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Abstract – This article gives a summary of our

comprehensive study for developing an ionospheric-

scale index map based on the Disturbance Ionospheric

Index (DIX). This index aims to target all the different

user groups affected by ionospheric disturbances—

navigation, positioning, and satellite-communication

users—in a simple and straightforward approach.

Therefore, we used the vertical total electron content

(TEC) over South America to calculate the TEC maps

covering latitudes from 608S to 208N and longitudes

from 908W to 308W, with 0.58 3 0.58 resolution.

Afterward, DIX maps were obtained to reveal the

variation of the TEC over an average quiet ionosphere

background. In order to illustrate the use of the index

map, the ionospheric disturbances after and during the

2015 Saint Patrick’s Day magnetic storm are presented

as an example of the disturbances in the DIX at

different latitudinal ranges.

1. Introduction

Space weather effects on the Earth and near-Earth
assets have become of great interest in the last decade,
motivating studies on economic impacts (e.g., [1]) and
risk assessment (e.g., [2]). As a result, several economic
sectors that depend on space weather conditions (as
defined by [3]) are driving a growing demand for global
indices to represent the impact of the solar-terrestrial
interaction (external effects of space weather) as well as
the ‘‘extreme’’ variation of the near-Earth environment
(internal effects of space weather). In this last category
is the Earth’s ionosphere, whose condition/state is quite
complicated to forecast, depending on both the solar
wind and magnetosphere forcing [4] and the local
electrodynamic effects [5]. For example, in studying the
ionospheric impact on communication, [6] states that
energy that fuels the variability of the ionosphere may
ultimately derive from the sun. However, that study
highlights that secondary energy sources from below
the ionosphere (e.g., atmospheric gravity waves) may
also contribute to developing ionospheric irregularities.

In such a scenario of a complex ionosphere driven
by external and internal forcing, it seems reasonable to
make an effort to develop an index as a proxy (in a more
or less specific way) of complex ionospheric behavior to
improve customer decisions. In addition, regional
differences (e.g., latitude, longitude, daytime/nighttime,
declination, presence of anomalies) may in turn require
local indices for dealing with the regional effects. This
is especially true over South America, where [7]
recently provided evidence of the joint effect of the
equatorial ionization anomaly (EIA) and South America
Magnetic Anomaly for irregularities which are scintil-
lation-effective.

Indeed, several indices have been developed over
the decades to represent ionospheric conditions, and
comparative studies have been published. In [8], the
responses were compared of some of these indices to
ionospheric phenomena such as the presence of large-
scale gradients, and scintillation revealed that they may
respond differently to different phenomena. Also, a
single comparison of the S4 to the rate of TEC index
(ROTI) revealed a day-to-day variability [9] of this
ratio, varying from circumstances when those two
indices correlate well to when they do not correlate
[10]. Such results were interpreted in [11] in terms of a
latitudinal dependence of the ROTI. Recently, [12]
stated that the ‘‘anisotropy of field-aligned irregularities
in the low-latitude ionosphere has a very significant
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impact on the characteristics of the scintillations
observed,’’ which is measured by the S4 index.

In [13], a new ionospheric disturbance index was
proposed, named DIX (Disturbance Ionosphere indeX),
which is an alternative to the dichotomy of S4 versus
ROTI. A recent study on this index [14] claimed that
this time series index can better characterize temporal
and spatial ionospheric variations on small to medium
scales, and stated that the existing indices available for
space weather still inadequately address the ionospheric
effects of the solar-terrestrial interaction.

In this work, we show that the DIX is an
appropriate index to represent ionospheric disturbances,
but there is some room for improvement. Also, as it was
conceived, its representation of ionospheric disturbanc-
es seems to be limited mainly to external drivers.
Nevertheless, it is well known that the ionosphere
responds to both external drivers (e.g., [15, 16]) and
internal ones [17]. Moreover, internal drivers do not
necessarily occur during magnetically disturbed peri-
ods. Indeed, the most dramatic phenomena of the
ionosphere (e.g., equatorial plasma bubbles) are regu-
larly observed along the magnetic equator all over the
globe (e.g., [18, 19]) during magnetically quiet times.

Therefore, we performed studies aiming to extend
the DIX representation of ionospheric variability to
cover the ionospheric response to both external and
internal drivers. The whole development of this new
approach for calculating the DIX is detailed in [20],
where some comparison with the original DIX may also
be found. In the present work, we summarize those
studies to support our decision to use the new equation
presented going forward. Nevertheless, our results
already point out that regional ionospheric indices are
more suitable for properly describing ionospheric
effects due to space weather events. Also, their area

of coverage should reflect (but not be limited to)
localized effects, such as lower latitudinal effects versus
higher latitudinal ones, daytime versus nighttime, and
magnetic anomalies.

2. Methodology

We used the TEC map [21] developed at the
Brazilian Studies and Monitoring of Space Weather
program (Embrace/INPE) as input, which is a custom-
ization of the earlier procedure by [22]. An example of
the Embrace/INPE Space Weather TEC Map is
presented in Figure 1, which provides the TEC obtained
for the period between 18:20 and 18:30 UT on 14
February 2017 with individual cells of 0.58 3 0.58

resolution over the whole of South America, corre-
sponding to a 60 km2 3 60 km2 grid.

Note that the measurements are not homoge-
neously distributed all over the map, which may lead to
over- and underrepresented areas where the number of
receivers was more and less densely distributed. Also,
there may be some interpolation where no data were
available. The solid black line across the map provides
the location of the magnetic equator in 2017.

The DIX for a cell (or observation point) can be
calculated from (1), which we have evolved from [13]
to contribute to this significant initial step:

DIXk tð Þ ¼
a DTECk tð Þ

.
DTEC

Qd
k tð Þ

� �
þ DTECk tð Þ

b

������

������
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A detailed description of the terms and coeffi-
cients of this equation is presented in [23] and therefore
will not be presented in detail here, nor the reasons why
and how they were established. Nevertheless, we
mention that TECk(t) is the TEC provided by the TEC
map procedure for cell k, TEC

Qd
k tð Þ represents the

‘‘average’’ behavior of the TEC at a given time over the
observation point, and DTECk tð Þ ¼ TECk tð Þ � TEC

Qd
k

tð Þ is the difference between the current TEC and the
undisturbed TEC for cell k. The coefficient a is the
TEC

Qd
k tð Þ at midnight, which consequently is obtained

for each period of analysis, and is used to combine a
term that gives the difference between the current TEC
and the undisturbed TEC with a term that provides the
ratio of the variation and aims to identify fluctuation in
the TEC. The coefficient b is a latitude-dependent factor
used to normalize the DIX output into a scale that
ranges from 0 to 5. It may range from 5 to 50 TEC units
at a specific location. Figure 2 illustrates an example of
the time variation of the DIX as calculated in the
present work (red curve) along with the DIX as
calculated with the original equation (blue area). The
Kp values are plotted in the upper portion of the graph
so the reader can have an idea of the response of both
versions of DIX in response to their fluctuation.

Figure 1. Embrace/INPE Space Weather TEC Map at 18:30 UT on
14 February 2017.
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3. Results and Discussions

In order to exemplify the result, we selected the
period around the Saint Patrick’s Day magnetic storm,
16 to 19 March 2015. The Storm Sudden Commence-
ment (SSC) for this magnetic storm occurred at 04:45
UT on 17 March and was caused by a halo-type coronal
mass ejection reaching the Earth’s magnetosphere,
associated with a C9-class flare (at 02:13 UT) coming
from Active Region 2297. The values of the Dst index
floated close to zero during the days before the storm
and reached �223 nT at 23:00 UT; the recovery phase
lasted until around 12:00 UT on 22 March, when the
Dst recovered to 10% of its lowest value.

A set of DIX maps is presented in Figure 3,
covering the part of the period described in the
foregoing, calculated with the original method (upper
six maps) and the current method (bottom six maps).
Although the time resolution between DIX maps is 10
minutes, we present one map every 12 h only, due to the
limited extent of this publication. When compared, the
corresponding maps look similar. But the higher DIX
values are revealed by our method, like the result shown
for quiet time presented in Figure 2.

On 16 March 2015 (Figure 3), prior to the
geomagnetic storm, we identify a few high-DIX patches
at low latitudes but not at the equator. We also observe
DIX patches at low latitudes at 00:00 UT. These patches
are similar to those high-TEC ‘‘islands’’ identified over
northern Europe by [13]. In that case, they were
attributed to convection of plasma from the North
American region, and to severe amplitude and phase
scintillations observed in coincidence with steep TEC
gradients (characteristic of the edge of polar cap
patches). We do not have a complete explanation yet
for this observation. However, our analysis over São
José dos Campos, Brazil, for the Saint Patrick’s Day
storm indicates that the event was characterized by a
wavelike oscillation in the TEC (not shown here) that
started to grow with respect to the average daily
behavior of the TEC at 00:00 UT (21:00 LT) until about

02:30 UT (23:30 LT), then decreased until 03:30 UT
(00:30 LT). Then it rose again until before 05:00 UT
(02:00 LT), then declined to match the average daily
behavior at 06:30 UT (03:30 LT). Thus, it might be that
a traveling ionospheric disturbance or a neutral
atmosphere wave interaction acted to organize the
plasma up to develop localized plasma instabilities. In
any case, such a localized signature on the DIX without
any magnetic disturbance is an indication that the index
reacts to internal drivers.

Afterward, as observed during the storm, the DIX
patches reduced in intensity while moving around the
low-latitude region or even completely vanished. The
intensity of the DIX in the patches was clearly
reinforced again. The ionospheric disturbance reap-
peared several hours after the SSC of the Saint Patrick’s
Day magnetic storm. The DIX reached level 4 (mainly
correlated with the southern crest of the EIA) a few
hours after the maximum effect in the ring current was
reached, i.e., the lowest Dst value was registered.

For the present case, this high DIX value was
observed at 21:00 LT (00:00 LT on 18 March 2015),
when no fountain effect was any longer playing a role at
the equator (see [24, fig. 1]). This pattern persisted over
the next hours, when the DIX map showed level 5 all
over the crests of the EIA for the storm. Consequently,
we conclude by highlighting two main features of these
new DIX maps: the response is localized geographically
(not global) and includes the manifestation of internal
drivers in the ionosphere.

4. Conclusions

We have developed a disturbance ionospheric
index, based on previous studies, to investigate the
deviation of ionospheric content from its background
pattern based on GNSS TEC data collected over the
whole of South America. We have advanced the
analysis of the index by including DTEC variations to
better represent the deviations of the GNSS TEC from
its normal behavior. By including the coefficient a
along with selecting the average behavior of the TEC in
the DIX equation, we are able to show variation
observed in the ionosphere that cannot be attributed to
external drivers. Furthermore, we introduce the coeffi-
cient b, based on the study of the latitudinal impact of
geomagnetic storms over the ionosphere in South
America, to define ‘‘extreme’’ for each latitudinal range
and standardize the excursion of DIX between 0 and 5,
with 5 being the highest level of ionospheric distur-
bance. After this modification, a general analysis of the
DIX response to the Saint Patrick’s Day magnetic storm
revealed two main features of the new DIX: its response
is localized geographically (not global) and includes the
manifestation of internal drivers in the ionospheric
variability. Finally, the collected data used in the
present study are fully open and accessible at the
Embrace Program website (http://www.inpe.br/
spaceweather).

Figure 2. Example of the time variation of the DIX as calculated in
the present work (red), the DIX as calculated originally (blue), and the
Kp index (gray).
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Figure 3. Sequence of DIX maps obtained from 12:00 UT on 16 March 2015 to 00:00 UT on 19 March 2015 (with 12 h resolution), around the
Saint Patrick’s Day magnetic storm, using (upper six maps) the original method and (lower six maps) the current method.
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