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ABSTRACT

The China Seismo-ionospheric Ground-based Monitoring Network in Northern China was established in August 2009, 
consisting of 5 vertical sounding stations and 20 oblique receiving stations. We analyzed the critical frequency of the F2 
region (foF2) derived from vertical and oblique sounding data in this study. Our comparison results indicated that foF2 from 
vertical and oblique sounding presented very similar annual and semi-annual variation characteristics and along with the 
change in F10.7, the two data both enhanced after 2011. We calculated the root-mean-square error (RMSE), percent deviation 
(PD), and correlation coefficient (t) between the two data, which showed good positive correlation in Beijing, Changchun, 
Suzhou station. Our results also demonstrated that the consistency of vertical and oblique foF2 was better in the summer and 
equinox than in winter. The correlation on calm days for all stations was better than that in the magnetic disturbance period. 
Our research reveals that oblique sounding data presents similar change characteristics with vertical sounding data, thus these 
data can be used to investigate ionospheric phenomena.
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1. INTRODUCTION

The ionosphere was discovered in 1901 when Marconi 
successfully transmitted radio signals across the Atlantic 
(Joly 1902). To interpret this phenomenon, Kennelly and 
Heaviside (Ratcliffe 1966) suggested that free electrical 
charges in the upper atmosphere could reflect radio waves. 
In 1902, the first physical theory of the ionosphere was pro-
posed (Joly 1902). Appleton and Barnett (1925) and Breit 
and Tuve (1925), using radio wave sounding methods, con-
firmed the ionosphere’s existence in the high atmosphere at 
nearly the same time in 1924. This confirmation signaled 
the beginning of ionospheric studies.

In general, ionospheric measurement techniques can 
be categorized as remote and direct (in situ). The former 
includes vertical sounding, oblique sounding, oblique back-
scatter sounding, radio occultation, incoherent scatter radar, 
laser radar and so on. The latter involves satellite and rocket 
sounding (Rishbeth and Garriott 1969; Xiong et al. 1999; 

Schunk and Nagy 2009). Among these methods, vertical 
sounding or ionosonde is the oldest and most widely used 
in modern ionospheric research and space weather service. 
The valid ionosonde region is confined to just around the 
observation station. More ionopheric parameters and larger 
range can be obtained using incoherent scatter radar, while 
the operating expense is too great to maintain continuous 
monitoring. Satellite and rocket sounding have the capabil-
ity of detecting the ionosphere in situ, however the time and 
location both change along the track. For monitoring range, 
oblique sounding and oblique backscatter sounding possess 
stronger ability, which has good application prospects.

Ionospheric oblique sounding has a long history. One 
of the most famous ionospheric oblique incident sounders 
is the IRIS (Improved Radio Ionospheric Sounder) system 
developed by Lancaster University in the UK (Arthur et al. 
1996). The ionospheric oblique incident sounding network 
has also been built in Australia and the Russian Federation 
(Lynn 2008; Kim et al. 2011).

With the support of Technology and Industry for  
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National Defense, PRC, China Earthquake Administration 
and China Research Institute of Radio wave Propagation es-
tablished China Seismo-ionospheric Groundbase Monitor-
ing Network (CSGMN) in Northern China, comprising 5 
vertical sounding stations and 20 oblique sounding stations 
in August 2009 (http://www.sign.ac.cn/) (Fig. 1). Based on 
this network high resolution of ionospheric variation can 
reach about 100 km in Northern China. Xu et al. (2011) 
introduced routine work on seismo-ionospheric anomaly 
based on this network.

Zhao et al. (2010) assimilated the oblique sounding 
data from this net to develop the high-resolution comput-
erized ionospheric tomography imaging method. Using 
CSGMN data, Zhou et al. (2013) established a real-time 
mapping model of foF2 in northern China using a newly im-
proved neural network based on genetic algorithm optimi-
zation. For 15 - 16 July 2012, magnetic storm event, Wang 
et al. (2013a) found the oblique and vertical sounding data 
and total electron contents (TEC) observed by global posi-
tion system (GPS) all had strong positive effects around the 
noon and sunset sectors on July 15.

This paper introduces oblique sounding data and ana-
lyzes its correlation with vertical sounding data to determine 
if the data can describe the ionosphere characteristics. This 
research is intended to provide an overview and reference 
for users of this net data. We introduce the data and method-
ology in section 2. Results and discussions are presented in 
section 3. We present our brief summary in section 4.

2. DATA AND METHODOLOGY

In this network, with the 5 vertical sounding stations 
and 20 oblique sounding stations, the maximum usable fre-
quency (MUF) in 100 channels of radio wave transmission 
through the ionosphere can be obtained. All instruments in 
the CSGMN use GPS timing to synchronize the data between 
vertical transmitting stations and oblique receiving stations.

Figure 2 gives the schematic diagram for oblique 
sounding. T and R are the transmitting and receiving sta-
tions. B and M represent the reflection point and its projec-
tion point on the ground. TBR is the real path and TAR is 
the equivalent triangle path. Based on the Breit and Ture 

Fig. 1. The CSGMN oblique and vertical sounding stations (red squares represent vertical sounding stations, black points represent oblique sounding 
stations, and green asterisks represent the mid-point). (Color online only)

Fig. 2. Schematic diagram of oblique sounding (T and R are the transmitting and receiving stations, B and M represent the reflection point, and its 
projection point on the ground).

http://www.sign.ac.cn/
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theorem (Xiong et al. 1999), the time of TBR and TAR path 
is the same. According to the Martyn equivalent theorem 
(Xiong et al. 1999), the virtual height of oblique sounding 
(hr’) equals the virtual height of vertical sounding (hr). In 
the TAM triangle we obtain Eq. (1).

2 2secMUF oF oF AM
TAf f# #{= =  (1)

Where { is the incidence angle and TA and AM can be 
obtained using the group delay time and sphericity distance 
between the transmitting and receiving stations.

Ionosonde data are more reliable, so in our research, 
we select the nearest midpoints to the 4 vertical sounding 
stations (vertical sounding data of Xinxiang station were not 
provided in CSGMN), and study the relationship between 
vertical and oblique sounding data. The distance between 
the midpoint and vertical sounding stations was calculated 
using the Pythagorean Theorem, described using latitude 
and longitude. We found that the minimums for Beijing, 
Suzhou, Qingdao, Changchun stations were the midpoints 
of Beijing to Wen’an, Suzhou to Mengcheng, Suzhou to Jin-
zhou, Changchun to Shenyang respectively, with 0.66, 2.3, 
0.45, and 1.31°.

From the 13th August 2009 to 31st December 2013, 4 
vertical sounding data and Wen’an, Mengcheng, Jinzhou 
and Shenyang oblique sounding data receiving Beijing, Su-
zhou, Suzhou and Changchun were collected from CSGMN. 
We calculated the foF2 median data of oblique and vertical 
sounding data for each day to compare the ionosphere cli-
matologic characteristics.

3. RESULTS AND DISCUSSIONS
3.1 Temporal Variation Analysis

Figures 3 to 6 give the foF2 time serial change for the 4 
vertical sounding stations and their nearest reflection point. 
A 10.7 cm solar radio flux (index F10.7) is plotted in panel a, 
which indicates the major solar influence in the ionosphere. 
In panel b, the blue dots represent the oblique sounding 
foF2 data and red dots represent the vertical sounding foF2 
data. Their differences are shown in panel c. The rela-
tive change exhibited in panel d was also calculated using  
(O-V)/V × 100% (O and V were foF2 of oblique and vertical 
sounding data).

In the 4 figures the time series change tendency of the 
two data were almost the same. Vertical and oblique data 
increased when solar activity enhanced after 2011 accord-
ing to F10.7. Many factors can affect the ionosphere, such as 
solar, neutral wind, tide, magnetic storm, artificial source 
and so on, among which solar is the main one. A lot of re-
searchers (Liu et al. 2003, 2011; Ouattara et al. 2012) found 
high correlation between foF2 and the number of sunspots, 

solar radio noise (10.7 cm) flux F10.7, solar EUV fluxes indi-
cating solar activity.

There were annual and semi-annual variations in these 
data, with high values in April, May, September, and Oc-
tober. Low values were found in January and July. Similar 
to our results, Bravo et al. (2011) found annual and semi-
annual changes in the ionosphere by investigating 37-year 
NmF2 observed over Concepcion, Chile. Kawamura et al. 
(2002) presented that electron density at different altitudes 
presented semiannual variations. Yu et al. (2004) investigat-
ed the daytime F2 layer peak electron concentration (NmF2) 
in a global ionosonde network with 104 stations. It was 
revealed that all global stations reached their semi-annual 
peaks in March/September and April/October. Focusing on 
the causes of these annual and semi-annual variations, Ma et 
al. (2003) considered that the diurnal tide in the lower ther-
mosphere induced semiannual variations in the ionosphere. 
Bravo et al. (2011) considered that thermospheric wind ef-
fects and solar zenith angle changes lead to NmF2 larger val-
ues during the equinox than winter and summer. In order to 
explain the reason, Azpilicueta and Brunini (2011) devel-
oped that energy regulated by the Earth’s rotation dynamo 
force transferred from the ring current into the atmosphere.

Same as vertical sounding data, foF2 observed by 
oblique sounding in CSGMN has the capability to capture 
the dominant ionospheric characteristics.

3.2 Correlation Analysis

Root-mean-square error (RMSE) (McKinnell 2008), 
percent deviation (PD), and correlation coefficient (t) 
(Wang et al. 2013b; Zhou et al. 2013) were used to evaluate 
the correlations between vertical and oblique sounding data 
with Eqs. (2), (3), (4).
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Where fVi and fOi are the vertical and oblique foF2 per day and 
fV  and fO  represent the mean foF2 for the number N data.

The RMSE, PD, and t  for each year and all years were 
calculated first, as shown in Table 1. For the 4 stations the 
Qingdao station correlation was lower than that for the oth-
ers, with t  less than 0.4 and PD more than 20%. The reason 
may be that the reflection link is too long and the traveling 
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(a)

(b)

(c)

(d)

Fig. 3. Time series change in vertical and oblique sounding foF2 data for Beijing station; (a) index F10.7; (b) blue dot represents oblique sounding foF2 
data and red dot represents vertical sounding foF2 data; (c) differences in the two data; (d) relative change in the two data. (Color online only)

(a)

(b)

(c)

(d)

Fig. 4. Time series change in vertical and oblique sounding foF2 data for Changchun station. Subgraph introduction was same as Fig. 3. (Color 
online only)
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(a)

(b)

(c)

(d)

Fig. 5. Time series change in vertical and oblique sounding foF2 data for Qingdao station. Subgraph introduction was same as Fig. 3. (Color online 
only)

(a)

(b)

(c)

(d)

Fig. 6. Time series change in vertical and oblique sounding foF2 data for Suzhou station. Subgraph introduction was same as Fig. 3. (Color online 
only)
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ionospheric disturbances (TID) may make the MUF varia-
tion at oblique sounding paths, which will disagree with the 
vertical sounding data (Ryabova et al. 2014). CSGMN has 
received data since the 13th of August 2009, so the small 
sample in 2009 made the relevance low for each station. Ex-
cept for t  in 2009 for the Suzhou station, the others all re-
vealed a positive correlation between the vertical and oblique 
sounding data. t  was 0.7598, 0.8352, 0.7295 at the Beijing, 
Changchun, and Suzhou stations from 2009 - 2013, respec-
tively, which meant significant correlation between the two 
data. Figure 7 shows most of the PD are lower than 20%, 
with RMSE less than 1.5 MHz and except for the Qingdao 
station, the absolute deviations (vertical data minus oblique 
data) had a single peak less than ‘0’ (Fig. 8), which meant 
the correlation between the two data was good. Furthermore, 
the oblique data is a little bigger than the vertical data.

The more active the sun is, the better the relevance is. 
At the Beijing, Changchun, and Suzhou stations t  for 2011, 
2012, 2013, are higher than that of 2010, while PD is lower. 
Solar activity is the main factor in the ionosphere, so when 
the sun acts drastically, foF2 will increase all over the world. 

Different from local changes, the ionospheric parameters in 
this situation may change synchronously over a large area; 
therefore, the coefficient for the same point may be better. 
Higher foF2 may make the denominator bigger in Eq. (3), 
which can be used to explain PD decreasing.

Secondly, we divided all of the months into equinox 
(March, April, September, October), winter (November, De-
cember, January, February), summer (May, June, July, Au-
gust), in order to analyze the seasonal change characteristics 
of the correlation between the vertical and oblique sounding 
data. The t  of each season was calculated for 4 stations 
using Eq. (4). From Fig. 9 it can be seen that the tendency 
for t  in Beijing and Qingdao stations was almost the same, 
having a relatively high value for summer. At the Changc-
hun station the correlation between the vertical and oblique 
sounding data was better for the equinox period. At Suzhou 
station the equinox days were a little higher compared to 
the winter and summer days. A winter anomaly has been 
reported in the ionosphere by many researchers (Rishbeth 
and Müller-Wodarg 2006; Lee et al. 2011), during which 
the foF2 or NmF2 may be greater in winter than in summer. 
This characteristic may make the ionosphere change, so the 
correlation between the two data observed using different 
instruments was lower in winter than in other seasons.

We analyzed RMSE, PD and t  during calm and 
magnetic storm days (Kp > 3.0 and Dst ≤ -30 nT ) using  
Eqs. (2), (3), and (4) for these 4 stations from 2009 to 
2013. As shown in Table 2, for all stations, the calm days 
had higher t  and lower RMSE than magnetic storm days. 
This means the former correlation between the vertical and 
oblique sounding data was better than the latter one, but 
the former PD was a little bigger than the latter one. On 
calm days the ionosphere changes slow with time, so the 
difference between the two data is small. This result was 
also found in Zhou et al. (2013) between the observation 
data and predicted data. If the ionosphere is calm the elec-
tron density may show a lower level than on magnetic storm 
days. It can therefore be understood that PD displays higher 
value on calm days according to lower foF2 in Eq. (3).

4. CONCLUSIONS

Based on the CSGMN oblique and vertical sounding 
data we analyzed the temporal changes and correlation be-
tween the foF2 derived from oblique and vertical sounding 
data. The major conclusions are as follows:
(1)  Along with the changes in index F10.7, the vertical and 

oblique sounding data were both enhanced after 2011 
and also displayed annual and semi-annual variation 
characteristics. Except for a few days the foF2 differ-
ences between the two data were almost ±1.5 MHz, less 
than 20% in relative change.

(2)  The RMSE, PD, and correlation coefficient (t) were 
used to evaluate the correlations between vertical and 

Station Year RMSE (MHz) PD (%) t

Beijing

2009 1.2128 17.0631 0.0521

2010 0.9924 13.5887 0.6547

2011 1.2116 13.0453 0.6558

2012 0.8120 9.8059 0.8154

2013 1.0654 11.3491 0.7018

2009 - 2013 1.0574 12.4282 0.7598

Changchun

2009 1.1304 16.8031 0.1612

2010 1.4169 19.3512 0.5680

2011 1.1267 16.6315 0.8011

2012 1.0027 15.4081 0.8907

2013 1.0175 14.1007 0.8601

2009 - 2013 1.1482 16.3581 0.8352

Qingdao

2009 1.5391 23.6960 0.1554

2010 1.8623 21.7079 0.3475

2011 1.9013 18.7614 0.3262

2012 2.8722 32.4477 0.1182

2013 1.9151 21.7584 0.1950

2009 - 2013 1.9941 22.3396 0.3527

Suzhou

2009 1.8402 24.3764 -0.1366

2010 1.4460 16.5430 0.3184

2011 1.2701 10.9367 0.6801

2012 1.1519 10.3683 0.7059

2013 1.2662 10.7528 0.6209

2009 - 2013 1.3412 13.1312 0.7295

Table 1. Correlation parameters between vertical and oblique 
sounding foF2 data in each year.
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Fig. 9. t  of equinox, winter, summer from 2009 to 2013 for 4 stations. (Color online only)

Fig. 7. Correlation between vertical and oblique sounding foF2 data from 2009 to 2013 in Beijing (left), Changchun (middle), Suzhou (right) sta-
tions. (Color online only)

(a) (b)

(c) (d)

Fig. 8. Absolute deviation between vertical and oblique sounding foF2 data from 2009 to 2013 for Beijing (a), Changchun (b), Qingdao (c), Suzhou 
(d) stations. (Color online only)
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oblique sounding foF2 data. It was found that besides the 
Qingdao station, the two data expressed positive correla-
tion, and t  was 0.7598, 0.8352, 0.7295 at the Beijing, 
Changchun, and Suzhou stations, respectively, from 
2009 to 2013. This is a significant correlation.

(3)  The correlations in the summer and equinox period were 
better than those in winter. Furthermore, for all stations, 
calm days had higher t  and lower RMSE than magnetic 
storm days, which means the correlation for calm days 
was a little better.

The analysis in this paper reveals that compared with 
the CSGMN vertical sounding data, the observation accura-
cy of oblique sounding data is precise enough to investigate 
the ionosphere changes caused by solar, magnetic storms, 
atmospheric oscillation et al. and develop ionospheric mod-
el, tomography imaging method technology.
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