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Abstract

The most important aim in interpreting an oblique ionogram is to obtain the accurate Junction Frequencies (JFs) of
the ordinary (O) and extraordinary (X) mode. This requires the correct identification of O- and X-mode traces, so it is
very helpful and worthy to grasp the relative position between the two modes. This paper presents a statistical and
simulation study of the separation in JFs between O- and X-waves based on observed oblique ionograms over three
mid-latitude paths within China and a 3D ray-tracing program. The dependence on local time, season, geomagnetic
activity, O-wave JF and group path, solar activity, direction, and length of propagation is investigated. The main con-
clusions are as follows: (a) the separation on east-west path is susceptible to ionospheric variability, while the separa-
tion on north—south path does not show a significant correlation with local time and season; (b) a general diurnal
tendency and a summer anomaly on east-west propagation are first proposed and discussed, which may be related
to the diurnal variation of hmF2 above the reflection point and the strong lower layers below the reflection point; (c)
the separation varies approximately as a cosine function with the propagation direction owning two maxima in the
north-south direction and two minima in the east-west direction; (d) the variation patterns of the separation with the
propagation length are obviously not the same in different directions. In the case of east-west propagation, the sepa-
ration decreases to a minimum near ground range of 2000 km and then increases very slowly with increasing ground
range, while it monotonically increases for the north—south propagation path.

Keywords: lonosphere, Oblique sounding, Oblique ionogram, Junction frequency, Ordinary wave, Extraordinary
wave

*Correspondence: xrwan@whu.edu.cn

! Radio Detection Research Center, School of Electronic and Information,
Wuhan University, Wuhan 430072, China
Full list of author information is available at the end of the article

. ©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-022-01755-7&domain=pdf
http://orcid.org/0000-0002-1619-7835

Fengluan et al. Earth, Planets and Space (2022) 74:189

Page 2 of 14

Graphical Abstract

—
Oblicue ronograms for two
. P 23
Year ‘{Pﬂ“’d SvaL three mid- (a)The separation on east-west path is susceptible on jonospheric variability, while
latitude paths in China the separation on north-south path does not show a significant correlation with local
time and season )
Variation ) p :
characteristics
of the Statistical study (0)A general diurnal tendency and a summer anomaly on east-west propagation are
s S els - first proposed and discussed, the latter may be related to the effect of the lower
eparation 1mn Jayers
Junction )
Frequencies
I;.ﬂwn?no 0 ((c)The separation varies approximately as the cosine function of the propagation
w 1y (0) - direction owning two maximums at north-south direction and two minimums at
“‘l_ east-west dirsction in mid-latitude region of China
extnordm?ry( - Simulation study »
X) wave in p
oblique _— | (d)The variation patterns of the separation with the propagation length are
jonograms ”| obwiously not the same in different directions
P 4
3.D ray tracing program
—
Introduction two-hop F layer) can be scaled from an oblique iono-

Oblique incidence ionospheric sounding (Davies 1990),
which consists of a transmitter and a receiver located
several hundreds or thousands of kilometers apart, is a
powerful tool for monitoring the prevailing propagation
conditions in real time and is also important for track-
ing ionospheric effects caused by space weather events. It
offers several important advantages over vertical sound-
ing, such as the opportunity of monitoring the iono-
sphere across large, otherwise inaccessible areas such as
ocean surfaces, and the ability of a receiver to detect sig-
nals from many different directions (Ippolito et al. 2015a,
b). So it is widely used for propagation predictions of high
frequency (HF) radio communications, over-the-horizon
radar localization and for basic research purposes (Rao
1973; Yau et al. 2006; Chemogor et al. 2020; Rogov et al.
2021). Heitmann et al. (2018) regarded oblique sounding
as the most efficient tool for determining the characteris-
tics of HF channel.

The oblique ionogram, a group path or time delay ver-
sus operating frequency record, contains useful informa-
tion regarding the state of the ionosphere over the range
of the signals traverse (Reily and Kolesar 1989; Phanivong
et al. 1995; Ippolito et al. 2015a, b). The important char-
acteristics like the LOF (the Lowest observed frequency),
MOF (the Maximum observed frequency), FMUF (the
highest useable frequency of one-hop F layer), FHLOF
(the lowest observed frequency of the high-angle ray
along one-hop F layer), FLLOF (the lowest observed
frequency of the low-angle ray along one-hop F layer),
and 2FMOF (the maximum observed frequency of the

gram. Among these, the FMUEF, known as the basic MUF
or Junction Frequency (JF) of one-hop F2 trace, is the
most important one, who decides the highest frequency
at which a radio wave can propagate between given ter-
minals by ionospheric propagation alone (Pezzopane
and Pietrella 2008). In an oblique ionogram, the JF cor-
responds with the frequency at which the high- and low-
angle rays join.

Due to the Earth’s magnetic field, the ionosphere is a
doubly refracting medium. It can be observed that two
distinct ionospheric echo traces exist in an oblique iono-
gram, which are so-called ordinary(O) and extraordinary
(X) wave traces. The JFs of the O- and X-waves are obvi-
ously different as shown in Fig. 1. Although it is sufficient
to extract only the O-wave JFs for most applications,
there are still some occasions that the O- and X-wave
parameters need to be accurately extracted simultane-
ously, such as studying the ionospheric response to the
geomagnetic field, improving the inversion accuracy of
electron density in the lower ionosphere (Storey 1960),
etc. However, the processing and interpretation of OIS
(oblique-incidence sounder) ionograms is more compli-
cated than that of VIS (vertical-incidence sounder) iono-
grams. Using a polarimetric receive antenna, the O- and
X-modes can be well separated on a VIS, but the separa-
tion of these two modes for an OIS is more difficult owing
to the variable separation in phase difference between
the two modes (Harris et al. 2017). In addition, due to
the influences of the random time-varying nature of the
ionosphere and harsh electromagnetic environment, the
F-layer O- or X-wave trace is usually submerged by noise
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Fig. 1 An oblique ionogram indicating JF, O- and X-wave traces, the
separation in JFs between O- and X-wave

or interference in oblique ionograms. Then, it is diffi-
cult to obtain sufficient scalable ionograms to provide a
physically relevant measurement of the O- and X-wave
JEs. In this case, it is useful to master the specific charac-
teristics of the separation in JFs between O- and X-wave,
which can be helpful in automatically identifying O- and
X-wave parameters.

As early as 1970, Bradley et al. (1970) pointed out that
the JF separation between O- and X-wave merited fur-
ther investigation, and it should be established how it
varied with path, latitude, mode order, and direction of
propagation. Since then, many scholars have carried out
in-depth research. Agy and Davies (1959) found that this
separation decreased with an increase in distance for the
case of east—west path, which gradually changed from
0.7 MHz of the vertical sounding scene to about 0.2 MHz
on a 2400 km path. Magneto-ionic splitting of O- and
X-components was also studied by Kopka and Moller
(1968) using ray tracing and a flat Chapman layer. Results
were given for a 2000 km path as a function of both mag-
netic latitude and magnetic azimuth, showing that: (1)
the magneto-ionic splitting was less for an east—west path
than a north—south path; (2) for a transmission in the
direction of the magnetic meridian (north—south path),
the magneto-ionic splitting decreased with increasing
magnetic latitude; (3) for a transmission transverse to
the meridian, the splitting was zero at the equator and
increased towards the pole. Davies (1990) presented
the relationship between the JFs of the O- and X-wave
(referred as fpand fx, respectively) reflected for the cases
of trans-equatorial and magnetic east—west propagation,
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which were fx — fo = fpcosl and fx — fo =~ f,_2, /2fo (I
is the magnetic dip, fy is the electron gyrofrequency),
respectively. An explicit formula about the separation
in JFs between O- and X- wave (abbreviated as fx — fo)
as a function of local magnetic dip and propagation azi-
muth was obtained by Bennett and Dyson (1994) for long
paths, and they also showed how to use analytic ray trac-
ing to determine the separation for shorter paths. Lund-
borg et al. (1995) found that the separation varied with
propagation distance and maximum observed frequency
(MOF), changing between 0.7 MHz when MOF was
low (about 5 MHz) and 0.4 MHz when MOF was high
(about 15 MHz) for propagation over the path Kiruna to
Uppsala.

So far, most scholars have analyzed the variability of
the separation in JFs between O- and X-wave from dif-
ferent aspects, and there is still a lack of systematic and
comprehensive analysis. As a continuation of the study,
the present paper focuses on the variation characteristics
of the separation with local time, season, geomagnetic
activity, O-wave JF and group path, solar activity, direc-
tion, and length of propagation. The contributions of this
article lie as follows:

(1) The dependence of the separation on local time,
season, geomagnetic activity, O-wave JE, and group
path are statistically analyzed based on observed
oblique ionograms over three mid-latitude paths
within China. A general diurnal tendency and a
summer anomaly on east—west propagation are first
proposed and discussed.

(2) The influences of the length of the propagation
circuit, the direction of propagation, and the solar
activity variability have been analyzed by a ray-
tracing program. A different variation pattern of the
separation with the propagation length is presented
which is partly inconsistent with previous results.

This article is organized as follows. The source of the
data and the plan of the experiment are briefly described
in "Data sets". Then, the method of analysis and statisti-
cal results obtained for two years over three mid-lati-
tude paths within China are presented in "Data analysis
and results". In "Discussions”, we discuss the presented
results and investigate the effects of solar activity, direc-
tion, and length of propagation on the separation by 3D
ray-tracing. Finally, the conclusion is drawn in "Summary
and conclusions".

Data sets

The data sets were collected by an oblique sweep-fre-
quency pulse transmission experiment carried out by
the China Research Institute of Radio-wave Propagation
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(CRIRP). In this experiment, three transmitters and one
receiver were deployed in the middle of China to estab-
lish three radio paths, as shown in Fig. 2. The three paths
were arranged with different orientations and basically
the same length, about 1000 km. The receiver system
was located at Xi'an and three transmitters were located
at Lianyungang, Deqing, and Linchuan separately. The
configuration was beneficial in observing the influence of
the propagation direction on O- and X-wave JFs. Table 1
gives the location, azimuth, and length of each path. The
geomagnetic azimuths of the paths range from 90.1° to
141.6°, and correspondingly the propagation turns east—
west propagation to quasi south-north propagation.

The instruments used for this experiment were
designed and manufactured by CRIRP. They were essen-
tially the same as that used for sweep-frequency echo
sounding of vertical incidence covering the frequency
range from 3 to 30 MHz with a sweep rate of 50 kHz
s~L. The main difference was that the antennas used to
transmit and receive signals were horizontally polarized
log-periodic antenna and horizontal dipole antenna in
this case, while delta antenna and orthogonal inverted V
antenna were used for vertical sounding. Furthermore,
the high-precision Global Positioning System (GPS) was
employed to provide the system timing ensuring that
the transmitter and receiver were synchronized with an

90

105 E 120 B
Fig. 2 Map showing positions of the radio paths used in the
experiments; the geomagnetic azimuth of the three paths are

90.1°,112.5°and 141.6° respectively

Table 1 Detail of the radio links used in the investigation
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accuracy better than 10 ps and also allowing absolute
time of flight measurements to be made.

The experimental system used a low-power, pulse com-
pression waveform and made extensive use of digital
signal processing techniques in order to measure chan-
nel parameters and obtain the oblique ionograms. The
maximum output power of the transmitter was 400 W. A
maximal length pseudo-noise sequence (M-sequence) of
length 255 or 511 chips modulated onto a bi-phase PSK
carrier was employed to offer a processing gain of about
24 dB or 27 dB. The duration of each chip was 25 ps
giving a signal bandwidth of 40 kHz and a correspond-
ing range resolution of 7.5 km. The entire M-sequence
lasted for 6.375 ms or 12.775 ms. The repetition period
of the pulse was 25 ms. In order to improve the signal-
to-noise ratio, the coded pulses were sent 5 times at each
frequency.

Since IRI did not model foF2 (ionospheric F-region
critical frequency) correctly during 2008-2009 than
during 2010-2016 (Luhr and Xiong 2019), we mainly
focused on the variation of FMUF in low solar activity.
The experiment was organized and carried out during
two periods, 2008 interval and 2020 interval, with an
annual averaged sunspot number of 4.2 and 8.8, respec-
tively. The first period ran from January to December
2008, and the measurements were performed round
the clock during local time 8:00-19:00 every day with
a 15 min interval. That means that the system operates
only in daytime and generates one oblique ionogram for
each path every 15 min. On the second period, measure-
ments were performed once a quarter-hour for 24 h a day
during 2020. The JFs of the O- and X-wave were manu-
ally extracted for every oblique ionogram on each path,
in which the O- and X-mode traces can be successfully
identified. In order to ensure the accuracy of the JFs,
We excluded ionograms that the O- and X-mode traces
incomplete or diffused, such as ionograms with spread
E. A total of 119,604 oblique ionograms were collected
during the experiment, and 78,783 groups of JF were
successfully extracted, accounting for about 65.9% of
total ionograms. Among the discarded ionograms, there
were 19,974 ionograms with spread F, which was about
16.7% of total ionograms. In addition, the peak height of
the F2-layer (represented by hmF2) and the 3-hourly Kp

Radio path Transmitter Receiver Geographic Azimuth Geomagnetic Azimuth Path length (km)
(degree) (degree)

Link 1 Lianyungang Xi'an 86.8° 90.1° 946

Link 2 Deqing Xi'an 109.3° 1125° 994

Link 3 Linchuan Xi'an 1384° 141.6° 1004
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index in the corresponding time period were obtained to
analyze the relationships between the separation fx — fo
with diurnal variation of the ionosphere and the geomag-
netic activity. The hmF2 is estimated from the ionograms
obtained by TYC-2 ionosonde located in Xian. The
TYC-2 ionosonde manufactured by the CRIRP is a digi-
tal ionosonde similar to the widely used Digisonde Port-
able Sounder 4 (DPS-4) ionosonde, which is an upgraded
version of TYC-1 ionosonde (Wang et al. 2018). The
3-hourly Kp index was provided in the Web site: http://
wdc.kugi.kyoto-u.ac.jp/.

Data analysis and results

Direction variability

The probability density of the separations in JFs between
O- and X-wave is firstly investigated to obtain an over-
all picture of Magneto-ionic splitting variation over
three radio links, as shown in Fig. 3. For Link 1, a mag-
netic east—west propagation path, the separation fx — fo
changes between 0.1 MHz and 0.5 MHz, and mainly con-
centrates in 0.15-0.35 MHz. The separation for Link 2
(the southeast-northwest propagation path) varies from
0.2 MHz to 0.7 MHz with a mean value of 0.4 MHz and
for Link 3(the quasi south—north propagation path) it
varies between 0.3 MHz and 1.0 MHz with a mean value
of 0.67 MHz. It is obvious that the fx — fo increases as
the propagation direction deviating from the direction of
east—west. This statistical feature is consistent with pre-
vious research results that the magneto-ionic splitting is
less for an east—west path than for a north—south path.

Link 1 Link 2 Link 3
7 -
6
s | -
b ~
240 [H] 1
[
a
3
2
1
Ll
0 0.5 10 0.5 10 0.5 1
fx-fo(MHz)
Fig. 3 Probability density of the separations observed through three
radio links
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Local-time variability

The JFs data observed in the two periods are grouped
together and are binned as a function of local time (LT)
with an interval of 1 h. The variation of the separation
fx —fo over three radio links against LT is presented
separately in Fig. 4. It can be found that the diurnal ten-
dencies of the separation on the three paths exhibit dif-
ferent patterns. Although the standard deviation is
relatively large, the mean separation on Link 1 shows
an obvious general diurnal variation. It increases after
sunrise, has peak near local noon, decreases during the
afternoon, and then increases again, reaching a high
level at local midnight or early morning. The difference
between the maximum and minimum mean separation
is about 0.08 MHz on Link 1, which is nearly twice the
average standard deviation. The mean separation on Link
2 shows a weak diurnal variation with a rise after sunset
and the maximum variation is about 0.06 MHz, compa-
rable with the standard deviation (the mean standard
deviation is about 0.051 MHz). However, the separation
on Link 3 presents no obvious day—night asymmetry and
varies around the mean value throughout the whole day.
It can be concluded that the magneto-ionic splitting on
the east—west propagation link is more susceptible to LT
variability compared with the north—-south propagation.
It is necessary to stress that the variation in hourly aver-
age on Link 3 is less than (or comparable with) the system
frequency resolution, which is 0.05 MHz.

Seasonal variability

To evaluate the dependence of the separation fx — fo on
seasons, the JFs are sorted into the following four sea-
sonal bins just as Wang et al. (2018): summer (May, June,
July, and August), spring (March and April), autumn
(September and October), and winter (January, Febru-
ary, November, and December). The hourly mean of the
separations in each bin is calculated for each radio path.
The statistical results are shown in Fig. 5. The following
common features could be found: (1) the seasonal dis-
tribution pattern on Link 3 is obviously different from
Linkl and 2; (2) the average separations on Link 1 and
2 during the daytime in summer are about 0.06 MHz
and 0.04 MHz higher than other seasons respectively,
while there is no significant seasonal difference on Link
3; (3) On Link 1, the average standard deviation of the
separation in spring, summer, autumn, and winter is
0.046 MHz, 0.05 MHz, 0.046 MHz, and 0.045 MHz
respectively, and the standard deviations of Link 2 and
3 are accordingly 0.05 MHz and 0.08 MHz,0.053 MHz,
and 0.087 MHz, 0.051 MHz and 0.083 MHz, 0.05 MHz
and 0.081 MHz; (4) For Link 1 and 2, the largest sepa-
ration in the day occurs at night in most seasons except
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Fig. 4 Local time variation of the separations observed through three radio links
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summer, when the most dominant separation are present
during daytime(denoted as summer anomaly). This sta-
tistical feature suggests that the seasonal variability of the
separation in case of the east—west propagation is more
prominent than that on the north—south path.

Geomagnetic activity

Diurnal variation of a 3-hourly Kp index is employed for
studying the dependence of the separation fx — fo on
geomagnetic variability. The data are categorized into
two sets of quiet and disturbed conditions of geomag-
netic activity. Based on Davies’ relationships between
the JFs of the O- and X-wave reflected for the cases of
trans-equatorial and magnetic east-west propagation in
"Introduction”, it is known that the separation is mainly
affected by the changes of the gyrofrequency fi and the
O-wave’s JF fo due to geomagnetic disturbance. Consid-
ering that general geomagnetic disturbance cannot cause
a significant change in fy and fo, we refer to the display
threshold of Kp index in the American space weather
prediction center, and take Kp <4 as a quiet condition. If
the maximum value of the 3-hourly Kp index in a day is

greater than 4, the day is considered as a disturbed day
and the data observed during the day is classified into
the disturbed set. Figure 6 shows the daily maximum Kp
indices in 2008 and 2020. Observations from Fig. 6 show
that there are only about ten percent of the times with
geomagnetic disturbance during the two experimental
periods. The mean value of the separations in each bin is
calculated separately for each radio link shown in Fig. 7.
The separation in geomagnetic disturbed condition is
slightly smaller than that in the case of geomagnetic
quiet condition by about 0.01 MHz (less than the system
resolution) on Link 1 and 2. But there is no pronounced
dependence on Link 3.

O-wave JF and group path variability

In order to analyze the correlation between the separa-
tion fx —fo and the O-wave JF and group path, the JFs
are binned as a function of O-wave JF from 3 to 22 MHz
in steps of 3 MHz and as a function of O-wave group
path from 1000 to 1450 km in steps of 50 km. The sta-
tistical mean of the separations is calculated as the ratio
of the summation of the observed separations to the
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Link 1
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25
Local Time(hour)
Fig. 5 Seasonal variation of the separations observed through three radio links; blue, red, black, and green lines represent spring, summer, autumn,

total number of separations in each bin. Figures 8 and 9
show the variation of the separation compared with the
O-wave JF and group path, respectively. Observations
from Fig. 8 show that for all cases the separation initially
decreases with increasing O-wave JE, but for the cases of
Link 2 and 3, the separation decreases to a minimum and
then increases very slowly with a total deviation less than
the frequency resolution. Figure 9 shows that the separa-
tion increases with a decrease in the O-wave group path
on Link 1 and 2, and slightly decreases on Link 3. It is evi-
dent that the separation in the case of east—west propaga-
tion is more susceptible to the O-wave JF and group path.

Discussions

In the above analysis, we have focused on the statistical
characteristics of the separation in JFs between O- and
X-wave in the mid-latitude China region. The statistical
mean, local time, season, geomagnetic activity, O-wave
JE, and group path dependence are analyzed. The pre-
sented results are, in general, consistent with the previ-
ous theoretical and experimental results (Agy and Davies
1959; Kopka and Moller 1968; Davies 1990; Bennett et al.
1994; Lundborg et al. 1995). However, some new findings

in the above statistical investigation are worth further
discussions.

Case of east-west propagation

The statistical investigations among the three paths
show that the separation on the east—west path is mini-
mal, but its relative change is much more prominent
and more susceptible to local-time and seasonal vari-
ability. Figures 4 and 5 demonstrate that the separation
on the east—west path regularly changes with local time.
In general, the separation gradually increases after sun-
rise with one maximum near local noon, then slowly
decreases before sunset, and grows up until reaching
another maximum at midnight or pre-sunrise, and then
decreases again with one minimum between 7:00 LT and
8:00 LT. According to the Appleton—Hartree formula
with no collisions (Davies 1990), the refractive indices of
the O- and X-modes are almost the same when a radio
ray just enters the ionosphere. As the ray continues to
pass through deep, the difference in the refractive index
of the two modes becomes larger, and the propagation
paths become more and more different. Therefore, we
conjecture that the diurnal variation of the separation is
related to the diurnal variation of hmF2 (the height of
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Fig. 7 Geomagnetic variability of the separations observed through
three radio links

the peak electron density of F2-layer, see more details
in Davies 1990). Then, we analyze the seasonal varia-
tion of hmF2 observed in Xi'an (one end of Link 1), as
shown in Fig. 10. Comparing Fig. 10 with the top graph

of Fig. 5, it can be found that the diurnal variation trend
of the separation fx — fp is highly similar to that of hmF2,
especially in spring, autumn and winter. At night, when
hmF2 goes higher, the separation becomes larger. After
sunrise, when hmF2 decreases to a minimum, the sepa-
ration is also minimized. At noon, when hmF2 rises to a
maximum, the separation increases to a maximum too.
This means that the separation varies quasi-linearly with
hmF2. However, the linear relationship between separa-
tion and hmF2 in summer is no longer satisfied, in which
case the hmF2 during daytime is comparable with that
at night, while the separation at daytime is significantly
larger than the nighttime separation.

The typical daytime oblique ionograms in spring and
summer are reviewed to seek for possible explanations.
Figure 11 presents a typical set of oblique-incidence
F2-layer traces at 12:50 LT. The F2-layer trace circled by
a red ellipse was taken on August 7, 2010 and the trace
circled by a white ellipse was taken on March 7, 2010.
Comparing these two sets of F2-layer traces, we find
that the group path in summer is about 110 km higher
than that in spring. It can be inferred that the difference
between the equivalent reflection height of the F2-layer
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Fig. 8 Correlation between the separation and the O-wave JF

in spring and summer is about 100 km, which is evi-
dently larger than the difference between spring’s hmF2
and summer’s hmF2. Further analysis of the summer
oblique ionograms shows that the F2-layer trace uplifts
mainly occur when a completely developed F1-layer or
strong Es-layer exists. One possible interpretation is
that the existence of the completely developed F1-layer
or strong Es-layer increases the transmission length of
F2 mode which further increases the difference in ray-
path between O- and X-wave, thereby the frequency
difference between O- and X-wave increases. In order
to verify this idea, a 3D magnetoionic Hamiltonian ray-
tracing toolbox PHaRLAP is adopted to simulate the
changes in ray path when the Fl-layer exists or not,
which uses Jones and Stephenson (1975) 3D ray-tracing
code for ray path calculation. The ionospheric model
used in this verification is ‘IRI-2016’ with the ‘F1 model’
being set to be ‘Scotto-1997 no L’ or ‘None’ to simu-
late the condition with Fl-layer or without F1-layer.
Figure 12 presents the synthesized oblique ionograms
with and without the F1-layer. It can be seen that when
there is a F1-layer, the trace of the F2-layer is lifted by
about 30 km, the JF of F2-layer O-wave is reduced by

0.15 MHz, and the separation gets larger by 0.025 MHz
compared with the condition without Fl-layer. Then,
we set the critical frequency of the Fl-layer to increase
by 1.5 MHz, run the ray-tracing program, and find that
the separation fx —fo becomes larger by 0.05 MHz,
which is close to the average value (0.062 MHz) of
the difference in the separation between summer and
other seasons during daytime. In summary, we believe
that the separation is mainly affected by hmF2 above
the reflection point, and the separation increases when
there is an F1-layer or strong Es-layer.

Another noteworthy phenomenon is that the sepa-
ration on east—west path is slightly weakened under
active geomagnetic conditions compared to quiet con-
ditions. Based on Davis’s approximation formula for the
cases of magnetic east—west propagation, it is known
that the separation is proportional to the square of fyy,
where fy = % (F is the total intensity of the Earth’s
geomagnetic field; e and m are the charge and mass of
electron, respectively). In general, F at any point on the
Earth’s surface is more than 30,000 nT (Davies 1990).
During the main phase of the magnetic storm, F may
drop by 40-500 nT (Clilverd et al. 1998). It may cause
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a 0.3-3% drop in the separation, which is consistent
with the statistical one (about 0.01 MHz). However, we
must keep in mind that the reduction of the separation
during geomagnetic disturbance is lower than the fre-
quency resolution. So we argue that the separation is
less sensitive to magnetic disturbances.

Case of quasi north-south propagation

Our statistics confirms that the separation on the quasi
north—south propagation path is the most significant
among the three links, which agrees with previous stud-
ies. This means that the magneto-ionic splitting on north—
south path is more prominent than that on east—west path.
Furthermore, the separation on north—south path does
not vary significantly with the local time and season, and
also has a weak correlation with O-wave JF and group
path. In addition, the comparison between Figs. 5 and 10
shows that the diurnal variation trend of the separation
on Link 3 is obviously different from that of hmF2. In the
book "Ionospheric radio", Davies (1990) has pointed out
that the angle between the wave normal and the magnetic
field is small in the case of north—south or south—north
propagation, so the propagation is quasi-longitudinal, and
the separation in JFs between O- and X-wave is approxi-
mately expressed as fx — fo & fucosl. It shows that the
separation is mainly determined by the gyrofrequency fi
and the magnetic dip I, and is hardly affected by the iono-
spheric activity. This may be the reason why the separation
on Link 3 has a weak correlation with local time, season,
O-wave JF and group, and hmF2. According to the analy-
sis in the previous section, the change of the total intensity
F is very small compared to the background field, which
cannot cause significant changes in fj and I. So there is no
obvious abnormality in the mean value of the separations
during the period of geomagnetic disturbance.
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Simulation of the dependence on solar activity variations
The aforementioned analysis shows that the separation to
east—west path is susceptible on ionospheric variability,
and it cannot be interpreted well by Davies’s relationship.
Davies (1990) pointed out that the left-handed O-wave
and the right-handed X-wave introduced by magneto-
ionic splitting traveled different paths in the ionosphere
and it was not possible to integrate analytically to obtain
the precise ray path, but it was practical to do so by
means of point-to-point ray tracing. Therefore, we make
use of 3D ray tracing to analyze the dependence of the
separation on solar activity.

The diurnal variations of the separation are conducted
on Link 1 covering three levels of solar activity (R=10,
70, and 120, respectively, represent the low, medium,
and high solar activity) and four months (January, April,
July, and October, characterize four different seasons), as
shown in Fig. 13.

It is observed that the double-peak variation of the sep-
arations with one maximum in local noon and another
maximum in local midnight or pre-sunrise is favored
for all solar activities in different seasons. In January
and October, the separation at night is more prominent
than that during the daytime, and the maximum at night
occurs at low solar activity while the largest value during
daytime is found at the high solar activity. In April, the
separation during the low solar activity phase is higher at
night and slightly lower in the daytime which is consist-
ent with the observations over Link 1, while the separa-
tions during medium and high solar activities are larger
in the daytime than that at night. In July, the separation
during the day is more obvious when compared with
that at night for all solar activities. According to IRI,
the F1-layer critical frequency at the midpoint of link 1
is calculated, and the result shows the occurrence of the
Fl1-layer is higher than that in January, April, and Octo-
ber. Combining the previous simulation, we infer that the
increase in the occurrence of F1-layer in IRI model is the
main factor responsible for the obviousness of the sepa-
ration during the day in July.

Simulation of the dependence on length and direction

of propagation

In order to investigate sensitivity to the length and direc-
tion of propagation, calculations were performed for
different path configurations with a central receiver at
Xi'an. The results obtained by the 3D ray-tracing method
discussed in this paper are shown in Fig. 14. The figure
above shows the variability of the separation as a func-
tion of the direction of propagation for two different
transmission lengths that are 1000 km and 2000 km,
while the figure below shows the variability of the separa-
tion against the length of propagation for four different
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transmission azimuth angles of 45°, 90°, 145°, and 180°.
As we can see, the separation varies approximately as
the cosine function of the propagation direction with
maximums at north—south direction and minimums at
east—west direction in mid-latitude China region. Due to
the different transmission directions, the separations on
radio links with ground range greater than 500 km pre-
sent obviously distinct patterns. For east—west propaga-
tion path, the separation decreases to a minimum near
ground range of 2000 km and then increases very slowly
with increasing ground range, while for north—south
propagation path, it gradually increases with increas-
ing ground range. The relationship of the separation
with transmission length is partly inconsistent with the
results simulated by Bennett et al. (1994) which show a
tendency to decrease below 1000 km and then increase
very slowly for a case with azimuth equal to 0 (of north—
south propagation). Based on the use of an equivalent
operating frequency, Bennett took into account the effect
of the Earth’s magnetic field in an analytical ray-tracing
program. The use of the equivalent operating frequency
led to deviations in the ray path, which caused calcula-
tion errors, and resulted in the inconsistency with 3D ray
tracing.

Summary and conclusions

We have presented a statistical and simulation study on
the separation in JFs between O- and X-wave based on
oblique sounding data recorded by three mid-latitude
paths within China and 3D ray-tracing program. The
dependence of the separation on local time, season, geo-
magnetic activity, O-wave JF, and group path is statisti-
cally analyzed based on observed oblique ionograms over
three mid-latitude paths within China, and the influences
of the length of the propagation circuit, the direction of
propagation and the solar activity variability have been
analyzed by a ray-tracing program. The major conclu-
sions are summarized as follows:

(1) The separation on east—west path is susceptible
to ionospheric variability, which is inconsistent
with previous analysis that the separation does not
depend strongly on the ionospheric plasma distri-
bution (Bennett et al. 1994), while the separation on
north—south path does not show significant corre-
lation with local time and season variations.

(2) The separation on the east—west path depends on
the local time, season, and solar activity. There is a
general diurnal variation, which mainly relates to
the diurnal variation of hmF2 above the reflection



Fengluan et al. Earth, Planets and Space (2022) 74:189

Page 13 of 14

— 1000km

— 2000km

fx-fo(MHz)

0 1 1 1
0 50 100 150

200 250 300 350 400
Geographic Azimuth(degree)

H— 45° O— 90°

fx-fo(MHz)

500 1000 1500

lower diagram shows variability on length of propagation

Ground range(km)

Fig. 14 Relationship of the separation with length and direction of propagation; upper diagram shows variability on direction of propagation,

2500

2000 3000 3500

point. The most striking feature is summer anomaly
showing that the separation during daytime is more
prominent than that at night in summer, while it is
the opposite in other seasons. One possible inter-
pretation is the effect of refraction in a completely
developed F1-layer or strong Es-layer.

(3) The separation varies approximately as the cosine
function of the propagation direction owning two
maximums at north—south direction and two mini-
mums at east—west direction in the mid-latitude
China region. This feature is consistent with previous
research results that the magneto-ionic splitting is
less for an east—west path than a north—south path.

(4) The separations on different transmission azimuths
present distinct patterns. For east-west propaga-
tion path, the separation decreases to a minimum
near ground range of 2000 km and then increases
very slowly with increasing ground range, while for
north—south propagation path, it gradually increases.

In order to automatically extract F2-layer O- and
X-wave parameters from oblique ionograms to achieve
the best performance, a study for the behavior of

separation in JFs between O- and X-waves is always
useful and worthy. Our contribution is achieved
through two aspects: regarding experimental obser-
vation, the general diurnal tendency and summer
anomaly of the separation are firstly proposed; regard-
ing simulation, provides interesting insights into the
dependence of the separation on solar activity, length,
and direction of propagation and gains a different con-
clusion from the previous analysis.

The future work will be to take more experimental
data during the medium and high solar activity years to
verify the accuracy of the simulation results.
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