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Abstract

The electron content distribution of the north and south polar ionosphere is analyzed from 2001 to the beginning of 2019

from the Global Ionospheric Maps of VTEC computed each 15 minutes by UPC-IonSAT with a tomographic-Kriging combined

technique. We have found the VTEC footprint of features previously reported by different authors and with different techniques:

tongues of ionization, trough and dawn-side drifting structure, flux transfer event, Theta-aurora VTEC observation at SP, and

Storm enhanced density (SED) during major geomagnetic storms. Moreover, by means of an unsupervised clustering algorithm

(Learning Vector Quantization), we have characterized the main features of the ionospheric electron content climatology,

separately for the north and south poles. In particular a mean Tongue Of Ionization (TOI) behaviour over south polar

ionosphere during 1345UT-1945UT, from November to February, i.e. in local spring and summer seasons, is confirmed in

agreement with recent findings.
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Abstract24

The electron content distribution of the north and south polar ionosphere is an-25

alyzed from 2001 to the beginning of 2019 from the Global Ionospheric Maps of VTEC26

computed each 15 minutes by UPC-IonSAT with a tomographic-Kriging combined tech-27

nique. We have found the VTEC footprint of features previously reported by different28

authors and with different techniques: tongues of ionization, trough and dawn-side drift-29

ing structure, flux transfer event, Theta-aurora VTEC observation at SP, and Storm en-30

hanced density (SED) during major geomagnetic storms. Moreover, by means of an un-31

supervised clustering algorithm (Learning Vector Quantization), we have characterized32

the main features of the ionospheric electron content climatology, separately for the north33

and south poles. In particular a mean Tongue Of Ionization (TOI) behaviour over south34

polar ionosphere during 1345UT-1945UT, from November to February, i.e. in local spring35

and summer seasons, is confirmed in agreement with recent findings.36

1 Introduction37

This paper focuses on the characterization of relevant features of the polar iono-38

spheric electron content distribution, in both North and South Polar hemispheres includ-39

ing polar caps (hereinafter NP and SP). This is achieved by using a new source of data,40

the Global Ionospheric Maps of Vertical Total Electron Content (VTEC) computed from41

Global Navigation Satellite Systems (GNSS) measurements, hereinafter GIMs, and dur-42

ing the most recent one and half solar cycles. First we justify the selection of GIMs that43

are probably the most accurate according to recent evaluations. Then we will analyze44

some polar ionospheric events, which had already been studied by other authors. Finally45

we will present the comprehensive results of unsupervised clustering of polar GIMs, show-46

ing the most frequent electronic content patterns, and the key occurrence characteris-47

tics. As main conclusion, we answer the following question in an affirmative way: Can48

the GIMs provide reliable information on the polar ionospheric electron content distri-49

bution, in spite of the reduced number of permanent receivers, and in spite of the lim-50

ited spatial resolution, 5 deg in longitude and 2.5 deg in latitude (as it is pointed out for51

example in (Liu et al., 2014)).52

In order to facilitate the understanding of the main techniques and context, three53

short introductions will be given in the next subsections on: (1) GIMs, (2) on one of the54

most discussed features of Polar ionosphere, and (3) on the Learning Vectorial Quan-55

tization (LVQ) unsupervised clustering algorithm.56

1.1 The ionospheric data source: UQRG GIM and associated µ257

The GIMs have been computed since 1998.5 in the context of the International GNSS58

Service (IGS). They have become a reliable and open source of ionospheric information,59

as it is shown in (Hernández-Pajares et al., 2011, 2009, 2017).60

UPC-IonSAT is one of the, presently 7, IGS ionospheric analysis centers. It is com-61

puting the slightly most accurate GIMs on the global scale, identified as UQRG, as it62

can be seen in the long-term external assessment comparison with other GIMs of UPC63

and the GIMs of CODE, JPL, ESA, NRCAN, CAS and WHU, summarized in (Roma-64

Dollase et al., 2017). The UQRG performance, computed each 15 minutes with a latency65

of 1-2 days, is based on a combined tomographic estimation and kriging interpolation66

technique applied to 150-250 worldwide distributed GPS receivers.67

The first step is the estimation of the mean electron density (Ne)i,j,k of the vox-68

els providing a certain ionospheric partition {(i, j, k) : i = 1, . . . ,MI , j = 1, . . . ,MJ , k =69

1, . . . ,MK}, which is 3D distributed (see Figure 1) in two layers from the ground-based70

–2–



manuscript submitted to JGR: Space Physics

Figure 1. Simplified layout of the dual-layer voxel-based tomographic of the ionospheric

electron content model, directly estimated from the actual dual-frequency GNSS carrier phase

measurements only, by applying a Kalman filter.

dual-frequency GNSS carrier phase data only, the L1 and L2 in length units data, as:71

LI − (λ1 − λ2) · φ = α

MI∑
i=1

MJ∑
j=1

MK∑
k=1

(Ne)i,j,k ·∆li,j,k +BI (1)72

where for each pair GNSS transmitter-receiver the ionospheric combination of carrier phases73

LI = L1−L2 is known (measured), and the wind-up correction due to the relative ro-74

tation of transmitter and receiver antenna is also known for permanent receivers (mod-75

elled), among the ray-path-length inside each illuminated voxel (i, j, k), ∆li,j,k, which76

is computed by the very good approximation of straight-line propagation; finally α '77

1.05 m/TECU is the scaling factor derived from the Appleton-Hartree equations (see for78

instance (Hernández-Pajares et al., 2010) and (Hernández-Pajares et al., 2011)).79

This model is solved by the TOMION-v1 software, developed by the first author,80

by implementing a forward Kalman filter which treats the mean electron densities as ran-81

dom walk processes in a Sun-fixed reference frame, and the ambiguities as random vari-82

ables (”constants”). It significantly reduces the modelling error associated to the com-83

mon fixed-height single-layer models, as it was demonstrated in (Hernández-Pajares et84

al., 1999), yielding more precise results because it avoids the usage of dual-frequency iono-85

spheric pseudorange combination, strongly affected by the multipath and thermal noise.86

The second step is the interpolation to fill the gaps of measurements, due to the87

lack of a full coverage of GNSS receivers, specially important over the oceans, South Hemi-88

sphere, Siberia and central Africa. This is done by taking as input interpolation data the89

individual VTEC values obtained from each measurement, after subtracting in previous90

equation the best estimation of the carrier phase ambiguity value. This is typically the91

last one of the continuous-phase transmitter-receiver arch. Afterward such Slant TEC92

is converted to VTEC with the single-layer mapping function with constant height at93

450 km (see (Hernández-Pajares et al., 2011)), adopted in IGS by the different ionospheric94

computation centers. Finally the Kriging technique is applied on such individual VTEC95

estimations, which efficiently takes into account the ionospheric model decorrelation lengths96

in the interpolation process (Orús et al., 2005).97
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The GIM is not the only product we can obtain from this approach. Before the in-98

terpolation step, the fraction of topside electron content, µ2 parameter, can be derived99

from the tomographic run. It is defined as follows from the two simultaneously estimated100

mean electron density values, (Ne)i,j,1 and (Ne)i,j,2 at mean heights of 450 km and 1130 km101

respectively (see Figure 1), and for the same horizontal voxel index (i, j):102

(µ2)i,j =
(Ne)i,j,2

(Ne)i,j,1 + (Ne)i,j,2
(2)103

µ2 is obtained from the direct estimation in the tomographic model, and stored inter-104

nally at UPC premises for all the daily global runs performed since 1998.5 within IGS.105

µ2 is not only an indicator of the relative vertical distribution of free electrons as we will106

see below, but it is also a useful driver of an improved ionospheric mapping function at107

mid-latitudes, as it has been recently demonstrated in (Lyu et al., 2018).108

1.2 Specific features of the polar ionosphere: TOI and polar cap patches109

One special feature in the polar ionosphere is TOI, and associated patches. It is110

believed that they are plasma enhancements in the high latitude F region. Along their111

edges form steep electron density gradients, which can lead to degradation in HF radio112

communications and disturbance in satellite navigation and communication systems. There-113

fore, the study of the occurrence of TOI and polar cap patches is essential, which helps114

better understand the signature of the polar ionosphere. Despite the creditable efforts115

of many researchers ((Buchau et al., 1985),(Sojka et al., 1994), (Coley & Heelis, 1998),(Dandekar,116

2002),(Noja et al., 2013),(David et al., 2016),(Liu et al., 2017),(Spicher et al., 2017),(Chartier117

et al., 2018)), the agreement has not been reached regarding the dependence factors of118

TOI or polar cap patches occurrence, partly because of data from diverse instruments,119

most of which (e.g. optical, HF and incoherent radar, and ionosonde) having limited spa-120

tial coverage or limited time span, or imperfect model simulation and partly due to dif-121

ferent algorithms. Table 1 summaries the different results on polar cap patches depen-122

dence characteristics. For instance, using high-resolution TEC Maps from the Madri-123

gal Database of Haystack Observatory, (David et al., 2016) found that north-hemisphere124

TOI or patches have Universal Time (UT) and seasonal dependence. However, whether125

polar patches are a seasonal or annual phenomenon is called into question by the finds126

of (Chartier et al., 2018). They used in-situ plasma density observations and topside TEC127

data to detect TOI and found that TOI is not only a winter phenomenon, but also oc-128

curs in Southern Hemisphere summer. In this paper, low-resolution VTEC Maps from129

ground-based GNSS stations are utilized for TOI and patches detection for the first time,130

which opens a new opportunity for detection and thus probably provides new evidence131

and arouses new insights for theoretical study, benefiting from longer time series of data.132

1.3 The unsupervised clustering algorithm: Learning Vectorial Quan-133

tization134

In order to better perform a first analysis of the large UQRG GIMs database, we135

have selected an unsupervised clustering system that enables us to find representative136

prototypes of the GIMs of the polar ionosphere. This will also allow to characterize its137

predominant morphology and features. Therefore we decided to use the LVQ as a clus-138

tering tool, (Kohonen, 2012) and (Murtagh & Hernández-Pajares, 1995). The reason for139

selecting the LVQ algorithm as opposed to other clustering algorithms, such as k-means140

and LBG (Linde et al., 1980), lies in the fact that it is an adaptive algorithm and that141

does need of any a-priori categorization which might bias the analysis, as it was shown142

for instance in classification of astronomical populations (Hernández-Pajares, 1993) or143

in GNSS ionospheric determination (Hernández-Pajares et al., 1997).144

As it is detailed in (Hernandez-Pajares & Floris, 1994) the aim of this unsupervised145

classifier is to find a smaller set of C = {c1, . . . , cp} of p centroids that provides a good146
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approximation of the original set S of n ionization-level-independent, i.e. normalized po-147

lar GIMs (input space) with m attributes, encoded as vectors x ∈ S. Intuitively, this148

should mean that for each x ∈ S the distance ‖x − cf(x)‖ between x and the closest149

centroid cf(x) should be small.150

The LVQ clustering algorithm can be summarized as follows:151

1. We define the number of centroids p and the number of times (number of epochs)152

that the whole database is passed through the algorithm.153

2. We initialize the values C = {c1, . . . , cp} of the p centroids from p input obser-154

vations randomly selected: C = {c1, . . . , cp}. After training, every centroid l ∈155

{1, . . . p} will represent a set of normalized polar GIMs, and the weight vector cl156

will approximate to the center of mass of this set.157

3. We initialize the update counter: i158

4. For iteration 1 to number of epochs:159

(a) For each of the n training vectors of the overall data base, xi, the following pro-160

cedures are carried out:161

i. We find the node k whose weight ck best approaches xi (d represents in our162

case the Euclidean distance in the space Rn, where n is the number of grid163

values of any polar GIM: d(ck,xi) ≤ d(cl,xi), ∀l ∈ {1, . . . , p}.164

ii. We update the weight of the winning node k and its neighbours, Nk(i), ap-165

proaching the training vector as closely as possible:166

cl(i) =

{
cl(i− 1) + α(i) [xi − cl(i− 1)] ∀l ∈ Nk(i)
cl(i− 1) ∀l ∈ {1, . . . , p} −Nk(i)

(3)167

Here α(i) is a suitable, monotonically decreasing sequence of scalar-valued gain168

coefficients, 0 < α(i) < 1. The justification of this parameter is related to169

the Robbins-Monro algorithm (Robbins & Monro, 1951), which guarantees the170

convergence an iterative estimation of a mean parameter of a Gaussian distri-171

bution. A choice that guarantees a fast convergence is, for example, a linear de-172

crease of α(i) during the first 1000 epochs in a range between 0.9 and 0.1 (or-173

dering period). Then after this initial phase, α(i) should attain a final value be-174

low or equal 0.01, with a decrease proportional to the inverse of the iteration175

number, i.e. α(i) ∝ 1/i.176

The final point density function of {c1, . . . , cp} is an approximation of the contin-177

uous probability density function of the vectorial input variable g(x) (actually if follows178

[g(x)]
m

m+2 , (Kohonen, 1990), p. 1466).179

2 GIM detection examples of reported polar ionospheric features180

In this section we confirm the detection of specific polar ionospheric features, re-181

ported by different authors, within the GIM VTEC: tongue of ionization, ionospheric182

trough, storm enhanced density, flux transfer event, and theta-aurora.183

2.1 Tongue of Ionization184

The GIM VTEC map corresponding to the NP TOI reported in (David et al., 2016),185

at 1700UT on 5 November 2012 is shown at the left-hand plot of Figure 2. This is fully186

consistent in extension, shape and VTEC level (up to around 20 TECU in the TOI) with187

Figure 2 of (David et al., 2016), obtained with a higher resolution VTEC mapping tech-188

nique. In addition, a simultaneous TOI happened in the SP, which can be seen at the189

right-hand plot of Figure 2.190

–6–
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Figure 2. VTEC maps at NP (left) and SP (right) during 5 November 2012 at 1700UT. The

VTEC scale in given in 0.1 TECUs, the same as the remaining VTEC GIMs in this section.

Another interesting feature about TOIs in the SP is that most of the TOIs cross191

or direct to the South Magnetic Pole (see four examples at different UT times in Fig-192

ure 3), which is located in the range (E136-E138,S63-S64) deg from 1998 to 2015. The193

frequent appearance of this feature shows the TOI bends from its origin at the daylight194

hemisphere side towards the magnetic pole. It is noticeable that the µ2 values within the195

TOIs are typically lower than those in the surrounding night polar ionosphere, which im-196

plies the associated electron content being distributed significantly lower in height. While,197

when TOI and the daylight areas are compared, the µ2 values change slightly. It indi-198

cates that the ionospheric effective height, where the free electron can be considered con-199

centrated in a simplified view, almost keeps constant in the TOI from the day-side part.200

This agrees with the result that the virtual heights in the ionograms did not change dur-201

ing transit of the arcs through the zenith found in (Buchau et al., 1983).202

2.2 Trough and dawn-side drifting structure203

In the left panel of Figure 4, it is easy to see a region of depleted ionization (in pur-204

ple), i.e. trough, where µ2 values above 0.8 (corresponding to the represented values of205

µ2+1 > 1.8) are greater than those in the surrounding area. Big µ2 implying high iono-206

spheric effective height, probably corresponds to a typical trough feature - enhanced elec-207

tron temperature. According to the proportional relationship between temperature and208

scale height, the high temperature would increase the scale height in the topside part,209

resulting in slow decay of electron density above the peak, thus increasing the ionospheric210

effective height. Apart from the trough, enhanced ionization area in the polar cap in a211

shape of circle can be seen in the unsupervised cluster representatives below. In this case,212

at 1745 UT, the interplanetary magnetic field (IMF) y-component, By, is negative and213

the z-component, Bz, is switching from northward to southward (see Figure 5). The con-214

vection theory (Sojka et al., 1993) suggests that, for negative By when IMF is southward,215

the flow is across the dusk-side of the polar cap. While the structure in the VTEC map216

appears to be dawn-side, thus the convection pattern needs to be further investigated217

by theoretical model.218

2.3 Storm enhanced density219

During geomagnetic storms, F-region ionospheric plasma from lower latitudes in220

the afternoon sector is transported polewards. Consequently, a latitudinally narrow re-221

gion of SED and increased TEC is carried toward higher latitudes in the noon sector (Foster,222
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Figure 4. VTEC and µ2 maps in northern hemisphere at 1745 UT on DOY 041, 2003 from

UQRG GIMs. In the right panel, the values in colorbar are µ2+1.

Figure 5. IMF By and Bz components on DOY 041, 2003, downloaded from

https://omniweb.gsfc.nasa.gov/ftpbrowser/wind swe 2m.html
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Figure 6. Four cases in NP for storm enhanced TEC on two days (DOY 302 2215UT and 303

2100UT, 2003) of ”Halloween Storms” (top), on DOY 324 1745UT, 2003 (bottom-left), and DOY

150 1745UT, 2005 (bottom-right), directly obtained from the corresponding UQRG GIMs.

1993). The distribution of VTEC in the northern hemisphere during major geomagnetic223

storms, including Halloween Storms of 2003 and the other two cases with Kp index around224

7 and 8.7 respectively, are shown in Figure 6. The feature that the enhanced TEC plumes225

are concentrated in the pre-midnight and postnoon sector (Foster et al., 2005) can be226

seen in these four examples on Halloween Storms of 2003, DOY 324, 2003, and DOY 150,227

2005.228

2.4 Flux transfer event (FTE)229

On 13 February 2001, the transpolar propagation of large-scale Traveling Ionospheric230

Disturbances (TIDs) from the nightside source region to the dayside is reported by (Cai231

et al., 2011). On 14 February, the magnetospheric flux transfer events are observed by232

Cluster spacecraft (Wild et al., 2001, 2003). The VTEC maps in both hemispheres (see233

Figures 7 and 8) show the ionospheric response to these events. Ionospheric VTEC Maps234

in the NP from 11 February (DOY 041) to 17 February (DOY 047) 2001 have been closely235

examined. It is worth mentioning that only a series of VTEC maps from 1900 UT of DOY236

O44 to 0500 UT of DOY 045 with 2-hour interval has been shown in figures to avoid ex-237

cessive length. TOI occurred and lasted for around 4 and 5 hours after 1500 UT for DOY238

041 and 042 respectively. From 2330 UT of DOY 043 to 0100 UT of DOY 044, two-TOI-239

like structure presented, which is similar to that in the bottom-left plot of Figure 7. Af-240

terwards, between 1700 UT of DOY 044 and 0200 UT of DOY 045, very strong TOI ap-241

peared, then drifting to the duskside and back to the dawnside later, and gradually form-242

ing a loop and then separating into two-TOI-like structure again. In the second half day243

of DOY 045, TOI was formed from 1315 UT to 1730 UT. Whereas, on both DOY 046244

and 047, no obvious TOI showed up. From VTEC maps in the SP, TOI appeared in two245

time slots [0600 UT, 0730 UT] and [2145 UT, 2330 UT] on DOY 044, 2001, three days246

–10–
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Figure 7. From left to right and from top to bottom: VTEC maps from UQRG GIMs, show-

ing the development of TOI and patches each 2 hours from 13 February 1900UT to 14 February

0500UT, 2001 in the NP.

before which no TOI showed up. What is interesting is a swan-shape structure, which247

is drifted TOI, occurred around 0200 UT on DOY 045, 2001. And on the same day, TOI248

can also be seen from 1130 UT to 1500 UT. The specific feature in the NP that two-TOI-249

like structure appeared and merged later on might be related to FTE or directly to the250

geomagnetic disturbance caused by FTE. The mechanism is still unknown and it is worth251

investigating with other measurements.252

2.5 Theta-aurora VTEC observation at SP253

During 1638-2000UT of September 15, day 258 of year 2005, direct observations254

of closed magnetic flux, in correspondence with a small and thin transpolar arc over SP,255

were taken by the FUV Wideband Imaging Camera of the IMAGE satellite (see Figure256

4A in (Fear et al., 2014)). We have detected the formation of a sort of transpolar arc,257

longer and thicker, during this day, before the pass of the satellite. It can indeed be seen258

in Figure 9, in the SP VTEC snapshots at 1130UT and 1530UT, with two associated de-259

pletions at both sides. Moreover, a ring of enhanced electron content formed, very clear260

at 1930UT, and was located around the South Magnetic pole, about (E138,S64) deg at261

such a time, with a radius of 15 deg approximately. The forementioned features together262

with a mid transpolar arc that can be considered as part of such ”theta-aurora” hap-263

pened during Northward IMF as explained in (Fear et al., 2014).264

3 Looking for predominant features in the polar ionosphere: Unsu-265

pervised clustering of the Polar GIMs266

We analyzed the time series from January 1st, 2001 to February 14, 2019, which267

consisted of about 640000 UQRG GIMs, sampled at time intervals of 15 minutes, sep-268

arately for each UT. The analysis was done in geographic coordinates but independently269

for each daily UT, similarly to (David et al., 2016), as a simple way of analyzing directly270

the values provided by the GIM, and previously by mu2, avoiding any interpolation, and271

with very slow time-varying magnetic coordinates for each grid point due to the long-272

–11–
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Figure 8. From left to right and from top to bottom: VTEC maps from UQRG GIMs, show-

ing the development of TOI and patches each 2 hours from 13 February 1900UT to 14 February

0500UT, 2001 in the SP.

Figure 9. SP VTEC during 15 September, day 258, of year 2005 at 0715UT, 1115UT (first

row), 1515UT and 1915UT (second row), extracted from UQRG GIM.
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Figure 10. Kp cumulative probability distribution function from 2001.0 to 2018.3 (source:

NOAA).

term drift of the magnetic poles. The NP and SP were split with N45 deg and S45 deg273

as the respective borders, and maintaining the GIM resolution of 5 deg, 2.5 deg and 15 min-274

utes in longitude, latitude and time, high enough to detect large-scale patches with hun-275

dreds of kilometers to several thousand kilometers in the horizontal dimension. To study276

this long time period we dispose of more than 1,260,000 polar GIMs to be used in the277

cluster procedure after normalizing each polar GIM with with the standard L2 norm.278

In this way we show be able to: (1) detect the most frequent features, also with low ion-279

ization level, e.g. in night-time during minimum solar cycle conditions; and (2) to use280

the inner product among the normalized vectors representing each polar GIM to derive281

their distance. This was done independently for each UT, by means of the unsupervised282

LVQ algorithm as was indicated in the introduction. The use of the LVQ allowed us to283

detect the climatology for different local time and magnetic field conditions.284

The study was started with up to 3x3 = 9 potential centroids, and the clusters285

obtained presented subtle differences not suitable for a first comprehensive study, com-286

pared with the more clear differences, easier to interpret, when up to 2x2 = 4 poten-287

tial centroids are searched. And the typical clustering result of three centroids obtained288

in the majority of the 96 UT values (from 0000UT, each 15 minutes) can be interpreted289

like the existence of three typical groups of GIMs, which are interpreted below. Addi-290

tionally, we have considered the polar maps of the topside electron content fraction, µ2,291

which has been helpful to interpret the vertical distribution in some cases. The geomag-292

netic activity has not been taken into account due to the relatively small percentage of293

significantly active days, at it can be seen in the cumulative probability distribution func-294

tion of Kp since 2001.0 to 2018.3 represented in Figure 10, where at least the 92% of the295

time is free from geomagnetic storms (Kp< 4).296

The unsupervised clustering of the normalized North Polar GIMs defined above N45 deg297

hours from 0145UT can be seen in the Appendix every 2 hours in Figure A1, Figure A4,298

Figure A7, and Figure A10. In order to detect solar-cycle-related patterns, the correspond-299

ing histograms of occurrence per year are represented in Figure A2, Figure A5, Figure A8300

and Figure A11. Apart from that, the occurrence per day of year, to detect seasonal pat-301

terns, is included in Figure A3, Figure A6, Figure A9 and Figure A12. A typical ring302

of relatively high electron content is shown, specially from 2345UT to 1545UT (third row303

of plots), under Solar Mininum conditions and from November to February, i.e. within304

local fall and winter seasons. A less clear ring is also found during Solar Maximum con-305
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ditions in a similar UT time interval but mostly during the period from September to306

November and February to March (second row of plots). Mean relative structures of elec-307

tron content resembling TOIs or partial rings can be also found during the time from308

1745UT to 2145UT in both conditions, i.e. in corresponding rows 3 and 2 of plots as well309

as in the 4th row of plots, when it is populated in the unsupervised clustering compu-310

tation. Finally, the predominant cluster of relative polar NP VTEC (first row of clus-311

ters) presents a flatter shape concentrated in local spring and summer seasons.312

Similarly to the NP, the unsupervised clustering of the normalized South Polar GIMs,313

defined below S45 deg, can be seen since every 2 hours from 0145UT in Figure A13, Fig-314

ure A16, Figure A19, and Figure A22. And the corresponding histograms of occurrence315

per year are represented in Figure A14, Figure A17, Figure A20 and Figure A23 for de-316

tecting solar-cycle related patterns. Moreover, the occurrence per day of year, to detect317

seasonal patterns, is included in Figure A15, Figure A18, Figure A21 and Figure A24.318

The polar GIM centroids at SP show a typical relative bimodal electron content deple-319

tion, specially from 2145UT to 0545UT (third row of plots), more frequent at Solar Min-320

imum conditions and from April to August, i.e. within local fall and winter seasons. A321

predominant single depletion is also found more frequently during Solar Maximum con-322

ditions in a similar UT time interval but mostly during March-April and July-October323

(second row of plots). Other structures appear during the rest of UTs, 0745UT to 1945UT,324

for the same seasons and predominant Solar Cycle phases in third and second rows of325

centroids: relative theta-aurora-like pattern in 1145UT-1575UT (see corresponding ex-326

ample in previous section) and curly electron content shapes (third row), and TOIs (sec-327

ond row), with similar yearly and seasonal occurrence as in 0745UT-1945UT interval,328

i.e. Solar Maximum conditions during March-April and July-October. The first row of329

SP centroids show a flatter distribution as well, but with a clear mean TOI behaviour330

during 1345UT-1945UT, from November to February, i.e. in local spring and summer331

seasons, in agreement with (Chartier et al., 2018).332

4 A very first insight on the accuracy of real-time polar GIMs333

In order to provide a first insight on the potential feasibility of polar VTEC mon-334

itoring in real time (RT), the assessment of four different GIMs, two in RT (NOWG and335

URTG), one rapid (UQRG) and one under final latencies (IGSG), has been done vs +50,000336

JASON3 VTEC measurements. We have followed one of the two GIM assessment method-337

ologies recommended in (Hernández-Pajares et al., 2017). The analysis has been extended338

to the five available days in 2018 with complete data from most of the GIMs. The sum-339

maries can be seen in Table 2 for JASON3 measurements over the ocean at NP with lat-340

itudes above 50 deg, and in Table 3 for measurements with latitudes below -50 deg. If341

we focus on the Standard Deviation of the JASON3 minus GIM VTEC as a performance342

figure, free from the bias of the altimeter (see for instance(Roma-Dollase et al., 2017)),343

it is evident the suitability of rapid UQRG with typical latency of one day, with perfor-344

mances similar (slightly better at NP and slightly worse at SP) than the final IGS-combined-345

one (IGSG, see a recent assessment in (Roma-Dollase et al., 2017)) with latency of two346

weeks. Nevertheless, the RT-GIM NOWG is not performing apparently so well, but the347

RT-GIM URTG, during the available day with complete data and normal functioning348

(2018 360) is performing closer to both rapid-UQRG and final-IGSG GIMs. The visual349

comparison of the four GIMs during 0400UT, 1200UT and 2000UT during the day with350

full availability of the four GIMs, in both NP (Figure 11) and SP (Figure 12), show higher351

agreement between the GIMs presenting smaller errors, e.g. standard deviation regard-352

ing to JASON3 VTEC, consistently with this assessment over the polar seas.353
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Table 2. NP GIMs assessment based on the VTEC[JASON3]-VTEC[GIM] statistics for lat-

itude ≥50 deg. The compared GIMs are those with RT- (NOWG from IPS, URTG from UPC-

IonSAT excepting when the full functioning [*] or prediction [**] were not activated), rapid-

(UQRG from UPC-IonSAT) and final- (IGSG, the final combined IGS GIM) latencies during five

days in 2018 with complete data of NOWG, UQRG and IGSG.

VTEC[JASON3]-VTEC[GIM] VTEC #
DOY [JASON3] JASON3

2018 Std.Dev. Bias Bias Meas.
/ TECUs

NOWG URTG UQRG IGSG NOWG URTG UQRG IGSG

282 2.6 [*] 1.6 1.7 -2.8 [*] -0.8 -1.1 3.8 3225
293 3.1 [*] 1.8 2.1 -0.1 [*] -0.9 -0.9 5.5 2686
329 5.1 [**] 1.7 1.8 -3.7 [**] -1.2 -0.3 4.3 3070
336 4.7 [**] 1.5 1.8 -3.1 [**] -1.7 -1.2 4.0 3084
360 3.7 2.4 1.7 1.7 -3.9 -1.3 -0.8 -0.1 2.3 2707

Table 3. SP GIMs assessment based on the VTEC[JASON3]-VTEC[GIM] statistics for lati-

tude ≤-50 deg. The compared GIMs are those with RT- (NOWG from IPS, URTG from UPC-

IonSAT excepting when the full functioning [*] or prediction [**] were not activated), rapid-

(UQRG from UPC-IonSAT) and final- (IGSG, the final combined IGS GIM) latencies during five

days in 2018 with complete data of NOWG, UQRG and IGSG.

VTEC[JASON3]-VTEC[GIM] VTEC #
DOY [JASON3] JASON3

2018 Std.Dev. Bias Bias Meas.
/ TECUs

NOWG URTG UQRG IGSG NOWG URTG UQRG IGSG

282 2.6 [*] 2.3 2.1 1.6 [*] -1.0 -0.7 5.7 7075
293 2.7 [*] 2.3 2.0 1.6 [*] -1.8 -1.1 4.5 7521
329 3.5 [**] 2.1 1.9 5.3 [**] -2.7 -1.6 7.9 7760
336 3.2 [**] 2.8 2.3 5.5 [**] -3.3 -0.7 8.4 9221
360 3.3 3.3 1.9 2.0 5.1 -0.8 -2.8 -1.6 8.7 11551
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Figure 11. VTEC comparison from NP final- (IGSG from IGS combination in first row),

rapid- (UQRG from UPC-IonSAT in second row) and RT-GIMs (NOWG from IPS and URTG

from UPC-IonSAT in third and fourth rows), for 0400UT, 1200UT and 2000UT of day 360 of

year 2018.

–16–



manuscript submitted to JGR: Space Physics

Figure 12. VTEC comparison from SP final- (IGSG from IGS combination in first row),

rapid- (UQRG from UPC-IonSAT in second row) and RT-GIMs (NOWG from IPS and URTG

from UPC-IonSAT in third and fourth rows), for 0400UT, 1200UT and 2000UT of day 360 of

year 2018.
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5 Conclusions354

In this work we have shown that the Global Ionospheric Maps, computed by UPC-355

IonSAT since 1998 as IGS ionospheric analysis center, are able to provide VTEC foot-356

print of different phenomena of polar ionosphere. Namely, we have shown examples of357

Tongues of Ionization, trough and dawn-side drifting structure, flux transfer event, Theta-358

aurora VTEC observation at SP, and storm enhanced density during major geomagnetic359

storms. All of them are in agreement with the results reported by other authors, with360

different techniques and sources of measurements. Some of these phenomena are sup-361

ported as well by the topside electron content fraction, simultaneously estimated by UPC-362

IonSAT in the tomographic computation process of the GIMs. Moreover, thanks to the363

unsupervised clustering provided by the LVQ neural network of the normalized VTEC364

maps, it has been characterized the seasonal, annual, solar-cycle, UT dependence in North365

and South pole occurrences of TOIs, electron content rings, transpolar arcs (theta-aurora)366

and bimodal depletions. Finally, the finding that for the south hemisphere polar region367

most TOI activity occurs in local summer has been confirmed.368

We consider this work can help to promote the usage and further analysis of the369

huge amount of information on polar ionosphere contained in the Global Ionospheric Maps,370

computed from the nineties by some analysis centers.371
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(2018). The barcelona ionospheric mapping function (bimf) and its application451

to northern mid-latitudes. Gps solutions, 22 , 1–13.452

Murtagh, F., & Hernández-Pajares, M. (1995). The kohonen self-organizing map453

method: an assessment. Journal of Classification, 12 (2), 165–190.454

Noja, M., Stolle, C., Park, J., & Lühr, H. (2013). Longterm analysis of ionospheric455

polar patches based on champ tec data. Radio Science, 48 (3), 289–301.456
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Figure A1. Centroids of normalized NPC VTEC maps (latitudes φ ≥ 45 deg) in the SOMs

computed with 2x2 Kohonen neural network from UQRG VTEC GIMs from 2001 to the begin-

ning of 2019 for 01.75UT (first column), 03.75UT (second column) and 05.75UT (third column).

Appendix A Detailed results of the polar GIMs clustering486

A1 North Polar Ionosphere487

A2 South Polar Ionosphere488
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Figure A2. Occurrence per year of the individual NPC VTEC maps associated to every cen-

troid of normalized NPC VTEC maps of Figure A1, indicated in the same order, for 01.75UT

(first column), 03.75UT (second column) and 05.75UT (third column).

Figure A3. Occurrence per day of year of the individual NPC VTEC maps associated to

every centroid of normalized NPC VTEC maps of Figure A1, indicated in the same order, for

01.75UT (first column), 03.75UT (second column) and 05.75UT (third column).
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Figure A4. Centroids of normalized NPC VTEC maps (latitudes φ ≥ 45 deg) in the SOMs

computed with 2x2 Kohonen neural network from UQRG VTEC GIMs from 2001 to the begin-

ning of 2019 for 07.75UT (first column), 09.75UT (second column) and 11.75UT (third column).

Figure A5. Occurrence per year of the individual NPC VTEC maps associated to every cen-

troid of normalized NPC VTEC maps of Figure A4, indicated in the same order, for 07.75UT

(first column), 09.75UT (second column) and 11.75UT (third column).
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Figure A6. Occurrence per day of year of the individual NPC VTEC maps associated to

every centroid of normalized NPC VTEC maps of Figure A4, indicated in the same order, for

07.75UT (first column), 09.75UT (second column) and 11.75UT (third column).

–24–



manuscript submitted to JGR: Space Physics

Figure A7. Centroids of normalized NPC VTEC maps (latitudes φ ≥ 45 deg) in the SOMs

computed with 2x2 Kohonen neural network from UQRG VTEC GIMs from 2001 to the begin-

ning of 2019 for 13.75UT (first column), 15.75UT (second column) and 17.75UT (third column).
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Figure A8. Occurrence per year of the individual NPC VTEC maps associated to every cen-

troid of normalized NPC VTEC maps of Figure A7, indicated in the same order, for 13.75UT

(first column), 15.75UT (second column) and 17.75UT (third column).
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Figure A9. Occurrence per day of year of the individual NPC VTEC maps associated to

every centroid of normalized NPC VTEC maps of Figure A7, indicated in the same order, for

13.75UT (first column), 15.75UT (second column) and 17.75UT (third column).
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Figure A10. Centroids of normalized NPC VTEC maps (latitudes φ ≥ 45 deg) in the SOMs

computed with 2x2 Kohonen neural network from UQRG VTEC GIMs from 2001 to the begin-

ning of 2019 for 19.75UT (first column), 21.75UT (second column) and 23.75UT (third column).
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Figure A11. Occurrence per year of the individual NPC VTEC maps associated to every cen-

troid of normalized NPC VTEC maps of Figure A10, indicated in the same order, for 19.75UT

(first column), 21.75UT (second column) and 23.75UT (third column).
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Figure A12. Occurrence per day of year of the individual NPC VTEC maps associated to

every centroid of normalized NPC VTEC maps of Figure A10, indicated in the same order, for

19.75UT (first column), 21.75UT (second column) and 23.75UT (third column).
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Figure A13. Centroids of normalized SPC VTEC maps (latitudes φ ≥ 45 deg) in the SOMs

computed with 2x2 Kohonen neural network from UQRG VTEC GIMs from 2001 to the begin-

ning of 2019 for 01.75UT (first column), 03.75UT (second column) and 05.75UT (third column).

Figure A14. Occurrence per year of the individual SPC VTEC maps associated to every

centroid of normalized SPC VTEC maps of Figure A13, indicated in the same order, for 01.75UT

(first column), 03.75UT (second column) and 05.75UT (third column).
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Figure A15. Occurrence per day of year of the individual SPC VTEC maps associated to

every centroid of normalized SPC VTEC maps of Figure A13, indicated in the same order, for

01.75UT (first column), 03.75UT (second column) and 05.75UT (third column).

Figure A16. Centroids of normalized SPC VTEC maps (latitudes φ ≥ 45 deg) in the SOMs

computed with 2x2 Kohonen neural network from UQRG VTEC GIMs from 2001 to the begin-

ning of 2019 for 07.75UT (first column), 09.75UT (second column) and 11.75UT (third column).
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Figure A17. Occurrence per year of the individual SPC VTEC maps associated to every

centroid of normalized SPC VTEC maps of Figure A16, indicated in the same order, for 07.75UT

(first column), 09.75UT (second column) and 11.75UT (third column).

Figure A18. Occurrence per day of year of the individual SPC VTEC maps associated to

every centroid of normalized SPC VTEC maps of Figure A16, indicated in the same order, for

07.75UT (first column), 09.75UT (second column) and 11.75UT (third column).
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Figure A19. Centroids of normalized SPC VTEC maps (latitudes φ ≥ 45 deg) in the SOMs

computed with 2x2 Kohonen neural network from UQRG VTEC GIMs from 2001 to the begin-

ning of 2019 for 13.75UT (first column), 15.75UT (second column) and 17.75UT (third column).

Figure A20. Occurrence per year of the individual SPC VTEC maps associated to every

centroid of normalized SPC VTEC maps of Figure A19, indicated in the same order, for 13.75UT

(first column), 15.75UT (second column) and 17.75UT (third column).
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Figure A21. Occurrence per day of year of the individual SPC VTEC maps associated to

every centroid of normalized SPC VTEC maps of Figure A19, indicated in the same order, for

13.75UT (first column), 15.75UT (second column) and 17.75UT (third column).

i

Figure A22. Centroids of normalized SPC VTEC maps (latitudes φ ≥ 45 deg) in the SOMs

computed with 2x2 Kohonen neural network from UQRG VTEC GIMs from 2001 to the begin-

ning of 2019 for 19.75UT (first column), 21.75UT (second column) and 23.75UT (third column).
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Figure A23. Occurrence per year of the individual SPC VTEC maps associated to every

centroid of normalized SPC VTEC maps of Figure A22, indicated in the same order, for 19.75UT

(first column), 21.75UT (second column) and 23.75UT (third column).

Figure A24. Occurrence per day of year of the individual SPC VTEC maps associated to

every centroid of normalized SPC VTEC maps of Figure A22, indicated in the same order, for

19.75UT (first column), 21.75UT (second column) and 23.75UT (third column).
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