Martyn’s equivalent path theorem. On
the other hand, image processing technology and characteristics of oblique echoes were adopted to
automatically scale the key parameters (the maximum observable frequency and minimum group
path, etc.) from oblique ionograms. The synthesized oblique traces, whose parameters were close to
autoscaled parameters, were selected as the candidate traces to produce a correlation with measured
oblique ionograms. Lastly, the proposed algorithm searched the best-fit synthesized oblique trace by
comparing the synthesized traces with oblique ionograms. To test its feasibility, oblique ionograms
were automatically scaled by the proposed method and these autoscaled parameters were compared
with manual scaling results. The preliminary results show that the accuracy of autoscaled maximum
observable frequency and minimum group path of the ordinary trace of the F2 layer is, respectively,
about 91.98% and 86.41%, which might be accurate enough for space weather specifications. It
inspires us to improve the proposed method in future studies.

Keywords: oblique ionogram; automatic inversion; electron density profile; quasi-parabolic segments

1. Introduction

There is a long history of remotely sensing the ionosphere through radio waves as
a vertical sounding mode. In this sounding mode, the transmitter and receiver are col-
located at the same station. The ionosonde, as the vertical sounding mode, is a widely
used tool for monitoring the ionosphere and plays a significant role for studying iono-
sphere characteristics in the near real-time method. With the development of the modern
advanced ionospheric sounders, many notable ionosondes, such as DPS-4D (Digisonde
Portable Sounder) [1], Dynasonde [2], CADI (Canadian Advanced Digital Ionosonde) [3],
AIS-INGV (Advanced Ionospheric Sounder-Istituto Nazionale di Geofi sica e Vulcanolo-
gia) [4], WISS (Wuhan Ionospheric Sounding System) [5], etc., have been developed to carry
out the vertical sounding of the ionosphere. Subsequently, many well-established software
tools, including ARTIST (Automatic Real-Time Ionogram Scaling True-height) [6], NeX-
tYZ (pronounced “next wise”) [7], UDIDA (Univap Digital Ionosonde Data Analysis) [8],
Autoscala [9], and ionoScaler [10], have been equipped with ionosondes to automatically
extract parameters and electron density profiles from vertical ionograms.

Unlike the vertical sounding mode, for the oblique sounding mode, the transmitter
and the receiver are located at different stations, and can be hundreds or thousands of
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kilometers apart. It is possible to implement an oblique sounding function with the
improvement and additional development of ionosondes. Oblique ionograms recorded
by the oblique sounding receiver can represent characteristics of the ionosphere at the
reflection point, which mostly is located at the middle point between the transmitter
and receiver. We know that the idea of obtaining electron density profiles from oblique
ionograms is not new [11-14]; however, how to automatically scale of oblique ionograms is
still a challenging task compared with automatic scaling of vertical ionograms for space
weather specifications. Similar to autoscaled techniques of vertical ionograms, algorithms
are required to be developed to automatically extract parameters and electron density
profiles from oblique ionograms. Redding [15] adopted image processing algorithms
to extract the traces from oblique ionograms. Fan et al. [16] utilized image processing
algorithms and characteristics of oblique ionograms to obtain parameters of the ionosphere.
Settimi et al. [17] calculated a 3D ray-tracing algorithm to synthesize oblique ionograms
and compared them with measured oblique ionograms to obtain parameters. Ippolito
et al. [18] applied the same technique as the Autoscala programs to oblique ionograms
for determination of the maximum usable frequency between the transmitter and receiver.
Heitmann et al. [19] propose a robust feature extraction and parameterized fitting algorithm
for automatic scaling of oblique and vertical ionograms by analytic ray-tracing.

In our previous work, Song et al. [20] proposed a method for obtaining the trace
and parameters of the F2 layer from oblique ionograms using the quasi-parabolic model.
However, the method proposed by Song et al. [20] is not accurate enough for inversion of
oblique ionograms due to only the F2 layer being considered in the model. In this study, the
proposed method aims to improve and extend the algorithm developed by Song et al. [20],
and further implement automatic inversion of oblique ionograms. The quasi-parabolic
segments (QPS) model (nine parameters) was used to represent the ionosphere in this study.
Therefore, the proposed method can obtain the parameters of the oblique propagation in
the E, F1 and F2 layers and the corresponding electron density profile of the ionosphere;
thus, it can improve the accuracy of inversion of oblique ionograms.

2. Methods

The quasi-parabolic segments model [21,22], widely used for inversion of vertical
ionograms, was adopted to represent the ionosphere in this study. Then, vertical ionograms
could be synthesized by the integral of group refraction index along the propagation path
in the ionosphere. Furthermore, synthesized vertical ionograms could be transformed to
oblique ionogram by the secant theorem and Martyn’s equivalent path theorem [23,24].
The synthesized oblique ionograms were further fitted to the measured oblique ionogram.
Similar to automatic inversion of vertical ionograms by Jiang et al. [25,26], the initial nine
parameters of QPS were determined from the IRI [27] and NeQuick model [28], and then
adjusted to obtain a large amount of candidate oblique traces. Last, the best-fitted trace and
parameters could be selected as the best-fitted output of automatic inversion of the oblique
ionogram. Figure 1 shows the flowchart of the automatic inversion of oblique ionograms.

2.1. Automatic Scaling Key Parameters from Measured Obligue lonograms

In the practical application, autoscaled parameters from measured oblique ionograms
could be used to reduce the size of candidate traces. Therefore, the proposed method
first automatically scaled the key parameters (the maximum observable frequency and
minimum group path) from measured oblique ionograms. Similar to automatic scaling
of vertical ionograms [10,25,26], the searching window and image projection techniques
proposed by Jiang et al. [25,26] could also be utilized to scale oblique ionograms. The image
projection technique is similar to the histogram technique by Lynn [29]. At first, the same
technique as the ionoScaler software [10] was utilized to automatically extract the maximum
observable frequency (MOF) and minimum group path of the E/Es (Sporadic E layer), F1,
and F2 layer from oblique ionograms. Figure 2 shows a typical oblique ionogram recorded
at 13:07 LT on 3 April 2013 between Beijing (40.3° N, 116.25° E) and Wuhan (30.5° N,
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114.37° E). The black lines (on the horizontal and vertical axes) in Figure 2, respectively,
represent the projection values at the Frequency and group path. As shown in Figure 2, the
measured oblique ionogram could be divided into three regions (please see the back line
on the vertical axis in Figure 2) according to the characteristics of the image projection at
the group path. The maximum observable frequency could be identified by the projection
values on frequency (please see the back line on the horizontal axis in Figure 2). Therefore,
the searching window could be used to scale the maximum observable frequency and
minimum group path for the E/Es, F1 and F2 layer. Therefore, we first defined the size
of the searching window on measured oblique ionograms. Generally, the transmitter and
receiver stations are known in the oblique sounding mode of the ionosphere. Then, the
ground distance between the transmitter and receiver stations was adopted to determine
the searching window in this study.

Constructing electron density profile
from the parameters of the QPS
(Quasi-Parabolic Segments) model

Y

Synthesizing vertical traces from the
electron density profile

Y

Converting the synthesized vertical
traces into oblique traces

Y

Fitting the synthesized oblique traces
with measured oblique ionograms

Y

Fitting the synthesized oblique traces
with measured oblique ionograms
Obtaining the best-fitted oblique

trace and the cormresponding
parameters

Figure 1. Flowchart of the automatic inversion of oblique ionograms.
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Figure 2. A typical oblique ionogram with projections at the group path and frequency recorded at
13:07 LT on 3 April 2013, between Beijing and Wuhan. The back lines on the vertical and horizontal
axes, respectively, represent the projection values at the group path and frequency.

The searching window as W[M, N|, proposed by Jiang et al. [10,25,26], was represented
by Equation (1):
{ M = int[(Afy)/Af] +1 @

N = int[(Pmax — Pmin)/AP] + 1

where Af, is the horizontal size of the searching window, Af is the resolution of the
frequency in oblique ionograms, Pmay is the maximum height of the searching window,
Ppin is the minimum height of the searching window, and AP is the resolution of the group
path in oblique ionograms.

The present method defined Afy, as the width of the working frequency (2-15 MHz).
The values of Pyax and Ppi, varies depending on the E and F layers.

For the E/Es and F2 layer, the size of the searching window was represented by
Equation (2).

PraxE =2 \/(D/2)2 + (hwE)* — 6Pg
PminE =2- \/(D/z)2 + (hmE)* + 6P

PmaxP = PmaxE +5PF
PminF = PmaxE

, for E layer
@)
, for F2 layer

where D is the ground distance between the transmitter and receiver stations, h,, E is the
peak altitude of the E layer from the IRI model, and §Pr and 0Pr, respectively, are the
deviation values of the group path of the E layer and F layer in oblique ionograms.

Once the searching window was defined, the image projection values of the searching
window [26] were used to calculate the frequency and group path parameters of the
E/Es and F layer from measured oblique ionograms. The detail procedure is similar to
the methods proposed by Jiang et al. [26] and Song et al. [20]. In this study, we mainly
introduce additional routines for identification of the Es and E layers in the present method.

For the Es layer, the proposed method first scaled the maximum observable frequency
of the E/Es layer (fMOF_E_Es) from measured ionograms. Then, the fMOF_Emodel was cal-
culated by the secant theorem and Martyn's equivalent path theorem, where the parameters
of E layer were estimated from the IRI model. The scaled parameter fMOF_E_Es was further
compared with the fMOF_Emodel. If the fMOF_E_Es was larger than the fMOF_Emodel, we
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suggest that the Es layer existed in measured oblique ionograms. Otherwise, the proposed
method suggested that no Es layer occurred in oblique ionograms. Since the altitude of the
Es layer was close to the E layer, if the Es layer existed, the group path of the Es layer was
suggested to be equal to the E layer in this study. Figure 3 shows the flowchart for estimating
the parameters of the E and Es layer from measured oblique ionograms.

Autoscaling the fMOF E Es
(Maximum Observable Frequency
for E and Sporadic E layer) from
measured oblique ionograms
v
Estimating the fMOF Emodel based
on the parameters of the E layer from
the IRI (International Reference
Ionosphere) model

.

Comparing the fMOF_E_Es with the
fMOF_Emodel

—fMOF_E_Es > fMOF_Emodel

NO
YES
\ 4
Es layer existed No Es layer
fMOFE = fMOF_Emodel fMOFE = fMOF_E_Es
fMOFEs = fMOF _E_Es fMOFEs = 0

Figure 3. Flowchart of estimating the parameters of E and Es layer from measured oblique ionograms.

In measured oblique ionograms, the echoes of the F1 layer usually do not develop well
compared with the E and F2 layers. Thus, the parameters of the F1 layer are estimated from
the IRI and NeQuick models, but not from measured ionograms in this study. As a result,
the frequency and group path parameters of E, Es, F1 and F2 layers could be estimated
from measured oblique ionograms.

2.2. Synthesizing Oblique Ionogram through the QPS Model

The secant theorem and Martyn’s equivalent theorem could be used to study the
relationship between the vertical ionogram and oblique ionograms. Many studies [20,30]
used these theorems to convert oblique ionograms into vertical ionograms. On the contrary,
vertical ionograms were required to be converted into oblique ionograms by the secant
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theorem and Martyn’s equivalent theorem in this study. Equation (3) was adopted to
convert vertical traces into oblique traces.

fob = foi -/ (D/2)> + (W)* /1 3)
Py, =2-1/(D/2)*+ (W)

where f,;, and P,,, respectively, represent the frequency and group path in synthesized
oblique traces, D is the ground distance between the transmitter and receiver stations, 1’ is
the virtual height of vertical traces, and f,; is the frequency of vertical traces.

Figure 4 shows a typical synthesized vertical trace (left) and the converted oblique
trace (right). The red line in the left panel of Figure 4 is the electron density profile
represented by the QPS model with the parameters by Equation (4). The ground distance
between transmitter and receiver stations was set to 1000 km.

foE = 3.5(MHz),ymE = 20(km), hy,E = 110(km)
foF1 = 5.0(MHz), ynF1 = 80(km), h,,F1 = 180(km) )
foF2 = 12.0(MHz), ymF2 = 100(km), hyF2 = 300(kn1)

Vertical lonogram Oblique lonogram
1000 1 1800
900

1600
800

700 1400

N

e
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600

500
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Group Path (km)

400
300

200 800

! 600
2 4 6 8 10 12 14 5 10 15 20 25
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Figure 4. A typical synthesized vertical trace (left) and the converted oblique trace (right); the red
line in the left pane represents the corresponding electron density profile.

2.3. Matching Measured Oblique lonograms with Synthesized Oblique Traces

Similar to studies of vertical ionograms [26], a large amount of candidate vertical
traces could be synthesized by the QPS model in this study. Reasonably, the range of
the parameters of the QPS model in this study is similar to the reconstruction of vertical
traces [260]. Furthermore, these candidate vertical traces could be transformed to oblique
traces. Then, the synthesized oblique traces, whose parameters are close to autoscaled
parameters, would be selected as the candidate traces to carry out correlation with measured
oblique ionograms. It can reduce the running time of the proposed method to meet the near
real-time application associated with inversion of oblique ionograms. Then, the correlation
values between synthesized traces and the measured oblique ionogram were compared
with the threshold value Cy,. If there were some correlation values larger than the threshold
value Cy,, the oblique trace with the maximum correlation value and the corresponding
parameters would be selected as the best-fitted one. Otherwise, the proposed method
would output the autoscaled parameters mentioned above in Section 2.1. Figure 5 shows
the flowchart of matching measured oblique ionograms with synthesized oblique traces.
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Fine-tuning the initial parameters of
the QPS model

l

Converting the synthesized vertical
traces into oblique traces

A4
Choosing the candidate oblique
traces with the parameters closed to
autoscaled param eters

Autoscaled parameters from
measured oblique ionogram

A

v
Calculating correlation values
between synthesized oblique traces
and measured oblique ionogram

" ~ NO
Cmax = Cth i

YES

\ 4

Outputting the best-fit oblique trace and
parameters and the corresponding
electron density profile

Outputting the autoscaled
parameters

Figure 5. Flowchart of matching measured oblique ionograms with synthesized oblique traces.

3. Results

Figure 6 shows a best-fit synthesized trace (a black line) with the best-fit parameters
on a measured oblique ionogram. This typical oblique ionogram includes the echoes of
the Es layer. Result shows that the proposed method performed well for automatically
scaling the parameters of the E, Es, F1 and F2 layers from oblique ionograms. Because the
parameters of the F1 layer were estimated from the model, the synthesized trace did not
match well for the echoes of the F1 layer. However, results suggested that it could not affect
the performance of the matching trace of the E, Es and F2 layer. The proposed method is
inspiring for automatic inversion of measured oblique ionograms, especially for the E/Es
layer and F2 layer.

To test the feasibility of this method on different kinds of oblique ionograms, measured
oblique ionograms were divided into three categories. The first category is ionograms with
the Es layer and F1 layer, the second is without the F1 layer and Es layer, the third is with the
F1 layer but without the Es layer. Figure 6 shows the first case. In this section, the second
and third cases were tested. Figure 7 shows the best-fitted traces on measured oblique
ionograms without the F1 layer and Es layer. Figure 8 shows the third case with the F1
layer but without the Es layer. It can be seen in Figures 7 and 8 that the synthesized oblique
traces (black lines) matched well on the echoes of oblique ionograms. The autoscaled
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parameters were also plotted in Figures 7 and 8. Results matched well on different kinds of
measured oblique ionograms, which inspired us to carry out a statistical study of autoscaled
parameters on a large amount of oblique ionograms.

Oblique ionogram measured at 12:52 BJT on April 3,2013 dB
1800 | | , . T . ‘ 0
100 || Para value Unit gzl .
fXMOFF2 17.600 MHz ' ; ",':- 2t 0
foMOFF2 16.690 MHz A [
1600 || TMOFF1 11.780 MHz "
fMOFE 15.700 MHz - ‘- ! § 50
fMOFEs 21.000 MHz ‘s
= 1500 | PMOFF2 1304.560 Km E 7
< PMOFF1 1166.610 Km 40
£ 1400 PMOFE 1094.200 Km
o PMOFEs 1094.200 Km
g‘ PMinF2 1242.130 Km 30
5 1300 |-| PMIinF1 1155.120 Km
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PMinEs 1092.130 Km 20
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Figure 6. Oblique ionogram measured at 12:52 BJT on 3 April 2013 with the best-fit synthesized trace
(a black line) and best-fit parameters.

Oblique ionogram measured at 00:07 BJT on April 2,2013 dB
1800 | . 0 70
1
\ Para Value Unit
1700 .
& f*MOFF2 9.200 MHz o0
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fMOFF1 0.000 MHz
fMOFE 0.000 MHz 0
fMOFEs 0.000 MHz
= PMOFF2 1337.770 Km
= PMOFF1 0.000 Km 140
E PMOFE 0.000 Km
= PMOFEs 0.000 Km
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Figure 7. Similar to Figure 6, but the oblique ionogram was measured at 00:07 BJT on 2 April 2013
without the F1 layer.

Because there are no ionosonde installed at the middle point between Wuhan and
Beijing stations, the electron density profile inversed from measured oblique ionograms was
not used to test the accuracy of the proposed method. It is well known that the parameters
of the F2 layer are of great significance for the propagation of radio waves in the ionosphere.
Therefore, the maximum observable frequency (maximum frequency of the observed trace)
and the minimum group path of the F2 layer were utilized to verify the performance of this
method. In this test, the parameters of fxMOFF2, foMOFF2, and PminF2 were adopted. In
the presented method, the Es layer was identified by comparison with the E layer from the
IRI model. It is difficult to directly identify the Es layer from measured oblique ionograms
by operators when the most observed frequency is not large enough. Thus, the maximum
observable frequency and the minimum group path of the E or Es layer were used to test
the accuracy of autoscaled data. In the case of the E or Es layer, the operator would scale
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the maximum observable frequency and minimum group path of the echoes of the E or Es
layer, but cannot identify that it is the E or Es layer. For autoscaled parameters, if the Es
layer was identified, its parameters would be used to compare with manual scaled values.
Otherwise, the autoscaled parameters of the E layer would be adopted. As a result, there
are five parameters (fxMOFF2, foMOFF2, PminF2, fMOEFE, PminE) from oblique ionograms.
For measured oblique ionograms, the resolutions of working frequency and the group
path are, respectively, 0.05 MHz and 5 km. Thus, an autoscaled value is considered to be
acceptable if its error is within +-0.5 MHz for the frequency and 425 km for the group path,
which is in line with the URSI limits of £5A (A is the reading accuracy).

Oblique ionogram measured at 13:22 BJT on April 2,2013 dB

1800 T T T T — T T T T 70

- "

1700 L Para Value Unit SR i
*MOFF2 17.950 MHz L o
foMOFF2 17.280 MHz L

1600 ~ fMOFF1 11.960 MHz R B
fMOFE 15.520 MHz %0

1500 fMOFEs 0.000 MHz ':..,I

=3 PMOFF2 1298.820 Km T
= PMOFF1 1152.520 Km 0
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PMInE 1092.130 Km

PMinEs 0.000 Km 20
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Figure 8. Similar to Figure 6, but oblique ionogram was measured at 13:22 B]T on 2 April 2013 without
the Es layer. Oblique ionograms measured during 8-16 April 2013 by the ionosondes between Wuhan
and Beijing stations were used to carry out statistical analysis of the performance of the proposed
method. The ground distance between Wuhan and Beijing stations is approximately 1040 km. The
number of measured oblique ionograms is about 795.

Figures 9 and 10 report the differences between the autoscaled values of the method
described here and the standard manual values (Figure 9 for the parameters of the F2 layer,
and Figure 10 for the E/Es layer). Table 1 illustrates the percentages of error statistical
distributions of parameters for these differences. The accuracy of autoscaled frequency
of the F2 layer is above 90%. However, the accuracy of the autoscaled group path is
relatively lower (about 86.41%) compared with the maximum observable frequency. Due
to the existence of the F1 layer, it is difficult to specify the minimum group path of the
F2 layer. On the contrary, the accuracy of the autoscaled minimum group path of the
E layer is higher (96.75%) than the autoscaled maximum observable frequency (60.05%). It
is noted that the strength of the echoes of the E layer in these measured oblique ionograms
are mostly lower, sometimes it is hard to accurately specify the maximum observable
frequency of the E layer by the operator (see Figure 8). This will greatly affect the accuracy
of autoscaled frequency of the E layer. Therefore, that is the reason that why the accuracy
of the maximum observable frequency of the E layer is much less than the F2 layer. For the
minimum group path, the lower strength of the echoes of the E layer would not affect the
accuracy due to the projection values of the echoes of the E layer at the group path. Thus,
we can see that the accuracy of the autoscaled group path for the E layer is high enough.
On the contrary, the exact definition of the minimum group path plays a significant role on
the accuracy of the autoscaled group path of the F2 layer. In this aspect, the E layer has
a greater advantage compared with characteristics of the echoes of the F2 layer. That is
the reason why the accuracy of the autoscaled group path of the E layer is greater than the
F1 layer. For the lower accuracy of the maximum observable frequency of the E layer, the
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accuracy of the F2 layer inspires us to believe that it will be improved greatly if the echoes
of the E layer are strong enough.

. Error distribution of autoscaled fxMOFF2 . Error distribution of autoscaled foMOFF2 - Error distribution of autoscaled PminF2
80 ¢ . 20 x 20 -
160
100 100
140
120 80 80
2100 2 g
S S 60 S
i 80 3 :.r:
Z 60 Z 40 z
40
20
20
0 0
15 1 0.5 0 05 1 15 15 1 0.5 0 05 1 1.5 50 -40 -30 <20 <10 0 10 20 30 40 50
AfXMOFF2 (MHz) AfoMOFF2 (MHz) APminF2 (km)

Figure 9. Error distributions of fxMOFF2, foMOFF2, and PminF2 for oblique ionograms between the
manual and autoscaled values.

Error distribution of autoscaled fMOFE Error distribution of autoscaled PminE

Numbers of ionograms
Numbers of ionograms

15 -125 -1 -075 -05 -025 0 025 05 075 1 125 15 50 40 30 20 10 0 10 20 30 40 50
AfMOFE (MHz) APminE (km

Figure 10. Similar to Figure 9, but for fMOFE and PminE.

Table 1. The percentages of error statistical distributions of autoscaled parameters from
oblique ionograms.

Item fxMOFF2 foMOFF2 PminF2 fMOFE PminE
Acceptable values 96.34% 91.98% 86.41% 60.05% 96.75%

Total number of

. . 795
oblique ionograms

4. Conclusions

This study describes a method for automatic inversion of oblique ionograms. The pro-
posed method first determined the initial autoscaled parameters using similar technologies
of vertical ionograms proposed by Jiang et al. [25,26]. Then, a large number of candidate
electron density profiles were constructed by the QPS model, based on the IRI model
and the Nequick2 model. Furthermore, the candidate vertical traces, synthesized from
electron density profiles, have been converted into oblique traces by the secant theorem and
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Martyn’s equivalent theorem. Lastly, these candidate oblique traces were used to obtain the
best-fitted trace and parameters through matching measured oblique ionograms. Results
show that the accuracy of the autoscaled frequency of the F2 layer is above 90% (91.98%
for ordinary traces, 96.34% for extraordinary traces). The accuracy of the autoscaled group
path is about 86.41%. For the E layer, the accuracy of the autoscaled minimum group path
of the E layer can reach up to 96.75%. However, the accuracy of the autoscaled maximum
observable frequency is relatively lower (about 60.05%) due to the lower strength of the
echoes of the E layer. This indicates that the proposed method might be accurate enough
for automatic inversion of oblique ionograms, especially for oblique ionograms with strong
echoes (the F2 layer in this study). Results inspire us to develop and improve the perfor-
mance. The proposed method still requires some adjustments to improve its accuracy and
performance, and future studies will focus on the application of the proposed method at
different geographic locations.
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