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Abstract The ionospheric storms have adverse effects on the radio communications, satellite
communications and also the Global Navigation Satellite Systems (GNSS) application. A new Ionospheric
storm Scale from Universitat Politécnica de Catalunya (UPC) Global Ionosphere Map (GIM), IsUG, is
introduced for characterizing the ionospheric state on a global scale. The IsUG is based on the Vertical
Total Electron Content (VTEC) derived from the continuously computed UPC Quarter-of-an-hour time
resolution Rapid GIM (UQRG), taking as reference the ones during the period 1997 to 2014. It is similar
to the I-scale index previously introduced, although it was over Japan and based on raw GNSS data. The
dependence of the VTEC on season, local time and geographical location at each grid point of UQRG

is removed by normalizing (i.e., by substracting the mean and dividing by the corresponding standard
deviation) the percentage deviation of hourly median VTEC. After validating ISUG versus I-scale, the
IsUG distribution is presented and analyzed at global scale during a severe geomagnetic storm from 7 to
10 November 2004 as an example of the potentialities of the new index. The results suggest that the ISUG
global map has a great potential for the scientific study of ionospheric storms from a global perspective
and also for space weather warning considering the accuracy of the recently developed real-time GIMs.

Plain Language Summary The upper part of the atmosphere, the ionosphere, affects the
Global Navigation Satellite Systems (GNSS) signals crossing it. Thanks to this effect, and to the worldwide
coverage of GNSS receivers, it is possible to estimate the spatial and temporal distribution of free electrons
at global scale (the so called Global Ionosphere Maps, GIMs). In this work we present a new application
of the GIMs, as a simple and worldwide way of providing the scale of ionospheric storm (IsUG), in
agreement with a previous definition based on raw localized GNSS data, and allowing its computation in
real-time.

1. Introduction

Driven by the high energy inputs resulting from geomagnetic storms, the ionospheric storms contain var-
ying electron density and have significant impacts on the society in general and on the space environment
in particular, including high ionospheric correction error for trans-ionospheric radio signals, blackouts of
High Frequency (HF) communication systems and disruption of Ultra High Frequency (UHF) satellite
communications (Buonsanto, 1999). The evolution of ionospheric storms can be divided into positive phase
(when the electron density increases) and negative phase (when the electron density decreases; Fagundes
et al., 2016). It is important to identify the ionospheric conditions for the space weather warnings to mitigate
the influence of ionospheric storms.

In 1960, a monthly ionospheric index was introduced in terms of a monthly mean of the ionospheric critical
frequency f, F2 measured from several stations, reflecting the average conditions of the ionosphere (Minn-
is & Bazzard, 1960). And the improved ionospheric index MF2 was proposed to increase the accuracy of
monthly median f,F2 estimation and long-term prediction (Mikhailov & Mikhailov, 1995; Perrone & De
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Franceschi, 1998). To represent the real-time ionospheric conditions, the ionospheric activity indices (AI)
were calculated by the comparison between real-time hourly f, F2 and median f;, F2 of the same local time
for the past 30 days (Bremer et al., 2006). Afterward the degree of ionospheric disturbance, W-index, was
introduced in Gulyaeva and Stanislawska (2008) in terms of the logarithm of hourly Total Electron Content
(TEC) referred to the median hourly TEC for the past 27 days. In addition, the ionosphere variability index
V, was obtained by moving TEC median in the preceding 15 days with variance bounds at grid points of
GIM (Gulyaeva & Mannucci, 2020). In order to remove the dependence of the ionospheric state on sea-
son, local time, and geographical position, the ionospheric storm scale (I-scale) was proposed by Nishioka
et al. (2017). However, the presented I-scale was based on the hourly median TEC extracted from GNSS raw
observations of the Japanese regional station network only.

The Ionosphere Working Group (Iono-WG) was created in the frame of the International GNSS Service
(IGS) in 1998. One of the main goals of Iono-WG was to derive GIMs with different techniques from raw
GNSS observations in IONosphere map EXchange (IONEX) format by the different analysis centers, assess-
ing and generating a combined GIM (Feltens & Schaer, 1998; Feltens, 2007; Mannucci et al., 1998; Hernan-
dez-Pajares et al., 1998, 1999, 2009; Schaer et al., 1996, 1998). The IGS GIMs provide global VTEC at grid
points with the common spatial resolution of 2.5° x 5° in latitude and longitude (Ghoddousi-Fard, 2014;
Li et al., 2015; Zhang et al., 2013). The temporal resolution of IGS GIMs ranges from 15 min to 2 h (Liu,
Hernandez-Pajares, Lyu, et al., 2021). Among the GIMs from different IGS Ionospheric Associate Analysis
Centers (IAACs), the UQRG from UPC describes the estimated VTEC from slant GNSS observation as a
tomographic two-layer voxel-based model in a sun-fixed geomagnetic reference frame and estimates the
VTEC of each voxel every 15 min by Kriging interpolation technique on a global scale (Hernandez-Pajares
et al., 1998, 1999, 2000; Orus et al., 2005). The UQRG has been proven to be one of the most accurate GIMs
(Hernandez-Pajares et al., 2017; Roma-Dollase et al., 2018). In particular, UQRG is able to represent realistic
VTEC structures in the challenging polar regions where few GNSS stations and observations are available
and the VTEC estimation is challenging (Hernidndez-Pajares et al., 2020).

The good performance and high temporal resolution of UQRG allow us to introduce a new ionospheric
storm scale based on the definition of I-scale and historical UQRG from 1997 to 2014. The new ionospheric
storm scale is able to provide in a fast and straightforward way (based on a single daily GIM file in IONEX
format instead of hundreds of raw GNSS data files) for generating a realistic global map of the ionospheric
storm disturbance level, which is dependent-free on season, local time, and geographic location.

2. Data and Methodology for IsUG

The hourly median VTEC at each grid point was extracted from historical UQRG with a 15-min resolution
(during the period 1997-2014). Since the spatial resolution of UQRG is 2.5° x 5° in latitude and longitude,
the hourly median VTEC is derived at 5,112 grid points on a global scale. Hereafter the derived hourly VTEC
is denoted as Grgc. The percentage deviation of VTEC was computed to describe the current ionospheric
state as indicated in previous studies (Bremer et al., 2006; Nishioka et al., 2017). The formula can be seen
in Equation 1.

100 X (Grec — R
Prec = (Grec TEC) 1)
RrEec

where Prgc is the percentage deviation of VTEC. Grec is the hourly median VTEC derived at grid points of
GIM. The hourly median VTEC is the median of the five VTEC values during 1-h interval, under the GIM
VTEC temporal resolution of 15 min. The hourly median VTEC is calculated every hour (for example, 0,
1, 2 UT). The median VTEC is adopted since the median value would have lower variability than a mean
value. The hourly median VTEC is also chosen to mitigate the effect of extremely large or small estimated
VTEC values. The Rrgc is the reference median value derived from the Gr ¢ at the same local time and ge-
ographic location in the past 27 days. In this way the influence of this significant period of VTEC variability
(see for example Figure 22 in Herndndez-Pajares et al., 2009) is removed. The 27 days window is in agree-
ment with the solar rotation period, which has a significant impact on the VTEC variation of ionosphere
(Bremer et al., 2006; Schmdlter et al., 2021). Both the 27 days variation of solar radiation and the 27 days
variation of geomagnetic activity caused by the solar wind and interplanetary magnetic field, have effects
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Figure 1. The distribution of Pryc from 1997 to 2014 (the number in red color indicates the relative amount of the absolute percentage values | Prgc | below
20%). (a) Prec of (130°E, 30°N) during 3 months around March Equinox at 20 Local Time (LT) (b) Prgc of (130°E, 30°N) during 3 months around June Solstice
at 20 Local Time (LT) (c) Prgc of (130°E, 30°N) during 3 months around March Equinox at 12 LT (d) Prgc of (140°E, 40°N) during 3 months around March

Equinox at 20 LT.
on ionospheric VTEC (Ma et al., 2012; Schreiber, 1998). The window size smaller and larger than 27 days is
more affected by the daily variations and the seasonal variations (Nishioka et al., 2017).
With the purpose of characterizing and comparing the distribution of UQRG-GIM derived Prgc at specif-
ic regions previously characterized by I-scale (Nishioka et al., 2017), the grid points of (130°E, 30°N) and
(140°E, 40°N) were chosen in longitude and latitude, coinciding with the corresponding values in Nishioka
LIU ET AL.
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0.281

0.26

Standard Deviation

0.181

0.16

(a) 30°N

Table 1
Comparison of Prgc Distribution Parameters During 1997-2014 Between the Values Derived From UQRG (Input for
IsUG Index) and the Values Derived in Nishioka et al. (2017) as Input to I-Scale

P'rgc(UQRQ'GIM) PTEC(raw-GNSS-data)

(this work) (Nishioka et al., 2017)

Season LT Long. Lat. P u per. 20% P " per. 20%

March Equi. 20h 130°E 30°N 0.28 0.150 60.0 0.33 0.19 54.3
June Equi. 20h 130°E 30°N 0.19 —0.001 71.4 0.20 —0.02 69.7
March Equi. 12h 130°E 30°N 0.22 0.098 66.1 0.26 0.08 62.1
March Equi. 20h 140°E 40°N 0.23 0.178 56.9 0.27 0.22 50.2

et al. (2017) and the same time period (years 1997-2014). It should be noted out that the grid point of (130°E,
30°N) is within the region of 29° latitudinal band, while the grid point of (140°E, 40°N) is within the region
of 41° latitudinal band as defined in Nishioka et al. (2017). In addition, the mean value y and standard de-
viation ¢ of Prgc are divided by 100 (i.e., not in %) in all the figures and tables, in order to compare with the
figures and tables of Nishioka et al. (2017).

As it can be seen in Figure 1, the histograms are dissimilar at different local time, season and geographical
locations. Figure 1a shows the histogram of Prpc, where 60% of absolute percentage values | Prgc| have a
value lower than 20% and can be regarded as undisturbed at grid point [130°E, 30°N]. 71.4% of absolute
percentage values | Prec| are lower than 20% in Figure 1b. In addition, the standard deviation ¢ of Prgc is
0.28 and the mean value u of Prpc is 0.19 in Figure 1a, while the ¢ and u of Figure 1b are 0.19 and —0.001,
respectively. The difference between Figures 1a and 1b is the season: the season is March Equinox in Fig-
ure 1a, while the season is June Solstice in Figure 1b. Consequently, the Prg is affected by the season var-
iation. In addition, the difference between Figures 1a and 1c indicates the local time dependence of Prgc.
In Figure 1d, 56.9% of absolute percentage values | Prgc| are smaller than 20% at grid point [140°E, 40°N].
These results are similar to the corresponding input Prgc values for I-scale shown in Figure 1 of Nishioka
et al. (2017), as it is summarized in Table 1.

(b) 40°N
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0.26
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Standard Deviation
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Figure 2. The variation of standard deviation at different seasons. (a) Standard deviation of (140°E, 40°N) during the period from 1997 to 2014. (b) Standard

deviation of (130°E, 30°N) during the period from 1997 to 2014.
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Figure 3. The distribution of Pric from 1997 to 2014 (the number in red color indicates the rate of count when the absolute percentage values | Prec| are lower

than 20%). (a) Prgc of (130°E, 30°N) during 3 months around March Equinox at 20 Local Time (LT) (b) P;z¢ of (130°E, 30°N) during 3 months around June
Solstice at 20 LT (c) Prgc of (130°E, 30°N) during 3 months around March Equinox at 12 LT (d) Przc of (140°E, 40°N) during 3 months around March Equinox at

20 LT.

In Figure 2a and 2b, it is shown that the standard deviation values of March Equinox and December Solstice
are typically larger than the standard deviation of September Equinox and June Solstice. While the standard
deviation reaches higher value around 5 and 20 local hour in Figures 2a and 2b, the standard deviation of
grid point (140°E, 40°N) tends to be smoother than the grid point (130°E, 30°N) during the daytime. The LT
evolution of the Prrc(UQRG-GIM) standard deviation is in general similar but slightly lower when it is
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Table 3

Table 2
Comparison of the Percentiles for | Prec | < 1During 1997-2014 Between the Values Derived From UQRG (Input for
IsUG Index) and the Values Derived in Nishioka et al. (2017) as Input to I-Scale

Prec(UQRQ-GIM) Prpc(raw-GNSS-data)

(this work) (Nishioka et al., 2017)

Season LT Long. Lat. perc. | Prec| < 1 perc. | Prec| < 1

March Equi. 20h 130°E 30°N 71.7 77.5
June Equi. 20h 130°E 30°N 69.7 72.9
March Equi. 12h 130°E 30°N 72.5 72.6
March Equi. 20 h 140°E 40°N 71.7 72.3

compared with the corresponding results, shown in Figure 2 of Nishioka et al. (2017), but obtained from the
raw-GNSS data. This is in agreement with the fact that the VTEC values provided under the GIM resolution
can be smoother than the ones provided directly by the raw GNSS data.

The normalized Prgc as Equation 2 is introduced to remove the dependence of Prgc on season, local time
and geographical location as shown in Figures 1 and 2. It should be noted that the normalized Prgc is calcu-
lated at each grid point with corresponding mean value and standard deviation from 1997 to 2014.
P TEC — H

o

PTEC=

@)

where the y and ¢ are the mean value and standard deviation derived from Equation 1 and shown in Fig-
ure 2. The mean value y and standard deviation ¢ of Prgc at each grid point are calculated every hour (in
local time) during each given season.

After the normalization of Prec, 69.9% — 77.7% of absolute percentage values | Prec| are smaller than 1 in
Figure 3, implying the minor difference among different season, local time, geographical location when
| Prec| < 1, also in agreement with the corresponding Pric input for I-scale shown in Figure 3 of Nishioka
et al. (2017). The summary of both distributions of Prrc can be seen in Table 2.

As shown in Table 3, the definition of ISUG can be seen in the first, second and third columns, for severe,
strong, moderate (positive and negative) among quiet states. And the occurrence probability of IsUG at
global scale is given in the fourth column. The probability of a quiet ionospheric state is 73.96%, which is
similar to the I-scale results at 29°N over Japan (Table 1 in Nishioka et al., 2017). And the probabilities of
either positive and negative moderate, strong, severe ionospheric storms are around 10%, 1%, 0.1%.

3. Results and Analysis

In this section, the results of ISUG based on UQRG from 1997 to 2014 are
presented in detail and analyzed.

The Definition and Occurrence Probability of IsUG Derived From UQRG

During the Period 1997-2014

3.1. The Statistics of IsUG During a Severe Geomagnetic Storm

Probability on a . L .
UG Description Definition global scale (%) The consistency between the IsUG and I-scale indices can be seen in de-
” N tail during geomagnetic storms. Indeed, a severe geomagnetic storm hap-
I3 Severe positive storm S<P 0.17 pened from November 7 to 10, 2004, as reported in previous studies (e.g.,
P2 Strong positive storm 3<P<s5 0.72 Maruyama, 2006; Maruyama et al., 2013; Sori et al., 2019). As depicted in
IP1 Moderate positive storm 1<P<3 12.43 Figure 4, the observed VTEC at [130°E, 30°N], Grgc, reaches ~100 TEC
10 Quiet —1<P<1 73.96 Units (TECU) when the Dst value is —374 nT and the Kp value is 9—at 7
IN1 Moderate negative storm  —2 < p < —| 1172 UT of November 8. And the highest Prgc (18.92) is obtained at 10 UT of
N2 e e . . November 8, as indicated as the left downward arrow in Figure 4b, taking
S . B ' into account the time dependence of the reference VTEC, Rrgc. As can
12 Sevels el o ol P<-3 DLS be seen in Figure 5, the snapshots of UQRG VTEC, Prpc, mean value y
LIU ET AL. 60f 11
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Figure 4. The evolution of Grgc, Rrrce, Kp and Dst at (130°E, 30°N) from
November 7 to 10, 2004.

(a) UQRG 2004-11-08 10:00

of Prec and standard deviation o of Prgc at each grid point are consistent
with Figure 4 when the highest Pz (18.92) at (130°E, 30°N) is obtained.
The UQRG TEC reached a high value around grid point (130°E, 30°N).
It should be noted that the high value of Prgc around (155°E, 30°N) is
caused by high Grec (33.4) and low Rrgc (2.7) around 23 LT during the
nighttime.

The intense TEC enhancement that might be related to the storm-in-
duced plasma stream, has been indicated by Maruyama et al. (2013). And
right downward arrow in Figure 4b indicates the second peak Prpc at 13
UT of November 10. Finally we observe that the Grgc and Rrgc values
obtained from the UQRG GIM (bottom plot of Figure 4) are almost iden-
tical to the corresponding values obtained from raw GNSS measurements
(central plot of Figure 4 in Nishioka et al., 2017).

3.2. Global Map of IsUG

With the Prgc calculated at each grid point of UQRG from 1997 to 2014,
the global map of IsUG can be also obtained in an straightforward way
(one advantage of IsUG vs. I-scale). The detailed animations of IsUG
during one quiet and one disturbed period of 2004 are presented in the
Supporting Information S1.

(b) Prec 2004-11-08 10:00

60°S

180°

40 60 80 100 0 200 400 600 800 1000

(d) o 2004-11-08 10:00

L

-0.05

000 0.05 0.10 0.15

120°W 60°W d° 6():°E 120°E 180°180° 120°W 60°W  0° 60°E 120°E 180°

B | e — E i
0.20 0.0 0.2 0.4 0.6 0.8 1.0 1.2

T

Figure 5. The snapshots of 10 UT on November 8, 2004. (a) The snapshot of UQRG VTEC (in TECU) at each grid point. (b) The snapshot of Prpc value
calculated by Equation 1 at each grid point. (c) The snapshot of mean value y of Prrc at each grid point. (d) The snapshot of standard deviation ¢ of Prgc at
each grid point.
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Figure 6. The IsUG global map of November 7, 8, 2004.

With a focus on specific regions, Figures 6 and 7 are selected during the severe geomagnetic storm from 7
to 10 November in 2004, which Grgc (and Rrgc) have been previously compared and discussed over Japan.

As presented in Figure 4 and previous studies (e.g., Maruyama, 2006; Maruyama et al., 2013; Nishioka
et al., 2017), the strong TEC enhancement started from 23 UT of November 7 at Japan. The enhanced TEC
is coincident with the movement of severe ionospheric positive storm (Prec >5)at Japan in Figures 6a
and 6b. In addition, noticeable TEC enhancement was found in a GNSS station (77.9°.S, 166.8° E) located at
Antarctica (Sulaiman et al., 2007). And the TEC enhancement around the GNSS station can be also seen in
the right bottom corner (77.9°.5, 166.8° E) of Figures 6¢ and 6d.

As shown in Figure 7a-7f, the Prrc started to increase since 14 UT and gradually expanded toward low
latitude in Europe. The Przc reached 2 (moderate positive storm) at 17 UT and 5 (severe positive storm) at
19 UT, which is consistent with the reported TEC variation in Sori et al. (2019).

4. Conclusions

From the distribution of VTEC values during the period 1997-2014 extracted from UQRG GIMs computed
on a daily basis by UPC-IonSAT for IGS, the IsUG storm index is derived, extending in an straightforward
way the I-scale index on a global level. The IsUG global maps are initially compared with previous studies
during the severe geomagnetic storm, with a focus on the regions of Japan, Antarctica, Europe. The varia-
tion of IsSUG global maps is consistent with the results of previous studies, especially over Japan (Nishioka
et al., 2017) and in the Antarctica region where few GNSS stations are available (Maruyama et al., 2013;
Sori et al., 2019; Sulaiman et al., 2007). Since the IGS real-time GIMs (RT-GIMs) are availability and the
accuracy of RT-GIMs is presently close to the accuracy of the UQRG GIMs, the generation of real-time
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Figure 7. The IsUG global map from 14:00 to 19:00 UTC of November 7, 2004.

IsUG might be the next step (Liu, Herndndez-Pajares, Yang, et al., 2021; Yang et al., 2021). In addition,
the real-time ionospheric storm warning system based on real-time IsUG might be also available for space
weather monitoring.

Data Availability Statement

The UQRG data are openly accessible (https://cddis.nasa.gov/archive/gnss/products/ionex) from Crustal
Dynamics Data Information System (Noll, 2010). The Kp index is available (ftp://ftp.gfz-potsdam.de/pub/
home/obs/Kp_ap_Ap_SN_F107) from GeoForschungsZentrum (Matzka et al., 2021) and Dst index is acces-
sible (http://wdc.kugi.kyoto-u.ac.jp/dstdir/) from World Data Center for Geomagnetism, Kyoto (World Data
Center for Geomagnetism et al., 2015).
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