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Abstract 31 

In the present work, we propose and evaluate a new method for the determination of a 32 

non-perturbed Total Electron Content (TEC) reference to apply it on a new version of 33 

the disturbance ionosphere index (DIX). This method is based on the calculation of a 34 

3-hour moving average over the TEC obtained during a given reference day (named 35 

3hMAQd method). In this context, the reference day is supposed to represent a quiet 36 

pattern considering geomagnetic and ionospheric features. To evaluate its performance, 37 

we compared the proposed method with TEC values obtained from monthly medians 38 

and the International Reference Ionosphere (IRI) model. The results are presented and 39 

discussed in terms of a dispersion coefficient between each method and the averaged 40 

TEC from the five quietest days of each month of 2015, over three Brazilian sites. 41 

Finally, we calculated the new DIX based on our proposed method and compared it 42 

with the original DIX values obtained during the extreme space weather event of St. 43 

Patrick’s Day magnetic storm (17-18 March 2015). Differences between the two DIX 44 

approaches are discussed to show the improvements in new DIX due to the application 45 

of the proposed non-perturbed reference. Moreover, results showed that the quality of 46 
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the DIX calculation can be highly influenced by the non-perturbed reference 47 

determination. In this regard, the 3-hour moving average (3hMAQd) method showed to 48 

be a quite appropriate technique for the new DIX calculation, besides the 3-hour 49 

window matches with ordinary magnetic indices resolution (e.g. Kp and Ksa). 50 

  51 

Keywords 52 

TEC, DIX, Ionospheric Indices, Space Weather 53 

 54 

1 Introduction 55 

Ionospheric disturbances have a strong influence on the performance of radio-based 56 

Global Navigation Satellite System (GNSS) (e.g. GPS, GLONASS, and Galileo). These 57 

effects may include serious errors caused by rapid phase and amplitude fluctuations on 58 

transionospheric radio signals, as well as interruptions in the satellite-receiver 59 

connection due to loss of lock (Klobuchar, 1991; Jakowski et al., 2012a). In this 60 

framework, ionospheric disturbances can be defined in terms of the abnormal variations 61 

observed on values of TEC, being mainly related to phenomenon driven by solar 62 
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eruptive/radiative events and/or associated with dynamical processes of the Earth’s 63 

atmosphere (Batista et al., 1991; Sobral et al., 1997; Abdu et al., 2006; Takahashi et al., 64 

2016). Thus, the use of planetary geomagnetic indices, such as AE and Dst is still 65 

insufficient to represent the local ionospheric behavior as well as to detect ionospheric 66 

disturbances (Jakowski et al., 2012b). Nevertheless, many efforts have been made to 67 

develop indices that better represent the ionospheric response due to external and 68 

internal drivers (e.g. Coronal Mass Ejections [CMEs], solar flares, and Medium Scale 69 

Travelling Ionospheric Disturbances [MSTIDs]) (Denardini et al., 2020a, 2020b; 70 

Jakowski and Hoque, 2019; Resende et al., 2019).  71 

Denardini et al. (2020a) present a chronological list of some of the most well-known 72 

ionospheric indices as well as a basic description of its calculation methodologies. 73 

These methodologies have been developed aiming to provide a quick measure of the 74 

abnormal ionospheric variations (e.g. TEC gradients due to ionospheric storms). Among 75 

those listed indices, some ones have been constantly used as a practical way to measure 76 

ionospheric disturbances based on well-established parameters, such as TEC. Also, 77 

many examples using TEC-based ionospheric indices can be found in the literature 78 
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(Gulyaeva and Stanislawska, 2008; Jakowski et al., 2006, 2012b; Sanz et al., 2014; 79 

Voeykov et al., 2018; Wilken et al., 2018). Moreover, TEC-based ionospheric indices 80 

are generally calculated from satellite data. 81 

Starting from the concept of abnormal TEC variations, we consider that it is primarily 82 

necessary to understand what a typical TEC variation is before to define a threshold for 83 

an abnormal/disturbed behavior. With that in mind, we intend to make it clear the 84 

differences between an ionospheric background value (non-perturbed TEC reference) 85 

and a disturbed state value (variation concerning the non-perturbed reference). These 86 

two parameters have been widely used in the study of ionospheric variations with 87 

different time scales (Figueiredo et al., 2017, 2018a; Takahashi et al., 2018; Shinbori et 88 

al., 2018; Tsugawa et al., 2018). Therefore, the proper definition of a non-perturbed 89 

TEC reference is an essential matter to make sure that the index value is consistent with 90 

what happens in the ionosphere. 91 

With the aim to express the ionosphere response due to perturbations over a given 92 

region, Jakowski et al. (2006) proposed the first formulation of a TEC-based parameter 93 

named Disturbance Ionosphere indeX (DIX), which was obtained from GNSS data. 94 
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Given this perspective, the DIX is based on the TEC variation over a background 95 

calculated from TEC monthly medians, here referred to as a ‘non-perturbed reference’. 96 

The most important point of a non-perturbed reference is how well it can represent a 97 

quiet pattern just considering geomagnetic and ionospheric features. This point is 98 

essential because a non-perturbed reference must include TEC values related to the 99 

expected behavior of a given day, excluding the ionospheric disturbances contribution 100 

(considering those disturbances driven by external and/or internal sources). In this sense, 101 

an inappropriate methodology for an ionospheric index can over/underestimate the real 102 

behavior of the ionosphere by increasing/decreasing the TEC values during the 103 

non-perturbed reference calculation.   104 

Therefore, the main aims of this study are to propose and to evaluate a new method to 105 

obtain the non-perturbed reference for a DIX formulation presented by Denardini et al. 106 

(2020a) (here referred to as “new DIX”). We also intended to study different 107 

approaches to represent the reference pattern as a function of temporal and spatial TEC 108 

variations. Therefore, we demonstrate that the proposed method leads to an acceptable 109 

reference for the new DIX by comparing it with some other methods, such as the one 110 
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used by Jakowski et al. (2006), and another one defined by the use of TEC data 111 

obtained from the IRI model (Bilitza et al., 2017). Those comparisons were performed 112 

in terms of their similarities with the averaged TEC obtained from the five 113 

geomagnetically quietest days of each month of the year 2015, determined by the 114 

German Research Centre for Geosciences (GFZ). Additionally, we propose a dispersion 115 

coefficient to evaluate the quality of each of the methods concerning the similarity with 116 

the above-mentioned 5-days average. From that analysis, we select the proper method 117 

for the new DIX non-perturbed reference calculation, for three Brazilian sites during the 118 

year 2015. Finally, we calculated the new DIX values by using the proposed 119 

non-perturbed reference over the period around the St. Patrick’s Day magnetic storm 120 

(17-18 March 2015) and compared it with the DIX values obtained from the original 121 

methodology towards discussing the differences between both indices. The results 122 

showed that the selected method is an adequate alternative to represent the new DIX 123 

non-perturbed reference. 124 

 125 

 126 
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2 Methodology 127 

2.1 Original DIX and new DIX indices 128 

The DIX is an ionospheric-disturbances index proposed in a first formulation by 129 

Jakowski et al. (2006) and later evolved through the modification and inclusion of 130 

various parameters (Jakowski et al., 2012a, 2012b, 2019; Wilken et al., 2018; Denardini 131 

et al., 2020a). In its first formulation, the DIX was named Regional Ionosphere 132 

Disturbances IndeX (RIDX), corresponding to a way of representing the ionospheric 133 

degree of perturbation over a given region containing n observations (piercing points). 134 

Basically, the RIDX is based on the deviation of TEC values from a non-perturbed 135 

reference obtained from TEC monthly medians. Thus, the index is defined in the 136 

Equation (1) (Jakowski et al., 2006): 137 

 138 

RIDXr
med =  �� 1

Ngrp − 1
� ���TECk − TECkmed� TECkmed� �2Ngrp
k=1  139 

 140 

where TECk is the vertical TEC value obtained for a given piercing point 𝑘𝑘 =141 

(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙, 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙), TECkmed is the corresponding TEC monthly median, and Ngrp 142 

is the number of observation points in the region of interest. 143 

(1) 
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In the present work, we used not an average of observation points over a region (see 144 

Equation 1), but single-point vertical TEC data obtained from the TEC maps developed 145 

at the “Brazilian Studies and Monitoring of Space Weather” (Embrace/INPE) 146 

(Takahashi et al., 2016), which is a custom version of the earlier procedure presented by 147 

Otsuka el al. (2002). Considering the use of single-point observations, we used the 148 

RIDX equation modified by Denardini et al. (2020a) for only one observation point 149 

(here referred to as original DIX), for comparison purposes. In this way, we compared 150 

the “new DIX” values calculated using the proposed non-perturbed reference with the 151 

“original DIX” values. The new DIX is defined by the Equation (2), as explained in 152 

details by Denardini et al. (2020a): 153 

 154 

DIX𝑘𝑘(𝑙𝑙) =  ��𝛼𝛼�∆𝑇𝑇𝑇𝑇𝑇𝑇𝑘𝑘(𝑙𝑙)/𝑇𝑇𝑇𝑇𝑇𝑇𝑘𝑘𝑄𝑄𝑄𝑄(𝑙𝑙)�+  ∆𝑇𝑇𝑇𝑇𝑇𝑇𝑘𝑘(𝑙𝑙)𝛽𝛽 �2, (2) 

 155 

where 𝑇𝑇𝑇𝑇𝑇𝑇𝑘𝑘 is the same term described in Equation (1), 𝑇𝑇𝑇𝑇𝑇𝑇𝑘𝑘𝑄𝑄𝑄𝑄 corresponds to the 156 

non-perturbed reference value at a given time over the observation point. However, 157 

𝑇𝑇𝑇𝑇𝑇𝑇𝑘𝑘𝑄𝑄𝑄𝑄differs from the 𝑇𝑇𝑇𝑇𝑇𝑇𝑘𝑘𝑚𝑚𝑚𝑚𝑄𝑄 since we are using the methodology proposed in this 158 
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study. The term ∆𝑇𝑇𝑇𝑇𝑇𝑇𝑘𝑘 = �𝑇𝑇𝑇𝑇𝑇𝑇𝑘𝑘(𝑙𝑙)− 𝑇𝑇𝑇𝑇𝑇𝑇𝑘𝑘𝑄𝑄𝑄𝑄(𝑙𝑙)� and the coefficient α (both given in 159 

TEC units) intend to improve the new DIX sensitivity to internal drivers as well as to 160 

normalize its response irrespective of the local time. Finally, the coefficient β (also 161 

given in TEC units) is chosen to normalize the DIX output into a scale ranging from 0 162 

to 5. More details are given in Denardini et al., (2020a). 163 

In view of the above, the comparison between two values derived from single piercing 164 

points (original DIX and new DIX) is more appropriate for the non-perturbed reference 165 

analysis since it mitigates effects due to spatial ionospheric variations. Therefore, the 166 

main aim in the present work was to find an adequate methodology for representing the 167 

non-perturbed reference, TECkQd, as presented in the Equation (1). 168 

 169 

2.2 Determination of the reference day 170 

As proposed by Jakowski et al. (2006), monthly medians are a simple method to represent 171 

a non-perturbed TEC reference. However, including data obtained during periods with 172 

the occurrence of magnetic storms may lead the reference values to be contaminated with 173 

a high-amplitude noise due to magnetic perturbation effects (e.g. positive/negative 174 
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ionospheric storms due to prompt penetration, disturbance dynamo electric fields, and 175 

thermospheric composition changes) (Kelley et al., 1979; Blanc and Richmond, 1980; 176 

Wu et al., 2004; Abdu et al., 2006, Nogueira et al., 2011, de Siqueira, 2011). Thus, we 177 

propose an alternative method to determine a non-perturbed reference for the new DIX. 178 

The method is based on the use of a centered moving average of the TEC obtained during 179 

a reference day along a period of interest of up to 15 days. This 2-week window is set to 180 

mitigate seasonal effects. In this regard, we define the reference day as the 181 

geomagnetically quietest day of the period of interest where no plasma depletions greater 182 

than 20 TEC units (TECU) along a period of 1 hour have been observed, and no spread-F 183 

over a low-latitude station has been reported. We adopt this procedure once a day 184 

considered geomagnetically quiet does not guarantee that it does not present disturbances 185 

related to sources within the ionosphere (e.g. Equatorial Plasma Bubbles [EPBs] and 186 

MSTIDs) (Takahashi et al., 2018; Figueiredo et al., 2018b). This criterion of 20 TEC 187 

units is based on our experience with EPB studies in Brazil. With this in mind, the 188 

geomagnetically quietest day is firstly selected from the list provided by GFZ Potsdam, 189 

and the presence/absence of spread-F is posteriorly confirmed by observing ionograms 190 
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from a low-latitude station (from 21:00 UT to 24:00 UT). In this sense, the reference day 191 

is supposed to represent a quiet pattern considering geomagnetic and ionospheric 192 

features.  193 

An example of the method used to observe the occurrence of spread-F is presented in the 194 

Figure 1, which provides a sequence of nine ionograms (virtual heights vs. reflection 195 

frequencies) obtained from the ionosonde operating in Cachoeira Paulista (CPA, 196 

22.67°S, 44.99ºW). These ionograms were obtained over the interval between 21:00 UT 197 

and 23:30 UT on March 14, 2015. Observing the behavior of both ordinary and 198 

extraordinary wave modes on the ionograms, we can clearly see that the occurrence of 199 

spread-F was not reported (Abdu et al., 2009; Resende et al., 2019). Considering that the 200 

daily sum of Kp is 10.67, along with no observation of TEC depletions and spread-F, we 201 

are able to state that 14 March can represent a reference day. Consequently, this reference 202 

gathers characteristics of a quiet pattern considering geomagnetic and ionospheric 203 

features. 204 

 205 
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 206 

2.3 Non-perturbed TEC reference calculation 207 

After these initial steps, the non-perturbed reference can be obtained by calculating a 208 

centered moving average over the TEC data related to the above-mentioned reference 209 

day. Therefore, our non-perturbed reference, MAQd, can be obtained using the 210 

Equation (3): 211 

 212 

MAQd(t) =  
1

2𝑤𝑤 + 1
� 𝑇𝑇𝑇𝑇𝑇𝑇(𝑙𝑙 + 𝛿𝛿)

𝑤𝑤
𝛿𝛿=−𝑤𝑤  213 

 214 

where 𝑇𝑇𝑇𝑇𝑇𝑇(𝑙𝑙) is the TEC value at a given time, 𝑙𝑙, the term 𝛿𝛿 is the lower limit of the 215 

moving average time scale (given in minutes), and 𝑤𝑤 is the point that should delimit 216 

the sampling scale so that the non-perturbed reference value obtained has a position 217 

equivalent to 𝑇𝑇𝑇𝑇𝑇𝑇𝑘𝑘 on the DIX equation. 218 

 219 

The 𝑤𝑤 value is given by: 220 

 221 

(3) 



Manuscript submitted to Earth, Planets and Space 

𝑤𝑤 =  �(𝑁𝑁 − 1)/2,

(𝑁𝑁/2) − 1,
 

if 𝑁𝑁 is odd

if 𝑁𝑁 is even
, (4) 

where 𝑁𝑁 is the number of samples contained in the moving average window (e.g. for 222 

60 minutes, N = 60) 223 

 224 

3 Data Set and Evaluation of the Proposed Method 225 

To empirically evaluate the efficacy of the proposed method in representing a 226 

non-perturbed reference, we used the TEC values obtained from TEC maps at three 227 

locations of GNSS stations in Brazil (single-points): São Luís (SLZ), São José dos 228 

Campos (SJC), and Santa Maria (SMA). The geographic and geomagnetic coordinates 229 

of the locations whose data were used in this study are given in Table 1.  230 
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Figure 2 shows an example of the Embrace/INPE TEC map over South America 231 

including the geographical locations of the three TEC single-points used in the present 232 

work (SLZ, SJC, and SMA). The solid black line across the map represents the 233 

magnetic equator in 2015. 234 

 235 

Considering the Figure 2, we have chosen each of the three locations from the following 236 

requirements:  237 

• One site located in the neighborhood of the magnetic equator (SLZ); 238 

• One site located nearby the Equatorial lonization Anomaly (EIA) southern crest 239 

(SJC); and 240 

• One site located south of the southern EIA crest (SMA). 241 

In such a scenario, scattered locations around the EIA crest can provide different 242 

viewpoints of the TEC behavior throughout the year (Takahashi et al., 2014). In this 243 

way, we calculated the non-perturbed reference values for the year 2015 using the 244 

proposed method. These calculations were made for the three sites within three different 245 
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time scales: 1 hour (1hMAQd), 3 hours (3hMAQd), and 6 hours (6hMAQd). We 246 

compared the non-perturbed series (1,3 and 6h-MAQd) with the TEC monthly medians 247 

and with the TEC data provided by the IRI model, for the same period and same sites, 248 

aiming to determine the best methodology for the non-perturbed TEC reference. These 249 

comparisons were made from the determination of a similarity parameter between each 250 

method and the average of the TEC obtained during the five geomagnetically quietest 251 

days of each month (here referred as to “quiet TEC”), as an attempt to correlate each 252 

reference TEC values with a geomagnetically quiet reference. In this context, we 253 

assume that the non-perturbed reference for the new DIX must be similar to the 254 

expected TEC curve during a geomagnetically quiet day, excluding plasma bubble 255 

effects (see Session 2.2). 256 

To calculate the above-mentioned similarity parameter, we propose a simple and useful 257 

dispersion coefficient, 𝜒𝜒, given by the Equation (5): 258 

 259 

𝜒𝜒 =  �(1− 𝑙𝑙)2 + (1− 𝑟𝑟)2 260 

 261 

(5) 
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where 𝑙𝑙 is the slope of the linear regression between the TEC reference (MAQd, 262 

Monthly Medians or TEC-IRI) and the quiet TEC measurements, and the term 𝑟𝑟 is the 263 

Pearson’s correlation coefficient between the same values.  264 

Therefore, we have a simple parameter whose value corresponds to a single dispersion 265 

coefficient. Thus, the closer to zero the 𝜒𝜒 value is, the closer the non-perturbed 266 

reference TEC values are to the quiet TEC values, attesting to the quality of the method. 267 

The opposite is also true. The higher the 𝜒𝜒 value is, the worse is the comparison with 268 

the quiet TEC. 269 

 270 

4 Results and Discussions 271 

4.1 Non-perturbed references variation with respect to the reference day 272 

Here we intend to compare the different non-perturbed references with their respective 273 

reference days. In the case of the monthly medians, this comparison was performed with 274 

TEC values for the whole month of 2015. Regarding TEC-IRI values and MAQd values, 275 

the analysis considers the same reference day for the comparison. 276 

Figure 3 displays an example of the time variation of non-perturbed TEC references 277 
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calculated from each of the methods as described above. In this figure, each column 278 

(with different colored lines) represents the time variation for each non-perturbed 279 

reference method during February 2015 (black: monthly medians, red: TEC-IRI, blue: 280 

1hMAQd, orange: 3hMAQd, and green: 6hMAQd), for the three TEC sites (from the 281 

upper to the bottom panels: SLZ, SJC, and SMA). The TEC from the reference day is 282 

represented by the gray curves. It is emphasized that each TEC monthly median is 283 

calculated from all TEC values during each month (only February in this case). 284 

Therefore, the left panel also shows all TEC curves from which the monthly medians 285 

curve is obtained. 286 

As shown in Figure 3, the monthly medians are calculated over TEC curves presenting 287 

differences from each other from 15 TECU (around 07:00 UT) to 50 TECU (around 288 

18:00 UT). This feature can be seen on the SLZ monthly median, where the measured 289 

TEC curve’s maximum value near 18:00 UT ranges from about 55 to 75 TEC units. In 290 

the SJC monthly medians, it can be seen that the maximum daily TEC values are 291 

ranging from 60 to 110 TEC units. Additionally, the TEC measured at SMA presents 292 

maximum values ranging from 55 to 100 TEC units. Thus, TEC curves from SLZ and 293 
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SMA show fewer amplitude variations than the SJC curves. It can also be seen a peak at 294 

18:00 UT in the TEC measured at SJC on February 19 (yellow curve), being possibly an 295 

electric field signature during a CME-driven geomagnetic storm with ionospheric 296 

effects at low latitudes (Worku, 2019). In addition to these observations, it is reasonable 297 

to say that the calculation of a non-perturbed reference based on monthly medians can 298 

be highly influenced by TEC values obtained during days with the occurrence of 299 

storm-related ionospheric disturbances. 300 

Figure 3 also shows that TEC-IRI values tend to be similar to those on the reference day 301 

only in the time interval between 00:00 UT to 12:00 UT but underestimate the values 302 

over SJC and SMA in the early hours. These TEC values are quite different during other 303 

times of the day. Indeed, TEC values closest to the reference day are observed in the 304 

non-perturbed references calculated using the MAQd method. In this way, it is observed 305 

that the 1hMAQd method provides a good smoothness of the reference day TEC 306 

short-term time variations.  307 

However, looking at the 3hMAQd curve we can observe that the short-time TEC 308 

variations (less than 3 hours amplitude) are efficiently smoothed by this process. This 309 
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aspect can be clearly observed at the SJC site panel, around 18:00 UT, where the double 310 

peak in the reference day TEC is smoothed into a single one by the 3hMAQd curve. The 311 

same feature is not observed when the 1hMAQd method is used since the double peak 312 

in TEC remains present. Since the TEC amplitude has not been significantly changed in 313 

comparison to the reference day curve, such behavior is a good feature concerning the 314 

improvement of the new DIX sensitivity to short time scale ionospheric phenomena (e.g. 315 

Traveling Ionospheric Disturbances [TIDs]). As well as the 3hMAQd method, the 316 

6hMAQd is also capable of smooth out short-term time variations. Nonetheless, the 317 

6hMAQd tends to include significant amplitude differences in the non-perturbed 318 

reference with respect to the reference day TEC, as can be seen from the SJC and SLZ 319 

curves. 320 

 321 

4.2 Analysis of the coefficients 322 

Here we intend to compare the non-perturbed reference values obtained from the 323 

different methods with the quiet TEC values, which are an average of the TEC obtained 324 

during the five geomagnetically quietest days of a given month. Thus, Figure 4 displays 325 
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the scatter plots of the non-perturbed references calculated from the monthly medians 326 

(black symbols), TEC-IRI (red symbols), 1hMAQd (blue symbols), 3hMAQd (orange 327 

symbols), and 6hMAQd (green symbols) at (a) SLZ, (b) SJC , and (c) SMA versus the 328 

quiet TEC (qTEC) values obtained in February 2015, respectively. 329 

Two features can be easily observed in Figure 4. The first one is that all non-perturbed 330 

values related to qTEC values tend to be more dispersed on the TEC site located in the 331 

EIA southern crest (SJC). This characteristic can be explained by the mechanism 332 

described in Abdu (2005), who states that due to the increase (decrease) of the eastward 333 

zonal electric field, the transport of plasma driven by the fountain effect is also 334 

intensified (decreased) causing plasma from the EIA crest to be displaced towards 335 

higher (lower) latitudes. Moreover, Abdu (2005) emphasizes the importance of the 336 

thermospheric meridional wind for the position of the EIA crest. Thus, the EIA crest 337 

behavior makes TEC at SJC to be more variable than others with respect to its 338 

day-to-day variability. The other feature is that all methods have Pearson’s correlation 339 

coefficient values greater than 0.9. Thus, it is difficult to select a non-perturbed 340 

reference method for the new DIX just considering the 𝑟𝑟 value. Therefore, we decided 341 
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to select it from the results coming from the dispersion coefficient (see Equation 5). 342 

The corresponding annual averages of the dispersion coefficient values for each 343 

non-perturbed reference method are listed in Table 2. It is observed that the 344 

non-perturbed reference method that comes closest to qTEC is the one obtained from 345 

the calculation of a 1-hour moving average over the TEC obtained during the reference 346 

day (1hMAQd). The monthly medians and the 3hMAQd methods are quite similar, 347 

having even equal 𝜒𝜒-values for the SLZ site. However, it is emphasized that the 348 

monthly medians may include both quiet and disturbed days in its calculation and so are 349 

disregarded in the new DIX calculation (see results from May in Fig. 5). The other 350 

methods (TEC-IRI and 6hMAQd) presented high 𝜒𝜒-values and therefore were also 351 

disregarded. 352 
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Figure 5 shows the annual variation of dispersion coefficient values calculated for each of 353 

the methods. Each color represents the χ-values monthly variation for each non-perturbed 354 

reference method during the year 2015 (black: monthly medians, red: TEC-IRI, blue: 355 

1hMAQd, orange: 3hMAQd, and green: 6hMAQd), for the three TEC sites (SLZ, SJC, 356 

and SMA). 357 

From Figure 5, it can be seen that the dispersion coefficient of the 1hMAQd method 358 

presented low values ranging from 0 to about 0.2 for all TEC sites, attesting to the good 359 

performance of the method. The 3hMAQd method presented dispersion values quite 360 

similar to those obtained for the 1hMAQd method, along with the same consistency 361 

during the year. The difference between the dispersion coefficients of these methods is 362 

0.03, which shows that the use of the 3hMAQd method instead of 1hMAQd in the new 363 

DIX calculation is not greatly affected. In respect to the monthly medians, the dispersion 364 

coefficient presented inconstant values during January, April, and May, which confirms 365 

that this method is strongly influenced by outliers. Moreover, the TEC-IRI and 6hMAQd 366 

methods were disregarded because their dispersion coefficient values remained very high 367 

throughout the entire period. 368 
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Thus, the selected method for the determination of the new DIX non-perturbed reference 369 

was the one represented by a 3-hour moving average over the TEC obtained during the 370 

reference day. Thereafter, we calculate and validate the new DIX calculated from 371 

Equation (2) by using the 3hMAQd method during the period around the St. Patrick’s 372 

Day magnetic storm. 373 

 374 

4.3 Validation and application in a space weather event 375 

The aim here is to present the ionospheric response during an extreme magnetic storm, 376 

discussing the observed differences when applying the proposed method on the Equation 377 

(2) and using the original DIX methodology, without giving too much emphasis to the 378 

physical explanation for the ionospheric disturbances. Given this context, we have 379 

chosen the St. Patrick’s Day magnetic storm (17-18 March 2015) to discuss the observed 380 

differences in the DIX values obtained from both methodologies. The temporal variations 381 

of interplanetary and geophysical parameters during this intense geomagnetic storm are 382 

detailed in Astafyeva et al. (2015). Figure 6 shows the new DIX time variation (panel ‘a’) 383 
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superposed by the Dst index during the period from 16 to 21 March 2015, at the SJC TEC 384 

site. Furthermore, 14 March was chosen to be the reference day for the calculation of the 385 

3hMAQd values. The panel ‘b’ presents the same parameters as on the previous panel, 386 

but this time showing the original DIX time variation, where the non-perturbed reference 387 

was obtained by the method of the monthly medians. It is important to mention that the 388 

original DIX scale ranging from 0 to 2 was chosen to better observe the peaks of the 389 

original method and to compare it with the new approach. At last, the panel ‘c’ presents 390 

the time variation for the non-perturbed curves obtained from the 3hMAQd (red curve) 391 

and Median (blue curve) methods, as well as the daily TEC variation (gray curve) related 392 

to the studied period. Hatched rectangles identified by the numbers from 1 to 4 point out 393 

time intervals on which this analysis is focused. 394 

Throughout this period of study, the Dst index values remained close to zero on 16 395 

March. However, on 17 March the occurrence of an extreme magnetic storm caused the 396 

Dst index value to decrease to about -223 nT during the magnetic storm main phase, 397 

which lasted until near 00:00 UT on 18 March. It is also noteworthy that this event is 398 

known as the St. Patrick’s Day magnetic storm and its effects on the ionosphere have 399 
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been constantly studied (Astafyeva et al., 2015; Wu et al., 2016; Venkatesh et al., 2017; 400 

Barbosa et al., 2018). Regarding the time evolution of this space weather event, the storm 401 

recovered on 25 March, with Dst index values approaching zero around 13:00 UT 402 

(Venkatesh et al., 2017; Maurya et al., 2018).  403 

It should be noted that the new DIX detected the occurrence of ionospheric disturbances 404 

during almost all the period, while these responses presented some inconsistencies when 405 

observed in the original DIX values. For instance, on 16 March around 00:00-09:00 UT 406 

we can see that the new DIX presented two periodic peaks ranging between scales 1 and 2 407 

(hatched area 1), which is barely observed by the original DIX. These disturbances are 408 

strongly associated with the occurrence of Spread F in the pre-storm period (see 409 

ionograms in Figure 7). Hence, while the new DIX presented a clear and periodic 410 

behavior in detecting the Spread F TEC response, the original DIX presented a noisy 411 

behavior, not unlike the one observed throughout the entire daily variation for 16 March. 412 

 413 
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On the 17th, during the storm main phase, it can be observed in both DIX methodologies 414 

a slight disturbance between 14:00 UT, which extends to 10:00 UT on the 18th. These 415 

peaks are directly associated with TEC increases related to the storm-related Prompt 416 

Penetration Electric Field (PPEF) occurrence in low latitudes (Venkatesh et al., 2017). 417 

Regarding the daytime TEC increases due to PPEF, both indices had a similar response. 418 

However, it can be seen that the original DIX tended to overestimate nighttime TEC 419 

increases (vertical line ‘3’), which may be a direct consequence of the original DIX 420 

equation, which considers a percentage variation in its calculation. In contrast, the 421 

original DIX presented a quite progressive behavior during the PPEF occurrence, 422 

gradually increasing its value to the level 5 (extremely disturbed state), and then 423 

decreasing until it returned to near zero (quiet state) while the electric field became less 424 

effective in disturbing the TEC. 425 

Other indications of overestimation in the original DIX nighttime ionospheric response 426 

can also be seen on the 19th and 20th (hatched areas 4 and 5, respectively), where the 427 

difference between the measured daily TEC and the median-based reference is clearly 428 

smaller at night, however, the index shows higher values. The same is not seen in the new 429 
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DIX values, which show a response consistent with the difference between the measured 430 

daily TEC and the 3hMAQd reference, irrespective of the period of the day. 431 

 432 

5 Conclusions 433 

In this paper, we proposed and evaluated a new method to determine the non-perturbed 434 

TEC reference for the new DIX as it was described in Denardini et al., (2020a). The 435 

conclusions are summarized below: 436 

1. Monthly medians can be highly influenced by TEC values obtained during 437 

geomagnetically disturbed days since its dispersion coefficient presented 438 

inconstant values in January, April, and May. This behavior confirms that this 439 

method is strongly influenced by outliers, and the authors recommend not using 440 

such a method.  441 

2. TEC-IRI values tend to be similar to those from the reference day only during 442 

the time interval between 00 UT and 12 UT. Moreover, the TEC-IRI method 443 
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was disregarded because its dispersion coefficient values remained very high 444 

throughout the entire period of study. 445 

3. All non-perturbed TEC references tend to be more dispersed (concerning the 446 

qTEC values) on the site located near the EIA southern crest (SJC). 447 

4. The non-perturbed TEC reference method that comes closest to qTEC is the one 448 

obtained from the calculation of a 1-hour moving average over the TEC 449 

obtained during the reference day (1hMQd). However, the 3hMAQd method is a 450 

better way to improve the new DIX sensitivity to short time scale ionospheric 451 

phenomena. The difference between the dispersion coefficients of these methods 452 

is 0.03, which shows that the use of the 3hMAQd method instead of 1hMAQd in 453 

the new DIX calculation is not greatly affected. Also, both methods 454 

demonstrated to have stable dispersion coefficients along the whole year of 455 

analysis. 456 

5. The 3hMAQd method applied to the new DIX calculation showed a better 457 

response to magnetic storms than the original DIX, which uses monthly medians. 458 

Moreover, it was observed overestimation points in the original DIX nighttime 459 



Manuscript submitted to Earth, Planets and Space 

ionospheric response. The same is not seen in the new DIX values calculated 460 

from the proposed non-perturbed reference, which show a coherent ionospheric 461 

response irrespective of the period of the day. 462 
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Figure captions 686 

Figure 1 - Sequence of ionograms from 21:00 UT to 22:20 UT on March 14, 2015, 687 

demonstrating the absence of spread-F over Cachoeira Paulista. 688 

Figure 2 - TEC map on 14 March, 2015 showing the geographic locations of the three 689 

TEC single-points used in this study: SLZ, SJC, SMS. 690 

Figure 3 - Time variation of non-perturbed TEC references calculated from each of the 691 

methods (black lines: monthly medians, red lines: TEC-IRI, blue lines: 1hMAQd, 692 

orange lines: 3hMAQd, and green lines: 6hMAQd), for the three TEC sites (SLZ, SJC, 693 

and SMA) on February 2015, from the TEC measurements (gray lines). 694 

Figure 4 - Scatter plots of the non-perturbed references calculated from the monthly 695 

medians (black symbols), TEC-IRI (red symbols), 1hMAQd (blue symbols), 3hMAQd 696 

(orange symbols), and 6hMAQd (green symbols) at (a) SLZ, (b) SJC , and (c) SMA 697 

against the qTEC values in March 2015, respectively. 698 

Figure 5 - Annual variation of dispersion coefficient values related to the monthly 699 

medians (black squares), TEC-IRI (red cyrcles), 1hMAQd (blue diamonds), 3hMAQd 700 

(orange hexagons), and 6hMAQd (green stars) at (a) SLZ, (b) SJC, and (c) SMA during 701 

the year 2015. 702 

Figure 6 - Time variation of (panel ‘a’) new DIX and (panel ‘b’) original DIX, 703 

superposed by the Dst index, and non-perturbed references (panel ‘c’) used for their 704 

calculation along with the daily TEC during the period around the St. Patrick’s Day 705 

magnetic storm. 706 

Figure 7 - Sequence of ionograms from 01:30 UT to 02:50 UT on March 16, 2015, 707 
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demonstrating the presence of spread-F over Cachoeira Paulista (same SJC observation 708 

point). Black arrows indicate spread of the signal. 709 
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Table captions 730 

Table 1 - Geographic and geomagnetic coordinates of the three locations used in this 731 

study. 732 

Table 2 - Annual average of dispersion coefficient values obtained for each 733 

non-perturbed reference method at the three TEC sites, for the year 2015. 734 
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Figure 1 - 752 
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Figure 2 - 766 
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Figure 3 – 781 
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Figure 4 – 795 
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Table 1 –  850 
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Table 2 – 867 

Location Geographic  Coordinates Geomagnetic Coordinates 

 Lat. Lon. Lat. Lon. 

São Luís (SLZ) -2.53 -44.30 -3.79 27.03 

São José dos Campos (SJC) -23.17 -45.88 -19.73 20.04 

Santa Maria (SMA) -29.69 -53.80 -21.52 12.83 
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 Dispersion Coefficient (𝜒𝜒) – Annual Average 

Location Median TEC-IRI 1hMAQd 3hMAQd 6hMAQd 

SLZ 0.08 0.40 0.06 0.08 0.15 

SJC 0.18 0.38 0.14 0.16 0.22 

SMA 0.14 0.39 0.13 0.17 0.23 

 869 



Figures

Figure 1

Sequence of ionograms from 21:00 UT to 22:20 UT on March 14, 2015, demonstrating the absence of
spread-F over Cachoeira Paulista.



Figure 2

TEC map on 14 March, 2015 showing the geographic locations of the three TEC single-points used in this
study: SLZ, SJC, SMS.



Figure 3

Time variation of non-perturbed TEC references calculated from each of the methods (black lines:
monthly medians, red lines: TEC-IRI, blue lines: 1hMAQd, orange lines: 3hMAQd, and green lines:
6hMAQd), for the three TEC sites (SLZ, SJC, and SMA) on February 2015, from the TEC measurements
(gray lines).



Figure 4

Scatter plots of the non-perturbed references calculated from the monthly medians (black symbols), TEC-
IRI (red symbols), 1hMAQd (blue symbols), 3hMAQd (orange symbols), and 6hMAQd (green symbols) at
(a) SLZ, (b) SJC , and (c) SMA against the qTEC values in March 2015, respectively.



Figure 5

Annual variation of dispersion coe�cient values related to the monthly medians (black squares), TEC-IRI
(red cyrcles), 1hMAQd (blue diamonds), 3hMAQd (orange hexagons), and 6hMAQd (green stars) at (a)
SLZ, (b) SJC, and (c) SMA during the year 2015.



Figure 6

Time variation of (panel ‘a’) new DIX and (panel ‘b’) original DIX, superposed by the Dst index, and non-
perturbed references (panel ‘c’) used for their calculation along with the daily TEC during the period
around the St. Patrick’s Day magnetic storm.



Figure 7

Sequence of ionograms from 01:30 UT to 02:50 UT on March 16, 2015, demonstrating the presence of
spread-F over Cachoeira Paulista (same SJC observation point). Black arrows indicate spread of the
signal.
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