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Abstract

:

We used ground-based ionosonde observations at Ganzi (31.2° N, 100.4° E) to validate the COSMIC measurement in the middle latitude region of China during low solar activity. First, eligible data pairs from two kinds of techniques were selected for the validation. Then, we investigated the consistency of the ionospheric parameters’ F layer peak density (NmF2) from selected data pairs at different local times in different seasons, and we also investigated the F layer peak height (hmF2). The correlation of the parameters (including NmF2 and hmF2) were good in general. The correlation coefficients of the NmF2 and hmF2 from all selected data pairs were 0.94 and 0.77, respectively. The correlation coefficients were higher in the daytime than those at night for both the NmF2 and hmF2. The correlation coefficients in different seasons were close to each other for both the NmF2 and hmF2. The NmF2 from the COSMIC tends to be overestimated during the whole day except in the morning; the hmF2 from the COSMIC tends to be overestimated in the morning and underestimated in the afternoon.
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1. Introduction


The global navigation satellite system radio occultation (GNSS-RO) is a satellite remote sensing technique [1,2]. The GNSS signals received by low-Earth orbit satellites in different orbits are used to profile the Earth’s atmosphere and ionosphere with global coverage, high vertical resolution, and high accuracy [3,4]. It makes GNSS-RO data ideally suited for studying weather forecasting, climate monitoring, and space weather as well as atmospheric and ionospheric research [5,6,7,8]. The Global Positioning System/Meteorology (GPS/MET) Program was the first occultation mission that applied the GNSS-RO technique. With the assumption of symmetry, the electron density profiles can be retrieved by using the Abel inversion in GPS/MET [9,10,11]. In subsequent years, a few programs using the GNSS-RO technique have been conducted, such as CHAMP, SAC-C, COSMIC, and GRACE [12,13,14,15].



The FORMOSAT-3/Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) is a joint Taiwan/US science mission for weather, climate, space weather, and geodetic research [16,17]. The mission was successfully launched into a circular low-Earth orbit in April of 2006. It consists of six identical microsatellites with an orbit altitude around 800 km. The advanced GNSS-RO receiver was one of the payloads, and it was able to receive GPS signals [18,19,20]. The COSMIC provides 1500–3000 profiles worldwide every day, and these data have contributed significantly to global weather forecasting, global climate change monitoring, and ionospheric research [21,22,23].



The ionosonde is one of the most traditional techniques for detecting the ionosphere. It probes the ionosphere under the F2 layer density peak, and the profile above the F layer density peak is calculated by some techniques, such as the POLynomial ANalysis (POLAN) and Automatic Real-Time Ionogram Scaler with True height (ARTIST) algorithm [24].



The Abel inversion is applied to calculate COSMIC electron density profiles. In the inversion process, some assumptions and approximations are exploited, such as the spherical symmetry of electron density, straight line signal propagation, circular satellite orbits, and first-order estimation of electron density at the top. Among them, the assumption of spherical symmetry is by far the most important source of error [25]. Lei et al. and Chuo et al. compared the COSMIC electron density profile with those of the incoherent scatter radar (ISR) from the ionosonde and ionospheric models [25,26,27] and found that the electron density profile retrieved from the COSMIC was generally consistent with those from ground-based observations in different solar activity. Hu et al. compared the electron density profiles from the COSMIC and ionosonde at the middle latitude in China during high solar activity in 2012 [28]. The validation of the electron density profiles from the COSMIC with ionosonde measurements at the middle latitude in China during low solar activity still needs to be explored.



In this work, we compared the ionospheric F layer peak parameters from COSMIC measurements and ground-based ionosonde observations at Ganzi (31.2° N, 100.4° E) during low solar activity from May 2015 to December 2018. We studied the correlation of the parameters from different sources at different local times (LT) in different seasons. Furthermore, we compared the absolute values of the NmF2 and hmF2 from two kinds of techniques. In Section 2, we described the data and the method. The results from the comparison were presented in Section 3 and discussed in Section 4. Finally, the findings of this study were summarized in Section 5.




2. Data and Method


In this work, the ionospheric F layer peak electron density parameter (NmF2) and the ionospheric F layer peak height parameter (hmF2) obtained from COSMIC measurements and ground-based ionosonde observations at Ganzi (31.2° N, 100.4° E) from May 2015 to December 2018 are used to study the correlation of the parameters from two kinds of techniques. The data used in this paper mainly occurred during periods of low EUV flux, as indicated by the low F10.7 values shown in Figure 1.



The COSMIC post-processed level2 ionPrf format data were downloaded from CDAAC at UCAR (https://data.cosmic.ucar.edu/ accessed on 1 October 2021). The F layer peak parameters, NmF2 and hmF2, were directly retrieved from the ionPrf format data. We used the data from the post-processed database in which the data were corrected, and the extremely bad profiles were eliminated [29].



At the Ganzi station, routine ionospheric vertical sounding was performed by an ionosonde called the Chinese Academy of Sciences Digital Ionosonde System (CAS-DIS) from May 2015 to present. The CAS-DIS works in the frequency range of 1 MHz to 26 MHz, with the steps of 0.05 MHz and a range resolution of 5 km [30]. The ionosonde transmits and receives digital signals every 15 min; therefore, there are ninety-six ionograms every day. SAO Explorer software, developed by the University of Massachusetts Lowell, was applied to scale the ionograms, and the ARTIST algorithm embedded in the software was used to obtain the ionospheric electron density profile [28]. We scaled every ionogram manually to avoid poor automatic scaling due to inadequate quality of the ionogram or an unpredictable situation. During the manual scaling, the ionograms with low signal-to-noise ratios or strong spread-F were eliminated.



We used the COSMIC electron density profile in the selected region, which is a rectangle area of 5° in latitude and 10° in longitude with its center at the Ganzi station (31.2° N, 100.4° E), to compare the electron density profile data from the ionosonde observations at that station, as shown in Figure 2. The maximum time difference between the selected data pairs was ±7.5 min. The fitting was restricted to the altitude range of 200–400 km to avoid a larger error at lower altitudes [27]. The number of eligible data pairs of COSMIC and ionosonde data was 296. Figure 3 shows the temporal distribution of the selected data pairs. Because of the lack of COSMIC RO data, the pairs number reduced obviously in 2017 and 2018. As for the distribution of data pairs in local hours, the number of data pairs was much less during the afternoon, especially at 12:00 LT.



In order to study the correlation of two kind of techniques, the least squares method was applied to fit the selected data pairs. The formula of the fitting curve is as follows:


  y =  a 0  +  a 1  x ,  



(1)




where  x  is the value of the NmF2 or hmF2 obtained from the ionosonde,  y  is the value of the NmF2 or hmF2 obtained from the COSMIC, and    a 0    and    a 1    are fitting coefficients.



Furthermore, the correlation coefficient between the selected data pairs is calculated by the following:


  r =    ∑  i = 1  n     x i  −  x ¯       y i  −  y ¯         ∑  i = 1  n       x i  −  x ¯     2   ∑  i = 1  n    (  y i  −  y ¯  )  2      ,  



(2)




where  r  is the correlation coefficient of selected data pairs,  n  is the number of selected data pairs,    x i    is the value of the NmF2 or hmF2 obtained from the ionosonde,   x ¯   is the average value of    x i   ,    y i    is the value of the NmF2 or hmF2 obtained from COSMIC, and   y ¯   is the average value of    y i   .




3. Results


In this section, we compare the parameters obtained from the COSMIC measurements and ionosonde observations. The electron density profiles obtained from an individual COSMIC RO event and corresponding ionosonde observation are presented. Then, the comparison of the NmF2 and hmF2 from selected data pairs at different local times in different seasons is presented.



Figure 4 shows the comparison of an individual COSMIC RO event and corresponding ionosonde observation. The maximum electron density of COSMIC RO occurred on 16 October 2015 at 01:44 UT (09:44 LT), while the corresponding ionogram recorded by the ionosonde occurred on 16 October 2015 at 01:45 UT (09:45 LT). The position of the COSMIC RO maximum electron density is at 32.8° N, 100.9° E, which is close to the Ganzi station (31.2° N, 100.4° E).



The NmF2 obtained from the COSMIC and ionosonde are 8.34 × 105 el/cm3 and 8.32 × 105 el/cm3. The hmF2 obtained from the COSMIC and ionosonde are 236.381 km and 232.704 km. The differences between the parameters obtained from two kinds of techniques are very small. Thus, the COSMIC electron density profile and ionosonde electron density profile are in good agreement between 150 km to 350 km. We also notice that the electron density retrieved from the COSMIC measurements is much larger than the electron density retrieved from the ionosonde observations above 350 km. The reason needs further exploration, and the topic is out of the scope of this paper.



In the following, we compare the parameters from selected data pairs at different local times in different seasons. As mentioned in Section 2, the maximum time difference of selected data pairs is ±7.5 min, and the maximum difference in latitude and longitude are ±2.5° and ±5°. All eligible data pairs between the May 2015 to December 2018 were used.



Figure 5 shows the comparison of the parameters obtained from the COSMIC measurements and ground-based ionosonde observations. The number of data pairs in the comparison is 296. The correlation coefficient of the NmF2 and hmF2 are 0.94 and 0.77, respectively. These values confirm the strong positive correlation between the COSMIC measurements and ground-based ionosonde observations. The retrieved electron density profiles from the COSMIC measurements could provide a slightly overestimated value when we compared them with those derived from ionosonde observations.



Then, the selected data pairs were divided into two groups: daytime (07:00–18:00 LT) and nighttime (19:00–06:00 LT). Table 1 shows the correlation of the NmF2 and hmF2 retrieved from the COSMIC measurements and ground-based ionosonde observations at different local times. The number of data pairs of daytime and nighttime are 121 and 175. The correlation coefficient of the NmF2 is 0.92 during the daytime and 0.88 during the nighttime. The correlation coefficient of the hmF2 is 0.87 during the daytime and 0.77 during the nighttime. It is obvious that the correlation of the NmF2 and hmF2 are both stronger during the daytime than during the nighttime.



Furthermore, the correlation of the parameters in different seasons, namely, summer (May to August), winter (November to February), and equinox (March to April and September to October), is also investigated. Figure 6 shows the NmF2 and hmF2 from COSMIC measurements and ionosonde observations in different seasons. Table 2 shows the correlation coefficients of the parameters between the COSMIC measurements and ionosonde observations in different seasons. The number of selected data pairs in the summer, winter, and equinox are 117, 75, and 105, respectively. The correlation coefficient of the NmF2 is highest during the winter and lowest during the summer, while the correlation coefficient of the hmF2 is highest during the equinox and lowest during the summer. In general, the differences of correlation coefficients of the NmF2 and hmF2 during three seasons are small.



Moreover, hourly values for the NmF2 and hmF2 were averaged from selected pairs of data, with a time difference of less than 30 min from a given hour. Figure 7 shows the hourly variations of the NmF2 and hmF2 retrieved from the COSMIC measurements and ionosonde observations at different local times. The results show that COSMIC tends to overestimate NmF2 except in the morning (03:00–08:00 LT). In addition, the discrepancy of the NmF2 is maximum at noon. The larger the value of the NmF2, the larger the discrepancy between two kinds of measurements. The COSMIC tends to underestimate the hmF2 during the afternoon (10:00–20:00 LT) and overestimate the hmF2 during the morning (21:00–09:00 LT).




4. Discussion


In the COSMIC electron density profile inversion, the Abel transformation and the spherical symmetry assumption are adopted [31]. On the other hand, the ARTIST technique, embedded in SAO Explorer software, is used to convert the ionosonde observations from virtual heights to real heights [32]. Therefore, the validation of the COSMIC measurements at the mid-latitude region of China is necessary.



The electron density profiles obtained from an individual COSMIC RO event and the corresponding ionosonde observation at the Ganzi station showed great consistency, and former works have similar results. A comparison of an electron density profile obtained from the COSMIC and ionosonde observations over Cachoeira Paulista (22.7° S, 45.0° W) in Brazil (longitude difference is about 3.5°, and latitude difference is less than 2.5°) showed very good agreement for almost the entire profile [29]. A comparison of an electron density profile from the COSMIC and ionosonde observations at Sanya (18.3° N, 109° E) also presented good agreement, while the electron density obtained from the COSMIC is much larger than that from the ionosonde above 400 km [28]. The unconformity might be caused by the SAO Explorer software topside electron density profile algorithm ARTIST, which uses the parameter at the F layer peak with a steady scale height to calculate the topside electron density profile [33]. Additionally, it could be due to the COSMIC RO electron density profile retrieval error as the error is significant when approaching the orbit of low-Earth orbit satellites. A notable feature is that the RO estimation method tends to overestimate the electron density by ~10% systematically. It can be concluded that ~60% deviations are located between −10% and 30%. The overestimation might be due to the approximation of constant electron density around the orbit used in our RO estimation method since the electron density always decreases with the increase of altitude in the topside ionosphere [31].



As for the selected data pairs, the correlation of the NmF2 obtained from the COSMIC measurements and ionosonde observations is much stronger than the correlation of the hmF2, which is similar to the results at Zuoling station. The correlation coefficients of the NmF2 and hmF2 obtained from the COSMIC measurements and ground-based ionosonde observations at the Zuoling (31.00° N, 114.5° E) station during maximum solar activity are 0.89 and 0.67, respectively [34].



In our work, the correlation of the parameters is stronger during the daytime than during the nighttime. The correlation coefficients of the NmF2 between the COSMIC measurements and ionosonde observations at Jicamarca (12° S, 283° W) are slightly better at nighttime than at daytime in different seasons. It is worth noting that the Jicamarca station is near the magnetic equator, so the electron density profiles obtained from the COSMIC measurements would be significantly enhanced when the equatorial ionization anomaly (EIA) appears [35]. In addition, the correlation coefficient of the hmF2 is highest during the equinox over Ascension Island, which is consistent with the result of this paper [36].



Chu et al. conducted a global survey of comparison between the COSMIC measurement and ground-based ionosonde observation, and the results showed that average peak densities from the COSMIC measurements were constantly smaller than those from the ionosonde observations except at a latitude of 30° N [32]. As Figure 7 shows, the value of the hourly NmF2 obtained from COSMIC measurements is constantly larger than those obtained from ionosonde observations at the Ganzi station, especially at noon when the value of the hourly NmF2 is large.




5. Conclusions


In the present paper, the COSMIC measurements are validated by ground-based ionosonde observations over Ganzi during low solar activity from May 2015 to December 2018. First, an individual example was presented to analyze the consistency of an electron density profile obtained from the COSMIC measurements and ionosonde observations. Then, the correlation of the parameters obtained from the selected data pairs was investigated at different local times in different seasons. The major findings are summarized as follows:




	
The correlation coefficients of the parameters (including NmF2 and hmF2) from two kinds of techniques are 0.94 and 0.77. The COSMIC measurements are consistent with the ionosonde observations near the Ganzi Station (31.2° N, 100.4° E). It means the COSMIC measurements are valid in the middle latitude of China during low solar activity from May 2015 to December 2018. The COSMIC measurements will be useful in the further ionospheric research in this region.



	
The correlation coefficients of the NmF2 from these data pairs are larger than those of the hmF2 at different local times. The consistency may be due to the Abel inversion in the COSMIC data processing and the algorithm embedded in the SAO Explorer software.



	
The correlation coefficients of the parameters (including NmF2 and hmF2) are larger in the daytime than those at night. The differences of correlation coefficients of the parameters (including NmF2 and hmF2) in all seasons are small.



	
The NmF2 from COSMIC is overestimated during the whole day except in the morning (03:00–08:00 LT). The hmF2 from COSMIC is overestimated in the morning (10:00–20:00 LT) and underestimated in the afternoon (21:00–09:00 LT).



	
The larger the value of the NmF2, the larger the discrepancy of the NmF2 is between the two kinds of techniques.
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Figure 1. The F10.7 index from 2008–2018. 
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Figure 2. The ionosonde’s location and the selected region of the COSMIC observations. The red star denotes the ionosonde at Ganzi (31.2° N, 100.4° E), while the 5° × 10° rectangle is the selected region of the COSMIC tangent point. 
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Figure 3. (a) The temporal distribution of selected data pairs, in which one circle means one data pair; (b) the number of selected data pairs in 1 h local time bins. 
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Figure 4. Comparison of the electron density profile retrieved from the COSMIC measurement and the ionosonde observation on 16 October 2015 at 01:44 UT (09:44 LT). The corresponding ionogram recorded on 16 October 2015 at 09:45 LT. 






Figure 4. Comparison of the electron density profile retrieved from the COSMIC measurement and the ionosonde observation on 16 October 2015 at 01:44 UT (09:44 LT). The corresponding ionogram recorded on 16 October 2015 at 09:45 LT.



[image: Universe 08 00528 g004]







[image: Universe 08 00528 g005 550] 





Figure 5. Comparison of the values of the NmF2 (left) and hmF2 (right) obtained from the COSMIC and ionosonde. Black dots are NmF2 and hmF2 in the daytime (07:00–18:00 LT). Green dots are NmF2 and hmF2 in the nighttime (19:00–06:00 LT). The red line is a linear fit to all data points. The blue line represents y = x. 
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Figure 6. Nmf2 (left) and hmF2 (right) from the COSMIC measurements and ionosonde observat–ions in different seasons. 
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Figure 7. Hourly NmF2 (a) and hourly hmF2 (b) of local time obtained from the COSMIC measur–ements and ionosonde observations. 
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Table 1. Correlation coefficient of the NmF2 and hmF2 in the daytime (07:00 LT–18:00 LT) and nighttime (19:00 LT–06:00 LT).
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	Daytime
	Nighttime





	Number of pairs
	121
	175



	Correlation coefficient of NmF2
	0.92287
	0.87811



	Correlation coefficient of hmF2
	0.86657
	0.77297
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Table 2. Correlation coefficient of the NmF2 and hmF2 in different seasons.
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	Summer
	Winter
	Equinox





	Number of pairs
	117
	75
	104



	Correlation coefficient of NmF2
	0.92225
	0.95888
	0.9425



	Correlation coefficient of hmF2
	0.73821
	0.74394
	0.75407
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
@ 10t

s

oA

5

g

| (]
JMulupuuuull I
SRR SRR e R ey

»
i

400 Blonosonce

B 9 M0 1 2 W BT 9NN 2D
LTy





media/file4.png
50°N

40°N -

30°N -

20°N -

10°N

80°E





nav.xhtml


  universe-08-00528


  
    		
      universe-08-00528
    


  




  





media/file2.png
300

250 -

200 -

F10.7 (sfu)

150 -

100 -

| | | |
50 5008 2009 2010 2011 2012

2013
Year

2014

2015

2016

2017

2018





media/file5.jpg
2015

2017 2018

6789

Lol omaltt

011 T2 13 4 5 16 7 18 19 W 22 D

T





media/file3.jpg
50°N

40°N b

30°N

20°N

10°N -
80°E 90°E 100°E 110°E 120°E






media/file1.jpg
F107 ()

0

@0

@

£

£
Voar

2

201





media/file7.jpg





media/file10.png
NmF2 (el-cm™)

lonosonde

3.5¢

N
o

-
6}

057

108 Comparision of NmF2

* NmF2 in daytime
* NmF2 in nighttime
—y=x
—Linear fit

I R=0.94206,n=296 6
“e y=0.67811x+0.081316x10

o
-

2 3 4
NmMF2 (el-cm™) x10°
COSMIC

hmF2 (km)

Comparision of hmF2

500 i
* hmF2 in daytime
450 | * hmF2 in nighttime
—y=x
—Linear fit
400
350
8 L
S : . a.;g'...‘ hg 4 '.
@ 300 SR 7o
@ SN Y £l
c o 3 o HrES T
5 A O
250 RS Se .
:. ) :.o '.'
y '! : .
200 .
150
R=0.77232,n=296
y=0.79377x+57.4322
100 ' ' '
100 200 300 400
hmF2 (km)
COSMIC

500





media/file12.png
NmF2 (el-cm™)

lonosonde

«10° NmF2 in differnent seasons

hmF2 in different seasons

4 . 500
* summer * summer
35T ’ Wlnt.er 450 | © Wlnt.er
“ equinox © equinox
—¥y=X —y=X
3 400
* *
2.5 ~ o 350 + *w -
= g ‘e ;ﬁfiéﬁﬁ;
27 ~ %300 ot
? E 8 HO B ok a3
1.5 +ﬂ; o ) E = 250 + d #E;m
i 5 i
+ % #‘H— ; %f;b ++_|§;'f;} i
# 4 S *
‘11-*_ g %90 o*#+ o *
1 A T 200 o
* ﬂ d‘*
# %* + o+
* t %ﬁ* 5 o
0.5 {q*i + 150 r
. T +
-+HOO
0 ' ' 100 l ' .
0 1 2 4 100 200 300 400
NmF2 Cel-cm™) %108 hmF2 (km)
COSMIC COSMIC

500





media/file9.jpg
10" Comparsonof N2

= o
+ nF2 i dayiene
- NnF2 i ightimo 450 - P2 nghiime
e e 50
"
3 00,
= ¢
g
S g
E a0

os o
Reosense |
P s o
N T S R I )
NmF2 Calem™) x10® hmF2 (km)

COSMIC cosmic





media/file0.png





media/file14.png
6
(a) 2><1|0

[ |
I COSMIC
—~ B onosonde
o 1.5
&
o
S 1r
N
L
E05+-
pd
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
(b)
500 — I i
Il COSMIC
400 HEMlonosonde
£ 300
L 200
-
e
100
0

0o 1 2 3 4 5 6 v 8 9 10 11 12 13 14 15 16 17 18 19 20 21
LT(h)






media/file8.png
500 Year=2015 DOY=289 UT(C)=01:44 UT(1)=01:45
\ | [ \ I

,: lonosonde
| —COSMIC

| Values of maximum

COSMIC:h=236.381 km,dens=834362 el/cm®

200 |- g |

100 =

0 | | | | | | \
0 1 2 3 4 9 6 7 8 9

Electron density(el/cm3)

2015.10.16 09:45:00.000 _IE

Lol L]

Ef‘ﬁe‘gmﬂw

SAOExplorer, v3.4.17





media/file11.jpg
42100 NmF2in difement seasons

hmF2in different seasons.

* vr
o

N2 Corem®)
cosmc

P2 G

e

150
g
%m0 w0 @ %
hF2 ch)
cosMc





media/file6.png
o [9) o] [ ol o © I o | [ [ I T
D
@ le] o o Ie) o % o o - o
o) o o 5
Oo o] o] [e] 5 00 )
O o]
— @ % o © o o o © Qo o © o © o
° P g° @ o ° o © o o o o
o ?‘5 o % o < o 9 o o ® o 5 5 o 5
— 00 o O o o (o) ° - 5 o] R o
o o o o o o o
() o] o o) o
@ © %o .
o o o ) o
@ o [
o) e o o o
2 © o o o] o o
° O o » © ° © o o @ o
© o
o
o] (o) o @ o o Qé 5
B o ° o o © o o o
0 o © @ o @ P o N
o o 0 o
o o o o o
— o
o o)
o) OO Oo 00 o o] 0 oo 5 o o o o
o e o
© | a ol o | | | o | o lo | © | A

—_
o
~
(&) o (&) o (@]

Number of data pairs

o

8

9

10

1 12
LT(h)

13

14

15

16

17






