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Abstract: The rate of change of total electron content (TEC) index (ROTI), an important parameter 11 

to characterize ionospheric irregularities and associated scintillation activities, can be calculated from 12 

both new Global Positioning System (GPS) civilian L2C and legacy GPS L2 P(Y) signals. We 13 

investigate the inconsistency of the ROTI indices derived from the L2C, denoted as ROTIL2C, and from 14 

the L2 P(Y), denoted as ROTIL2P, through the analysis of three months of GPS data collected by four 15 

types of GNSS receivers, i.e., Javad, Leica, Septentrio and Trimble, installed at five low-latitude 16 

stations. The results show that inconsistencies existent between the ROTIL2C and ROTIL2P may be 17 

related to the receiver configurations, such as tracking techniques. For both Leica and Trimble 18 

receivers, ROTIL2C and ROTIL2P are generally comparable; for the Septentrio receiver, ROTIL2C is 19 

larger than ROTIL2P by 0.5 to 1.1 TECu/min; for the Javad receiver, ROTIL2C is smaller than ROTIL2P 20 

by -0.5 to 0.3 TECu/min. A significant inconsistency of ROTIL2C (also ROTIL2P) is also found from the 21 

cross-comparison between the receivers deployed at zero/short baselines. In addition we find that large 22 

discrepancy of ROTI is observed for satellites with low maximum elevation angle. Correlation 23 

coefficients between ROTIL2C and 𝑆4 are on average in the range of 0.4 to 0.8, comparable to those of 24 

ROTIL2P with 𝑆4. But low correlation coefficient is found for satellites with low maximum elevation 25 

angle. The ratios between ROTIL2C and 𝑆4 are also calculated. They are in the range of 3 to 9, larger 26 

than those between ROTIL2P and 𝑆4. This study suggests that cautions be taken when ROTI index, 27 

either ROTIL2P or ROTIL2C, derived from different types of GNSS receivers is used to characterize 28 

ionospheric irregularities and associated scintillations. 29 
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 32 

Introduction 33 

As a major part of the ongoing Global Positioning System (GPS) modernization, new civil signals on 34 

L1, L2 and L5 frequencies are added to the satellite constellation. These additional civil signals on 35 

multiple carrier frequencies provide the capability to enhance the overall performance of the GPS 36 

system, in terms of improving signal acquisition and tracking performance, providing better 37 

atmospheric corrections and better immunity to radio frequency interference and multipath (Tran 2004; 38 

Engel 2008). 39 

As a part of modernization program, L2 civil signal (L2C) on 1227.6 MHz is the first modernized 40 

GPS signal for civilians. This new signal was first broadcast on September 25, 2005 by the first GPS 41 

Block IIR-M satellite (Leveson 2006). Since then, every GPS satellite launched subsequently has the 42 

L2C signal transmission capability. Until 2016, there have been 18 GPS satellites including both Block 43 

IIR-M and Block IIF generations in operation transmitting the L2C signal. As the second civilian GPS 44 

signal, L2C provides better performance than the current L1 C/A signal, because of its advanced signal 45 

structure (Fontana et al. 2001). The combination of L2C with the legacy L1 C/A provides a convenient 46 

way for ionospheric error correction and enables a more robust and accurate determination of 47 

ionosphere total electron content (TEC) (McDonald 2002; Shanmugam et al. 2012). Tracked at full 48 

power and without signal encryption issue, the L2C signal outperforms the legacy L2 P(Y) signal 49 

which is also available to civil users but through semi-codeless or similar techniques only (Al-Fanek et 50 

al. 2007; Sükeová et al. 2007).  51 

With the increase of the number of L2C-capable GPS modernized satellites, several analyses have 52 

been conducted to investigate the performance of L2C signal in aspects of signal to noise ratio and 53 

multipath levels (Al-Fanek et al. 2007; Sükeová et al. 2007), and the differential code bias of L2C 54 

(Montenbruck et al. 2014a; Wang et al. 2016). In addition, some attentions have been particularly paid 55 

to study the performance of L2C measurements in GPS-based applications. Taking advantage of the 56 

L2C measurements from a limited number of modernized satellites, Leandro et al. (2008) analyzed the 57 

quality of L2C-based code measurements and its impact on precise point positioning (PPP) 58 

performance. That analysis indicated that the L2C signal is more easily tracked than L2 P(Y) signal and 59 
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L2C brings a minor improvement to the PPP solutions. O’Keefe et al. (2009) as well as Wang and 60 

O'Keefe (2010) evaluated the benefit of using L2C measurements to provide an ionospheric correction 61 

for standalone GPS positioning and for ambiguity resolution, respectively. Their conclusions suggested 62 

that the use of L2C measurements in conjunction with the L1 C/A ones is effective for ionospheric 63 

delay estimation. Sokolovskiy et al. (2014) demonstrated that utilizing L2C signal can improve GPS 64 

radio occultation inversions in the neutral atmosphere by mainly increasing the total number of 65 

processed occultations and by a marginal reduction of noise in statistics. Marques et al. (2015) found 66 

that under weak ionospheric scintillation the L2C performance is better than that of L2 P(Y) in 67 

performing GPS positioning at the equatorial region of Brazil, while L2C does not contribute to 68 

positioning accuracy improvement under strong ionospheric scintillation conditions. Previous studies 69 

have clearly shown the contribution of L2C to various GPS-based applications. 70 

L2C has the potential to generate benefits for dual-frequency applications (Leveson 2006). As one 71 

of the important applications, GPS dual-frequency observations can be used to characterize ionospheric 72 

irregularities via TEC variations (Beach and Kintner 1999). In the past, many indices have been 73 

derived from TEC to study the ionospheric irregularities at equatorial and high latitude regions 74 

(Oladipo and Schüler 2013; Tiwari et al. 2013, and references therein). The rate of change of TEC 75 

index (ROTI) proposed by Pi et al. (1997) is widely used to characterize the presence of ionospheric 76 

irregularities and associated scintillations of GPS signals. For instance, Basu et al. (1999) pointed out 77 

that the ROTI can be used as an indicator of small-scale ionospheric irregularities causing scintillations. 78 

The ROTI is normally derived from the dual-frequency GPS legacy signals, namely L1 C/A and L2 79 

P(Y). So far no study has been conducted to investigate the performance of L2C signal in 80 

characterizing ionospheric irregularities and scintillations in conjunction with the L1 C/A signal. In 81 

view of this, this study is carried out to evaluate the performance of L2C in estimating TEC derived 82 

index to characterize ionospheric irregularities and associated scintillations.  83 

In this study, L2C measurements recorded by one Septentrio Global Navigation Satellite System 84 

(GNSS) receiver with PolaRxS Pro model installed at Hong Kong and four GNSS receivers in the 85 

Multi-GNSS Experiment (MGEX) network are analyzed (Montenbruck et al. 2014b). These GNSS 86 

receivers of different types are all situated at low latitudes where ionospheric irregularities and 87 

scintillations are frequently observed (Oladipo and Schüler 2013).  88 

The data and method adopted in the analysis are described first. Thereafter, the performance of 89 

L2C data recorded by different types of GNSS receivers to characterize ionospheric irregularities and 90 
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scintillations in low latitude regions are analyzed and discussed. Finally, the conclusions are given. The 91 

findings of this work will allow us to understand the contribution of the new civilian L2C 92 

measurements from different types of GNSS receivers to GNSS-based ionospheric studies.  93 

Data and Method 94 

This section describes the data from different types of GNSS receivers used for the analysis, the 95 

estimation of TEC derived index and how the performance of L2C measurements is analyzed. 96 

 97 

Data source 98 

The Multi-GNSS Experiment (MGEX) network initiated by the International GNSS Service (IGS) in 99 

2012 serves as a platform for an early familiarization with the emerging new GNSS signals and 100 

systems (Rizos et al. 2013). By the end of 2014, more than 120 GNSS stations have been installed 101 

within the MGEX network around the world (Wang et al. 2016). These stations are equipped with a 102 

wide variety of GNSS receivers, such as Javad, Leica, Trimble and Septentrio, and are capable of 103 

tracking GNSS signals from the GPS and GLONASS systems as well as the new GNSS systems, e.g., 104 

Beidou and Galileo. Within the MGEX network, some GNSS receivers are deployed to form zero 105 

baselines (multiple receivers connecting to a common antenna) or short baselines. This enables a direct 106 

comparison of the tracking behavior of the receivers and facilitates the assessment of differential code 107 

biases for individual GNSS signals (Montenbruck et al. 2014b). In this study, we will take advantage of 108 

four MGEX stations at zero/short baselines to investigate the performance of L2C measurements in 109 

studying ionospheric irregularities at low latitude regions. In addition to four stations from the MGEX 110 

network, one GNSS-based ionospheric scintillation monitoring station installed at Hok Tsui, Hong 111 

Kong is also used.  112 

A brief summary of the selected GNSS stations is given in Table 1 and their locations are shown in 113 

Figure 1. As can be seen, two MGEX stations named KOUG and KOUR are equipped with a Leica 114 

GR10 receiver and a Septentrio PolaRx4 receiver, respectively, and they are very closely to the 115 

magnetic equator. The other two MGEX stations named SIN0 and SIN1 are collocated stations and 116 

they are equipped with a Javad TRE-G3TH DELTA receiver and a Trimble NetR9 receiver, 117 

respectively. The GNSS-based scintillation monitoring station named HKHT is located at Hong Kong 118 

and it is equipped with a Septentrio PolaRxS Pro receiver, which can output GNSS measurements to 119 



5 

 

characterize the intensity of ionospheric irregularities and associated scintillations (Yang and Liu 2015). 120 

Equipped with five models of GNSS receivers produced by four manufacturers, these five GNSS 121 

stations offer the same type of GPS legacy measurements, i.e., C/A and P(Y) code on L1 and L2 122 

frequencies, but different types of L2C measurements. 123 

 124 

Table 1 Summary of location, receiver model, and observation type of  125 

five GNSS stations used in this study 126 

Station 
Lat. 

(°) 

Lon. 

(°) 

Geomagnetic 

Lat. (°) 
Receiver type GPS observation types 

HKHT 22.20 114.25 12.38 Septentrio PolaRxS Pro L1 C/A, L2 P(Y), L2C (L) 

KOUG 5.10 -52.64 14.22 Leica GR10 L1 C/A, L2 P(Y), L2C (M) 

KOUR 5.25 -52.81 14.38 Septentrio PolaRx4 L1 C/A, L2 P(Y), L2C (L) 

SIN0 1.34 103.68 -8.4 Javad TRE-G3TH DELTA L1 C/A, L2 P(Y), L2C (M+L) 

SIN1 1.34 103.68 -8.4 Trimble NetR9 L1 C/A, L2 P(Y), L2C (M+L) 

 127 

Table 1 shows that three kinds of L2C code measurements are tracked, i.e. the medium length L2C 128 

(M) code (Leica), the long length L2C (L) code (Septentrio) and the combined L2C (M+L) signal 129 

(Javad and Trimble). The L2C (M) code, which is 20 msec long and contains 10,230 chips, provides 130 

short acquisition time and it is modulated by navigation data. The L2C (L) code, which has a period of 131 

1.5 sec and contains 767,250 chips, offers better correlation (Fontana et al. 2001). The L2C (M) code 132 

and L2C (L) code play the data and pilot roles, respectively, in a L2C-enabled receiver (Li and Lu 133 

2015). In this study, L2C (M), L2C (L) and L2C (M+L), are analyzed, allowing a cross-comparison of 134 

the performances among these three types of L2C measurements. 135 

 136 
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 137 

Fig. 1 Geographic distribution of the four GNSS stations (KOUG and KOUR, SIN0 and SIN1) from the MGEX 138 
network, and the GNSS-based ionospheric scintillation monitoring station (HKHT) at Hong Kong. The green 139 

line represents the magnetic equator. 140 

 141 

TEC derived index 142 

Rate of change of total electron content (TEC) index (ROTI), as a TEC derived index, can be obtained 143 

from the time rate of differential phase of dual frequency GPS signals (Pi et al. 1997). The estimation 144 

of ROTI starts from the dual-frequency GPS phase equations including the frequency dependent 145 

ionospheric refraction shown as below (Leick et al. 2015): 146 

  
𝜆1𝐿1 = 𝜌 + 𝜆1𝑁1 + 𝑐𝛿𝑟 − 𝑐𝛿𝑠 − ∆1

𝑖𝑜𝑛 + 𝑇 − 𝑑1 + 𝜀

𝜆2𝐿2 = 𝜌 + 𝜆2𝑁2 + 𝑐𝛿𝑟 − 𝑐𝛿𝑠 − ∆2
𝑖𝑜𝑛 + 𝑇 − 𝑑2 + 𝜀

  (1) 147 

where 𝜆1  and 𝜆2  are the wavelengths at the frequency 𝑓1  and 𝑓2 , respectively; 𝐿1  and 𝐿2  are the 148 

corresponding carrier phase measurements; 𝜌 is the geometric distance between receiver and satellite; 149 

𝑁1 and 𝑁2 are the corresponding integer carrier phase ambiguity; 𝑐 is the speed of light in vacuum; 𝛿𝑟 150 

and 𝛿𝑠 are the receiver and satellite clock bias, respectively; ∆1
𝑖𝑜𝑛 and ∆2

𝑖𝑜𝑛 denote the phase delay of 151 

GPS signals at the frequency 𝑓1 and 𝑓2 in the ionosphere, respectively; 𝑇 is the tropospheric delay; 𝑑1 152 

and 𝑑2 are the receiver and satellite hardware phase delays at two frequencies; 𝜀 represents other error 153 

terms comprising multipath and receiver noise. The phase ionospheric delays ∆1
𝑖𝑜𝑛and ∆2

𝑖𝑜𝑛  can be 154 

represented as (Leick et al. 2015):    155 

    

∆1
𝑖𝑜𝑛=

40.3

𝑓1
2 𝑇𝐸𝐶

∆2
𝑖𝑜𝑛=

40.3

𝑓2
2 𝑇𝐸𝐶

     (2) 156 

Substituting (2) into (1) and forming the difference between 𝜆2𝐿2 and 𝜆1𝐿1 can yield TEC: 157 
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 𝑇𝐸𝐶 =
1

40.3
(

𝑓1
2𝑓2

2

𝑓2
2−𝑓1

2) [(𝜆2𝐿2 − 𝜆1𝐿1) − (𝜆2𝑁2 − 𝜆1𝑁1) + (𝑑2 − 𝑑1)] (3) 158 

The differential TEC observable gives the rate of change of TEC (ROT, in the unit of TECu/min, 1 159 

TECu= 1016 electrons/m2) over the period of interest, as shown below: 160 

    𝑅𝑂𝑇 =
𝑇𝐸𝐶(𝑖)−𝑇𝐸𝐶(𝑖−1)

(𝑡𝑖−𝑡𝑖−1)
    (4) 161 

  𝑅𝑂𝑇 =
1

40.3
(

𝑓1
2𝑓2

2

𝑓2
2−𝑓1

2)
[(𝜆2𝐿2(𝑖)−𝜆1𝐿1(𝑖))−(𝜆2𝐿2(𝑖−1)−𝜆1𝐿1(𝑖−1))]

(𝑡𝑖−𝑡𝑖−1)
  (5) 162 

where (𝑡𝑖 − 𝑡𝑖−1) is the time difference between the epochs i and i-1. As shown in (5), the initial carrier 163 

phase ambiguity and hardware phase delay are cancelled and only the dual-frequency phase terms are 164 

left. Defined as the standard deviation of the ROT over a time interval, the ROTI is then calculated as 165 

follows (Pi et al. 1997): 166 

     𝑅𝑂𝑇𝐼 = √〈𝑅𝑂𝑇2〉 − 〈𝑅𝑂𝑇〉2      (6) 167 

According to (6), ROTI is estimated from 1 Hz dual-frequency GPS phase data over each 5-min period 168 

in this study.  169 

Before the estimation of ROTI, the data preprocess is made to detect and repair cycle slips in the 170 

dual-frequency phase data based on the method proposed by Liu (2011). In the analysis, two types of 171 

ROTI are calculated. One uses phase observations of the legacy signals, i.e., L1 C/A and L2 P(Y), and 172 

the other uses phase observations from L1 C/A and L2C signals. The corresponding ROTI are named 173 

as ROTIL2P and ROTIL2C, respectively. 174 

 175 

Analysis method 176 

The dual-frequency GPS data, i.e., legacy L1 and L2 measurements and new civilian L2C 177 

measurements collected in the period of July 1 to September 30, 2014 at a sample rate of 1 second are 178 

used in this study. During this period, 13 modernized GPS satellites are capable of broadcasting the 179 

new civilian L2C signal. Their PRNs are 01, 05, 06, 07, 12, 15, 17, 24, 25, 27, 29, 30 and 31. Their 180 

corresponding space vehicle numbers (SVNs) are 63, 50, 67, 48, 58, 55, 53, 65, 62, 66, 57, 64 and 52. 181 

Among them, PRNs 05, 07, 12, 15, 17, 29 and 31 (SVNs 50, 48, 58, 55, 53, 57 and 52) are Block IIRM 182 

satellites, while PRNs 01, 06, 24, 25, 27 and 30 (SVNs 63, 67, 65, 62, 66 and 64) are Block IIF 183 
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satellites. This analysis focuses on these modernized GPS satellites only and only satellite signals with 184 

elevation angle 30° or higher are considered in the analysis. 185 

The performance of L2C measurements in characterizing ionospheric irregularities and 186 

scintillations is evaluated in terms of ROTIL2C via a comparison with the ROTIL2P derived from the 187 

legacy P(Y) code. First, the L2C measurements from the ionospheric scintillation monitoring receiver 188 

HKHT at Hong Kong are used to characterize the ionospheric irregularities and associated scintillations. 189 

The correlation between ROTIL2C and the amplitude scintillation index 𝑆4 is analyzed, following the 190 

work presented in Yang and Liu (2015) which discussed the correlation between ROTI from legacy 191 

dual-frequency GPS phase data and ionospheric scintillations indices for low-latitude regions. 192 

Thereafter, the L2C measurements from the four MGEX stations equipped with different types of 193 

receivers are used to characterize the ionospheric irregularities.  194 

 195 

Analysis Results and Discussions 196 

This section presents the analysis results and discussion of the performance of L2C measurements from 197 

the GNSS receiver installed at Hong Kong and the four GNSS receivers in the MGEX network in 198 

characterizing ionospheric irregularities and scintillations for low latitude regions. 199 

 200 

Analysis of L2C measurements from the GNSS scintillation monitoring receiver 201 

The GNSS-based ionospheric scintillation monitoring receiver installed at Hong Kong provides GPS 202 

measurements to characterize both ionospheric irregularities and associated scintillations. In order to 203 

show temporal variations under non-scintillation and scintillation conditions, Figure 2 displays the 204 

ROT, ROTI, and 𝑆4 of all GPS satellites observed on July 18 and September 10, 2014, respectively. 205 

The ROT and ROTI are derived from both L2C and L2 P(Y) signals in conjunction with the L1 C/A 206 

signal. The 𝑆4 is calculated as the standard deviation of GPS L1 signal intensity amplitude normalized 207 

by its mean value over 60 s. In the figures the ROT, ROTI and 𝑆4 values for the modernized GPS 208 

satellites are displayed in colors according to the color bar, while the results of other non-modernized 209 

GPS satellites are displayed in black. 210 

Under both non-scintillation and scintillation conditions, as indicated in Figure 2, the ROT and 211 

ROTI corresponding to the L2C signal, i.e., ROTL2C and ROTIL2C, are inconsistent with those from the 212 
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legacy L2 P(Y) signal, i.e., ROTL2P and ROTIL2P. Figure 2 indicates that ROTL2C and ROTIL2C have 213 

larger values than the ROTL2P and ROTIL2P, respectively. Under non-scintillation condition, the 214 

ROTIL2C can be as large as 1.6 TECu/min, which is significantly larger than ROTIL2P. Most ROTIL2P 215 

are below 0.4 TECu/min. Under the scintillation condition, both ROTIL2C and ROTIL2P disturb 216 

remarkably with respect to the enhancement of scintillation activity in the period of 20:00-2:00 local 217 

time and the ROTIL2C is still larger than the ROTIL2P. 218 

 219 

 220 

Fig. 2 ROT, ROTI and  𝑆4 derived from GPS data of all satellites collected by the Septentrio PolaRxS Pro GNSS 221 

ionospheric scintillation monitoring receiver installed at Hong Kong on July 18, 2014 (left column) and 222 

September 10, 2014 (right column). The unit of ROT and ROTI is TECu/min. The values for the modernized 223 

GPS satellites (PRNs 01, 05, 06, 07, 12, 15, 17, 24, 25, 27, 29, 30, 31, and corresponding SVNs are 63, 50, 67, 224 

48, 58, 55, 53, 65, 62, 66, 57, 64 and 52) are denoted according to the color bar and the values for other non-225 

modernized GPS satellites are denoted in black.  226 

 227 

The ROT, ROTI and 𝑆4 for all the modernized GPS satellites observed in the whole study period 228 

July 1 to September 30, 2014 are illustrated in Figure 3. It is clearly observed that both ROTL2C and 229 
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ROTIL2C, shown in the right column of Figure 3, have remarkably large magnitudes compared with 230 

ROTL2P and ROTIL2P, in the left column, over the three-month period. In general, the ROTL2C and 231 

ROTIL2C are in the ranges of -4 to 4 TECu/min and 0.5 to 1.6 TECu/min, respectively. The ROTL2P and 232 

ROTIL2P however vary in the ranges of -1.2 to 1.2 TECu/min and 0.2 to 0.4 TECu/min, respectively. In 233 

the presence of amplitude scintillations, as indicated by 𝑆4 > 0.2, they all increase with the increase of 234 

𝑆4 and the ROTIL2C can even exceed 6 TECu/min. Overall, the ROTIL2C have larger magnitudes but the 235 

variation of ROTIL2C agrees well with that of ROTIL2P as well as 𝑆4. 236 

 237 

 238 

Fig. 3 ROTL2P, ROTIL2P and 𝑆4 (left column) and ROTL2C, ROTIL2C and 𝑆4 (right column) derived from 239 

GPS data of modernized satellites collected by the Septentrio PolaRxS Pro GNSS ionospheric scintillation 240 

monitoring receiver installed at Hok Tsui of Hong Kong in the period of July 1 to September 30, 2014. 241 

The histogram of the differences between ROTIL2C and ROTIL2P derived from each modernized 242 

satellite is given in Figure 4 in order to quantify the overestimation of ROTI made by the new civilian 243 

L2C signal. The mean of (ROTIL2C-ROTIL2P) calculated from each dataset is displayed in each sub-244 

figure. Figure 4 clearly shows that (ROTIL2C-ROTIL2P) has a bias for each satellite. It shows that the 245 

level of ROTIL2C overestimation is normally less than 1 TECu/min for each modernized satellite, and 246 

occasionally it can be larger than 3 TECu/min. On average, the bias between ROTIL2C and ROTIL2P is 247 

in the range of 0.57 to 1.04 TECu/min.  248 

 249 



11 

 

 250 

Fig. 4 Histogram of (ROTIL2C-ROTIL2P) of each modernized GPS satellite observed by the Septentrio PolaRxS 251 

Pro GNSS ionospheric scintillation monitoring receiver installed at Hok Tsui of Hong Kong in the period of July 252 

1 to September 30, 2014. The red dashed line denotes the mean value of (ROTIL2C-ROTIL2P). 253 

The ROTI can be used to predict the presence of ionospheric scintillations induced by ionospheric 254 

irregularities (Basu et al. 1999). The recent study by Yang and Liu (2015) shows that the ROTIL2P 255 

derived from dual-frequency GPS legacy phase data has a high correlation with the scintillation indices, 256 

suggesting the feasibility of using ROTI to characterize ionospheric scintillations. In this study, the 257 

correlation between ROTIL2C and 𝑆4 is also carried out, in addition to the correlation between ROTIL2P 258 

and 𝑆4.  259 

 260 

 261 

Fig. 5 Diurnal correlation coefficient between ROTIL2P and 𝑆4 (Left), ROTIL2C and  𝑆4 (Right) derived from 262 

observations of each modernized GPS satellite observed by the Septentrio PolaRxS Pro GNSS ionospheric 263 
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scintillation monitoring receiver installed at the Hok Tsui of Hong Kong in the period of July 1 to September 30, 264 

2014. The colors in the bar represent different levels of correlation. 265 

 266 

Figure 5 depicts the diurnal correlation coefficient between ROTIL2C (ROTIL2P) and 𝑆4 for each 267 

modernized satellite over the study period. In general, the correlation level is high and the coefficient is 268 

above 0.6 for most satellites. On average, the correlation level of ROTIL2C with 𝑆4 is in the range of 0.4 269 

to 0.8. The maximum ROTIL2C correlation coefficient reaches 0.96 for PRN 24 on September 7, 2014. 270 

For both ROTIL2C and ROTIL2P, a relatively low correlation is observed for the satellites PRN 12 and 271 

PRN 29. To investigate the reason for low correlation, Figure 6 shows the maximum elevation angle, 272 

average correlation level and the ratio of ROTI/𝑆4 for each modernized satellite. The weak correlation 273 

between ROTIL2C (ROTIL2P) and 𝑆4 for satellites PRN 12 and PRN 29 is found to be related to the low 274 

elevation angles of the two satellites. This has also been discussed in Yang and Liu (2015). Because of 275 

the large magnitude of ROTIL2C (see Figures 3 and 4), the ratio of ROTIL2C to 𝑆4 is in the range of 3 to 276 

9, which is much larger than that of ROTIL2P to 𝑆4 in the range of 1 to 4. 277 

 278 

 279 

Fig. 6 Maximum elevation angle (top), average correlation coefficient between ROTI and S4 (middle), and 280 

average ratio of ROTI/S4 (bottom) for each modernized GPS satellite observed by the Septentrio PolaRxS Pro 281 
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GNSS ionospheric scintillation monitoring receiver installed at the Hok Tsui of Hong Kong in the period of July 282 

1 to September 30, 2014. 283 

 284 

Analysis of L2C measurements from the GNSS receivers in MGEX network 285 

The four GNSS receivers in the MGEX network make GPS measurements using a common antenna or 286 

two adjacently installed antennas, which allows a direct comparison of the performance of L2C 287 

measurements from different kinds of GNSS receivers in characterizing ionospheric irregularities. As 288 

given in Table 1, the stations KOUR and KOUG form a short baseline and the collocated stations SIN0 289 

and SIN1 share one common antenna.  290 

The ROT and ROTI derived from 1-second modernized GPS dual-frequency carrier phase data at 291 

the KOUG and KOUR stations for the period July 1 to September 30, 2014, are shown in Figure 7. The 292 

results illustrate that both ROTL2C and ROTIL2C have large values in September when ionospheric 293 

irregularities occur frequently at the equatorial regions (Oladipo and Schüler 2013). For the ROTL2P 294 

and ROTIL2P, KOUG and KOUR stations have a very similar level. The ROTL2P and ROTIL2P at the 295 

KOUG station are in the range of -1.2 to 1.2 TECu/min and 0.2 to 0.4 TECu/min, respectively.  296 

 297 
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 298 

Fig. 7 ROT and ROTI time series derived from GPS data of modernized satellites collected by two adjacently 299 

installed GNSS receivers at KOUG station (left column) and KOUR station (right column) in the period of July 300 

1 to September 30, 2014. The unit of ROT and ROTI is TECu/min. The receiver types of KOUG and KOUR 301 

stations are Leica GR10 and Septentrio PolaRx4, respectively. 302 

 303 

For the ROTL2C and ROTIL2C, the KOUR station however shows a much larger magnitude than the 304 

KOUG station, as shown in Figure 7. The ROTL2C and ROTIL2C at the KOUR station generally vary in 305 

the ranges of -4 to 4 TECu/min and -0.5 to 1.6 TECu/min, respectively. In comparison, the ROTL2C and 306 

ROTIL2C at the KOUG station are in the ranges of -1.2 to 1.2 TECu/min and 0.2 to 0.4 TECu/min, 307 

respectively. The KOUR station is equipped with a Septentrio PolaRx4 receiver, which is from the 308 

same GNSS receiver family as the Septentrio PolaRxS Pro receiver installed at the HKHT station in 309 

Hong Kong. This explains why the KOUR station has a result very similar to that of HKHT station. 310 

Instead, KOUG is equipped with a Leica GR10 receiver. This implies that receiver type is a possible 311 

factor that affects the values of ROTL2C and ROTIL2C. Table 1 indicates that the Leica GR10 receiver at 312 

the KOUG station and the Septentrio PolaRx4 receiver at the KOUR station deliver two different types 313 

of L2C signals. The Leica GR10 receiver outputs L2C (M) and the Septentrio PolaRx4 receiver outputs 314 

L2C (L) signal. Thus it is speculated that the different types of L2C measurements result in the 315 

differences in the ROTL2C and ROTIL2C values of the two stations. To verify this, we continue to 316 
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analyze the ROTL2C and ROTIL2C values obtained from another two collocated MGEX stations SIN0 317 

and SIN1. The result from these two stations, presented in the later section, will show that the 318 

differences of ROTL2C and ROTIL2C values may be related to the GNSS receiver type, i.e., receiver 319 

configurations, but not the type of L2C measurements. 320 

The (ROTIL2C-ROTIL2P) values for the KOUG and KOUR stations over the study period are 321 

summarized in the form of histogram and displayed in Figure 8 and Figure 9, respectively. It can be 322 

clearly seen from Figure 8 that for the KOUG station the (ROTIL2C-ROTIL2P) of each modernized 323 

satellite has an approximately Gaussian distribution within the range of -0.1~0.1 TECu/min, with a 324 

mean value in the range of -0.022 to -0.009 TECu/min.  325 

Unlike the KOUG station, the KOUR station shows a significant overestimation of ROTIL2C as 326 

depicted in Figure 9. The distribution of (ROTIL2C-ROTIL2P) is severely shifted to the right side. The 327 

(ROTIL2C-ROTIL2P) varies in the range of 0~2 TECu/min, with a mean in the range of 0.47~0.88 328 

TECu/min for all the satellites. As noted from Figure 4 and Figure 9, the distribution pattern for the 329 

KOUR station is also very similar to that for the HKHT station. Both the KOUR and HKHT stations 330 

have the Septentrio receivers installed, suggesting a consistent overestimation of ROTL2C by the same 331 

type of receiver. 332 

 333 

Fig. 8 Histogram of (ROTIL2C-ROTIL2P) of each modernized GPS satellite observed by the Leica GR10 GNSS 334 

receiver at the KOUG station in the period of July 1 to September 30, 2014. 335 
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 338 

Fig. 9 Histogram of (ROTIL2C-ROTIL2P) of each modernized GPS satellite observed by the Septentrio PolaRx4 339 

GNSS receiver at the KOUR station in the period of July 1 to September 30, 2014. 340 

 341 

In order to have a further understanding of the L2C signal properties, the ROTL2C and ROTIL2C 342 

values at two more MGEX stations, which are equipped with different types of receiver but output the 343 

same type of L2C (M+L) measurements, are studied. The two MGEX stations, SIN0 and SIN1, are 344 

equipped with a Javad TRE-G3TH DELTA and a Trimble NetR9 receiver, respectively. Both Javad 345 

and Trimble receivers output the same type of L2C (M+L) measurements. The ROT and ROTI results 346 

are illustrated in Figure 10. Compared with those observed at the HKHT, KOUG and KOUR stations 347 

shown in Figure 3 and Figure 7, large ROT and ROTI values are more frequently seen at the SIN0 and 348 

SIN1 stations, especially in September 2014. This can be attributed to their locations that are very close 349 

to the equator as shown in Figure 1 and Table 1. Though the two receivers are connected to a common 350 

antenna, they however have different ROT and ROTI. At the SIN0 station, the ROTL2P and ROTIL2P 351 

are generally in the range of -2~2 TECu/min and 0.4 to 1.6 TECu/min, respectively; the ROTL2C and 352 

ROTIL2C values are in the ranges -1.2~1.2 TECu/min and 0.4~1.2 TECu/min, respectively. At the SIN1 353 

station, however, the two types of ROT are at the same level of -2~2 TECu/min. Similarly the ROTIL2C 354 

and ROTIL2P at the SIN1 station are very similar, at the level of 0.4~0.5 TECu/min. As shown in Table 355 

1, the SIN0 and SIN1 stations output the same type of L2C (M+L) measurements from two different 356 

types of receivers (Javad and Trimble). However, their ROTL2C and ROTIL2C are significantly different, 357 

as shown in Figure 10. This clearly suggests that the differences in the ROTL2C, observed at the SIN0 358 

and SIN1 stations, are related to the GNSS receiver configurations. So are the ROTIL2C differences.  359 
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 360 

 361 

Fig. 10 ROT and ROTI time series derived from GPS data of the modernized satellites collected by two 362 

collocated GNSS receivers at SIN0 station (left column) and SIN1 station (right column) in the period of July 1 363 

to September 30, 2014. The unit of ROT and ROTI is TECu/min. The receiver types of SIN0 and SIN1 are 364 

Javad TRE-G3TH DELTA and Trimble NetR9, respectively. 365 

 366 

A quantitative analysis is also conducted to show the (ROTIL2C-ROTIL2P) for the SIN0 and SIN1 367 

stations, which are displayed in Figure 11 and Figure 12, respectively. The SIN0 station with the 368 

receiver type of Javad TRE-G3TH DELTA shows an underestimation of ROTIL2C with respect to the 369 

ROTIL2P. The mean (ROTIL2C-ROTIL2P) of each modernized GPS satellite is generally in the range of -370 

0.495 to -0.338 TECu/min. The SIN1 station with the receiver type of Trimble NetR9 shows an 371 

approximately Gaussian distribution of (ROTIL2C-ROTIL2P) within the range of -0.1 to 0.1 TECu/min,  372 

a mean value about 0 TECu/min for each modernized GPS satellite. The Trimble receiver’s (ROTIL2C-373 

ROTIL2P) result is very similar to that at the KOUR station equipped with a Leica GR10 receiver as 374 

shown in Figure 8.  375 

 376 
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 377 

Fig. 11 Histogram of (ROTIL2C-ROTIL2P) of each modernized satellite observed by the Javad TRE-G3TH 378 

DELTA GNSS receiver at the SIN0 station in the period of July 1 to September 30, 2014. 379 

 380 

 381 

Fig. 12 Histogram of (ROTIL2C-ROTIL2P) of each modernized satellite observed by the Trimble NetR9 GNSS 382 

receiver at the SIN1 station in the period of July 1 to September 30, 2014.  383 

 384 

Discussion 385 

The above analysis presents the performance of L2C measurements in deriving ROT and ROTI 386 

parameters using GPS data from four types of GNSS receivers, i.e., Javad, Leica, Septentrio and 387 

Trimble, deployed at low-latitude regions. Two types of ROTI indices, ROTIL2P and ROTIL2C, are 388 

-2 -1 0 1
0

3000

6000
mean: -0.455

PRN 01

N
u
m

b
e
r

-2 -1 0 1

mean: -0.398

PRN 05

-2 -1 0 1

mean: -0.495

PRN 06

-2 -1 0 1

mean: -0.338

PRN 07

-2 -1 0 1

mean: -0.414

PRN 12

-2 -1 0 1
0

3000

6000
mean: -0.341

PRN 15
N

u
m

b
e
r

-2 -1 0 1

mean: -0.446

PRN 17

-2 -1 0 1

mean: -0.446

PRN 24

-2 -1 0 1

mean: -0.479

PRN 25

-2 -1 0 1

mean: -0.390

PRN 27

-2 -1 0 1
0

3000

6000
mean: -0.366

PRN 29

N
u
m

b
e
r

-2 -1 0 1

mean: -0.448

PRN 30

-2 -1 0 1

mean: -0.412

PRN 31

ROTI
L2C

 - ROTI
L2P

 (unit: TECu/min)

-0.3 -0.1 0.1 0.3
0

3300

6600
mean: -0.018

PRN 01

N
u
m

b
e
r

-0.3 -0.1 0.1 0.3

mean: -0.011

PRN 05

-0.3 -0.1 0.1 0.3

mean: -0.020

PRN 06

-0.3 -0.1 0.1 0.3

mean: -0.011

PRN 07

-0.3 -0.1 0.1 0.3

mean: -0.031

PRN 12

-0.3 -0.1 0.1 0.3
0

3300

6600
mean: -0.009

PRN 15

N
u
m

b
e
r

-0.3 -0.1 0.1 0.3

mean: -0.033

PRN 17

-0.3 -0.1 0.1 0.3

mean: -0.012

PRN 24

-0.3 -0.1 0.1 0.3

mean: -0.024

PRN 25

-0.3 -0.1 0.1 0.3

mean: -0.005

PRN 27

-0.3 -0.1 0.1 0.3
0

3300

6600
mean: -0.015

PRN 29

N
u
m

b
e
r

-0.3 -0.1 0.1 0.3

mean: -0.018

PRN 30

-0.3 -0.1 0.1 0.3

mean: -0.012

PRN 31

ROTI
L2C

 - ROTI
L2P

 (unit: TECu/min)



19 

 

calculated using the L1 C/A and L2 P(Y) measurements and the L1 C/A and L2C measurements, 389 

respectively. The magnitude of ROTIL2C of each type of GNSS receiver is quite different from the 390 

ROTIL2P, as shown in Figures 3, 7 and 10. For a better comparison, the mean values of (ROTIL2C-391 

ROTIL2P) corresponding to each modernized GPS satellite observed at each station, which have been 392 

shown in Figures 4, 8, 9, 11 and 12, are summarized in Figure 13. For the Septentrio receivers installed 393 

at the HKHT and KOUR stations, the ROTIL2C is significantly larger than the ROTIL2P by 0.5 to 1.1 394 

TECu/min on average, depending on individual GPS satellite. However, for the Javad receiver at the 395 

SIN0 station, the ROTIL2C is significantly smaller than the ROTIL2P by 0.3~0.5 TECu/min on average, 396 

also depending on individual GPS satellite. For the Leica and Trimble receivers at KOUG and SIN1 397 

stations, the differences between ROTIL2C and ROTIL2P are negligible. From Figure 13, it can be found 398 

that with the same type of L2C(L) measurements, a common feature of overestimation of ROTIL2C is 399 

observed by the Septentrio receivers at HKHT and KOUR stations (also refer to Figures 3 and 7). But 400 

it is also observed that even with the same type of L2C(M+L) measurements, there are distinctively 401 

different feature of (ROTIL2C-ROTIL2P) for the Javad and Trimble receivers collocated at SIN0 and 402 

SIN1 stations (also refer to Figure 10). These results suggest the relationship between ROTIL2C and 403 

ROTIL2P depends on the receiver configurations, instead of the type of L2C measurements. 404 

 405 

 406 

Fig. 13 Average differences between ROTIL2C and ROTIL2P observed by each modernized GPS satellite by five 407 

different types of GNSS receivers over the study period July 1 to September 30, 2014 408 
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As a further illustration, a cross-comparison of the ROTIL2C as well as ROTIL2P between the two 410 

receivers at zero/short baselines over the study period is made based on the datasets shown in Figures 7 411 

and 10. The average differences of ROTI are summarized in Figure 14. It can be seen that the ROTIL2P 412 

between two receivers at zero/short baselines have non-negligible differences, so does ROTIL2C. For 413 

the Leica and Septentrio receivers with a short baseline at KOUG and KOUR stations, the difference of 414 

legacy ROTIL2P is in the range of -0.19 to -0.11 TECu/min while the ROTIL2C discrepancy is much 415 

larger, varying between 0.3 and 0.8 TECu/min. Noticeably, at the collocated SIN0 and SIN1 stations 416 

the Javad and Trimble receivers have ROTIL2P differences in the range of 0.4~0.8 TECu/min, but 417 

ROTIL2C differences less than 0.4 TECu/min. The results summarized in Figures 13 and 14 indicate 418 

that two receivers of different types at a short baseline or even two collocated stations estimate ROTI 419 

(both ROTIL2C and ROTIL2P) quite differently. In Figure 13 and Figure 14, it is also noted that the 420 

discrepancy of ROTI varies differently among modernized GPS satellites. As seen from Figure 15, 421 

which shows the maximum elevation of each modernized satellite tracked by each station, large 422 

discrepancy is observed for satellites with low elevation angles, indicating that the ROTI have poor 423 

consistencies at low satellite elevation angles, especially for the Javad and Septentrio receivers. 424 

 425 

 426 

Fig. 14 Average differences between the ROTIs derived from the pair of KOUG and KOUR stations, as well as 427 

the pair of SIN0 and SIN1 stations over the studied period July 1 to September 30, 2014 428 

 429 

01 05 06 07 12 15 17 24 25 27 29 30 31
-0.6

-0.3

0

0.3

0.6

0.9

1.2

1.5

PRN

D
if
f(

R
O

T
I)

 (
T

E
C

u
/m

in
)

 

 

KOUR-KOUG (ROTI
L2P

)

SIN0-SIN1 (ROTI
L2P

)

KOUR-KOUG (ROTI
L2C

)

SIN0-SIN1 (ROTI
L2C

)



21 

 

 430 

Fig. 15 The maximum elevation of each modernized GPS satellite tracked by each station during the study 431 

period July 1 to September 30, 2014 432 
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even using data from the same single GNSS receiver. The (ROTIL2C-ROTIL2P) can be as large as 0.6 to 452 

0.9 TECU/min, as shown by the two Septentrio receivers in Figure 13, which is significantly higher 453 

than the previously used thresholds. Among different types of receivers, the ROTIL2C is different even 454 

if the receivers are placed close enough or even connected with the same GNSS antenna, so does the 455 

ROTIL2P. So cares must be taken if (1) the new civilian L2C measurements are used to calculate the 456 

ROTIL2C index to avoid mixing with the ROTIL2P; (2) different types of GNSS receivers are 457 

simultaneously used to calculate ROTIL2P (or ROTIL2C) to study ionospheric irregularities. The 458 

inconsistency between ROTIL2P and ROTIL2C of the same receiver, or the inconsistency between two 459 

ROTIL2P (or ROTIL2C) values of two different types of receivers, even when closely placed or 460 

collocated, requires us to be very cautious when ROTI index is derived to characterize ionospheric 461 

irregularities and scintillations. 462 

It should be mentioned that in the above data analysis, the results are derived from data recorded 463 

in 2014. In order to verify whether the characteristics of L2C measurements recorded by different 464 

receivers vary with time or with the latest update of GNSS receiver firmware, the latest data recorded 465 

in 2016 by the same GNSS stations are analyzed. Consistent results have been obtained but not shown 466 

here due to length limitation. This implies that the characteristics of L2C measurements do not change 467 

with time or with the update of receiver firmware. 468 

 469 

Conclusions 470 

In this study, the performance of L2C measurements in characterizing ionospheric irregularities and 471 

associated scintillations at low-latitude regions is investigated, by studying the ROTIL2P and ROTIL2C 472 

indices. Dual-frequency GPS data collected from a GNSS-based Septentrio PolaRxS Pro ionospheric 473 

scintillation monitoring receiver in Hong Kong and four different types of GNSS receivers in the 474 

MGEX network in the period of July 1 to September 30, 2014 are used in the analysis.  475 

For each type of GNSS receiver, the derived ROTIL2P and ROTIL2C indices have different 476 

magnitudes. The Javad TRE-G3TH DELTA receiver tends to underestimate the ROTIL2C with respect 477 

to ROTIL2P. Instead, the Septentrio type receivers (both Septentrio PolaRxS Pro and Septentrio 478 

PolaRx4) overestimate the ROTIL2C with respect to ROTIL2P. Nevertheless, the ROTIL2C data from both 479 

Leica GR10 and Trimble NetR9 receivers agree with their ROTIL2P very well. In the cross-comparison 480 

of ROTI between two receivers at zero/short baselines, the inconsistency of two sets of ROTIL2C 481 



23 

 

between two closely spaced receivers or two collocated receivers is significant, so does ROTIL2P. Large 482 

inconsistency is found to be related with modernized GPS satellites with the low maximum elevation 483 

angle. The correlation analysis suggests the correlation coefficient for ROTIL2C and 𝑆4 is comparable to 484 

that for ROTIL2P and 𝑆4, but the ratio of ROTIL2C/𝑆4 is larger than that of ROTIL2C/𝑆4. It is speculated 485 

various tracking techniques adopted by different receivers contribute to the inconsistent results between 486 

ROTIL2C and ROTIL2P. This study can contribute to the community, particularly the ionosphere and 487 

space weather community, by reminding researchers of carefully using ROTIL2C and ROTIL2P when the 488 

ROTI are from multiple types or even a single type of GNSS receiver are adopted to study ionospheric 489 

irregularities and scintillations. 490 
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