
����������
�������

Citation: Nguyen, C.T.;

Oluwadare, S.T.; Le, N.T.;

Alizadeh, M.; Wickert, J.; Schuh, H.

Spatial and Temporal Distributions of

Ionospheric Irregularities Derived

from Regional and Global ROTI

Maps. Remote Sens. 2022, 14, 10.

https://doi.org/10.3390/rs14010010

Academic Editor: Yunbin Yuan

Received: 30 October 2021

Accepted: 14 December 2021

Published: 21 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

Spatial and Temporal Distributions of Ionospheric
Irregularities Derived from Regional and Global ROTI Maps

Chinh Thai Nguyen 1,2,*, Seun Temitope Oluwadare 1 , Nhung Thi Le 1,3, Mahdi Alizadeh 1,4 , Jens Wickert 1,5

and Harald Schuh 1,5

1 German Research Centre for Geosciences GFZ, 14473 Potsdam, Germany; oluwa@gfz-potsdam.de (S.T.O.);
nhung@gfz-potsdam.de (N.T.L.); alizadeh@kntu.ac.ir (M.A.); wickert@gfz-potsdam.de (J.W.);
schuh@gfz-potsdam.de (H.S.)

2 Department of Geodesy, Faculty of Geomatics and Land Administration, Hanoi University of Mining and
Geology, Hanoi 100000, Vietnam

3 Faculty of Surveying, Mapping and Geographic Information, Hanoi University of Natural Resources and
Environment, Hanoi 100000, Vietnam

4 Faculty of Geodesy and Geomatics Engineering, K. N. Toosi University of Technology, Tehran 19697, Iran
5 Institute of Geodesy and Geoinformation Science, Technische Universität Berlin, 10623 Berlin, Germany
* Correspondence: chinh@gfz-potsdam.de

Abstract: Major advancements in the monitoring of both the occurrence and impacts of space weather
can be made by evaluating the occurrence and distribution of ionospheric disturbances. Previous
studies have shown that the fluctuations in total electron content (TEC) values estimated from Global
Navigation Satellite System (GNSS) observations clearly exhibit the intensity levels of ionospheric
irregularities, which vary continuously in both time and space. The duration and intensity of
perturbations depend on the geographic location. They are also dependent on the physical activities
of the Sun, the Earth’s magnetic activities, as well as the process of transferring energy from the
Sun to the Earth. The aim of this study is to establish ionospheric irregularity maps using ROTI
(rate of TEC index) values derived from conventional dual-frequency GNSS measurements (30-s
interval). The research areas are located in Southeast Asia (15◦S–25◦N latitude and 95◦E–115◦E
longitude), which is heavily affected by ionospheric scintillations, as well as in other regions around
the globe. The regional ROTI map of Southeast Asia clearly indicates that ionospheric disturbances
in this region are dominantly concentrated around the two equatorial ionization anomaly (EIA)
crests, occurring mainly during the evening hours. Meanwhile, the global ROTI maps reveal the
spatial and temporal distributions of ionospheric scintillations. Within the equatorial region, South
America is the most vulnerable area (22.6% of total irregularities), followed by West Africa (8.2%),
Southeast Asia (4.7%), East Africa (4.1%), the Pacific (3.8%), and South Asia (2.3%). The generated
maps show that the scintillation occurrence is low in the mid-latitude areas during the last solar
cycle. In the polar regions, ionospheric irregularities occur at any time of the day. To compare
ionospheric disturbances between regions, the Earth is divided into ten sectors and their irregularity
coefficients are calculated accordingly. The quantification of the degrees of disturbance reveals that
about 58 times more ionospheric irregularities are observed in South America than in the southern
mid-latitudes (least affected region). The irregularity coefficients in order from largest to smallest are
as follows: South America, 3.49; the Arctic, 1.94; West Africa, 1.77; Southeast Asia, 1.27; South Asia,
1.24; the Antarctic, 1.10; East Africa, 0.89; the Pacific, 0.32; northern mid-latitudes, 0.15; southern
mid-latitudes, 0.06.

Keywords: ionosphere; ionospheric irregularities; ionospheric disturbances; ionospheric scintillations;
TEC; VTEC; ROTI

1. Introduction

Space-based observations and the analysis of Global Navigation Satellite Systems
(GNSS) signals are well-utilized approaches to study space weather effects and the iono-
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sphere. GNSS-derived measurements of electromagnetic waves as they pass through the
ionosphere can be time-delayed due to ionospheric disturbances caused by space weather,
leading to erroneous positioning results. By analyzing these effects, it is possible to assess
the state of the ionosphere, namely the degree of its disturbance. In geodetic space weather
research, the ionosphere and ionospheric scintillations play important roles in determin-
ing the impacts of space weather phenomena on satellite signals. One of the important
parameters of the ionosphere is the total electron content (TEC), which is defined as the
total number of electrons present along the ray path between a radio transmitter and a
receiver. The unit of measurement is TECU, with 1 TECU corresponding to 1016 electrons
per square meter. TEC can be derived from dual-frequency GNSS measurements [1], and
it is an appropriate parameter to monitor possible space weather impacts. Since there are
many satellites in the sky, each satellite has a corresponding TEC value called the slant TEC
(STEC). Therefore, in practical use, only one unique TEC at one location is used, which is
called the vertical TEC (VTEC). STEC can be easily converted to VTEC using a mapping
function [2].

GNSS positioning is vulnerable to errors caused by ionospheric delay [3–5]. As can be
seen in Figure 1, the microwave signal when passing through the highly ionized region
of the ionosphere will be delayed in time due to the longer distance traveled. The causes
of such apparent delays are the refraction and diffraction of signals passing through the
ionosphere. These factors significantly modify both the speed and direction of the satellite
signals. Nonetheless, such delays can be easily eliminated by using the multi-frequency
technique [6]. In fact, the ionosphere not only contains errors due to the high TEC, but it
can also cause errors in geodetic measurements due to TEC disturbances. Figure 1 shows
the difference between the impacts of ionospheric delay and ionospheric irregularities on
GNSS satellite signals. While ionospheric delay mainly depends on the TEC value (the
greater the total number of free electrons, the greater the effect), ionospheric disturbances
are far more complicated.
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Figure 1. The difference between ionospheric delay (due to TEC) and ionospheric scintillation (due
to small-scale irregularities). Ionospheric delay can be almost completely mitigated by using multi-
frequency observations [6], although this technique cannot detect or remove the scintillated signals.
The main cause of both errors is disturbances in the ionosphere, which are primarily driven by solar
activities. However, for ionospheric irregularities, the key drivers are plasma instabilities and the
electrodynamic process.
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Ionospheric irregularities are small-scale disturbances that are capable of causing a
rapid modification of radio waves. Typical examples of such irregularities are scintilla-
tions [7]. Ionospheric scintillation is one of the most unpredictable and ominous errors.
In scintillation environments, electronic disturbances cause the signal power to be signifi-
cantly reduced. In the event of mild disturbances, this degrades the quality of observations,
although when the disturbances are more severe, this can lead to cycle slips or even a
complete loss of the signal (loss of lock error). Unfortunately, dual-frequency measure-
ments cannot detect or remove this kind of error [8]. Along with the irregularities in the
density and movement of free electrons in the ionosphere, the appearance and intensity
of scintillations also depend on other factors, such as the operating frequency of devices,
geographic location, time (day or night, season, 11 year solar cycle), and state of the Earth’s
magnetic field. Ionospheric scintillations have been meticulously studied over the past
several decades [9–17], although there are still research gaps due to the fact that in order
to study this phenomenon, special GNSS receivers are required, which often work at a
very high sampling rate (usually at 50 Hz). These receivers are rather expensive and not as
widely available as standard receivers. However, in the absence of scintillation receivers,
one is still able to use observations from conventional dual-frequency GNSS receivers to
detect the irregularities in the ionosphere [17]. This method is more widely used today
because of the density and global availability of normal-rate GNSS stations.

As mentioned above, due to the limited number of high-rate GNSS receivers, previous
studies have mainly focused on localized regions over specific time periods. To date, there
have been few specific publications on the global distribution of ionospheric disturbances
using all available IGS stations [8–10,12,15,16]. The current global ionospheric scintillation
models only give the fundamental characteristics of scintillations in different latitudinal
areas of the Earth (i.e., low-latitude, mid-latitude, and high-latitude areas) [8]. However,
the specific perturbation rates in different regions in each period have not yet been given.
Based on these research gaps, the objective of this paper is to clearly show the distribution
of ionospheric disturbances on a global scale in both time and space using the rate of the
TEC index (ROTI).

The use of a conventional GNSS receiver to identify ionospheric disturbances involves
the use of ROTI. ROTI was first introduced in [18] based on the definition from [9]; that is,
ionospheric scintillation causes rapid fluctuations in the amplitude and phases of satellite
signals due to the rapid and uneven variation in electron density within the ionosphere
as the signal passes through it. ROTI is used to describe the dynamic changes in electron
density and to determine the presence of irregularities in the ionosphere that can affect
the electromagnetic wave signal. According to Pi, ROTI is defined as the standard de-
viation of the rate of TEC (ROT) over a 5 min period and is used to statistically present
ionospheric irregularities using a network-based GPS monitoring system. This method
uses the availability of data from normal GNSS receivers with global coverage, for instance
the International GNSS Service (IGS) stations, to study ionospheric irregularities. Its main
advantage over scintillation indices is that it is calculated based on measurements from
standard dual-frequency observations at 30 s sampling, which have been and still are far
more common than scintillation receivers. Based on the results reported in [18–20], it was
concluded that ROTI could be used as a proxy for assessing the presence of ionospheric
disturbances. There are also other methods worthy of attention that can be used to identify
ionospheric disturbances, such as ACEVS [21].

In principle, the spatial distribution of ionospheric disturbances can be divided into
three sectors, namely the low-latitude areas (or equatorial areas), mid-latitude areas, and
high-latitude areas (or polar areas), of which the irregularities in the equator are the
most complicated [22]. In the equatorial region, the ionosphere often experiences the
most extreme and abnormal variations. This is, hence, called the equatorial ionization
anomaly (EIA). It is well known that the EIA is characterized by an electron density
trough at the magnetic equator and two crests of enhanced electron density at about
±15◦ magnetic latitudes [23]. The main driver of the EIA is the fountain effect. In the
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equatorial zone there are different physical processes that produce changes in the structure
of the EIA, such as field-aligned plasma transport due to transequatorial neutral winds,
photochemical processes produced by neutral composition effects, and others. At mid-
latitudes, scintillations rarely occur, except during extreme ionospheric storms during
the most active years of the solar cycle. Scintillation activities occur less frequently in
high-latitude areas than in the equator, although are more difficult to predict because they
can appear at any time of day [24].

The temporal distribution of ionospheric irregularities is divided by the day, and
also depends on the months of the year and the solar cycle process [22]. In the years of
intense solar activity, such as 2013–2014 during solar cycle 24 (SC24), scintillations occur at
a higher frequency than in other years, in terms of both duration and intensity [8]. Electron
disturbances are often strong and can greatly affect satellite measurements during strong
geomagnetic storms. Nevertheless, with modern advanced techniques, we are able to
predict space weather events such as geomagnetic storms on times scales of hours to about
three days following the eruption of a coronal mass ejection (CME) [25]. At low latitudes,
because of the Rayleigh–Taylor instability, ionospheric disturbances occur most often at
night, starting just after sunset and lasting until about 02:00–03:00 local time (LT) of the
following day [26]. After such an event, the level of ionization in the ionosphere will be
too low to support scintillations at GNSS frequencies. During the daytime, scintillations
rarely occur. Meanwhile, the occurrence of scintillations at auroral latitudes is strongly
dependent on geomagnetic activity levels; scintillations can occur in all seasons and are not
limited to local night-time hours as is the case for equatorial anomalies. In these regions,
the irregularities move at speeds of up to ten times faster, despite the lower ionospheric
density than in the equatorial regions [22].

The aim of this work is to establish ionospheric irregularity maps based on the ROTI
values calculated from dual-frequency GNSS observations. Firstly, we calculate ROTI
and VTEC gradient values at stations located in Southeast Asia (15◦S–25◦N latitude and
95◦E–115◦E longitude) in the second half of October 2015 (most active solar period of
SC24). On several days during this period, the ionosphere was strongly disturbed based on
the abnormally high number of ionospheric irregularities. The ROTI results also provide
spatial (geographic coordinates) and temporal information regarding the perturbations.
Based on these values, a local ROTI map for Southeast Asia is produced, as this area is
considered one of the most vulnerable regions to ionospheric irregularities on Earth [11].
Thereafter, to evaluate the distributions of ionospheric scintillations at the global scale, all
available IGS stations are used to create a distribution map. Section 3 shows the results,
which include the distributions over time and space of scintillation activities for different
areas of the world. From these results, the degrees of ionospheric disturbance in different
regions are evaluated based on their irregularity coefficients.

2. Data and Method

There are two approaches to studying ionospheric irregularities. These methods use
high-rate GNSS receivers to directly calculate the S4 index [8] and use dual-frequency
measurements to compute the replacement indices for the S4 index, including ROTI and
VTEC gradients [8]. Each method has its own advantages and disadvantages, depending
on each specific case. In principle, the method of using dedicated receivers operating at
very high sampling rates to directly estimate the S4 index is the most reliable. This is also
the best method for studying ionospheric scintillations in small and moderate geographical
areas and for instances where there is a financial constraint to the installation of scintillation
receivers. However, in situations where there is a total absence of scintillation receivers or
there is a need to study scintillations on a large scale, ROTI is the recommended solution.
The main advantage of this method is the enormous number of standard dual-frequency
GNSS receivers available at the global scale (with the number of satellites from different
GNSS systems constantly increasing) compared to the limited number of scintillation
receivers currently available. Therefore, within the framework of this study, with the
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aim of studying a large geographical area (Southeast Asia) and on a global scale, ROTI
observations are selected for use. The huge amount of normal-rate GNSS data will provide
invaluable information to observe ionospheric scintillations.

In this section, an algorithm is introduced and programmed to calculate ROTI from
RINEX (receiver-independent exchange format) data. The rate of change of the ionospheric
delay due to satellite signals received at a receiver is given from phase measurements as
follows [27]:

ROT(i) =
LGF(i)− LGF(i − 1)

∆t × 1016 × 40.3 ×
(

1
f2
1
− 1

f2
2

) (1)

where LGF(i) is the geometry-free phase combination at time i:

LGF (i) = L1 (i) × λ1 − L2 (i) × λ2 (2)

where ∆t is the time difference between the epochs in minutes; f1, f2 are frequencies (Hz); L1,
L2 are phase measurements in cycles; λ1, λ2 are the wavelengths in meters (λ1 = 0.19029 m,
λ2 = 0.24421 m). The unit of measurement for ROT is TECU/min, which is used to trace
ionospheric irregularities and to provide spatial variations in free electron density.

From the ROT value computed at each interval, the rate of the TEC index (ROTI) can
be calculated. ROTI is defined as the standard deviation of the rate of the TEC over a certain
time interval, which characterizes small-scale or rapid variations in TEC and is strongly
related to scintillation [19]. The expression of ROTI is as follows:

ROTI(k) =

√√√√ 1
N

k

∑
j=k−N

(
ROT(j)− ROT

)2 (3)

where N is the number of epochs; ROT is the average of ROT for the interval k:

ROT =
1
N

k

∑
j=k−N

ROT(j) (4)

When computing ROTI, the time interval over which a value is calculated must
be taken into account. The choice of sample rate is critical for studies of small-scale
irregularities, although for large-scale irregularities, the sampling rate is less important.
In [27], the authors indicated the impact of different sampling rates and calculation time
intervals on ROTI values. They found that ROTI values calculated using different parameter
choices are strongly positively correlated, although ROTI values are quite different. The
effect of a lower sample rate is to lower the ROTI value due to the loss of high-frequency
parts of the ROT spectrum, while the effect of a longer calculation time interval is to remove
or reduce short-lived peaks due to the inherent smoothing effects. In our study, ROTI
is calculated for a time span of five minutes, as this gives a reasonably good temporal
resolution while still having a good number of samples in each interval.

Usually, ROTI > 0.5 TECU/min (1 TECU refers to 1016 electrons/m2) indicates the
presence of ionospheric irregularities at scale lengths of a few kilometers [28]. Considering
the coexistence of large- and small-scale irregularities in equatorial irregularity structures
during the early evening hours, Basu pointed out that ROTI measurements can be used to
predict the presence of scintillations causing irregularities [19]. Several studies have also
indicated that large- and small-scale irregularities at scale sizes of a few kilometers to several
hundred meters can be investigated simultaneously with ROTI and scintillation indices
[8,29,30]. The main advantage of ROTI over the standard scintillation index (S4) is that it is
calculated based on measurements from normal dual-frequency GNSS receivers, for which
there is a huge data set available with global coverage. The algorithm used to calculate
ROTI is quite easily implemented and very straightforward. The main disadvantage is
that this index does not contain information about the frequency of the irregularities, only
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those irregularities that exist within the range limited by the sample rate (five minutes)
and measurement interval. Furthermore, the calculation of ROTI requires data from a
dual-frequency receiver, whereas scintillation indices are calculated by using only a single
frequency (commonly the L1 frequency). Nevertheless, normal dual-frequency GNSS
receivers are still far more common and much cheaper than scintillation receivers.

Another solution for detecting the appearance of ionospheric scintillations is to check
whether there is a rapid fluctuation in the VTEC results due to the fact that GNSS signal
scintillations are highly correlated with the rapid changes in TEC along the signal path.
Based on the movement of GNSS satellites, VTEC spatial variations can be estimated [31].
To identify spatial gradients, Jiyun proposed a “time step method” [32]. By considering the
distance between the ionospheric Pierce points (IPPs) in two successive epochs, the vertical
ionospheric gradient (VTEC gradient) can be calculated. A number of different solutions
have been used to compute the horizontal displacement of IPPs between two epochs.
These include the method used for solving the inverse geodetic problem from the geodetic
coordinates of IPPs and the method used for projecting these IPPs onto a plane via a map
projection. In this study, a simple method for calculating IPP horizontal displacement is
introduced as outlined below.

Assuming the Earth is flat (which is a sufficient assumption for satellites at a very
high elevation) with an IPP altitude Hion = 506.7 km (the same as the height H used in the
mapping function, see Figure 2), the projection of the IPP vector onto the ground plane is:

IPPx = Hion × (
cos A
tan z

); IPPy = Hion × (
sin A
tan z

) (5)

where A and z are the azimuth and zenith angles of the satellite at the epoch of observation.
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At each epoch of observation there is one VTEC value, while the rectangular coordi-
nates of IPP projected on the plane correspond to the respective satellite. When the satellite
moves, the IPP and VTEC change respectively. From that, the IPP horizontal displacements
after each epoch can be calculated as follows:

∆IPP(t + δt) =
√
[IPPx(t + δt)− IPPx(t)]

2 +
[
IPPy(t + δt)− IPPy(t)

]2 (6)

where δt is the interval of the observables (30 s for the daily standard data for IGS produc-
tions). Then, the VTEC gradient at the epoch (t + δt) is determined:

VTECgradient(t + δt) =
VTEC(t + δt)− VTEC(t)

∆IPP(t + δt)
(7)

As the delays due to the different epochs are considered and divided by the corre-
sponding separation, the estimated VTEC gradient in this case is a combination of both
temporal and spatial gradients. The VTEC gradient, measured with the unit TECU/km,
can be used to determine the spatial variations in VTEC, and from this information we are
able to determine whether scintillation activities exist at the moments of observation.

From the above formulas and algorithms, a MATLAB software tool has been pro-
grammed to investigate the ionosphere using the RINEX data [5]. The purpose of this
software is to compute certain parameters of the ionosphere, such as the VTEC, VTEC
gradient, ROT, ROTI, and S4, and to then estimate the occurrence of scintillation activities.
The input data for the program are the observation (*.obs) and navigation (*.nav) files. This
program is available with daily data (interval 30 s) or high-rate data (1 Hz, 50 HZ, . . . ).
Figure 3 depicts the flowchart of the software tool. Its specific calculation sequence can be
found in [8] and is briefly described as follows:

1. Filter observations from the RINEX files: The observations are rearranged following
the observed satellite and epoch, after which the data are collected according to the
selected satellite and time;

2. The coordinates of the selected satellite during the selected time from the navigation
file are calculated;

3. The user chooses whether or not to smooth the pseudo range and which observation
will be used (P1, P2, or C1, C2);

4. STEC is converted to VTEC and the VTEC gradient is calculated to check the possible
rapid fluctuations in VTEC results;

5. The IPP coordinates are computed and stored;
6. The differences in pseudo-ranges derived from code and phase measurements are

calculated and compared to detect the incidental cycle slip error in the phase measure-
ments;

7. ROT and ROTI are determined following Equations (1)–(4). For ROTI computation,
the calculation time interval must be set up. In our research, this value is chosen as
five minutes, as discussed before;

8. All the results are stored in *.MAT files and can be used later for other purposes.
Based on the variations in the VTEC gradient, S4, ROT, and ROTI values, the levels of
scintillations can be estimated and the correlations between ionospheric scintillations
and the changes in VTEC can be explored.

In this study, the above program is used to calculate the ROTI to investigate ionospheric
irregularities. A ROTI value greater than 0.5 TECU/min is considered a sign of disturbance
in the ionosphere [28]. The data sampling rate is 30 s as the IGS standard for observations
and the calculation time interval is five minutes in order to obtain a reasonably fine time
resolution.
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Figure 3. Flowchart of the ionosphere software tool. The input data are the observation and navigation
files of the RINEX data. The output results include certain ionospheric parameters with the aim of
detecting disturbances in the ionosphere that affect the GNSS measurements.

3. Results
3.1. Ionospheric Irregularity Observations Using ROT and ROTI Indices
3.1.1. Use of S4 Index to Validate the ROTI Results and Their Correlation

Figure 4 shows examples of ionospheric irregularities detected from ROT, ROTI, and
S4 indices on 26 March 2015. Good similarity between the S4 index and ROT and ROTI
indices can be seen in these figures. As usual, ionospheric irregularities mostly appear from
20–24 LT, following the results of previous studies [10,33–37]. On this day, the number of
ionospheric irregularities (ROTI ≥ 0.5) detected is 799, corresponding to 5.52% of the total
observations. Meanwhile, the number of scintillation events (S4 ≥ 0.3) is 407, corresponding
to 4.26% of the total observations. Note that the total number of observations is different in
each case, since in the calculation of ROTI, standard observations with a sampling rate of
30 s are used. Meanwhile, to determine the S4 index, we use high-rate data (50 Hz) with
an interval of 0.02 s. The time span of the calculation for each method is also different,
i.e., five minutes for ROTI and one minute for S4. This means 10 observations are used to
derive ROTI and 3000 observations are used to derive S4. Nonetheless, the results obtained
from Figure 4 still show some equivalences between S4 and ROTI, both in terms of the
appearance time and intensity of ionospheric irregularities.

From the results of S4 and ROTI calculations at Hanoi and Hue stations in Vietnam
during the period of 15–28 March 2015, we can also derive the correlation coefficients
between S4 and ROTI results (regarding the percentage of detection) at these two stations,
which are 0.92 and 0.86, respectively. Figure 5 illustrates the good agreement between these
two indices during the study period.
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Figure 4. ROT and ROTI indices (above) calculated from 30 s GNSS observations at Hue station
(Vietnam) on 26 March 2015 clearly show ionospheric disturbances that occurred during the period
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figures, different colored dots correspond to different satellites, and the legend “E = 20◦” in the upper
right corner indicates the satellite elevation cut-off used.
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Figure 5. Correlation coefficient (percentage of electronic disturbances compared to the total of
the observations) between ROTI and S4 at Hanoi (a) and Hue (b) stations during the period of
15–28 March 2015. The similarity between these two indices at Hanoi station is 0.92, slightly higher
than at Hue station with 0.86. Both of these indices demonstrate good conformity between ROTI and
S4 indices.

3.1.2. Reasonable Choices of Satellite Elevation Threshold and Time Span of
ROTI Calculation

Normally, measurements with low satellite elevation are often sensitive measurements
that are susceptible to various sources of error, of which the most common source of error
is multi-path error. The detection of plasma ionospheric irregularities is no exception.
Therefore, to study the effects of the different satellite elevations used on the determination
of ionospheric irregularities from GNSS measurements, we compare the numbers of iono-
spheric irregularities detected using different satellite elevation cut-off levels, including 0◦,
10◦, 20◦, 30◦, and 40◦. In all of these examinations, the time span of the ROTI calculation is
fixed to five minutes. The results are shown in Figure 6 and listed in Table 1.

From Figure 6, it can be seen that when using low satellite elevation (especially in
the case of E = 0◦), many disturbances are detected, which are scattered across different
times of the day. Their causes are thought to originate from sources other than ionospheric
scintillation errors. Here, E = 20◦ and E = 30◦ give almost the same numbers of ionospheric
irregularities (199 and 197 detected, respectively). However, if we choose E = 30◦, the
number of total observations received is significantly reduced (this can be achieved using
the percentage calculated in the last column of Table 1). Therefore, the proposed equilibrium
option is E = 20◦, which is also consistent with the conventional regulations when processing
data in other GNSS applications.

Based on this result, the satellite elevation cut-off of 20◦ is used to investigate the
effects of choosing different time spans for ROTI calculations on the numbers of ionospheric
irregularities detected. The time intervals selected for the inspection are 1, 5, 10, 15, and
20 min. The results can be found in Figure 7 and Table 2.
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Figure 6. Comparison of scintillation events with different elevation thresholds at Hanoi station
(Vietnam) on 24 October 2015. It can be seen that the different threshold elevations give very different
amounts of detectable irregularities, with the threshold elevation of 20◦ eliminating most of the
multipath noise while keeping essentially the required number of observations.

Table 1. Comparison of scintillation events with different elevation thresholds (time span calculation
is five minutes).

Elevation Cut-Off Number of Scintillations (ROTI ≥ 0.5) Detected Percentage of Scintillations (ROTI ≥ 0.5) Detected

0◦ 584 4.14%
10◦ 368 2.71%
20◦ 199 1.76%
30◦ 197 2.25%
40◦ 165 2.59%
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The greater the calculation time span, the more disturbances are detected, except for the 1 min 
calculation, which does not involve enough observations to capture such small-scale irregularities. 
The 5 min time span gives the highest reliability and is also consistent with the conventional ROTI 
calculations shown in published studies [18,27,38,39]. 

3.1.3. Ionospheric Disturbances in the Southeast Asia Region during the Second Half of 
March and October 2015 

Figure 8 shows examples of the detection of ionospheric irregularities using the ROTI 
during a period of high solar activity, i.e., the last two weeks of October 2015, at two 
stations, Hue (Vietnam) and CUSV (Singapore). The numbers of ionospheric irregularities 
detected at the two stations equal 7394 and 8364, respectively. As usual, they are observed 
in the evening and rarely occur during the daytime. Note that the percentages shown in 
these figures are the percent rates of disturbed observations (with corresponding ROTI ≥ 
0.5 TECU/min) out of all observations, with these values usually reaching a maximum of 
no more than 5% each day. 

Figure 7. Comparison of scintillation events with different time spans for ROTI calculations
(top-left: 1 min; top-middle: 5 min; top-right: 10 min; bottom-middle: 15 min; bottom-right:
20 min). The greater the calculation time span, the more disturbances are detected, except for
the 1 min calculation, which does not involve enough observations to capture such small-scale irregu-
larities. The 5 min time span gives the highest reliability and is also consistent with the conventional
ROTI calculations shown in published studies [18,27,38,39].

Table 2. Comparison of scintillation events with the different time spans used for ROTI calculations
(elevation cut-off is 20◦).

Time Span of Calculation (Minute) Number of Scintillations (ROTI ≥ 0.5)
Detected

Percentage of Scintillations (ROTI ≥ 0.5)
Detected

1 229 2.03%
5 199 1.76%
10 232 2.06%
15 267 2.37%
20 281 2.49%

It can be seen that when choosing a time span of five minutes, the number of iono-
spheric irregularities detected is minimal (199), and when the time span is larger, this
number also increases accordingly. When selecting a time span equal to one minute, it
can be seen from Figure 7 that there are quite a lot of ROTI values with large amplitudes
(approximately 0.5 TECU/min) across the whole calculation period. This is because in each
ROTI calculation, only two measurements are used, as the interval for GNSS observations
is 0.5 min. Such measurements are not sufficient to ensure the detection of short-term
fluctuations (if they exist) in the VTEC calculation results; therefore, the results obtained do
not reflect the small-scale disturbances in the ionosphere. As discussed before, the time
span for the ROTI calculation should be chosen to ensure a reasonable temporal resolution
and a good number of observations for each interval calculation. Additionally, note that in
most articles that use the ROTI index, the authors often use a time span of five minutes, as
this refers to Pi [18]. Based on all of these factors, in our subsequent calculations related
to the ROTI index, the selected time span calculation is fixed at five minutes, along with a
commonly used satellite elevation threshold of 20◦.
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can be seen from Figure 7 that there are quite a lot of ROTI values with large amplitudes
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ROTI calculation, only two measurements are used, as the interval for GNSS observations
is 0.5 min. Such measurements are not sufficient to ensure the detection of short-term
fluctuations (if they exist) in the VTEC calculation results; therefore, the results obtained do
not reflect the small-scale disturbances in the ionosphere. As discussed before, the time
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and a good number of observations for each interval calculation. Additionally, note that in
most articles that use the ROTI index, the authors often use a time span of five minutes, as
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Figure 7. Comparison of scintillation events with different time spans for ROTI calculations
(top-left: 1 min; top-middle: 5 min; top-right: 10 min; bottom-middle: 15 min; bottom-right:
20 min). The greater the calculation time span, the more disturbances are detected, except for
the 1 min calculation, which does not involve enough observations to capture such small-scale irregu-
larities. The 5 min time span gives the highest reliability and is also consistent with the conventional
ROTI calculations shown in published studies [18,27,38,39].

Table 2. Comparison of scintillation events with the different time spans used for ROTI calculations
(elevation cut-off is 20◦).

Time Span of Calculation (Minute) Number of Scintillations (ROTI ≥ 0.5)
Detected

Percentage of Scintillations (ROTI ≥ 0.5)
Detected

1 229 2.03%
5 199 1.76%
10 232 2.06%
15 267 2.37%
20 281 2.49%

It can be seen that when choosing a time span of five minutes, the number of iono-
spheric irregularities detected is minimal (199), and when the time span is larger, this
number also increases accordingly. When selecting a time span equal to one minute, it
can be seen from Figure 7 that there are quite a lot of ROTI values with large amplitudes
(approximately 0.5 TECU/min) across the whole calculation period. This is because in each
ROTI calculation, only two measurements are used, as the interval for GNSS observations
is 0.5 min. Such measurements are not sufficient to ensure the detection of short-term
fluctuations (if they exist) in the VTEC calculation results; therefore, the results obtained do
not reflect the small-scale disturbances in the ionosphere. As discussed before, the time
span for the ROTI calculation should be chosen to ensure a reasonable temporal resolution
and a good number of observations for each interval calculation. Additionally, note that in
most articles that use the ROTI index, the authors often use a time span of five minutes, as
this refers to Pi [18]. Based on all of these factors, in our subsequent calculations related
to the ROTI index, the selected time span calculation is fixed at five minutes, along with a
commonly used satellite elevation threshold of 20◦.
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3.1.3. Ionospheric Disturbances in the Southeast Asia Region during the Second Half of
March and October 2015

Figure 8 shows examples of the detection of ionospheric irregularities using the
ROTI during a period of high solar activity, i.e., the last two weeks of October 2015,
at two stations, Hue (Vietnam) and CUSV (Singapore). The numbers of ionospheric
irregularities detected at the two stations equal 7394 and 8364, respectively. As usual,
they are observed in the evening and rarely occur during the daytime. Note that the
percentages shown in these figures are the percent rates of disturbed observations (with
corresponding ROTI ≥ 0.5 TECU/min) out of all observations, with these values usually
reaching a maximum of no more than 5% each day.
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Figure 8. ROTI observations during the period of 18–31 October 2015 at Hue (left) and CUSV
(right) stations. It can be seen that ionospheric disturbances occurred densely during this period.
These was also one of the periods when the Sun was most active during the last solar cycle and
almost all GNSS stations in the Southeast Asia region were strongly affected.

Similar results to Figure 8 were also obtained at other IGS stations in the Southeast
Asia area during this period [8], demonstrating the ionosphere in this area was strongly
disturbed during the period of 18–31 October 2015. Tables 3 and 4 provide the numbers
of ionospheric irregularities detected during the two most turbulent periods of the solar
cycle 24, i.e., October and March 2015. The indices used are the S4 index and ROTI,
while thresholds used to to assess the ionosphere turbulences are 0.3 and 0.5 (TECU/min),
respectively. To facilitate the evaluation of the irregularities in the ionosphere, these
tables also provide the numbers of ionospheric scintillations detected from ROTI maps,
which were established from all available IGS stations (indicated in the last column) in the
Southeast Asia region.

From Tables 3 and 4, we can see that the numbers of ionospheric disturbances detected
in the periods of 15–28 March and 18–31 October are 18,349 and 37,178, respectively, with
corresponding percentages of 12.5% and 29.2%. Comparing these numbers between the
two periods, it can be seen that although the St. Patrick’s day storm that occurred in March
2015 is considered to be the strongest geomagnetic storm in SC24 (based on its ap index),
the turbulence level of the ionosphere during this period was not equal to that in October
of the same year. In the second half of March, the ionospheric disturbances were detected
across only a few days, with these disorders occurring on almost all days during the last
two weeks of October, with even greater intensity.

In Table 4, it can be seen that on 16, 19, and 24–28 of March, extremely strong iono-
spheric disturbances were observed at both Hanoi and Hue stations. Meanwhile, on the
remaining days 17, 18, and 20–23, very few ionospheric disturbances were detected. Similar
results were also recognized at BAKO, CUSV, NTUS, and XMIS stations in the research area.
These results are in accordance with the total numbers of ionospheric irregularities obtained
from ROTI maps. At all six stations during the nights of March 17 and 18, ionospheric
disturbances hardly grew because of the development of an ionospheric disturbance dy-
namo and the enhancement of a westward electric field. These phenomena stimulated
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the ionospheric F-layer to move downward, meaning the ionospheric disturbances were
prevented.

Table 3. Statistics for the S4 and ROTI indices and the ionospheric disturbances derived from the
regional ROTI maps during the period of 18–31 October 2015.

Days of
October

HANOI Station HUE Station
Regional ROTI Maps

S4 ROTI S4 ROTI

Num % Num % Num % Num % Num % Num of Stations

18 0 0.0 0 0.0 0 0.0 10 0.1 54 0.0 8
19 172 1.8 224 2.2 154 1.6 1039 7.5 5552 4.3 8
20 143 1.5 44 0.4 108 1.1 980 6.1 4629 3.6 8
21 0 0.0 0 0.0 11 0.1 44 0.3 1211 0.9 8
22 59 0.6 16 0.2 141 1.4 666 4.5 2729 2.3 8
23 1 0.0 0 0.0 7 0.1 140 0.8 337 0.3 8
24 63 0.6 201 1.8 154 1.6 533 3.5 4196 3.5 7
25 0 0.0 no data 0 0.0 18 0.1 209 0.2 7
26 52 0.5 101 1.0 44 0.5 572 3.5 4838 3.6 8
27 2 0.0 1 0.0 44 0.4 163 0.9 968 0.7 8
28 98 1.0 11 0.1 229 2.3 1243 7.9 4221 3.2 8
29 35 0.4 15 0.2 45 0.5 251 1.5 1313 1.0 8
30 23 0.2 18 0.1 28 0.5 216 2.3 1406 1.2 8
31 0 0.0 0 0.0 217 2.2 1501 10.0 5434 4.5 8

Table 4. Statistics for the S4 and ROTI indices and the ionospheric disturbances derived from the
regional ROTI maps during the period of 15–28 March 2015.

Days of
March

HANOI Station HUE Station
Regional ROTI Maps

S4 ROTI S4 ROTI

Num % Num % Num % Num % Num % Num of Stations

15 0 0.0 no data 2 0.0 38 0.4 1383 1.0 8
16 189 2.0 196 1.8 130 1.4 661 4.3 4785 3.0 9
17 0 0.0 4 0.0 0 0.0 2 0.0 318 0.2 9
18 0 0.0 3 0.0 0 0.0 13 0.1 225 0.1 9
19 233 2.5 285 3.0 82 0.9 36 0.3 1197 0.8 9
20 0 0.0 11 0.1 1 0.0 0 0.0 129 0.1 9
21 0 0.0 0 0.0 0 0.0 0 0.0 97 0.1 8
22 0 0.0 0 0.0 0 0.0 53 0.4 163 0.1 8
23 1 0.0 0 0.0 0 0.0 7 0.1 38 0.0 9
24 28 0.3 92 0.9 46 0.5 428 3.3 1784 1.3 9
25 10 0.1 33 0.3 35 0.4 110 0.7 617 0.4 9
26 174 1.9 71 0.9 173 1.8 799 5.5 4884 3.2 9
27 32 0.3 58 0.5 99 1.0 183 1.5 1468 1.2 8
28 24 0.3 20 0.2 27 0.3 167 1.3 1261 1.1 7

Figure 9 illustrates typical examples of ionospheric irregularities at certain stations
over several days during the last two weeks of October 2015. In these plots, we also include
VTEC gradients along with ROTI index values. While the ROTI unit is TECU/min, this is
only capable of expressing fluctuations in ionospheric disturbances over time. The VTEC
gradient, with its corresponding unit of TECU/km, can express both temporal and spatial
irregularities in the ionosphere. Therefore, in Figure 9, a similarity can be seen in the
occurrence times for ionospheric scintillations (i.e., 20–24 LT), although the intensity levels
cannot be compared with each other because of the differences in the essence of the two
indices—the ROTI shows the fluctuations in TEC per minute, while the VTEC gradient
indicates TEC fluctuations per kilometer.
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3.2. Regional Ionospheric Irregularity Maps for Southeast Asia 
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26, and 31) in October 2015. The research area is in the range of 15°S–25°N latitude and 
95°E–115°E longitude; thus, this area covers the whole EIA region. As can be seen in these 
maps, the geographic latitude areas from 0° to 5° do not have many observations due to 
the lack of stations in these areas. The purpose of creating this type of map is to find out 
the features of ionospheric irregularities, including locations, characteristics, and 
occurrence times. It can also show the exact number of observations (and the percentage 
of the total number of observations) affected by ionospheric scintillation errors. 

Figure 9. Ionospheric irregularities including ROTI and VTEC gradient values at BAKO station on 19
October (top-left), HCM station on 20 October (top-right), CUSV station on 26 October (bottom-left),
and at HUE station on 31 October (bottom-right). While the ROTI shows the temporal distribution
of ionospheric disturbances, the VTEC gradient indicates both spatial and temporal distributions of
plasma ionospheric irregularities.

3.2. Regional Ionospheric Irregularity Maps for Southeast Asia

Figure 10 shows ROTI maps over the Southeast Asia region over four days (19, 20,
26, and 31) in October 2015. The research area is in the range of 15◦S–25◦N latitude and
95◦E–115◦E longitude; thus, this area covers the whole EIA region. As can be seen in these
maps, the geographic latitude areas from 0◦ to 5◦ do not have many observations due to
the lack of stations in these areas. The purpose of creating this type of map is to find out the
features of ionospheric irregularities, including locations, characteristics, and occurrence
times. It can also show the exact number of observations (and the percentage of the total
number of observations) affected by ionospheric scintillation errors.
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Figure 10. Regional ROTI maps and the occurrence rates of ionospheric scintillations in Southeast 
Asia on 19, 20, 26, and 31 October in 2015, listed in order from top to bottom:. In these figures, plots 
on the left side are the regional ROTI maps, while plots on the right side show the percentages of 
the occurrence of ionospheric irregularities both in terms of latitude and time. ME stands for the 
magnetic equator. The dots in the ROTI maps represent satellite footprints tracking the intersections 
between the line of sight (LOS) from satellites to receivers and the singer layer model (SLM) of the 
ionosphere at an altitude of 450 km. The red dots indicate observations with ROTI of no less than 
0.5 TECU/min, which is the sign of ionospheric disturbances, while the blue ones show the quiet 
status of the ionosphere (ROTI < 0.5 TECU/min). Data for these maps are the GNSS measurements 
from all available IGS stations in the research area (usually 8 stations). The total number of 
ionospheric irregularities detected and the percentage of all observed measurements are also given 
in the top of the ROTI maps and are listed in columns 10 and 11 of Table 3. Meanwhile, the plots of 
ionospheric scintillation occurrences on the right side show the appearance percentages in terms of 
latitude (resolution of 1°) and time (resolution of one hour), which are the percentages of all detected 
ionospheric irregularities, not of all observed measurements. 

3.3. Global Ionospheric Irregularity Maps 
Expanding on the previous section, a global ionospheric irregularity map was 

developed using data from all existing IGS stations to study ionospheric irregularities on 
a global scale. Currently, there are more than 500 IGS stations located worldwide [40], as 
can be seen in Figure 11. Normally, for the computation of ROT and ROTI indices with 
data from all of these stations in one day, the calculation time can last for a couple of days. 
As such, we tried to prepare this kind of map for a certain number of days. The chosen 
dates are those days when the ionosphere was thought to be strongly disturbed, i.e., 26 
March and 19 October in 2015; 30 June, 8 September, and 31 December in 2017; and certain 
other days in 2013 and 2014. 

The obtained results show that on quiet days, the established maps are rather tedious 
and the distribution rule of ionospheric irregularities is not as clear as expected. Among 
the results obtained, the most typical example of the distribution of ionospheric 
irregularities on a global scale is selected to be shown here; that is, the global ROTI map 
established on 26 March 2015. The total number of IGS stations used was 483. Figure 12 
shows the satellite footprint tracking of all of these stations with the satellite elevation cut-
off of 20°. Note that the number of detected irregularities depends on the number of 
observations or the number of stations. Therefore, the results in areas with a higher 
density of IGS stations (such as Europe and America) have higher reliability. In contrast, 
in the ocean or central African areas, the results may not completely reflect the reality due 
to the lack of monitoring samples. 

Figure 10. Regional ROTI maps and the occurrence rates of ionospheric scintillations in Southeast
Asia on 19, 20, 26, and 31 October in 2015, listed in order from top to bottom:. In these figures, plots
on the left side are the regional ROTI maps, while plots on the right side show the percentages of
the occurrence of ionospheric irregularities both in terms of latitude and time. ME stands for the
magnetic equator. The dots in the ROTI maps represent satellite footprints tracking the intersections
between the line of sight (LOS) from satellites to receivers and the singer layer model (SLM) of
the ionosphere at an altitude of 450 km. The red dots indicate observations with ROTI of no
less than 0.5 TECU/min, which is the sign of ionospheric disturbances, while the blue ones show
the quiet status of the ionosphere (ROTI < 0.5 TECU/min). Data for these maps are the GNSS
measurements from all available IGS stations in the research area (usually 8 stations). The total
number of ionospheric irregularities detected and the percentage of all observed measurements are
also given in the top of the ROTI maps and are listed in columns 10 and 11 of Table 3. Meanwhile, the
plots of ionospheric scintillation occurrences on the right side show the appearance percentages in
terms of latitude (resolution of 1◦) and time (resolution of one hour), which are the percentages of all
detected ionospheric irregularities, not of all observed measurements.

3.3. Global Ionospheric Irregularity Maps

Expanding on the previous section, a global ionospheric irregularity map was devel-
oped using data from all existing IGS stations to study ionospheric irregularities on a global
scale. Currently, there are more than 500 IGS stations located worldwide [40], as can be
seen in Figure 11. Normally, for the computation of ROT and ROTI indices with data from
all of these stations in one day, the calculation time can last for a couple of days. As such,
we tried to prepare this kind of map for a certain number of days. The chosen dates are
those days when the ionosphere was thought to be strongly disturbed, i.e., 26 March and
19 October in 2015; 30 June, 8 September, and 31 December in 2017; and certain other days
in 2013 and 2014.

The obtained results show that on quiet days, the established maps are rather tedious
and the distribution rule of ionospheric irregularities is not as clear as expected. Among the
results obtained, the most typical example of the distribution of ionospheric irregularities
on a global scale is selected to be shown here; that is, the global ROTI map established
on 26 March 2015. The total number of IGS stations used was 483. Figure 12 shows the
satellite footprint tracking of all of these stations with the satellite elevation cut-off of 20◦.
Note that the number of detected irregularities depends on the number of observations
or the number of stations. Therefore, the results in areas with a higher density of IGS
stations (such as Europe and America) have higher reliability. In contrast, in the ocean or
central African areas, the results may not completely reflect the reality due to the lack of
monitoring samples.
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space and time, respectively, on 26 March 2015, in which only ROTI values greater than 
0.5 TECU/min are presented (sign of ionospheric irregularities). To exclude other noise 
sources, we only accept observations with satellite elevation angles (E) greater than 20°. 
The results show that on this day, about 2% of all observations were affected by 
scintillations. At first glance, the North Pole and South America are the two red areas with 
the most disturbances. In the ocean areas, the lack of monitoring stations means there is a 

Figure 11. The distribution diagram of all available IGS stations on 26 March 2015 showing the
uneven distribution of IGS stations in different regions of the Earth. Here, most of the ocean areas
have almost no stations.
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Figure 12. The footprint tracking of satellites at all 483 IGS stations on 26 March 2015. As can be seen,
the density of IGS stations is not uniform globally. In addition to the ocean regions without any GNSS
stations, in some land areas, the number of IGS stations is also very sparse, particularly in Africa, the
Russian Federation, Antarctica, and China. The density of IGS stations is highest in Western Europe,
North America, and South America, and somewhat in the Pacific Islands, Australia, and East Asia.

Figures 13 and 14 show the distributions of global ionospheric disturbances over
space and time, respectively, on 26 March 2015, in which only ROTI values greater than
0.5 TECU/min are presented (sign of ionospheric irregularities). To exclude other noise
sources, we only accept observations with satellite elevation angles (E) greater than 20◦. The
results show that on this day, about 2% of all observations were affected by scintillations.
At first glance, the North Pole and South America are the two red areas with the most
disturbances. In the ocean areas, the lack of monitoring stations means there is a basis
for evaluation. To estimate the levels of disturbance at different latitudes, we divide the
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Earth into five latitude areas. The perturbation results can be found on the right side
of Figure 13. Similarly, in Figure 14, in the equatorial region, we divide the detected
ionospheric irregularities into two periods: daytime (from 02:00 to 19:00) and nighttime
(from 19:00 to 02:00 the next day) in local time. The statistical result of 97% shows a very
significant difference between these two time periods. A more detailed analysis of these
results will be given in Section 4.
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Figure 13. Spatial distribution of global ionospheric irregularities (only ROTI ≥ 0.5 TECU/min
are displayed). The total number of ionospheric irregularities detected (163,879) corresponds to
approximately 2.0% of the total number of observations obtained on this day. The regions most likely
to be affected by ionospheric disturbances are South America and the Arctic.
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Figure 14. Temporal distribution of global ionospheric irregularities, showing clear differentiation
by latitudinal region. In the low-latitude regions, about 97.0% of ionospheric irregularities detected
appear during the evening hours, i.e., from 19 LT to 2 LT the next day. The remaining 3.0% only occur
scattered during different times of the day.
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By showing Figures 15 and 16, we can continue to analyze the distribution of ROTI
values by location, including by latitude (Figure 15) and longitude (Figure 16). The occur-
rences rate (%) given is the percentage corresponding to the total ionospheric irregularities
detected on 26 March, not the percentage of the total number of observations.
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regions but rarely occur in the mid-latitude areas. In the low-latitude areas, ionospheric 
irregularities tend to appear symmetrically over the equator, while in the high-latitude regions in 
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Figure 16. Distribution of ROTI values by longitude (above) and by time (below) in three different 
zones of the Earth (only ROTI ≥ 0.5 TECU/min are counted). While the mid-latitude areas show 
almost no irregularities, as was predicted, the high-latitude areas are the regions where ionospheric 

Figure 15. Distribution of ROTI values by latitude (only ROTI ≥ 0.5 TECU/min are counted). It can
be seen that ionospheric irregularities are mainly concentrated in the equatorial and high-latitude
regions but rarely occur in the mid-latitude areas. In the low-latitude areas, ionospheric irregularities
tend to appear symmetrically over the equator, while in the high-latitude regions in the Northern
Hemisphere, a higher number of ionospheric irregularities can be seen compared to the Southern
Hemisphere.
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Figure 16. Distribution of ROTI values by longitude (above) and by time (below) in three different
zones of the Earth (only ROTI ≥ 0.5 TECU/min are counted). While the mid-latitude areas show
almost no irregularities, as was predicted, the high-latitude areas are the regions where ionospheric
irregularities can occur randomly at any longitude and at any time of the day. The appearance rule is
most straightforward in the low-latitude regions, with the appearances occurring only at night and
mostly concentrated at a longitude of 60◦W (the South America region).
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4. Discussion

In Section 3.2, the local ionospheric irregularity map of the Southeast Asia region
provides both spatial and temporal distributions of ionospheric scintillations. From Table 3
and Figure 10, some noteworthy remarks about ionospheric irregularities in the Southeast
Asia region can be made as follows.

During the period of 18–31 October 2015, ionospheric disturbances appeared quite
frequently on days 19, 20, 24, 26, 28, and 31, with all reaching over 3% of the total obser-
vations. On the remaining days (except on day 22, with ionospheric disturbances being
moderate at 2.3%), the ionosphere remained in a relatively quiet state, with the percent-
ages of ionospheric irregularities being approximately or less than 1%. According to the
results, October was also recorded as the period with the strongest intensity of ionospheric
irregularities in 2015, even more than was observed during the March 2015 St. Patrick’s
day geomagnetic storm.

Regarding the spatial distribution, the ionospheric irregularities were mostly concen-
trated in the areas near and around the two anomaly crests of EIA. Paying close attention,
ionospheric irregularities often occurred continuously over a certain period with a specific
satellite, meaning that at the same location not all observations for all satellites were affected
by the ionospheric scintillation error. Ionospheric irregularities were found to occur more
often in the Northern than Southern Hemisphere. This might be partly due to the fact that
more stations were located in the Northern Hemisphere than in the Southern Hemisphere.

Regarding the temporal distribution, the ionospheric irregularities occurred mostly
after the sunset, between 20:00 and 00:00 local time, during which the period of 21–22 LT
alone accounted for about half of the total number of ionospheric scintillations detected.

As shown in Section 3.3, the total number of ionospheric irregularities detected was
163,879, corresponding to approximately 2.0% of the total number of observations obtained
on this day. The regions most likely to be affected by the ionospheric disturbances were
South America, Africa, Southeast Asia, and the Arctic. This is in agreement with the
published research results on the global spatial distribution of ionospheric scintillation
[41–43]. A comparison of the distribution of scintillation occurrences in different regions
of the world can be found in [44]. In this section, for a comparison of occurrence density
values of ionospheric irregularities at different latitudes of the Earth, the Earth is divided
into five different latitudinal bands from the north to the south as follows: the northern high
latitudes (latitudes > 60◦N), northern mid-latitudes (latitudes between 30◦N and 60◦N), low
latitudes or equatorial regions (latitudes between 30◦S and 30◦N), southern mid-latitudes
(latitudes between 30◦S and 60◦S), and southern high latitudes (latitudes < 60◦S). The
occurrence density results are given on the right side in Figure 13. The results indicate that
ionospheric irregularities mainly occur in the low latitude areas, accounting for nearly half
(45.7%) of the total ionospheric irregularities detected, followed by the two pole areas, with
the northern pole being superior to the southern pole (32.4% and 18.3%, respectively). As
expected, the high latitude areas are the least likely to experience ionospheric disturbances.
Only about 3.5% of the total number of ionospheric irregularities were detected in these
areas, of which the northern high latitudes (with 2.5%) accounted for the majority.

From the global distribution map of ionospheric disturbances (Figure 13), it is clear that
the equatorial region is the most susceptible to the effects of ionospheric irregularities. Here,
the numbers of disturbances recorded in different longitude regions are also significantly
different. To compare and evaluate the disturbance levels of each region, this area is divided
into six corresponding longitude sectors, as shown in Figure 17 and Table 5: South America,
from 100◦ W to 30◦ W; West Africa, from 30◦ W to 20◦ E, East Africa, from 20◦ E to 70◦ E;
South Asia, from 70◦ E to 90◦ E; Southeast Asia, from 90◦ E to 130◦ E; the Pacific, from 130◦

E to 100◦ W. The latitude and longitude limits of these regions are given in columns 2 and 3
of Table 5. From these limits, we can calculate the percentages of the respective regions’
areas relative to the entire Earth (column 4).
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Figure 17. Percentages of ionospheric disturbance in different sectors of the equatorial region.
South America accounts for the majority of disturbances at 22.6%, followed by West Africa at 8.2%.
Southeast Asia and East Africa have roughly the same amounts of disturbances with 4.7% and 4.1%m
respectively. The vast Pacific Ocean area accounts for only 3.8% of the total disturbances, while South
Asia is the region that accounts for the least amount of irregularities (only 2.3%).

Table 5. Comparison of the levels of ionospheric disturbances in different parts of the world.

Sector Latitude
Boundary [◦]

Longitude
Boundary [◦]

Area
Percentage [%]

Irregularity
Percentages [%]

Irregularity
Coefficients

South America [−30:30] [−100:−30] 6.5 22.6 3.49
Arctic [60:90] [−180:180] 16.7 32.4 1.94

West Africa [−30:30] [−30:20] 4.6 8.2 1.77
Southeast Asia [−30:30] [90:130] 3.7 4.7 1.27

South Asia [−30:30] [70:90] 1.9 2.3 1.24
Antarctic [−90:−60] [−180:180] 16.7 18.3 1.10

East Africa [−30:30] [20:70] 4.6 4.1 0.89

The Pacific [−30:30] [−180:−100] &
[130:180] 12.0 3.8 0.32

Northern
mid−latitudes [30:60] [−180:180] 16.7 2.5 0.15

Southern
mid−latitudes [−60:−30] [−180:180] 16.7 1.0 0.06

The results of the perturbation count show that within the equatorial region, South
America is the most vulnerable area (22.6% of total irregularities), followed by West Africa
(8.2%), Southeast Asia (4.7%), East Africa (4.1%), the Pacific (3.8%), and South Asia (2.3%).
The above results are expressed as percentages of the total global perturbation, not the
total perturbation of the equatorial region alone, so their sum is exactly 45.7%, which
corresponds to the perturbation rate of this region. However, the perturbation percentage
above does not accurately reflect the degree of ionospheric disturbances in the regions
because the areas of the evaluated regions are different. To do so, the irregularity coefficient
for different regions is calculated according to Formula (8). The results are given in column
6 of Table 5. In this table, the irregularity coefficients of all ten sectors are given in order
from highest to lowest.

Irregularity coefficient =
Irregularities percentage

Area percentage
(8)

Table 5 shows that the most affected region globally is South America, with an ir-
regularity coefficient almost twice as high as the second most affected region, the Arctic,
and about 58 times greater than the least affected area, the southern mid-latitudes. The
irregularity coefficients in order from largest to smallest are as follows: South America, 3.49;
the Arctic, 1.94; West Africa, 1.77; Southeast Asia, 1.27; South Asia, 1.24; the Antarctic, 1.10;
East Africa, 0.89; the Pacific, 0.32; northern mid-latitudes, 0.15; southern mid-latitudes, 0.06.
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As expected, the mid-latitude areas both to the south and north have very low irregularity
coefficients (less than 0.2%). This coefficient in the Pacific Ocean is also quite low, at only
0.32%, although this result is mainly due to the lack of IGS stations in the ocean areas. The
two regions of Asia have quite similar irregularity coefficients (approximately 1.25), while
West Africa shows much higher perturbation levels than East Africa (1.77 compared to 0.89,
respectively). In general, regions in the Northern Hemisphere have significantly higher
perturbations than regions in the Southern Hemisphere, of which the Arctic region alone
accounts for nearly one-third of the total global disturbances.

5. Conclusions

Using ROTI observations to study ionospheric scintillations enables one to take ad-
vantage of a huge number of dual-frequency GNSS data on a global scale, for which there
are currently about 500 IGS stations. For the first time, a global ionospheric irregularity
map using ROTI calculated from a single day’s data from all existing IGS stations has
been produced. From the global ROTI map on March 26 2015, the temporal and spatial
distributions of ionospheric irregularities were concluded at certain main points as follows.
The occurrence rule for ionospheric scintillations in low-latitude areas is very transparent,
namely that they predominantly (about 97%) appear during the evening hours (this is
easily noticeable in Figure 16 for the low-latitude areas). This is in contrast to the high-
latitude areas, where ionospheric scintillations can occur at any time of the day, as can be
seen in Figures 14 and 16. For the mid-latitude regions, due to the very limited number
of ionospheric irregularities detected, a rule for the temporal distribution could not be
formed. For the spatial distribution, the Arctic region showed the highest percentage of
disturbances, accounting for almost one-third of the total global disturbances. To compare
the perturbation rates in different regions, we divided the Earth into ten sectors and calcu-
lated the corresponding irregularity coefficient for each region. The result showed that the
region most affected by ionospheric disturbances was South America, with an irregularity
coefficient about 58 times higher than the least affected region, the southern mid-latitudes.
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