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Abstract 29 

We investigate the geospace response to the 2015 St. Patrick's Day storm leveraging on 30 

instruments spread over South East Asia (SEA), covering a wide longitudinal sector of the low 31 

latitude ionosphere. A regional characterization of the storm is provided, identifying the 32 

peculiarities of ionospheric irregularities formation. The novelties of this work are the 33 

characterization in a broad longitudinal range and the methodology relying on the integration of 34 

data acquired by GNSS receivers, magnetometers, ionosondes and Swarm satellites. This work is 35 

a legacy of the project ERICA (EquatoRial Ionosphere Characterization in Asia).  ERICA aimed 36 

to capture the features of both crests of the Equatorial Ionospheric Anomaly (EIA) and Trough 37 

(EIT) by means of a dedicated measurement campaign. The campaign lasted from March to 38 

October 2015 and was able to observe the ionospheric variability causing effects on radio 39 

systems, GNSS in particular. The multi-instrumental and multi-parametric observations of the 40 

region enabled an in-depth investigation of the response to the largest geomagnetic storm of the 41 

current solar cycle in a region scarcely reported in literature. Our work discusses the comparison 42 

between northern and southern crests of the EIA in the SEA region. The observations recorded 43 

positive and negative ionospheric storms, spread-F conditions, scintillation enhancement and 44 

inhibition and TEC variability. The ancillary information on the local magnetic field highlights 45 

the variety of ionospheric perturbations during the different storm phases. The combined use of 46 

ionospheric bottom-side, topside and integrated information points out how the storm affects the 47 

F-layer altitude and the consequent enhancement/suppression of scintillations.  48 

1 Introduction 49 

Different regions of the Earth’s ionosphere present specific peculiarities when subject to 50 

a geomagnetic storm. Actually, it is known that ionospheric features vary with both latitude and 51 

longitude, making the effect of a given storm not equally distributed around the Earth and 52 

variable on large time and space scale ranges [Basu et al., 2002; Kintner et al., 2009]. This is 53 

mainly due to the morphology of the Earth’s magnetic field, which makes the equatorial, polar 54 

and auroral regions more exposed to the formation of the ionospheric irregularities. In this work, 55 

we concentrate our analysis on the equatorial ionosphere, where the so-called Equatorial 56 

Ionospheric Anomaly (EIA) and Trough (EIT) take place. The EIA forms where the Earth’s 57 

magnetic field B is approximately parallel to the surface. During daytime, the dynamo of electric 58 

field E, which characterizes the ionospheric E-layer, is eastward. Because of the ExB drift, the 59 

F-layer ionospheric plasma undergoes an uplift at the magnetic equator. The plasma falls back 60 

down under pressure and gravity gradients. The result of such interplay is the formation of the 61 

EIA, which is characterized by a minimum of the ionization at the magnetic equator (named EIT) 62 

and two maxima, located at about 15°/20° in magnetic latitude off the magnetic equator. Such 63 

maxima are known as crests of the EIA. Before sunset, the ionospheric E-layer is characterized 64 

by a decrease of both the plasma density and the dynamo electric field thus resulting in an 65 

overall weakening of the EIA. At the same time, the ionospheric F-layer is characterized by the 66 

appearance of a dynamo leading to an overall enhancement of the eastward electric field 67 

[Rishbeth, 1971]. The interplay between all post sunset ionospheric phenomena leads to a 68 

further, rapid uplifting of the F-layer, a consequent intensification of the crests of the EIA and, 69 

above all, to the formation of a Rayleigh-Taylor instability (RTI) [see, e.g., Jin et al., 2008]. The 70 

plasma cascade, characterizing the RTI, drives the formation of plasma density irregularities in a 71 

wide range of scale sizes. Large electron density depletions are typically lengthened along the B 72 

field lines and are commonly called “ionospheric plasma bubbles” [see, e.g., Young et al., 1984]. 73 



Smaller scale irregularities, generally below the Fresnel’s scale (i.e. about few hundred meters 74 

for L-band signals), are produced by a plasma cascade mechanism and are typically embedded 75 

into the ionospheric plasma bubbles. The latter, referred worldwide as “small-scale 76 

irregularities”, are a threat to the reliability of trans-ionospheric signals [Wernik and Liu, 1974]. 77 

From a Global Navigation Satellite System (GNSS) point of view, L-band signals experience 78 

diffraction when encountering ionospheric irregularities. The overall effect is that, when received 79 

at ground, GNSS signals can fluctuate in phase and amplitude, producing a so-called 80 

“ionospheric scintillation”. The induced amplitude fading can exceed 20 dB at low latitudes 81 

[Basu et al., 2002], posing a serious threat, for instance, on the services relying on GNSS 82 

technology.    83 

Moreover, irregularities and inhomogeneities present in the ionospheric F-layer are 84 

responsible for the spread that often characterizes the trace of ionograms recorded by ionosondes 85 

located at low latitude. Such effect was identified in the 1930’s [see, e.g., Booker and Wells, 86 

1938] and it is commonly called “spread-F”. When present, it impedes a reliable scaling of 87 

ionograms, but, at the same time, it provides information about the irregularities in the F-region. 88 

The equatorial spread-F (ESF) typically takes place in the local post sunset hours and the scale 89 

sizes of the irregularities driving ESF vary from cm up to few hundred km. The ESF is usually 90 

characterized into two main categories: the range (RSF) and the frequency spread-F (FSF) 91 

[Piggott and Rawer, 1972]. In the literature, further subdivisions can also be found [Chen et al., 92 

2006], but in the present work we refer to RSF and FSF only. The occurrence of ESF depends on 93 

the geographical sector, the time of the day, season, solar and geomagnetic activities [Kelley, 94 

2009]. 95 

Besides the EIA, the South-East Asian (SEA) ionosphere is characterized by a 96 

particularly intense equatorial electrojet [Amory-Mazaudier et al., 2006]. The equatorial 97 

electrojet (EEJ) is an electric current of very high density that flows in a latitudinal narrow zone 98 

of approximately six degrees in width centered above the magnetic dip equator. The EEJ flows 99 

eastward during the daytime hours, especially around local noon, at a mean altitude of about 100 100 

km. The EEJ drives a meaningful increase of the diurnal variation in the horizontal component of 101 

B measured at ground, at the magnetic equator and its vicinity. As the EEJ strongly modulates 102 

the daily variation of B, a regional characterization of low latitude ionosphere is the most 103 

effective way to highlight the complex cause-effect mechanisms of a storm development. The 104 

relationship between EEJ and EIA has been verified by means of Total Electron Content (TEC) 105 

data derived from GNSS receivers in the Indian sector during year 2006 [Jose et al., 2011].  106 

As for the peculiarities of the EEJ over SEA, we investigate the EIA evolution to draw 107 

the geospace response near the two crests, where TEC gradients mostly occur often jeopardizing 108 

the trans-ionospheric satellite signals. The possibility to predict the evolution of TEC gradients 109 

could significantly help the resilience of GNSS-based operations against severe space weather 110 

events.  111 

The multi-instrumental and multidisciplinary methodology here presented was made possible by 112 

the coordinated measurement campaign carried out within the project ERICA (EquatoRial 113 

Ionosphere Characterization in Asia) [Povero et al, 2015]. ERICA was funded by the European 114 

Space Agency to characterize the features of EIA and EIT over SEA by leveraging on a 115 

dedicated campaign of magnetic and ionospheric measurements. The ERICA network counted 116 

GNSS receivers, ionosondes and magnetometers, owned by the Indonesian National Institute of 117 

Aeronautics and Space (LAPAN) and by the Institute of Geophysics of the Vietnamese Academy 118 



of Science and Technology (IGP-VAST). The campaign carried out during ERICA lasted from 1 119 

March to 9 October 2015, thus it was able to detect the St. Patrick’s Day storm. Such a network 120 

allowed a multi instrumental description of the ionospheric response to the disturbances induced 121 

by the St. Patrick’s Day storm over SEA, providing a detailed picture of the local aspects, as 122 

opposed to recent papers mainly dealing with global observations (Astafyeva et al, 2015; Nava et 123 

al., 2016; Carter et al., 2016; Nayak et al., 2016). Moreover, a comparison between northern and 124 

southern crests of the EIA in the SEA region is also given here for the first time by means of 125 

ground measurements. Additional to the data from ERICA network, data made available by the 126 

International GPS Service (IGS) as well as datasets acquired by a Chinese ionosonde in Sanya 127 

are included in the analysis. This allowed us to complement the information by maximizing the 128 

instrumental coverage of the investigated area.  129 

The St. Patrick’s Day storm is the most intense event occurred during the current solar cycle: 130 

after the Sudden Storm Commencement (SSC) on the 17 March 2015, it is characterized by a 131 

long recovery phase, lasting until the end of the month. The study of this severe storm offers a 132 

unique occasion to advance the knowledge about the relation between geomagnetic field 133 

variations and ionospheric irregularities leading to scintillation. To be specific, at low latitudes, a 134 

remarkable consequence of storms in the ionosphere is the “suppression” of the instability 135 

mechanisms, which causes the creation of ionospheric irregularities, leading to the inhibition of 136 

both ESF and scintillation phenomena occurring daily in the post sunset hours. This is most 137 

likely induced by the dominant westward E field perturbations related with the penetration of the 138 

electric fields from the auroral latitudes under disturbed conditions of the geospace. Whether the 139 

ionospheric response to geospace perturbations will result in an exacerbation or in an inhibition 140 

of scintillation and ESF occurrence is one of the most intriguing, not completely understood 141 

issues of the ionospheric science [see, e.g., Muella et al., 2010; Alfonsi et al, 2013; Tulasi Ram et 142 

al, 2015]. The present paper represents an additional contribution that could help the scientific 143 

community in developing an effective ionospheric modelling.  144 

The paper is structured as follows: section 2 describes the data used and the adopted 145 

analysis methods; section 3 illustrates a detailed picture of the St. Patrick’s Day storm drawn by 146 

means of the regional monitoring infrastructures described in section 2; section 4 describes and 147 

discusses the results of the multi-instrumental analysis, with particular emphasis to the 148 

ionospheric scintillation (presence/inhibition) and its correspondence to the geospace variations. 149 

Conclusions are given in section 5. 150 

2 Data and Methods 151 

Table 1 and Table 2 provide the complete list of sites where the instrumentation used to carry out 152 

the analysis are located. In particular, Table 1 provides details about GNSS receivers for 153 

scintillation monitoring, ground magnetometers and ionosondes. Such instrumentation is 154 

included in the ERICA project network, except for the ionosonde in Sanya, China.  155 

Table 2 summarizes the IGS receivers used to support the analysis with TEC measurements.  156 

Data acquired by such receivers are supported by the Swarm constellation data [Friis-157 

Christensen, 2008]. The Swarm mission is characterized by a very peculiar geometry of 3 158 

satellites (Alpha, Bravo and Charlie, hereafter A, B and C), where satellites A and C fly side-by-159 

side at a height of about 470 km, while satellite B flies at an altitude of about 530 km. Thus, the 160 

3 satellites fly in the topside ionosphere. Additionally, their quasi-polar orbits allow for the 161 

coverage of the entire planet. All satellites are equipped with the same instruments, consisting of 162 



high-resolution sensors able to measure in situ the main features of geomagnetic and electric 163 

fields, plasma density and temperature.  164 

Figure 1 illustrates the position of the sites: GNSS receivers for ionospheric scintillation 165 

monitoring (green pins, panel a), IGS receivers (black/yellow circles, panel b), ground 166 

magnetometers (red pins, panel c) and ionosondes (light blue pins, panel d). In the figure, orange 167 

lines represent the position of the dip equator in March 2015 as measured by the Swarm satellites 168 

and the isoclinic lines at ±15° and ±20°. Details about how dip equator and isoclinic lines are 169 

measured by Swarm are provided in Section 2.2.2.  170 

From the geographical distribution of the sites, it is possible to derive the following features of 171 

the network: 172 

 Even if the IGS receivers are not very dense in the considered region, their quite even 173 

distribution (Figure 1b) allows for the coverage of most of the ionosphere over SEA;   174 

 the longitudinal sector centered at about 106°E is covered by the GNSS scintillation 175 

receivers in Phu Thuy, Hue, Pontianak and Bandung (Figure 1a) and by all 176 

magnetometers (Figure 1c); this allows for the identification of symmetries and 177 

asymmetries between the northern and southern crests of the EIA in this sector; 178 

 the longitudinal sector centered at about 124°E is covered by the GNSS scintillation 179 

receivers in Manado and Kupang; 180 

 the magnetometers in Pameungpeuk and Watukosek (Figure 1c) are at the same latitude 181 

but at slightly different longitudes, which allows for the characterization of the 182 

longitudinal dependence of the geomagnetic field variations below the southern crest of 183 

the EIA; 184 

 the two ionosondes (Figure 1d) are located below the southern and northern crests of the 185 

EIA, but in two different longitudinal sectors. In addition, the ionosonde in Kupang is co-186 

located with a GNSS scintillation receiver, while the receiver closest to the Sanya 187 

ionosonde is that in Hue.  188 

To identify the quiet behavior of the ionosphere,  the analysis is performed over the days of 189 

March 2015 in which the Kp index is always lower than 3+ (days 3, 4, 5, 9, 10, 11, 12, 13, 14, 190 

15, 26, 27, 28, 30, 31). Other days of March are considered disturbed. 191 

Details about the instrumentation, data and adopted methods are provided in the following 192 

sections. 193 

2.1 Ionospheric data 194 

2.1.1 GNSS Scintillation data 195 

As detailed in Table 1, two types of GNSS ionospheric scintillation and TEC monitor (GISTM) 196 

receivers have been used: the GSV4004 (3 stations) and the GPStation 6 (3 stations). The 197 

GSV4004 is a multi-frequency (L1, L2 and SBAS) GPS receiver, widely used within the 198 

scientific community, while the most recent GPStation 6 is a multi-frequency (L1, L2, L2C, L5, 199 

and SBAS) and multi-constellation (GPS, Galileo and GLONASS) receiver. Both GSV4004 and 200 

GPStation 6 [Novatel, 2012] are able to calculate, starting from 50 Hz post-correlation 201 

measurements of the GNSS signal, the widely adopted phase and amplitude scintillation indices 202 

in near real time [Van Dierendonck et al., 1993]. As concerns scintillations, in this paper we 203 

concentrated on the amplitude scintillation index only (S4), which is calculated every minute for 204 



each satellite in view by the given receiver. The GSV4004 provides S4 calculated on L1 only, 205 

while the GPStation 6 provides S4 for all available frequencies. To be consistent among all kind 206 

of receivers, only S4 values derived by GPS L1 signal are used in the present work. Furthermore, 207 

an elevation angle mask of 30° has been considered. To be compliant with the data analysis 208 

approach adopted by Spogli et al. [2013a, 2013b] and Alfonsi et al. [2013], the S4 index is 209 

projected to the vertical so as to minimize the effect of the geometry of the GNSS network. This 210 

𝑆4
𝑣𝑒𝑟𝑡is obtained by the following formula: 211 

 212 

𝑆4
𝑣𝑒𝑟𝑡 = 𝑆4

𝑠𝑙𝑎𝑛𝑡 (𝐹(𝛼𝑒𝑙𝑒𝑣))
𝑝+1

4⁄  , (1) 213 

 214 

where 𝑆4
𝑠𝑙𝑎𝑛𝑡 is the amplitude scintillation index derived by the receivers, p is the phase spectral 215 

slope and 𝐹(𝛼𝑒𝑙𝑒𝑣) is the obliquity factor introduced by Mannucci et al. [1993] and defined as: 216 

 217 

𝐹(𝛼𝑒𝑙𝑒𝑣) =  
1

√1−(
𝑅𝐸 cos 𝛼𝑒𝑙𝑒𝑣

𝑅𝐸+𝐻𝐼𝑃𝑃
)2

. (2) 218 

 219 

In Eq. (2), RE is the radius of the Earth and 𝐻𝐼𝑃𝑃, being IPP the ionospheric piercing point , is set 220 

to be 350 km.  221 

The assumptions behind the verticalization are: 222 

 weak scattering regime, which allows the use of formula (31) of Rino [1979] to derive 223 

equation (1); 224 

 single phase screen approximation, which allows writing the exponent of the obliquity 225 

factor in formula (1) as 
𝑝+1

4
. 226 

The firmware of GPStation 6 provides every minute the slope of the phase spectrum p in addition 227 

to the value of S4, thus, 𝑆4
𝑣𝑒𝑟𝑡 can be calculated easily; conversely, for GSV4004 some extra 228 

assumptions are needed. By following the recommendations of Wernik et al [2003], a value of 229 

p=2.6 introduced by Spogli et al. [2009] has been adopted, which makes the exponent in 230 

equation (1) equal to 0.9. A detailed discussion about the validity of such assumptions is detailed 231 

in Spogli et al. [2013b]. Hereafter, we refer to 𝑆4
𝑣𝑒𝑟𝑡 as S4. 232 

In order to provide as well a statistical and climatological picture of the scintillation phenomenon 233 

in the period covering the St. Patrick’s Day storm, the Ground Based Scintillation Climatology 234 

(GBSC) tool has been used to analyze amplitude scintillation data. The GBSC is a data analysis 235 

tool that was developed to provide a mapping of the ionospheric irregularities inducing 236 

scintillations over long-term periods and over selected areas [Spogli et al. 2009; Alfonsi et al., 237 

2011]. GBSC provides maps of the mean values, standard deviations and percentage of 238 

occurrence above user-defined threshold of the parameters provided by GNSS scintillation 239 

monitoring receivers. Maps can be expressed in several coordinate systems, including 240 

geographic coordinates, geomagnetic coordinates, horizontal coordinates, universal time, local 241 

time or magnetic local time. 242 

 243 

2.1.2 GNSS TEC data 244 

In order to support the assessment of the ionospheric electron density distribution, data from IGS 245 

receivers installed in the area of interest (Figure 1b) are used as well. In particular, IGS RINEX 246 



files containing GPS code and carrier phase observables acquired every 30 seconds from 09 to 247 

26 March 2015, are used to obtain calibrated vertical TEC (vTEC) at each IPP applying the 248 

technique detailed in Ciraolo et al. [2007] and Cesaroni et al. [2015]. The vTEC data are 249 

interpolated, by using natural neighbors, over a regular grid covering latitudes from 20°S to 250 

35°N and longitudes from 90°E to 135°E, with a spatial resolution of 0.5° in both latitude and 251 

longitude.  vTEC maps are provided every 10 minutes (𝑀𝑎𝑝(𝑙𝑎𝑡, 𝑙𝑜𝑛, 𝑑𝑑, 𝐻𝐻, 𝑀𝑀)). The 252 

interpolation technique has been selected according to Cesaroni [2015] and Foster and Evans 253 

[2015], where the authors demonstrated that the natural neighbor interpolation is the best choice 254 

when regional TEC maps are considered. Mean TEC maps (𝑀𝑎𝑝(𝑙𝑎𝑡, 𝑙𝑜𝑛, 𝐻𝐻)), representing 255 

the quiet TEC conditions over the area of interest, are computed as the mean value of the vTEC 256 

in each grid point (lat, lon) of the map at each hour (HH), considering the above defined quiet 257 

days of March 2015. Such background is subtracted from each Map(lat,lon,dd,HH,MM), to 258 

evaluate the maps of the residuals ΔMap(lat,lon,dd,HH,MM) every 10 minutes for each of the 259 

days (dd) under investigation, as follows: 260 

 261 

∆𝑀𝑎𝑝(𝑙𝑎𝑡, 𝑙𝑜𝑛, 𝑑𝑑, 𝐻𝐻, 𝑀𝑀) =  𝑀𝑎𝑝(𝑙𝑎𝑡, 𝑙𝑜𝑛, 𝑑𝑑, 𝐻𝐻, 𝑀𝑀) −  𝑀𝑎𝑝(𝑙𝑎𝑡, 𝑙𝑜𝑛, 𝐻𝐻).  (3) 262 

 263 

Hereafter ΔTEC represents the values of the residual of the vTEC in the 264 

∆Map(lat,lon,dd,HH,MM). 265 

2.1.3 Ionosonde data 266 

Concerning the ionosonde data, the critical frequency of the F2-layer (foF2) and the virtual 267 

height of the base of the F region (h’F) are considered for Kupang and Sanya (Figure 1d). 268 

The ionospheric station at Kupang is equipped with a Canadian Advanced Digital Ionosonde 269 

(CADI) [MacDougall et al., 1993], and in March 2015 the sounding repetition rate and the 270 

sweeping frequency range are set to 15 minutes and from 1 MHz to 20 MHz, respectively. The 271 

ionospheric station at Sanya is equipped with a Digisonde [Bibl and Reinisch, 1978], and in 272 

March 2015 the sounding repetition rate and the sweeping frequency range are set to 7.5 minutes 273 

and from 1 MHz to 18 or 20 MHz, respectively. Data from Sanya are downloaded from the 274 

Global Ionospheric Radio Observatory web portal [Reinisch and Galkin, 2011]. 275 

From the same ionograms, also the occurrences on the ionogram trace of the spread-F 276 

phenomenon, for all the days of March 2015, between 10 and 25 March 2015, are analyzed. 277 

Concerning the ionograms recorded at Kupang, a transformation of ionogram format is necessary 278 

from the MD4 one, which is the CADI native format, to the RDF format [Pezzopane, 2004], 279 

which is the format used in the Autoscala system [Pezzopane and Scotto, 2007, 2010 and 280 

Cesaroni et al, 2013] since the early stage of its development. Hence, all the ionograms recorded 281 

at Kupang are autoscaled by Autoscala and, afterwards, the foF2 autoscaled values are validated 282 

using the Interpre software [Pezzopane, 2004]. The Interpre software is also used to validate the 283 

h’F characteristic, which is not given as output by Autoscala, from the ionograms recorded on 284 

16, 17, and 18 March 2015. 285 

Concerning the ionograms from Sanya, these are autoscaled by the Automatic Real-Time 286 

Ionogram Scaling with True-height (ARTIST) system [Reinisch and Huang, 1983; Galkin and 287 

Reinisch, 2008], and then the corresponding foF2 and h’F values are validated using the SAO 288 

explorer program developed by the University of Massachusetts, Lowell. By considering the 289 

quiet days defined above, the corresponding mean and standard deviation of the validated foF2 290 

values have been calculated. 291 



The ionograms recorded at Kupang and Sanya are also inspected to investigate the spread-F 292 

phenomenon occurrence. Spread-F signatures are manually categorized into two types: the range 293 

spread-F (RSF) and the frequency spread-F (FSF). RSF signatures present echo spreading 294 

occurring mainly along the height axis and they are associated with plasma irregularities in the 295 

lower part of the F-region. FSF signatures present echo spreading along the frequency axis close 296 

to the critical frequencies of the ordinary and extraordinary traces of the ionograms, hence they 297 

are associated with irregularities nearby the F-region peak. 298 

 299 

2.1.4 Swarm electron density data 300 

The Swarm satellites are able to provide plasma measurements by means of the Langmuir Probes 301 

(LPs) located on the front of each satellite, i.e. in the direction pointing towards Earth. A LP 302 

determines local properties of the plasma, such as electron/ion temperature and density, by 303 

measuring the collected current due to electrons and ions. Data are provided at 2 Hz rate and a 304 

quality flag is assigned to each sample. To our scope, the electron density Ne is the relevant 305 

parameter and it has been used to support the ionospheric characterization of the St. Patrick’s 306 

Day storm event. The electron density data used here are those of the so-called “Preliminary 307 

Level 1b plasma dataset” [Knudsen et al., 2015]. The Ne data are not calibrated and, when 308 

compared with COSMIC radio occultation measures, the values provided  have been found to 309 

underestimate the ionospheric electron density. Depending on the geographical sector and time 310 

of the day, such difference ranges in the order of 8% to 15% [Pedatella et al., 2015; Pignalberi 311 

et al., 2016].  Ne measured by Swarm at altitudes between 450 and 550 kmhas two 312 

characteristics: First, it is an in-situ measurement and, second, it is made in the topside 313 

ionosphere. Such characteristics must be taken into account when Swarm measurements are 314 

compared with vTEC data from GNSS, being the latter an integrated measurement of the 315 

electron density along the receiver-to-satellite ray path. 316 

2.2 Magnetic data 317 

2.2.1 Ground-based magnetometers 318 

As for the local observations of the geomagnetic field, datasets from four observatories have 319 

been considered. Two of these observatories are located in Vietnam and two in Indonesia, as 320 

shown in Figure 1c. The magnetometers are located in Phu Thuy, Da Lat, Pameungpeuk, and 321 

Watukosek and their coordinates (latitude, longitude and magnetic latitude) are reported in Table 322 

1.  All observatories are equipped with instruments compliant with the recommendations issued 323 

by IAGA (International Association of Geomagnetism and Aeronomy), with a minimum set of 324 

one scalar and one vector magnetometer, whose baselines are determined by periodic absolute 325 

measurements. According to the geomagnetic coordinate system, the location of Da Lat 326 

(geomagnetic latitude 2.18°N) is the closest to the geomagnetic equator.  327 

 328 

In the frame of geomagnetic studies at equatorial latitudes related to space weather, the Dst 329 

(Disturbance storm time) index is commonly used to assign an empirical estimation of the 330 

severity of the Earth’s magnetic condition during disturbed time [Mayaud, 1980; Rangarajan, 331 

1989]. Dst provides an estimation of the variation of the H component at low latitudes. Along the 332 

lines of Dst index concept, we isolated the disturbance level at each observatory by subtracting 333 

the averaged nighttime values (01-04 hourly range of local time) of H from the time series of 334 



data, so as to obtain H values. H provides a self-normalization, which, in turn, allows for the 335 

comparison of magnitudes from different locations.  336 

Besides the time evolution and periodicities of relevant known phenomena, the latitudinal and 337 

longitudinal spatial development of the disturbances have been investigated, leveraging on the 338 

geographic L-shaped displacement of the observatories. Specifically, couples of differentiated 339 

H, H), have been used: 340 

 Da Lat minus Phu Thuy (DLT-PHU) and Da Lat minus Pamengpeuk (DLT-PMK): to 341 

identify the latitudinal dependence and the symmetry/asymmetry with respect to the 342 

geomagnetic equator; 343 

 Pameungpeuk minus Watukosek (PMK-WTK): to characterize the longitudinal variation; 344 

 Da Lat minus Watukosek (DLT-WTK): to provide extra information about two stations 345 

in two different longitudinal and latitudinal sectors. 346 

2.2.2 Swarm magnetometer data 347 

Aiming at maximizing the role of real physical data in place of static values from models, we 348 

derived the position of the magnetic equatorial line using the magnetic dataset delivered by the 349 

Swarm mission. We used the datasets from all the three Swarm satellites, considering a time 350 

window of three months centered at the date of the St. Patrick’s Day storm. At each satellite’s 351 

flyby over the presumed position of the geomagnetic equator, the vertical component of the 352 

magnetic field inverts its sign. The positions where this occurs for different flybys of each 353 

satellite are averaged to obtain the estimated position of the magnetic equatorial line. 354 

Considering a travel speed of the Swarm satellites of about 7.6 km/s [De Michelis et al., 2016], 355 

we can conservatively consider a resolution of about 30 km in our determination of the magnetic 356 

equatorial line.  The equatorial geomagnetic line, as determined by this procedure, is traced in 357 

Figure 1 together with isoclinic lines at ±15° and ±20°. Hereinafter, we refer to the dip equator 358 

and isoclinic lines as those measured with the Swarm mission data. 359 

3 The geospace during the St. Patrick’s Day storm over SEA 360 

The St. Patrick’s Day storm was induced by sunspot numbered 2297 on 15 March 2015, from 361 

which a long duration C9.1 flare and a partial, asymmetric halo coronal mass ejection (CME) are 362 

produced and resulted to be geoeffective, impacting the Earth on 17 March 2015 [Vanlommel, 363 

2015]. In this section, we provide details of the storm development as measured by the regional 364 

monitoring infrastructures detailed in section 2. 365 

The stacking plots of the horizontal components of the magnetic field for the four geomagnetic 366 

observatories are shown in Figure 2, arranged from the northernmost (Phu Thuy) to the 367 

easternmost (Watukosek) observatory (reference in UT). Time profile of H in Da Lat (Figure 2b) 368 

shows the largest absolute magnitude, because of its proximity to the dip equator where 369 

horizontal values are indeed expected to be larger. A deeper analysis of the event is provided in 370 

Figure 3, where the local differences of the geomagnetic response, i.e. the time profiles of the 371 

horizontal deviation from undisturbed value H as defined in section 2.2.1, are shown. From this 372 

figure, some local features of the storm are highlighted:  373 

 the sudden storm commencement on 17 March 2015 at about 05 UT; 374 

 the substorm signature roughly between 12 and 14 UT on the same day, confirms the 375 

observations on H plots by Tulasi Ram et al. [2015] in the equatorial zone of the 376 

Pacific sector, and for the same storm time. Simultaneous increase (or decrease) in 377 



H, named as positive (or negative) bay, is an indication of the enhanced eastward (or 378 

westward) electric field perturbations associated with the onset of substorms. This in 379 

turn gives important contributions to the settlement of the local perturbed ionospheric 380 

scenario and its evolution [Sastri et al., 2003 and Huang, 2009 and 2012]. 381 

 the main phase between 05 and 23 UT on the same day; 382 

 the recovery phase characterized by several significant magnetic variation signatures, 383 

as discussed below. 384 

The signatures of the substorm events present slight differences among the considered stations. 385 

The most noticeable is the one on 18 March at Pameungpeuk (green line in Figure 3). For this 386 

particular magnetometer, the rise of H is faster than in the other sites, even if a data gap after 18 387 

March does not allow further characterizations of this local features. In each observatory, the 388 

recovery phase is found to be noticeably long (more than 10 days). 389 

To evaluate both time and spatial evolutions at latitudinal and longitudinal extension, in Figure 4 390 

we stacked the four couples of H) as mentioned in the bullet points in section 2.2.1. To be 391 

specific, couples are Da Lat minus Phu Thuy (light blue line), Da Lat minus Pameungpeuk (blue 392 

line), Da Lat minus Watukosek (red line) and Pameungpeuk minus Watukosek (black line). The 393 

most evident arising features are the large differentiated values of the traces regarding the 394 

couples DLT-PHU (reaching -73 nT) and DLT-PMK (reaching -29 nT) and the minimum 395 

occurred at the change of date in UT (17-18 March). This is the most singular event of the whole 396 

analyzed period of time (17 days) when traces of couples DLT-WTK and PMK-WTK are out of 397 

phase with respect to the above two traces. In other cases, some interesting phase delays or 398 

anticipations and other peculiarities can be recognized among the different curves, including the 399 

unique opposition of phase in the time series for the couple PMK-WTK (black line in Figure 4), 400 

occurred on first part of 24 March, and a general increase of the dynamic level for this couple, 401 

which takes place since 20 March.  402 

From the ionospheric point of view, the behavior of the electron density variation during the 403 

storm development is reported in Figure 5. Panel (a) of this figure shows the latitudinal 404 

dependence of the vTEC measured by the IGS receivers from 15 to 25 March 2015. Panel (b) of 405 

Figure 5 reports Ne measured in situ by the three Swarm satellites in the same latitudinal range 406 

of the vTEC. These plots are produced considering both vTEC and electron density data in the 407 

longitudinal range between 90 ° E and 135° E. Data distribution follows the geometry and 408 

availability of the IGS TEC and Swarm data. In particular, some gaps in the RINEX data resulted 409 

in a lack of coverage in Figure 5a in the range between 0°N and 5°N starting from 21 March. 410 

The gaps in Figure 5b are due to the different flybys of the Swarm satellites, which do not allow 411 

a full coverage at all local times. Dissimilarities between panel (a) and panel (b) of Figure 5 are 412 

likely due to the fact that F-layer and topside ionosphere may not respond in the same way to a 413 

solar event [see, e.g., Yizengaw, 2015; Astafyeva, 2015a]. By capturing differences and 414 

similarities between the two characterizations of the electron density, it is possible to derive 415 

some interesting features. To be specific, both the observations reveal how the typical 416 

configuration of two crests of the EIA is completely lost on 18 March, i.e. at the beginning of the 417 

recovery phase. By looking at vTEC data only (Figure 5a), it is interesting to note how the two-418 

crests configuration is always present, except on the18th. Some asymmetries of the crests are 419 

also visible from vTEC data: except for 15 March, northern crest during the storm are 420 

characterized, when present, by larger values of vTEC. Then again, excluding the already 421 

mentioned lack of the crests on 18 March, the following features arise when analyzing Swarm 422 

data (Figure 5b): 423 



 crests disappear at earlier time on 17 March; 424 

 signature of the crests is lost on 21 March; 425 

 signature of the crests is weak between 20 and 23 March; 426 

 crests start reappearing with a clear signature from 24 March forward. 427 

In summary, comparing vTEC and Swarm data, it is interesting to note that from 20 to 24 March, 428 

the crests signature visible in vTEC are not clearly identified with in situ data, meaning that the 429 

ExB is not strong enough to make crests reaching the Swarm altitudes.  430 

To exemplify the inhibition of the crests on 18 March, Figure 6 shows the electron density 431 

measured by Swarm satellite A between 19:45 and 19:56 LT during 15 March 2015 (panel a) and 432 

between 19:29 and 19:40 LT during 18 March 2015 (panel b). Thus, both panels refer to a 433 

Swarm track passing in the SEA region at about 90°E in the local post sunset hours. In the 434 

figure, the blue arrows indicate the flight direction of the satellite, while orange lines represent 435 

the position of the dip equator and of the isoclinic lines at ±15° and ±20°. Figure 6a represents 436 

the quiet ionospheric conditions, as 15 March is one of the days assumed to be quiet in our study. 437 

In fact, the two crests configuration is clearly present on 15 March, with the two maxima of the 438 

electron density of about 1.6106 electrons/cm3, symmetric with respect to the dip equator. Such 439 

configuration is completely lost on 18 March (Figure 6b), as a single peak of about 1.1106 440 

electrons/cm3 in correspondence with the dip equator is present. Furthermore, on the 18 March 441 

track, fluctuations of the electron density are present, especially around 20°N, 10°N and between 442 

1°-5°S, indicating spatial gradients of the electron density along the track, likely due to the 443 

recovery phase of the storm. Such fluctuations are absent on the 15, except between 10°N and 444 

13°N, but less intense than those recorded on 18, indicating a more regular behavior of the 445 

ionosphere during 15 March than during 18 March, as expected.  446 

Our observations are also reinforced by what was found by Carter et al. [2016], who reported the 447 

weakening of the interplanetary electric field at ∼ 00 UT on 18 March (corresponding to the 448 

post-midnight sector in SEA), which led to the weakening of the RTI growth rate. In the 449 

following days, Carter et al. [2016] reported also the absence of RTI formation. 450 

From the ionosonde point of view, to study the spatial extent of the ionospheric plasma behavior 451 

during the storm, Figure 7 and Figure 8 show the foF2 values as measured at Kupang and Sanya, 452 

respectively, from 15 to 20 March 2015, together with the corresponding mean value and 453 

standard deviation calculated on the basis of quiet days. Red and blue dots in each plot highlight 454 

the presence of RSF and FSF, respectively. The green vertical short lines in each plot mean that 455 

the ionogram is recorded but the trace is too poor to validate a reliable value of foF2. From such 456 

figures, both ionosondes show evidence of a negative ionospheric storm, as foF2 is well below 457 

the mean value for most of 18 March 2015. By comparing the response to the storm depicted by 458 

the two ionosondes, we remind the reader that the two ionosondes are below the northern and 459 

southern crests of the EIA, but in two different longitudinal sectors. Both at Kupang and Sanya, 460 

the foF2 values show that the onset is trailed by an impulsive positive ionospheric storm 461 

occurring at Kupang at about 06 UT (14 LT) and, in a more pronounced manner, at Sanya at 462 

about 11 UT (18 LT). Then, through the second half of 17 March and the whole day of 18 463 

March, foF2 is significantly smaller than the lower boundary limit defined by the mean minus 464 

the standard deviation. Negative storms like this at middle and low latitudes are caused by 465 

changes of the neutral components in the ionosphere [Buonsanto, 1999]. Specifically, at F-layer 466 

heights this negative phase is likely due to the reduction of the ratio between atomic oxygen and 467 

molecular nitrogen that meaningfully increase the rate of ion loss [Prölss, 1995]. This 468 



composition anomaly moves equatorward from the auroral latitudes with the disturbance 469 

meridional neutral wind of the storm. According to the different time of the year, it can move 470 

more or less far, with negative storms extending to lower latitudes in the summer hemisphere. 471 

The fact that the negative phase is more pronounced at Kupang than at Sanya might be due to 472 

this issue, being Kupang in the summer hemisphere while Sanya in the winter hemisphere. Also 473 

Nayak et al. [2016] reported such hemispherical asymmetry but in the American and European 474 

sectors, suggesting that such asymmetry is a non-local effect related to the neutral winds 475 

circulation and to the equinoctial conditions [Fuller-Rowell et al., 1996; Goncharenko et al., 476 

2007]. 477 

Figure 9 shows the h’F trend as measured at Kupang (panel a) and Sanya (panel b), from 16 to 478 

18 March 2015. Also in this figure, the green vertical short lines at the bottom of each plot 479 

denote that the ionogram is recorded but the trace is too poor to validate a reliable value of h’F. 480 

The most striking feature appearing in Figure 9 is the double peak characterizing the UT 481 

afternoon of 17 March. The first peak appears at the same time in both ionosondes (16 UT), 482 

while the second peak appears earlier on Kupang (20 UT – 04 LT) than in Sanya (22 UT – 05 483 

LT), with corresponding amplitudes well past 400 km of altitude each. This is likely caused by 484 

the intense substorm activity characterizing the main phase of the storm in this time window. In 485 

fact, during a magnetic substorm a significant amount of energy is injected into the polar 486 

atmosphere. This sudden energy addition gives rise to a so-called traveling atmospheric 487 

disturbance (TAD) that can cause an uplifting of the F-layer, which usually increases the electron 488 

density. This mechanism is however applicable only to the daytime ionosphere, when the 489 

ionization production is ongoing [Prölss, 1995]. In this case, the double uplift of the layer, likely 490 

associated to TADs, which are independent of the local time, occurs in the nighttime sector, and 491 

then it is not accompanied by a positive ionospheric phase. 492 

 493 

4 Results and discussion 494 

Besides depicting the main observational features of the St. Patrick's Day storm, in this section 495 

we show results of the investigations conducted by integrating the measurements provided by the 496 

regional networks. To be specific, particular emphasis is given to the ionospheric scintillation 497 

(presence/inhibition) and its correspondence to geospace variations.  498 

In order to give a climatological picture of the scintillation activity in the studied period, the 499 

GBSC technique has been applied to provide scintillation occurrence over SEA. Figure 10 500 

illustrates the GBSC maps of occurrence of S4 above 0.1 (panels a and b) and 0.25 (panels c and 501 

d) as a function of latitude and LT for quiet (panels a and c) and disturbed (panels b and d) days 502 

of March 2015. Such thresholds are commonly used to be representative of the weak to strong 503 

scintillation (threshold 0.1) and of the moderate to strong scintillation (threshold 0.25) conditions 504 

[see, e.g., Spogli et al., 2009; Prikryl et al., 2015]. Maps have been obtained by merging the 505 

observations made by all the satellites in view by each scintillation receiver (Figure 1a); adopted 506 

bin size is 1° latitude x 1 hour. In all the four maps, the enhancement of the scintillation 507 

occurrence maximizes between 19 and 01 LT, the local post sunset hours, and in correspondence 508 

to the position of the EIA crests. A meaningful decrease of the scintillation occurrence is 509 

recorded during disturbed days (panels b and d), indicating that the inhibition of the scintillation 510 

phenomena is the predominant feature in the SEA sector during the considered disturbed days. 511 

The partial inhibition during disturbed days is a signature of the complexity behind the 512 

enhancement (suppression) of the F-layer uplift, prompting (impeding) the ionospheric 513 



irregularities formation [Aarons, 1991; Dabas et al., 2003; De Rezende et al., 2007; Ngwira, 514 

2013]. 515 

It is also interesting to notice the difference between the pattern of scintillation occurrence in 516 

correspondence to the northern and southern crests of EIA. Specifically, the southern crest is 517 

statistically characterized by a larger occurrence, possibly meaning that the variability of the 518 

electron density gradients leading to amplitude scintillation is statistically larger in the southern 519 

crest of the EIA [see, e.g., Cesaroni et al, 2015]. Although occurrence is normalized to the 520 

number of observations, a second order contribution derived by the different coverage under the 521 

two crests cannot be excluded. 522 

Then, to resolve the relationship between the scintillation patterns and the variability of the 523 

ionospheric plasma in the different storm phases, Figure 11 shows the longitudinal mean of 524 

ΔTEC values (see Eq. 3), derived by IGS RINEX data. In each panel of this figure, black dots 525 

represent the IPP latitude and time in which S4 values greater than 0.1 have been recorded. To 526 

relate ΔTEC and scintillation to the different phases of the St. Patrick's Day storm evolution, the 527 

Dst index has been also superimposed in the figure (purple line). Black dashed lines represent the 528 

magnetic equator (tick line) and the isoclinic lines corresponding to ±15° and ±20° magnetic 529 

latitude (thin lines). The three panels correspond to different longitudinal sectors. In particular, 530 

panel (a) shows mean ΔTEC and S4 values acquired considering all the longitudinal sectors 531 

covered by the ∆𝑀𝑎𝑝, i.e from 90°E to 135°E, while panels (b) and (c) include longitudinal 532 

mean ΔTEC and S4 values corresponding to longitudes between 108°E and 111°E and between 533 

122°E and 125°E, respectively. Hereafter we refer to the range 108°E to 111°E as the western 534 

sector and 122°E to 125°E as the eastern sector. Figure 11a shows that the ΔTEC behavior is 535 

perturbed mostly during the recovery phase of the storm. In particular, during 18 March (i.e. at 536 

the beginning of the recovery phase) a huge depletion of ΔTEC reaching -80 TECu, represented 537 

by the deep blue area (corresponding to about -80 TECu), can be noticed. A similar depletion is 538 

reported also on topside TEC data in Fig. 4 of Zhong et al. [2016]. The ΔTEC values remain 539 

lower than those of quiet days until 24 March, when vTEC reaches values greater than the 540 

background both in the crests and the trough region (red area in panel a). During the main phase 541 

of the storm, mean ΔTEC is mostly negative, except from 12 to 13 UT, when positive values of 542 

the mean ΔTEC have been registered, likely related to the simultaneous substorm input (visible 543 

in the Dst curve superimposed in purple color in the panels of Fig. 11). The observed inhibition 544 

of scintillation happens during the main and recovery phases of the storm (from 17 to 24 March).  545 

According to the Aarons criteria [Fig.1 of Aarons, 1991], more suitable conditions for 546 

scintillation inhibition stand if the maximum |Dst| is reached between 10-16 LT. Less suitable, 547 

but changing the scintillation patterns after the sunset, is the case 00-06 LT, while the case 18-22 548 

LT does not change meaningfully the expected formation of scintillation-driving irregularities. In 549 

the case of the Saint Patrick’s Day storm, the minimum |Dst| occurred at 23 UT, corresponding 550 

to local times between 06 and 08, depending on the longitudinal sectors. Thus, in the considered 551 

region, according to the Aarons criteria, little changes are expected in westernmost sectors, while 552 

no a-priori information can be provided for the other sectors. In any case, scintillation inhibition 553 

is clearly present during the main (17 March) and beginning of the recovery (18 March) phases 554 

of the storm.  555 

In Figure 11, most of the scintillation occurs when mean ΔTEC is positive, while it is inhibited 556 

when mean ΔTEC is negative. Some differences on the vTEC behavior during the recovery 557 

phase of the storm can be highlighted when comparing western and eastern sectors, in panels (b) 558 

and (c), respectively. Such differences are more evident in the trough region. In fact, the vTEC 559 



recovery to quiet values started on 21 March in the western sector and on 22 March in the eastern 560 

one. In the crests, some differences can be caught as well: eastern sector seems to show larger 561 

mean ΔTEC than the western one on both northern and southern crests, starting from 22 March. 562 

Further information about the mechanisms leading to the scintillation inhibition and triggering 563 

can be provided by comparing Figure 11a with the vTEC and Ne information provided by Figure 564 

5, in which all longitudinal sectors from 90° to 135° are considered. As already pointed out in 565 

section 3, the crests disappear earlier on 17 March, as visible in the UT afternoon Swarm tracks 566 

in Figure 5b. In correspondence, scintillation inhibition has been found, as it is visible in Figure 567 

11a. The crests disappearance at earlier time in Swarm data is also in correspondence to the 568 

substorm signature at about 13 UT, related to 19/21 LT depending on the longitudinal sector. 569 

Such results indicate that the ionospheric F-layer is pushed to lower altitudes with respect to the 570 

Swarm heights but with an increased electron density visible as positive ΔTEC values in Figure 571 

11a. This is the result of the F-layer shrinking, already reported by figure 11 of Nava et al. 572 

[2016]. 573 

On 19 March, the scintillation at post sunset reappears, in particular under the northern crest, 574 

where a slightly positive deviation from the quiet ΔTEC behavior is present (Figure 11a). The 575 

scintillation near the southern crest on 19 March is in correspondence to very small values of 576 

ΔTEC, i.e. very small negative deviations from the quiet behavior (Figure 11a). The crests are 577 

well depicted by vTEC and Ne data on 19, with a larger intensity of the northern crest, more 578 

evident in vTEC data (Figure 5). 579 

Despite the fact that crests are well depicted by vTEC data on 20 and 21 March (Figure 5a), they 580 

are not visible in the Swarm data (Figure 5b) and, in correspondence, scintillation is inhibited. 581 

This reinforces the idea that the altitudes reached by the F2-layer are the main cause behind the 582 

inhibition or triggering of irregularities formation in the plasma cascade, induced by the changes 583 

in the upward density gradient generated by the westward electric field near sunset [Ngwira et 584 

al., 2013].   585 

Starting from 22 March, crests reappear on Swarm data (Figure 5b), but scintillation starts 586 

occurring again only on 24 March (Figure 11a). This could mean that the F2-layer heights 587 

required to produce the plasma cascade under the gravity gradient are above or close to the 588 

Swarm altitudes on 24 March and well below from 20 to 23 March. This is confirmed by Figure 589 

12, which reports that at 12 UT from 20 to 23 March the h’F values recorded in Sanya, and 590 

manually validated, are by far lower than the quiet regular ones (the 15 March is considered as 591 

the quiet reference day, analogously to Nava et al. [2016]), while the 24 March at 12 UT the h’F 592 

fully recovers to its normal values.  593 

This would mean that between 20 and 23 March the irregularities embedded in plasma bubbles 594 

do not reach scales below the Fresnel’s one, i.e. they are not effective in producing scintillation 595 

(Figure 11a).  596 

The pattern of the daily post sunset scintillation is restored starting from 24 March, even with a 597 

smaller intensity with respect to the quiet times (Figure 11a). 598 

Such observations are in agreement with the modeled RTI growth rate and amplitude 599 

scintillation observations in Bangkok (BKK, 13.75°N, 100.48°E) reported in Fig. 2l of Carter et 600 

al. [2016]. 601 

To provide further insights about the ionospheric irregularities occurred during the St. Patrick's 602 

Day storm and their correspondence to scintillations, the ionograms recorded at Kupang and 603 

Sanya are sift through to identify spread-F occurrence. As mentioned earlier in the text, RSF 604 

identifies irregularities in the lower part of the F-region, while FSF identifies irregularities 605 



nearby the F-region peak. As reported in the climatological work by Alfonsi et al. [2013], 606 

different types of spread F correlate (or anti-correlate) in a different way with scintillation 607 

occurrence and, thus, it is worth providing a picture of such correspondence. Rectangles in blue 608 

color in Figure 13 depict the occurrence of FSF, while red color identifies the RSF occurrence, 609 

both as a function of the day of March 2015 and of the Universal Time (Local Time = Universal 610 

Time + 7/8 hours). The grey color indicates data unavailability and the black color days for 611 

which ESF is not recorded. Panel (a) of Figure 13 refers to the ionosonde in Sanya, which is 612 

representative of conditions below the northern crest of the EIA at about 109°E, while panel (b) 613 

refers to the ionosonde in Kupang, which is representative of the southern crest of the EIA at 614 

about 123°E. It is interesting to notice how the occurrence in Sanya of both RSF and FSF is 615 

larger than in Kupang. In particular, RSF occurrence is concentrated in the local post sunset 616 

hours, while FSF occurs mainly in the local night/early morning. During the main phase of the 617 

storm (17 March), the RSF is completely suppressed in both ionosondes and only FSF has been 618 

recorded after 19 UT. Some lack of ionograms limits the possibility to draw a detailed picture of 619 

the recovery phase in Kupang. However, in Kupang both RSF and FSF are suppressed on 18 620 

March, i.e. at the beginning of the recovery phase. Again in Kupang, only on 23 and between 28 621 

and 30 March the absence of both RSF and FSF has been recorded. At Sanya, FSF is present 622 

between 22 and 23 UT (05 and 06 LT) on 18 March and the spread F formation is inhibited for 623 

the following 5 days, up to 23 March. On 24 March, the RSF reappears and, after a new 624 

complete inhibition on 25, RSF and FSF are again present between 26 and 28 March. Hence, 625 

although non-continuous as that characterizing the L-band scintillations, inhibition appears as a 626 

significant feature also in the HF frequencies. 627 

In the equatorial ionosphere, ESF is confirmed to be a nighttime summer phenomenon [see, e.g. 628 

Alfonsi et al., 2013]. Figure 14 details the scintillation occurrence at Hue (panel a) and Kupang 629 

(panel b). Such receivers have been chosen for their proximity to the ionosondes. In Kupang, the 630 

ionosonde and the receiver for scintillation are co-located, while the receiver in Hue is the closest 631 

to the Sanya ionosonde (distance is about 290 km). Similarly to Alfonsi et al. [2013], to equal the 632 

field of view of the GNSS receiver with the coverage of the vertical sounding, we apply an 633 

elevation angle mask of 60° on GNSS data. In Figure 14, scintillation levels are highlighted by 634 

colored rectangles. Red identifies values of S4 greater than 0.5, violet identifies values of S4 635 

between 0.25 and 0.5 and green identifies values of S4 in the range between 0.1 and 0.25. As in 636 

Figure 13, grey means data unavailability, while black highlights no scintillation days. 637 

Scintillation occurrence reflects the behavior observed for the spread F, as the occurrence of 638 

moderate to strong scintillation (total number of red and purple bins) is lower in Kupang than in 639 

Hue, although the former experiences the larger S4 intensity, as it is characterized by a larger 640 

number of red only bins. During the main and recovery phases, scintillation inhibition is present 641 

in both receivers. In general, the scintillation activity is inhibited or very low between 17 and 22. 642 

The comparison between Figure 13 and Figure 14 suggests that the ionosphere is more effective 643 

in producing amplitude scintillation (moderate to strong) when the quiet time uplift of the F-layer 644 

takes place.  645 

The different sizes of the ionospheric irregularities probed by HF and L-band signals clearly 646 

result by comparing spread-F and scintillation occurrence on 19 March, when the scintillation 647 

occurrence is not associated to any presence of spread-F irregularities. 648 

 649 



5 Conclusions 650 

In this paper, a characterization of the effects of Saint Patrick’s Day storm over SEA has been 651 

provided by using a local network of GNSS receivers, magnetometers and ionosondes.   652 

Swarm satellite magnetic and ionospheric data have also been used to support the analysis in a 653 

scarcely investigated region. 654 

The challenging complexity of the storm has been tackled successfully through a 655 

multidisciplinary approach. The changes in the formation and dynamics of the ionospheric 656 

irregularities during the stormy days are critically discussed, focusing on the RTI development 657 

and consequent enhancement/inhibition of the scintillation activity over SEA. This work aims at 658 

completing the picture of the 2015 Saint Patrick’s Day storm, nowadays available from current 659 

literature only at global level or in other geographical sectors. In particular, our work presents for 660 

the first time the comparison between northern and southern crests of the EIA in the SEA region. 661 

Our study drives the following conclusions: 662 

 663 

1. The inhibition of scintillation in the post-sunset hours induced by the prompt penetration 664 

of electric field from auroral latitudes has been detected statistically, considering data 665 

covering the entire month of March 2015. The picture drawn by means of the GBSC 666 

technique highlights that scintillation occurrence at post sunset is significantly reduced 667 

during the geomagnetically disturbed days, but not reduced to zero. The enhancement 668 

(suppression) of the F-layer uplift, prompting (impeding) the ionospheric irregularities 669 

formation, is not always present under disturbed geomagnetic conditions, hardening the 670 

prediction and forecasting of the scintillations at low/equatorial latitudes. 671 

2. Symmetries and asymmetries between the dynamics of EIA crests have been highlighted: 672 

the negative phase has been found to be more pronounced in the summer hemisphere than 673 

in the winter hemisphere. 674 

3. The combined use of bottom-side (manually scaled h’F from ionosondes), topside 675 

(electron density from Swarm) and integrated (vTEC from GNSS) ionospheric 676 

information highlights how the storm affects the F-layer altitude and the consequent 677 

enhancement/suppression of the scintillations. Altitudes reached by the F2-layer are the 678 

main responsible for the inhibition or triggering of irregularities formation in the plasma 679 

cascade under the gravity gradient. The cascade is induced by the changes in the upward 680 

density gradient and is prompted by the westward electric field near sunset.  When 681 

scintillation has been found to be inhibited, the irregularities embedded in plasma 682 

bubbles, produced in the above mentioned cascade, do not likely reach scales below the 683 

Fresnel’s one. This, then, confirms how the alternation of scintillation enhancement and 684 

inhibition is strongly linked with the F-layer dynamics and irregularities scale sizes. 685 

4. Differences in the western (108°-111°E) and eastern (122°-125°E) sectors of SEA have 686 

been found mainly in the trough region. The vTEC recovery to quiet values starts earlier 687 

in the western sector (21 March) than in the eastern one (22 March). Near the crests, the 688 

eastern sector seems to show larger mean ΔTEC than the western one, starting from 22 689 

March. This confirms the strong regional dependence of the storm development and the 690 

need of a regional assessment in depicting the effect of geomagnetic storms. 691 

5. Although HF and L-band signals probe different sizes of the ionospheric irregularities, 692 

GNSS scintillation and spread F occurrences show similar patterns. Similarities and 693 



differences are highlighted in the paper. In particular, a significant difference is reported 694 

on 19 March, when the scintillation occurrence is not associated to any presence of 695 

spread-F irregularities. 696 
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Figures 917 

 918 

 919 

 920 
Figure 1. Location of the instrumentations used in the present work: GNSS receivers for ionospheric 921 

scintillation monitoring (green pins, panel a), IGS receivers (black/yellow circles, panel b), ground 922 

magnetometers (red pins, panel c) and ionosondes (light blue pins, panel d). Orange lines represent the 923 

position of the dip equator in March 2015 as measured by the Swarm constellation of satellites and the 924 

isoclinic lines at ±15° and ±20°. 925 
 926 



 927 
Figure 2. Horizontal component at the four geomagnetic observatories. Panels are arranged according a 928 

decreasing latitude order and increasing longitude order (Phu Thuy, Da Lat, Pameungpeuk, Watukosek). 929 
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 931 
 932 

 933 
Figure 3. Time profile of H values for Da Lat (blue), Phu Thuy (black), Watukosek (red) and Pameungpeuk 934 

(green) magnetic observatories. 935 
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 937 

 938 

 939 
Figure 4. Differentiated H for the couples DLT-PHU (light blue line), DLT-PMK (blue line), DLT-WTK 940 

(red line) and PMK-WTK (black line).   941 

  942 



 943 
Figure 5. Total Electron Content (panel a) and in situ electron density as measured by Swarm A, B and C 944 

(panel b) as a function of the geographic latitude from 15 to 26 March 2015. 945 
 946 

 947 

 948 

 949 



 950 
Figure 6. Electron density measured by Alpha Swarm satellite between 19:45 and 19:56 LT during 15 March 951 

2015 (panel a) and between 19:29 and 19:40 LT during 18 March 2015 (panel b). The blue arrows indicate the 952 

flight direction of the satellite. Orange lines represent the position of the dip equator in March 2015 as 953 

measured by the Swarm constellation of satellites and the isoclinic lines at ±15° and ±20°. 954 



 955 
Figure 7. foF2 as measured (white dots) at Kupang from 15 to 20 March 2015, together with the 956 

corresponding mean (green curve) and standard deviation (red curves above and below the mean curve 957 

represent the mean ± the standard deviation, respectively) calculated according to the 15 quietest days of 958 

March 2015. Red and blue dots at the bottom of each plot highlight the presence of range spread-F and 959 

frequency spread-F, respectively. The green vertical short lines at the bottom of each plot mean that the 960 

ionogram is recorded but the trace is too poor to validate a reliable value of foF2. 961 



 962 
Figure 8. Same as Figure 7 but for the ionosonde in Sanya 963 

 964 



 965 
Figure 9. h’F as measured at a) Kupang and b) Sanya from 16 to 18 March 2015. The green vertical short 966 

lines at the bottom of each plot mean that the ionogram is recorded but the trace is too poor to validate a 967 

reliable value of h’F. 968 



 969 
Figure 10. GBSC maps of occurrence of S4 above 0.1 (top panels) and 0.25 (bottom panels) as a function of 970 

latitude and local time for quiet (left panels) and disturbed (right panels) days of March 2015. The ratio 971 

between quiet and disturbed days in March is 48.4%. 972 



 973 
Figure 11. TEC maps obtained by considering the mean value of TEC  for all longitudinal sectors (panel 974 

a),  for the longitude between 108°E and 111°E (panel b) and between 122°E and 125°E as a function of 975 

latitude form 15 to 26 March 2016. Dimension of the black dots is proportional to S4 and are shown only if 976 

S4>0.1. The purple line is the Dst index. The black dashed lines represent the position of the dip equator as 977 

measured by the Swarm constellation of satellites and the isoclinic lines at ±15° and ±20°. 978 



 979 
Figure 12. h’F as measured at Sanya from 20 to 24 March 2015. The green vertical short lines at the bottom 980 

of each plot mean that the ionogram is recorded but the trace is too poor to validate a reliable value of h’F. 981 

The same gray curve in each of the plots represents the h’F values measured at Sanya on 15 March 2015, and 982 

here considered as the quiet reference day (analogously to Nava et al. [2016]). 983 

  984 



 985 
Figure 13. Range Spread F (red) and Frequency Spread F (blue) occurrence at Sanya, China (panel a) and 986 

Kupang, Indonesia (panel b) for March 2015. Grey means data unavailability. Black highlights no spread-F 987 

days 988 



 989 
Figure 14. Scintillations occurrence in term of S4 at Hue, Vietnam (panel a) and Kupang, Indonesia (panel b) 990 

for March 2015. Red identifies values of S4 greater than 0.5, violet identifies values of S4 between 0.25 and 0.5; 991 

green identifies values of S4 between 0.1 and 0.25. Grey means data unavailability. Black highlights no 992 

scintillation days. 993 
 994 
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Tables 998 

 999 

 1000 

Location Latitude 

(°N) 

Longitude 

(°E) 

Magnetic 

Latitude 

(°N) 

Country GNSS 

Scintillation 

Magnetometer Ionosonde 

Phu Thuy 21.03 106.00 E 11.22 Vietnam X GSV4004 X Not present 

Sanya 18.34 109.62 8.54 China Not present Not present X Digisonde 

Hue 16.40 107.60 6.61 Vietnam X GSV4004 Not present Not present 

Da Lat 11.95 108.48 2.19 Vietnam Not present X Not present 

Manado 1.34 124.82 -7.91 Indonesia X GPStation 6 Not present Not present 

Pontianak -0.03 109.33 -9.71 Indonesia X GSV4004 Not present Not present 

Bandung -6.89 107.59 -16.53 Indonesia X GPStation 6 Not present Not present 

Pameungpeuk -7.65 107.69 -17.29 Indonesia Not present X Not present 

Watukosek -7.57 112.68 -17.17 Indonesia Not present X Not present 

Kupang -10.16 123.66 -19.38 Indonesia X GPStation 6 Not present X CADI 

Table 1. Location of the GNSS scintillation receivers, magnetometers and ionosondes. 1001 

 1002 

 1003 
 1004 

 1005 

 1006 

Table 2. Location of the IGS receivers. 1007 
 1008 

 1009 

Receiver ID Latitude (°N) Longitude (°E) 

Bako -6.49 106.85 

Coco -12.59 96.83 

Cusv 13.74 100.53 

Darw -12.50 131.08 

Jfng 30.52 114.49 

Karr -20.59 117.05 

Kat1 -14.22 132.09 

Lhaz 29.39 91.06 

Ntus 1.35 103.68 

Pbr2 11.64 92.71 

Pbri 11.64 92.71 

Pimo 14.38 121.04 

Ptag 14.32 121.02 

Ptgg 14.32 121.02 

Tcms 24.48 120.59 

Tnml 24.48 120.59 

Wuhn 30.53 114.36 

Xmis 10.27 105.41 


