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San Jose de la Huerta Morelia, Michoacán, C.P. 58089, Mexico

Received 16 June 2015; received in revised form 4 March 2016; accepted 8 March 2016
Available online 25 March 2016
Abstract

The present work is the first of a three-part review on space weather in Latin America. It comprises the evolution of several Latin
American institutions investing in space science since the 1960s, focusing on the solar–terrestrial interactions, which today is commonly
called space weather. Despite recognizing advances in space research in all of Latin America, this review is restricted to the development
observed in three countries in particular (Argentina, Brazil and Mexico), due to the fact that these countries have recently developed
operational centers for monitoring space weather. The review starts with a brief summary of the first groups to start working with space
science in Latin America. This first part of the review closes with the current status and the research interests of these groups, which are
described in relation to the most significant works and challenges of the next decade in order to aid in the solving of space weather open
issues.
� 2016 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, several international efforts have been
initiated to improve space weather research and to develop
space weather forecasting centers around the world. In
2012, the Committee on Space Research (COSPAR), an
interdisciplinary scientific body concerned with the interna-
tional progress of scientific investigations carried out using
space vehicles, established a group called Space Weather
Roadmap, which brought together specialists to discuss
http://dx.doi.org/10.1016/j.asr.2016.03.012

0273-1177/� 2016 COSPAR. Published by Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: Embrace/INPE, Av. dos Astronautas, 1758,
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space weather from the scientific point of view and provide
society with recommended actions. This committee, dedi-
cated to addressing space weather issues and their relation
to the technological assets of the modern society, was
formed with a large number of space scientist specialists
in various fields including solar astrophysics, magneto-
spheres and magnetic reconnection, geomagnetism, iono-
sphere, as well as other areas of the solar–terrestrial
environment, which indicates that its current space weather
monitoring facilities are grounded in space science
research.

International space science research has discovered an
alternative way to monitor space weather while centers
are currently being built to prevent space weather from
adversely effecting society, and the Latin American
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research community is part of it. In Latin America, in con-
junction with the early international initiatives, the Latin
American Space Geophysics Association (ALAGE) was
created in 1993 during the third Latin American Space
Geophysics Conference. One of its original objectives was
to promote the scientific advancement in space geophysics.
Recently, ALAGE is endeavoring to extend its aims to
include collaboration in space weather research and
services.

Therefore, in the present work we review the trajectory
of space research in Latin America from near its beginnings
(with some of the most significant scientific contributions).
We have included highlighted research, which we believe
helped prepare some groups to develop space weather
operational forecasting centers. In the next section we
describe various elements that enabled the international
space science research community to provide an alternative
shield from adverse space weather effects on society, in
three Latin American countries (Argentina, Brazil and
Mexico).

2. The beginning of space research in Latin America

Several research groups (or institutions) dedicated to
space science have been created in Latin America in the last
six decades. In the last ten years, some of these groups have
been focusing on space weather research and monitoring.
The early 1960s were a very profitable period for space
research in Latin America. The Center of Radio Astron-
omy and Astrophysics Mackenzie (CRAAM) was founded
in 1960, and the National Institute for Space Research
(INPE) in 1961, both in Brazil. The Department of Outer
Space Sciences at the Institute of Geophysics of the
National Autonomous University of Mexico (IGF/
UNAM) and the National Commission for Outer Space
(CONEE) were founded in 1962, in Mexico. The Institute
of Astronomy and Space Physics (IAFE) in 1969, in Argen-
tina. After consolidation of the first scientific results of the
space race in the late 1980s and early 1990s (Gall, 1987),
Latin America created the National Commission on Space
Research in Argentina (CONAE) in 1991, the University
Program of Space Research and Development in Mexico
(PUIDE) in 1992 and the Brazilian Space Agency (AEB)
in 1994. Recently, new generations of this category of insti-
tutions such as the Brazilian Study and Monitoring of
Space Weather (Embrace/INPE) Program in 2007, Mexi-
can Space Agency (AEM) in 2010, and Mexican Space
Weather Service (SCiESMEX) in 2014 are being created
with a more specific purpose.

In Brazil, like in most of the Latin American countries,
space science started earlier than the space race, e.g., the
studies of Cesare Mansueto Giulio Lattes (also known as
César Lattes, 1924–2005), a Brazilian physicist who was
awarded the 1950 Nobel Prize for the co-discovery of the
subatomic particle Pı́on. However, the institutional space
science research started in the early 1960s. CRAAM was
founded in 1960 as the Group for Radio Astronomy
Mackenzie, originally called GRAM at the Faculty of Phi-
losophy, Sciences and Letters at Mackenzie University,
incorporating the experimental activities of a group of phy-
sics, engineering, and technical students, as well as the
enthusiastic members of the Amateur Astronomer’s Asso-
ciation in São Paulo. It contributed pioneering research
in the areas of radio-sciences in Brazil, including radio
astronomy, solar physics, solar–terrestrial relations, iono-
sphere physics, astrophysics, radio-scientific instrumenta-
tion and space sciences.

In the same period of the early 1960s, the Brazilian gov-
ernment created the National Commission Organization
Group of Space Activities (GOCNAE). This group worked
in the areas of astronomy, optical tracking of satellite and
satellite communications. It was designed to perform space
science studies in Brazil on August 3, 1961, which eventu-
ally led to what would be the embryo of the INPE, which
was installed in São José dos Campos (SP). The initial
research was based on the reception of beacon satellite sig-
nals from low earth orbiting satellites to measure the total
electronic content of the ionosphere over Brazil. This was
followed by the monitoring of the cosmic noise intensity
by Riometers for the study of the lower ionosphere and
the recording of the Earth’s magnetic field intensity by
magnetometers to observe variations in ionospheric cur-
rents. Today, the INPE leads a series of space activities,
including space science and space weather, and has facili-
ties covering most of the territory of Brazil, with sites in
Santa Maria (RS), São Martinho da Serra (RS), São José
dos Campos, (SP), Cachoeira Paulista (SP), Cuiaba
(MT), Fortaleza (CE), Natal (RN), São Luı́s (MA), and
Belém (PA). More recently, on February 10th, 1994, the
Brazilian government created the AEB, an autarchy associ-
ated with the Ministry of Science Technology and Innova-
tions (MCTI) that was designed to formulate and
coordinate the space policy in Brazil.

Also in the 1960s, institutional space research was estab-
lished in Argentina. On December 29th, 1969 the IAFE
was created, as a reorganization of the National Center
of Cosmic Radiation (CNRC), which originated from the
Laboratory of Cosmic Radiation of the National Atomic
Energy Commission (CNEA) in the 1950s. IAFE was cre-
ated by the University of Buenos Aires (UBA) and the
National Council of Scientific and Technical Research
(CONICET), with the main purpose of doing scientific
research in the field of Space Physics and Astronomy, help-
ing interested institutions to develop disciplines, contribut-
ing to researchers developing and teaching these
disciplines, doing outreach in its fields, and maintaining sci-
entific relationships with similar institutions of Argentina,
and of other countries. The development of upper atmo-
sphere research was especially emphasized in Argentina
toward the middle of the 1970s, under the coordination
of the ‘‘Programa Nacional de Radio-Propagación”
formed from several institutions in Argentina, such as the
‘‘Instituto de Fı́sica” and ‘‘Instituto de Ingenierı́a
Eléctrica”, both from the National University of Tucumán



1 The GPS is a satellite system controlled by the USA and it is part of
the Global Navigations Satellite System (GNSS).
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(UNT). During these early years, several researchers joined
this branch of Geophysics in UNT, in particular Dr. José
Roberto Manzano (1928–1999), who was an enthusiastic
pioneer of this branch. In his honor, ALAGE created a
prize with his name to be awarded to the best scientific
work presented in its regular meetings. At the present time,
UNT hosts several groups focused on studies of research
lines associated with the ionosphere, climate change and
space weather.

Planetary magnetism was another space science field
that was driven by an enthusiastic pioneer in Argentina.
Mario Acuña (1940–2009) was a major pioneer in this field.
Born in the Córdoba province in Argentina, he earned a B.
A. degree from the National University of Córdoba (UNC)
in 1962. He then migrated to United States of America
(USA) where he became a research scientist at National
Aeronautics and Space Administration (NASA) Goddard
Space Flight Center in the Space Plasmas and Planetary
Magnetospheres Branches. Acuña was the principal inves-
tigator on several magnetometer experiments, such as the
Pioneer 11 Fluxgate Magnetometer Experiment in 1973
and the Mars Global Surveyor Magnetic Field Experiment
in 1994, the MESSENGER magnetometer. He received
many professional awards, including election to the
National Academy of Science, the Moe Schneebaum
Memorial Award (the highest engineering award at God-
dard), the NASA Exceptional Scientific Achievement
Medal, and the NASA Distinguished Service Medal.
Acuña played an essential role in the creation of ALAGE
and his legacy inspired several Latin American science stu-
dents and young researchers to choose space physics as
their line of research. Recently, ALAGE created the Mario
Acuña Award to recognize his contributions.

CONAE, created in 1991, is the Argentine space agency
and, as such, coordinates the country’s space activities. The
mission of CONAE is to propose and implement a National
Space Plan, which has the status of a Strategic Plan for
space activities, establishing a policy of Argentine national
priority. This long-term strategic plan states that all
CONAE activities and projects must be focused on generat-
ing appropriate and well-timed spatial information for the
Argentine continental and maritime territory in order to
contribute to the optimization of socio-economic require-
ments of our country. This approach, common to most
developing countries, which prioritizes applications that
provide economic return over basic science, does not pre-
clude activities related to climate change and space weather.
Regarding the latter, three of the Scientific Applications
Satellite (SAC) series, SAC-B, SAC-C and SAC-D, have
carried space-borne instrumentation to measure solar
X-rays and energetic particle distributions reaching low
Earth orbit. CONAE also cooperates with other space
agencies, like European Space Agency (ESA), National
Center for Space Studies (CNES), and NASA on space
weather and climate related missions, such as Van Allen
Probes with NASA. Through a bilateral agreement, ESA
has installed one of its three deep space antennae (DSA3)
in the Province of Mendoza, and CONAE is the Argentine
institution that manages 10% of its available time for use by
the Argentine scientific community. A similar agreement is
expected to be implemented with China’s Launch, Tracking
and Control Center (CLTC), for an antenna to be installed
in the Province of Neuquen. Recently, in February 2015,
CONAE signed an agreement with NASA to cooperate
on space weather research. According to this agreement,
CONAE will get the data directly from the Van Allen
Probes mission using its equipment installed in its Space
Center Teófilo Tabanera, in Falda del Carmen, Córdoba.
This agreement will permit Argentina and Latin America
to be strongly involved in several studies of space radiation,
in particular to understand and quantify the fluxes of elec-
trons and protons at the Van Allen radiation belts.

The beginning of institutional space research in Mexico
was linked to the work of the pioneering physicist, Manuel
Sandoval Vallarta (1899–1977) and his students from Mex-
ico. Vallarta was a full time professor at the Massachusetts
Institute of Technology (MIT), but used to return home
during the holidays to teach at the Faculty of Sciences
and the Institute of Physics of the UNAM (Mendoza,
1995). Eventually, Vallarta returned to Mexico in 1946 to
work on cosmic rays research (Perez-Peraza, 2009). In
1962 a new group was created by Ruth Gall (1920–2003),
with the aim of developing a program devoted to outer
space science at the Institute of Geophysics of the UNAM
(Gall-Sonabend, 2000). For her pioneering work in the
field, ALAGE created a prize named after her.

The beginning of governmental space activities in
Mexico is also related to Sandoval Vallarta, who in 1957
promoted the design and construction of rockets to study
the upper atmosphere. In 1962 CONEE was created to
advance the research, exploration and exploitation of the
space by peaceful means. CONEE continued the develop-
ment of rockets and upper atmospheric studies until
1977, when the commission was canceled by a presidential
order. In the 1990s Ruth Gall funded an Interdisciplinary
Group of Space Activities at UNAM, which eventually
became the PUIDE. The program was established in
1992 under the direction of Alfonso Serrano and it built
two micro-satellites named UNAM-SAT. Unfortunately,
due to the economic limitations at that time, the PUIDE
program was canceled in 1997. Finally the AEM was
founded in 2010. The aim of the AEM is to coordinate
the space activities in Mexico.

Recently, private Universities in Brazil also decided to
form space research groups with activities related to space
weather. The University of the Paraiba Valley (UNIVAP)
started an ionospheric group in 1998 and one of their
topics of interest is the response of the ionosphere to the
geomagnetic storms. They have deployed ionosonde,
all-sky imagers and Global Positioning System (GPS)1



C.M. Denardini et al. / Advances in Space Research 58 (2016) 1916–1939 1919
receivers at several stations in Brazil, and recently
Fabry-Pérot interferometers and magnetometers. The main
purpose of the research being carried out there is related to
the day-to-day variability of the dynamics in the upper
atmosphere (mesosphere and thermosphere) and the elec-
trodynamics in the ionosphere, during the high and low
solar cycle, at equatorial region2 and low latitudes.3 In
addition, the group also focused on ionospheric changes
during geomagnetic storms as well as in the propagation
of Travelling Ionospheric Disturbances (TID). Both of
these are related to the current environmental conditions
of space, and therefore, in our definition of space weather.

Considering all of the abovementioned institutions and
their work and research, Latin America provided a sub-
stantial contribution to space science in the area of Solar
Terrestrial Physics more recently called Space Weather.
In the following subsections we highlight various research
that we consider relevant to space weather, constrained
to research groups within three Latin American countries
(Argentina, Brazil and Mexico), which provide examples
of local scientific evolution. The contributions from the
research were organized in four general areas: solar, inter-
planetary medium, magnetosphere and geomagnetic field,
and neutral and ionized atmosphere research.
2.1. Solar research

There are several reasons to state the reliable prediction
of solar flares is still not possible. There is a lack of most
appropriated measurements of the coronal loop rise
(especially internally to the corona) and the magnetic recon-
nection physical details, as well as a lack of knowledge
about the relative importance of relevant Magneto-
Hydro-Dynamic (MHD) instabilities. Also, since the most
energetic solar flares are usually related to Coronal Mass
Ejections (CMEs), which have the potential to severely
impact terrestrial technological systems (e.g., satellite
operations and power grids) and safe human travel in space,
studying solar dynamics is still an essential part of forecast-
ing space weather.

Solar dynamics can be studied in several temporal and
spatial scales: long term (solar cycle intensity) or short term
(solar bursts leading to flares, CME, etc.), and the full solar
disk (total irradiance) or the minutes of the arc (active
regions). Therefore, solar research groups can carry out
their research in several different ways. In Latin America,
most of these studies have been done with ground instru-
mentation using both optical and radio observatories.
Radio noise interference constrains radio observations so,
in theory, a protected area like a crater or a valley would
2 In the present work, equatorial region is defined as the latitudinal band
around the magnetic dip equator between ±3� and 5� magnetic latitude.
3 There is no exact definition where the low latitudes upper boundary

lies. In this manuscript it means the two latitudinal bands surrounding
Earth from 3–5� to about 50� of magnetic latitude, in both Northern and
Southern hemispheres.
be ideal. Optical observations do not require such rigid
radio spectrum protection, but they do have to deal with
atmospheric distortions of the electromagnetic wave in
the visible band, and it is essential to avoid the light pollu-
tion of the cities. So, the natural choice is to set an optical
ground instrument on high altitude mountains near the
Andes in South America.

Indeed, the ground-based solar instruments of remote
sensing have been operational since 1999 in the Argentine
portion of the ‘El Leoncito’ in the Altos Andes (details
are provided in Section 3 of Denardini et al. (2016). Among
the measurements and research carried out there, in the
Astronomical Complex ‘‘el Leoncito” (CASLEO, formally
created in 1983 as an agreement between CONICET and
several Argentine universities, has been active since 1986),
we highlight the Solar Submillimeter Telescope (SST)
observations, which are relevant for particle acceleration
processes and energy release diagnosis during solar flares
(Cristiani et al., 2005; Giménez de Castro et al., 2013). In
addition, the combination of coronal magnetic field model-
ing with SST observations has proven to be useful to
understand how the submillimeter emission originates as
well as to properly characterize the studied transient phe-
nomena (Cristiani et al., 2007, 2008).

Two other solar telescopes, installed in the Félix Aguilar
Astronomical Observatory (OAFA), Estación de Altura
Ulrico Cesco, arose from collaboration between Argentina
and Germany. These are the Mirror Coronagraph for
Argentina (MICA, Stenborg et al., 1999) and the H-
Alpha Solar Telescope for Argentina (HASTA, Bagala
et al., 1999; Fernandez Borda et al., 2002). MICA is an
internally-occulted mirror coronagraph with a plate scale
of 3.600 per pixel that images the solar corona at a nominal
cadence of about 1 min between 1.05 and 2.0 solar radii in
the Fe XIV line and in the continuum emission. MICA has
produced results relevant to the origin of coronal eruptive
phenomena in general (Stenborg et al., 2000; Bagala et al.,
2001; Balmaceda et al., 2003; Costa and Stenborg, 2004;
Borgazzi and Costa, 2005), but is now currently under
maintenance. HASTA is a full-disk H-alpha imager, with
a plate scale of about 200 per pixel operating with a cadence
of 90 s (in the patrol mode) and from 3 to 0.5 s (in the flare
mode). The latter is especially suitable for the monitoring
of flares and filament disappearances. Several studies have
been carried out to understand the origin of flares, the evo-
lution of associated Moreton waves, and the onset of
CMEs benefitting from HASTA data (Luoni et al., 2007;
Francile et al., 2013; Mandrini et al., 2014) or HASTA
combined with SST (see previous references).

The recent astrophysical plasma group at the Institute for
Theoretical and Experimental Astronomy (IATE) funded
by CONICET and the UNC, located in the city of Córdoba,
Argentina has recently started research related to solar and
plasma physics. They have studied dynamic solar phenom-
ena that can be triggered by CMEs. This is the case of
Moreton waves (e.g., Francile et al., 2013) and the dynamic
of supra-arcade down-flows (e.g., Cécere et al., 2012).
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Specifically, regarding the space weather initiatives in
Argentina, the research groups are currently carrying out
the generation of the solar magnetic field by dynamo mech-
anisms (e.g., Mininni et al., 2001), the heating of active
regions in the solar corona (e.g., Gómez and Ferro-
Fontán, 1988), and the analysis of solar ejective events
and their interplanetary counterpart-phenomena, such as
Magnetic Clouds (MCs), also mentioned in the literature
as Coronal Mass Ejections (CMEs) since it is ejected from
the solar corona, and Interplanetary Coronal Mass Ejec-
tions (ICMEs) when they manifested in the interplanetary
medium. In the solar perspective, the earlier works in this
line of research identified the CMEs associated with long-
living Active Regions (ARs), considered their potentiality
as sources of MCs, and evaluated the origin of the mag-
netic helicity ejected during the AR lifetimes (see e.g., the
review by Mandrini et al., 2004). Following this line of
research, several studies of particular solar events and their
related interplanetary (IP) ones were developed based on
the computation of MHD invariants in the solar surface
and in the interplanetary medium (e.g., Dasso et al.,
2003; Dasso et al., 2005a; Mandrini et al., 2005, 2007;
Luoni et al., 2005; Dasso et al., 2006; Attrill et al., 2006;
Nakwacki et al., 2011). In a different line, several studies
were developed to forecast the time of arrival of CME-
driven shocks. This technique takes advantage of the kilo-
metric type II radio emissions to model and improve pre-
dictions (e.g., Dasso et al., 2009; Cremades et al., 2015).
Most of the previously mentioned works have been done
as part of collaborations with foreign research groups.
Many other studies that focused on aspects relevant to
space weather and that study geoeffective solar transients
at different stages have been done by groups in Argentina.
For example, some of these studies have focused on the
erosion of ICMEs due to magnetic reconnection with solar
wind ambient field (Dasso et al., 2006; Ruffenach et al.,
2015), the evolution of MC from the solar eruption to 5
AUs passing by and encompassing Earth (Rodriguez
et al., 2008; Nakwacki et al., 2011), the interaction between
two ICMEs in the inner heliosphere and consequence on
geoeffectiveness (Dasso et al., 2009), the expansion of mag-
netic clouds in the inner heliosphere and effects on Sun-
Earth connection (Demoulin and Dasso, 2009a; Gulisano
et al., 2010), the geoeffectiveness of CMEs launched near
the solar limb (Cid et al., 2012), models for the global shape
of magnetic clouds and for the surface of their driven
shocks in the heliosphere (Janvier et al., 2015).

In Mexico, research in solar physics has mainly been
developed by IGF/UNAM in Mexico City for several dec-
ades based mostly on theoretical models and data analysis
and cover different fields. The long-term variation studies
were conducted based on the data analysis of the sunspot
number temporal series to study the evolution of the solar
cycle (Otaola and Zenteno, 1983; Bravo and Otaola, 1989;
Valdés-Galicia et al., 1996; Valdés-Galicia and Velasco,
2008). The short term solar phenomena like solar flares,
energetic particles, energy transport and acceleration
processes have been investigated by Perez-Peraza (1986)
and Perez-Peraza et al. (1997), while energetic solar events
involving gamma ray emissions were investigated by Pérez-
Enriquez and Miroshnichenko (1999) and Miroshnichenko
et al. (2000). Bravo (1995), Bravo and Stewart (1997) and
Maravilla et al. (2001) have investigated the physics of
the coronal holes and its relation to solar wind streams.
Additionally, Bravo and Stewart (1995), Bravo et al.
(1998) and Bravo and González-Esparza (2000) have used
the potential field model to study and publish results
related to the evolution of the solar magnetic field and
coronal holes.

Mexican researchers also investigated the solar phenom-
ena eruptive activity that may eventually drive the Earth
magnetospheric and ionospheric variability, like the CMEs.
The relationship between CMEs and the heliospheric cur-
rent sheath have been studied by Mendoza and Perez-
Enriquez (1993). Lara et al. (2003) studied solar radio burst
associated with CMEs, and Lara (2008) analyzed source
regions of CMEs on the solar surface. Aguilar-Rodriguez
et al. (2005) established the characteristics of the spectra
emission of type II radio burst driven by CMEs in the inter-
planetary medium. Also, Ontiveros and Vourlidas (2009)
studied the coronal shock waves driven by CMEs.

Recently, several analytical studies have been developed
to forecast the arrival time of CME-driven shocks, which is
a problem critical to space weather forecasting. An empir-
ical model to predict the arrival of CMEs to 1 AU was
developed by the Mexican research group (Gopalswamy
et al., 2000, 2003) while Cantó et al. (2005) presented a full
1-D hydrodynamic analytic solution of the kinematics of
CMEs in the interplanetary medium. Corona-Romero
and González-Esparza (2011) extended this formula to
include shock waves, and Corona-Romero et al. (2015)
applied the model to reproduce trajectories, arrival times
and type II emissions driven by shock waves in the inter-
planetary medium.

Brazilian contribution to solar research has been histor-
ically carried out by ground-based observational astron-
omy studies, and for many centuries limited in the optical
band, utilizing radio frequencies only in the middle of the
last century. Solar research for space weather has been car-
ried out mostly by radio astronomers. In addition to the
research, INPE in particular has been leading instrumental
development in radioastronomy. The instruments devel-
oped have been used for solar physics, space weather and
cosmology (Elias et al., 2010). The first step was taken
through the creation of the Itapetinga Radio Observatory
(ROI) in Atibaia (SP) in 1974, employing a dish antenna
14-m wide (e.g., Takakura et al., 1983). This development
allowed the ROI research group to work with wavelengths
from centimeters to millimeters (18–90 GHz), while the rest
of the world was working with the 21-cm wavelength.
Recently, new solar monitors have been developed like
the Brazilian Decimetric Array (BDA) and have been con-
tributing to the international initiatives using SST just
mentioned above.
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Scientifically, we know that the solar atmosphere emis-
sion in the continuous radio spectrum is thermal in nature
and it is associated with temperatures from 103 to 106 K
at wavelengths from 1 mm to 1 m, respectively. The region
of minimum temperature in the chromosphere and the
Transition Region (TR) are included in the interpretations
of the origin of the broadcast radio band. Therefore, the
Brazilian solar research group’s radio observation of the
solar limb has contributed to the understanding of the exis-
tence of the transition region, or the temperature growth
from the chromosphere through the corona studied based
on the analysis of to the free-free continuous emission.
The group noticed an interesting discrepancy between the
distributions of temperature and density as a function of
altitude in the solar atmosphere, especially the region where
the TR occurs (e.g., Selhorst et al., 2005). There are refer-
ences to the continuous radio emissions from higher heights
that the resulting atmosphere model is based on. Further-
more, works on solar physics done by the Institute of
Astronomy, Geophysics and Atmospheric Sciences (IAG)
at São Paulo University (USP) provided the characteriza-
tion of inhomogeneities in the solar structure and causing
interference in the distribution of brightness, as well as
microwave and X-ray emission during an isentropic expan-
sion, and its application in solar outbursts (SEPLAN, 1982).

Additionally, Brazil has contributed to radio observa-
tions completing the models of the solar atmosphere with
observations from 1.4 to 400 GHz (e.g., Silva et al.,
2005). Also, the observations obtained by the ROI at
48 GHz showed that the solar constant has a variation cor-
related with the solar emission at that frequency. This radio
distance variation has a better correlation with bursts
whose associated radio emissions were measured in the soft
X-ray band, like those measured by the Geostationary
Operational Environmental Satellite (GOES) satellites,
than with the number of spots (Wolf number). Variations
in the quiet sun associated with the solar activity cycle have
been reported and monitored in ROI observation frequen-
cies at 22.48 GHz. Although based on observations made
in Japan in 17 GHz, a solar atmosphere model was devel-
oped by a Brazilian group.

2.2. Interplanetary Medium Research

After Forbush et al. (1949) and Forbush (1957), we
know that a rapid decrease in the observed galactic cosmic
ray intensity registered on Earth has a strong correlation
with the presence of CME in the interplanetary medium.
This decrease is due to the magnetic field associated with
the solar structure sweeping part of the galactic cosmic rays
away from the Earth’s trajectory. What we have now estab-
lished as one of the major phenomena in the space weather
forecast was first investigated in Latin America as space
research in its several different branches. Indeed, the early
investigations of cosmic ray data in Latin America related
to what we modernly call Space Weather were performed
by Forbush (1938), when he was mostly interested in study-
ing the geomagnetic disturbances. The early studies
included cosmic ray data collected in an ionization cham-
ber at Huancayo (Peru) along with the magnetic records
collected at this observatory (Lange and Forbush, 1948).

In Mexico, as Perez-Peraza (2009) accounts, cosmic ray
research dates back to the early 1930s with the pioneering
work on the application of the cosmic ray theory to the
magnetic momentum of the sun and galactic rotation
(Vallarta, 1933, 1937; Vallarta et al., 1939, 1958), leading
to the organization of the 4th International Cosmic Ray
Conference, which was attended by Soviet scientists for
the first time in the history of this event (an accomplish-
ment during that period). The research on this field was a
relevant contributor to the space science as can be con-
firmed by the publications following the pioneer works, like
the subsequent studies related with cosmic rays measure-
ments by the Mexico City detector and the configuration
of the geomagnetic field performed by Gall et al. (1968,
1982) and Smart et al. (1969). Indeed, its significance still
has an effect on Mexican researchers, as the interplanetary
magnetic fields and cosmic rays propagation results pub-
lished by Valdés-Galicia (1992) and the cosmic rays fluctu-
ations and detectors at high altitudes reported by Caballero
and Valdés-Galicia (2001) indicate. Recently, the cosmic
rays studies were extended to Forbush decreases and inter-
planetary disturbances (Lara et al., 2005).

The ground-based space sciences instrumentation in
Mexico also began in Cosmic Rays research. It has evolved
since the early 1950s with the installation of a Simpson type
neutron monitor. At the beginning of the 1960s,
IGF/UNAM acquired a Carmichael Neutron Super Moni-
tor equipped with six proportional counters. Javier Otaola
and Jose´ Valdes took care of and modernized the neutron
monitor station. In collaboration with Japanese scientists,
José Valdes and his students installed a solar neutron mon-
itor on Mt. Sierra Negra in the state of Puebla in 2004
(Valdés-Galicia et al., 2004). In 2013, as part of the Global
Neutron Detector Network, the new Scintillator Cosmic
Ray Telescope (SciCRT) was installed at the top of the
Mt. Sierra Negra (Sasai et al., 2014). In 2015, the High Alti-
tude Water Cherekov Gamma Ray Observatory (HAWC)
was also inaugurated in the Mt. Sierra Negra, in a joint
collaboration between a large number of universities and
scientific institutions from Mexico and the United States
of America (Pretz for the HAWC collaboration, 2015).

In addition to these studies, the IGF/UNAM group
developed new research fields in interplanetary physics
including solar wind dynamics, shock waves and the prop-
agation of large-scale interplanetary disturbances (Balogh
et al., 1995; González-Esparza et al., 1996; Aguilar-
Rodriguez et al., 2011). Moreover, they started developing
numeric simulations of interplanetary shock waves and
ejecta (González-Esparza et al., 2003) to address the prob-
lem of the time of arrival of the aforementioned CME-
driven shocks.

The IGF/UNAM research group working on interplan-
etary physics also started the development of scientific
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infrastructure. Silvia Bravo and J. Americo Gonzalez-
Esparza developed the Mexican Array Radiotelescope
(MEXART), the first radiotelescope with large area
(about 10,000 m2) in Latin America, to track solar wind
disturbances applying the interplanetary scintillation tech-
nique (González-Esparza et al., 2004). The facilities devel-
oped at the MEXART site brought the opportunity to
incorporate new space weather related instruments. These
instruments included: a magnetometer, GPS receivers, a
Callisto antenna, and a Schumann antenna. The construc-
tion and operation of the MEXART during the 2000s led
to the development of a new group of heliophysics and
space weather in Morelia. This was the first time that a
research group in Mexico in space physics could collabo-
rate from outside of Mexico City. The new group began
to focus on research related to space weather.

With respect to the development of interplanetary med-
ium research in Argentina, the IAFE played an important
role as one of the first institutions dedicated to space phy-
sics. The first director of IAFE was Dr. Jorge Sahade, a
distinguished astronomer. From 1976 to 1995, when Lic.
Horacio Ghielmetti, ex-director of the National Center of
Cosmic Radiation, was the director of IAFE, the level of
researcher activities on cosmic rays in Argentina was
enhanced. At that time, in order to interpret cosmic ray
data as a source of high energy particles, these researchers
studied the variation of the flux of cosmic rays with the
magnetic latitude and different mechanisms for cosmic-
ray propagation and diffusion through the atmosphere.
After some evolution of CNEA groups (for more details
of the early cosmic-ray research in Argentina, see
Roederer, 2003 and Rovero, 2009), one clear branch of
research emerged, which focused on space physics, mainly
including cosmic rays of solar and galactic origin and their
transport through the interplanetary magnetic field. Juan
G. Roederer, Jose R. Manzano, and Horacio Ghielmetti
were the three main researchers of this branch in Argen-
tina. Several works arose from Latin American collabora-
tions in that time, such as the collaborative work from
Argentina–Brazil–Bolivia on the analysis of neutron mon-
itor data (Roederer et al., 1961).

With the advent of the space era, several spacecraft ded-
icated to space weather were launched and a vast number
of ground observatories were established. One of the goals
of such observatories, like the Latin American Giant
Observatory (LAGO) (Asorey et al. for the LAGO
Collaboration, 2015), was to study the impact of the inter-
planetary conditions on the transport of galactic cosmic
rays in the heliosphere and a better understanding of
Gamma Ray Bursts by constraining their emission at high
energies (Abreu et al., 2011). The transport properties of
Cosmic Rays (CRs) before arriving to Earth are deter-
mined by the conditions of the interplanetary magnetic
field. Therefore, the state of the heliosphere directly affects
the flux of CRs at Earth. Also, when a CME is ejected from
the Sun, and manifested in the interplanetary medium as an
ICME, a well-known transient decrease of CR flux can be
observed (i.e., the so-called Forbush decrease).

At UBA and IAFE in Argentina, there are also activities
concentrated on theoretical and numerical modeling of a
number of space weather and space plasma structures
and flows. These activities are focused mainly on the solar
link and interplanetary structures, (e.g., Dasso et al.,
2005b) the magnetic structure and dynamical evolution of
ICMEs and interplanetary magnetic clouds (e.g., Dasso
et al., 2003, 2012a; Demoulin and Dasso, 2009a), the mag-
netic reconnection and erosion in ICMEs (Dasso et al.,
2006), the geoeffectiveness of the ICME-ICME interaction
(e.g., Dasso et al., 2009), and the occurrence of magnetic
reconnection at the Earth’s magnetopause (e.g., Morales
et al., 2005). More recently, these activities have been
extended to include models for the dynamical evolution
of magnetic clouds structure (Gulisano et al., 2010;
Demoulin and Dasso, 2009a; Nakwacki et al., 2011), and
models for the local and global shape of ICMEs and their
driven shocks (e.g., Demoulin and Dasso, 2009b; Janvier
et al., 2015). Properties of Ultra-Low Frequency (ULF)
waves in foreshock structures (e.g., Andrés et al., 2013) in
non-magnetic objects such as Mars, the interaction of the
solar wind with their ionospheres giving rise to the so-
called induced magnetospheres, and properties of proton
cyclotron waves arising upstream of the bow shock of Mars
(e.g., Romanelli et al., 2013) and Titan (e.g., Bertucci et al.,
2008) are also currently being studied. Studies of the
structure of the Forbush decrease and its relationship with
magnetic cloud properties is a recent branch of research in
UBA (Ması́as-Meza and Dasso, 2013).
2.3. Magnetosphere and geomagnetic field research

It is well known that the CME are one of the most pro-
nounced phenomena from solar origin impacting the space
weather. Also, it is well documented that CMEs are the
causative effect of the geomagnetic storm (Gonzalez
et al., 1994; Gonzalez and Burch, 2012). Indeed, geomag-
netic storms are normally described in terms of the effects
measured by ground magnetometers due to the physical
effects caused by strong perturbations to the interplanetary
conditions near Earth, such as CMEs and their driven
shock arrival. An initial phase is associated with interplan-
etary forcing caused by a southward magnetic field com-
bined with fast solar wind speed, which mainly raise an
induced dawn-dusk electric field in the magnetopause,
causing magnetic reconnection and producing connectivity
between geomagnetic and interplanetary magnetic field
lines (i.e. merging these two different topological fields).
This process allows the penetration of solar material
through the terrestrial environment and produces changes
to the topology of the outer geomagnetic field, which in
turn change the trajectory of charged particles. After a
complex sequence of dynamical processes in the magneto-
sphere, a significant enhancement of energetic charged
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particles occurs (which in turn produces an increase of dif-
ferent systems of space currents) with a consequent
increase of the induced geomagnetic field that can be
observed from ground detectors. Then there is a recovery
phase due to decay of these space currents produced by a
combination of charge-interchange and wave-particle inter-
action processes (Gonzalez et al., 1994). A consequent pre-
cipitation of energetic particles into auroral regions and/or
precipitations to a lower height like in the South American
Magnetic Anomaly (SAMA) regions can frequently hap-
pen during these geospheric perturbations (Prolss, 2004).
The decay time of intense geomagnetic storms, associated
with enhancements of the ring current system, can last
from about 10–18 h (Dasso et al., 2002).

In Brazil, the INPE’s research group started studying
two fundamental processes associated with inner magneto-
sphere dynamics and their effects in the SAMA in 1980.
Those processes refer to particle precipitation in the SAMA
during intense geomagnetic storms and high-altitude atmo-
spheric electric field perturbations at the SAMA due to
particle precipitation. For this objective, the group used
experiments on board balloons, with payloads constructed
at INPE to measure X-rays from the precipitating electrons
and double-probe electric field sensors to study the atmo-
spheric electric field modification due to particle precipita-
tion. A summarizing paper about the main observations
and implications for the SAMA, obtained in this research
activity, can be found in Gonzalez et al. (1987).

Afterwards, from 1986 through 2000 the magneto-
spheric research group in Brazil devoted efforts to studying
the external magnetosphere, especially in association with
the topic of magnetic storms, using external collaborations
obtained mainly from the Jet Propulsion Laboratory/
NASA of Pasadena, USA. The group published more than
100 papers with this research topic, organized several inter-
national Workshops and edited a book entitled ‘‘Magnetic
Storms” (Tsurutani et al., 1997). Maybe, one of the most
representative contributions from Latin America during
this period was ‘‘What is a Geomagnetic Storm”

(Gonzalez et al., 1994), which has been extensively cited
(with more than 1000 citations as of 2014). Two other
important contributions of this time period are:
Tsurutani and Gonzalez (1987) and Clúa-Gonzalez et al.
(1993).

During the first decade of this century, the research on
magnetosphere carried out in Brazil extended to the solar
physics covering both magnetospheric and heliospheric
phenomena investigation related to the solar–terrestrial
interactions, and also with the interest of extending
research topics to interplanetary physics and solar activity.
One important experimental project that started during
this time period is that concerning the measurements of
cosmic ray-muons in collaboration with a Japanese
research team (Silva et al., 2007). The research group also
organized an international Conference in Brazil in conjunc-
tion with NASA and within the International Living With
a Star (ILWS) program in October 2010, involving topics
in Solar–Terrestrial Physics. As a result of that Conference
the group edited a special issue of the Journal of Atmo-
spheric and Solar–Terrestrial Physics, with 40 articles and
also edited a book published by Springer (Gonzalez and
Burch, 2012). The publication numbers during this time
interval was kept around 100 papers, but the most signifi-
cant fact was that the number of research scientists had
grown to 5 and several more graduate students joined the
research field. Representative papers for this time period
are: Dal Lago et al. (2004), Tsurutani et al. (2003, 2006),
Gonzalez et al. (2007, 2011), Echer et al. (2008), Chian
et al. (2010) and Domingues et al. (2013).

In Mexico, the magnetospheric physics research has
focused on data analysis and the numerical modeling of
the upstream bow shock waves and kinetic disturbances
as part of collaborations with foreign research groups
(Blanco-Cano and Schwartz, 1997; Blanco-Cano et al.,
2006, 2009; Kajdic et al., 2011). On the other hand, there
is research which also addresses problems related directly
to space weather such as the geoeffectiveness of the helio-
spheric current sheet (Mendoza and Perez-Enriquez,
1995) and interplanetary signatures causing geomagnetic
storms (Ontiveros and González-Esparza, 2010).

Important effects associated with geomagnetic storms
have been studied in Argentina as well, such as the induc-
tion of currents at ground level due to the ionospheric cur-
rents caused by the magnetic storm. These Ground level
Induction Currents (GIC) can contribute to the increase
in corrosion of underground pipes, which is one of the
main problems in oil and gas pipelines. In Argentina there
are very long pipelines transporting gas and oil, and there is
a group at UBA that does research on this kind of problem
(Osella and Favetto, 2000; Osella et al., 2002). During days
of high geomagnetic activity, excessive GIC are channeled
along the pipes overriding the protective actions. By using
a magnetic data recorder with magnetometers in Argen-
tina, studies have been done on the effects of geomagnetic
activity on pipelines (e.g., Gianibelli and Quaglino, 2007;
Gianibelli et al., 2008). A group at UBA started to make
studies of radiation at the SAMA using radiation data
from the Influence of Space Radiation on Advanced Com-
ponents (ICARE) experiment (Lanavere et al., 2015). The
experiment ICARE, aboard the Argentine satellite SAC-D,
measures electron and proton fluxes in the 250 keV to
4 MeV energy range and in the 8–120 MeV energy range,
respectively.

2.4. Neutral and ionized atmosphere research

From the space weather research and operations per-
spective, we know that one of the big issues to be investi-
gated both experimentally and theoretically is the plasma
bubble trigger and its development (theoretically but con-
nected to ionospheric physical models). Additionally, there
is no current model, even with data assimilation tech-
niques, that is able to successfully forecast the development
of the plasma bubble (Schrijver et al., 2015).
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In this field, one of the important contributions to space
science, which will later become a great contribution to the
understanding of one of the most relevant space weather
phenomena in low latitude Latin America, was the work
related to plasma bubbles published earlier in the 1980s
(Sobral et al., 1980a,b, 1981). Before these studies based
exclusively on the airglow measurements of the atomic oxy-
gen line (630 nm), nobody had ever reported plasma bub-
bles in Latin America. Also, they realized that such
phenomena were responsible for strong interference in
trans-ionospheric communication after visiting a Brazilian
Telecommunication Company (José Humberto Andrade
Sobral, Private Communication). Today, the importance
of the ionized atmosphere in the diverse space application
systems of our day-to-day life is fully recognized. Examples
of these space application systems include space based nav-
igation system, telecommunication and global positioning
systems by GNSS satellites. The role of the ionized
atmosphere is especially important as we know that plasma
bubbles can degrade the signal-to-noise ratio of any radio
signal crossing the ionosphere.

Actually, since the ionosphere is an integral part of our
space environment, the large variability that characterizes
the ionosphere is a manifestation of the changes in space
weather. The research conducted at INPE also recognizes
the fact the ionospheric domain of the space environment
is highly responsive to variability in the Sun, and therefore
the Solar and ionospheric weather systems are closely
linked. Further, the equatorial and low latitude ionosphere
over Brazil possesses characteristics that are distinctly dif-
ferent from those of other regions of the globe, due to
the global maximum of plasma concentration associated
with the equatorial ionization anomaly. It is also subject
to large modifications due to the SAMA that encompasses
this region, where the total intensity of the Earth’s
magnetic field is the weakest permitting enhanced
atmosphere-magnetosphere interaction resulting in ener-
getic particle precipitation capable of modifying the iono-
spheric conductivity distribution in significant ways.

Indeed, the ionospheric research in Brazil started at
INPE at its very beginning as the institute was founded
in 1961. The installing of diversified ionospheric diagnostic
instruments and the setting up of observatories in different
parts of Brazil began in the 1970s. INPE’s major iono-
spheric observatory at Cachoeira Paulista (SP) became
operational in 1973, starting with routine ionospheric
observations using ionosondes and airglow photometers.
This was followed by the setting up of the ionospheric
observatory in Fortaleza (CE), where an ionosonde and a
magnetometer began operating in 1977. Ionospheric inves-
tigations using sounding rockets was initiated by INPE in
collaboration with the Brazilian Technical Center of Aero-
nautics (CTA) which launched a SONDA-3 rocket from
the rocket launch base in Natal (RN) in 1984, which was
followed by additional launches from the Brazilian equato-
rial launch base in Alcântara (MA), as well as in Natal
(RN). These rockets carried a high frequency capacitance
probe and Langmuir probe for measuring electron density
and temperature up to an altitude of 600 km. The equato-
rial space observatory at São Luı́s (MA) near the dip equa-
tor began operating in the early 1990s with the installation
of a digital ionosonde (Digisonde) and two magnetometers,
followed by two back-scatter radars (one of them devel-
oped at INPE), operating in the Very High Frequency
(VHF) range, as well as GPS receivers, enhancing the
observational network. The development of the extensive
observational network to monitor ionospheric weather
variability over Brazil took a long stride with the setting
up of conjugate point ionospheric observatories, in the
northern and southern regions of Brazil. This development
now continues under the umbrella of the Embrace/INPE
Space Weather Program.

Scientifically, the early investigations on the ionospheric
total electron content distribution using low Earth orbiting
satellites, and equatorial ionization anomaly, Spread-F
irregularities (due to the presence of plasma bubble), and
sporadic E layer phenomenon in the SAMA, that were
based on ionosonde observations, have resulted in impor-
tant publications (de Mendonça, 1965; Abdu and Batista,
1977; Batista and Abdu, 1977). Almost simultaneously,
the airglow observation research began in Brazil at INPE
in 1971 with a simple 2-channel airglow photometer mea-
suring the atomic oxygen 557.7 nm and 630 nm emissions.
In early 1973, the photometer detected fast depletions of OI
630 nm during the night, which were later recognized as
plasma bubbles. In the late 1970s, meridional scanning
photometers observed the longitudinal structure of the
630 nm emission in the ionosphere. In the 1980s, improve-
ment of the airglow photometer (multi-channel photome-
ters) made it possible to measure several emissions
simultaneously. OH and O2 rotational temperatures in
the mesosphere, atomic oxygen 557.7 nm, 630 nm and
777.4 nm emissions in the ionosphere were successfully
observed and allowed the study of the dynamics in the
upper atmosphere by airglow.

Vertical profiles of the airglow emissions were observed
by photometers on board rockets in the late 1980s to 1990s
(Takahashi et al., 1996). In 1990, scientific interests in the
airglow observation extended to the Atmospheric Gravity
Waves (GW) in the mesosphere and plasma depletions in
the ionosphere (Sobral et al., 2002) and the development
of airglow imager using digital Charge-Coupled Device
(CCD) camera started in the late 1990s. The first airglow
images observed at Cachoeira Paulista (SP) were reported
(Batista et al., 2000; Medeiros et al., 2001). Characteristics
of plasma bubbles have been extensively studied since then,
especially by the 630 nm imager (Santana et al., 2001). GW
in the mesosphere and in thermosphere has also been stud-
ied (Klausner et al., 2009; Medeiros et al., 2004). In 2000s,
airglow observations focused the study in dynamic cou-
pling of the atmosphere from the troposphere to
ionosphere.

Afterwards and presently, the aeronomy research
at INPE covers wide range of distinct topics, whose
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investigations are pursued using data collected from a
ground-based observational network consisting of the differ-
ent instruments mentioned above, satellite data obtained
through collaboration with international scientific groups,
data from rocket borne experiments, and theoretical, numer-
ical and empirical modeling of the ionospheric processes.
The investigations focus on the following topics: (1) electro-
dynamics and plasma structuring of the equatorial-low lati-
tude ionosphere, including investigations of plasma bubbles
and electrojet irregularities; (2) atmosphere–ionosphere
modifications under space weather disturbances, focusing
on the responses of the ionosphere to magnetospheric and
solar storms; (3) atmosphere–ionosphere system and
upward propagating waves from tropospheric sources,
focusing on the modification of the ionospheric phenomena
as a result of vertical coupling due to upward propagating
tides, planetary waves and GW; and (4) SAMA impact on
the equatorial ionosphere under space weather disturbances,
when large modifications of ionospheric conductivity occur
that impact the electrodynamics of the equatorial iono-
sphere including the generation and dynamics of plasma
bubbles.

Regarding the electrodynamics and plasma structuring
of the ionospheric F region, Abdu et al. (1981) and
Batista et al. (1986) provided the first observational evi-
dence that the geomagnetic field declination angle can
control equatorial Spread-F/plasma bubble irregularity
developments. Through sunset terminator alignment with
the magnetic meridian, this provided the first sound basis
for explaining the longitude dependent seasonal variation
in the equatorial plasma bubble/spread F irregularity
occurrences on a global scale. Recently, Abdu et al.
(2009) provided quantitative evidence that GW induced
wave oscillation in evening F layer heights could serve
as seed perturbation for the development of plasma
bubble/Spread-F irregularities in the post sunset equato-
rial ionosphere. With respect to the ionospheric E region,
Denardini et al. (1999) provided the first observations of
the Equatorial Electrojet (EEJ) plasma irregularities since
the earliest studies using the ionosondes. In the 2000s,
several other aspects of the EEJ were also investigated
based on the coherent radar technique like: the vertical
distributions of the irregularities type 1 and type 2
(Denardini et al., 2003), the day-to-day variabilities of
the EEJ under auroral activity and quiet conditions
(Denardini et al., 2004), its seasonal characterization
(Denardini et al., 2005) dependence with the solar flux
(Denardini et al., 2015); as well as the transition from
day to night (Denardini et al., 2006), when the pre-
reversal electrodynamic enhancement lifts the whole iono-
sphere leading to plasma bubble formations.

With respect to the ionosphere modifications under
space weather disturbances, Abdu et al. (2008) and
Santos et al. (2012) have helped clarify the diverse nature
of the low-mid latitude ionospheric modifications. For
example, they have provided the first evidence that
suggests prompt penetration magnetospheric electric field
of eastward polarity occurring in the post sunset equato-
rial ionosphere could generate equatorial plasma bubbles,
and that they could propagate zonally westward (instead
of their normal eastward motion), and over-shielding elec-
tric fields can suppress the evening pre-reversal vertical
drift and plasma bubble development. At the same, time
Denardini et al. (2011) showed that interplanetary mag-
netic field/electric field structures with scales of about
1 h seem to easily penetrate the ionosphere, explaining
the filtering of some magnetic disturbances at low
latitude.

Also, specifically about the E regions responses to storm
time, significant progress has been made by Denardini et al.
(2009) to explain the behavior of the plasma irregularities
(driven by electric field) to the disturbance dynamo, as well
as by Shume et al. (2010, 2011) and Guizelli et al. (2013)
who explained the regional differences in Latin America.
Resende and Denardini (2012) and Resende et al. (2013)
demonstrated that the E regions could be directly affected
by the X-ray flow due to solar flare by investigating the
evolution of the electron density during solar events in
solar cycle 23.

Regarding the upward propagating waves from tropo-
spheric sources to the ionosphere, the works published by
Abdu et al. (2006), Aveiro et al., 2009a,b, Kherani et al.
(2009), Takahashi et al. (2005, 2010) and Abdu et al.
(2015) have made significant contributions to our under-
standing of the atmosphere–ionosphere coupling processes,
driven by upward propagating atmospheric waves, that
operate in the plasma structuring mechanisms that may
lead to the formation of wide ranging scale sizes of plasma
irregularities, and plasma bubbles, in the equatorial iono-
sphere or just modulate the E region structures.

Finally, with respect to the SAMA impact on the equa-
torial ionosphere under space weather disturbances, several
publications from the Brazilian group (Abdu and Batista,
1977; Batista and Abdu, 1977; Abdu et al., 1998, 2005;
Moro et al., 2012a, 2013) provided evidence that energetic
particle precipitation is a regular source of E-layer ioniza-
tion in the SAMA region under magnetic quiet conditions
and that its enhancement occurred during space weather
disturbances. These results also showed impact of the
SAMA on the electrodynamic processes of the equatorial
ionosphere through generation of enhanced conductivities
that modify plasma bubble development, vertical and zonal
plasma drift. The studies revealed occurrences of abnor-
mally large vertical plasma drifts and anomalous reversals
westward of the zonal plasma drift. In summary, the
research group in Brazil has been contributing to the inter-
national community of aeronomy in the space weather
related areas such as: atmospheric GW and planetary
waves and plasma bubble monitoring.

Argentine research groups have also played an impor-
tant role in the neutral and atmospheric research, leading
to the creation of the Argentine Network for the Study
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of the Upper Atmosphere (RAPEAS)4 in 2011. It currently
has 57 researchers in 19 research groups from 15 institu-
tions in 5 provinces (Tucumán, San Juan, Mendoza, Bue-
nos Aires, and Tierra del Fuego, Antártida e Islas del
Atlántico Sur). The main objective of the network is to
consolidate the Argentine scientific-technological commu-
nity devoted to the study of the upper atmosphere of the
Earth and its space environment by promoting the develop-
ment in Argentina of instrumental observation based on
radar technology. This network also aimed to encourage
and strengthen research and technological developments
to maximize the benefit to Argentina of instruments
already installed and projected to be installed. They also
aim to contribute to the sustainability of human resources
and to optimize the use of installed and projected instru-
mental resources through the collaborative efforts of differ-
ent groups and institutions that make up the network.
They routinely survey the observational systems available
in Argentina to make their information available to the
network and to disseminate and share information through
a website. Also, they optimize the use of satellite informa-
tion produced under the National Space Plan to identify
relevant issues that offer competitive advantages for the
Argentine community and promote development through
collaborative efforts. In addition, they link RAPEAS with
other international networks to optimize the recording,
analysis and modeling of changes in the magnetic field pro-
duced by sources of external and internal origin.

Argentina hosts several institutions and initiatives in
regard to the experimental sounding of the upper atmo-
sphere and ionosphere led by research groups established
there. As an example, researchers from the National
University of La Plata (UNLP) have studied different prop-
erties of the ionosphere during disturbed magnetic condi-
tions (Azpilicueta and Brunini, 2012; de Abreu et al.,
2014). This group also actively participated in several of
the first publications on the use of GPS receivers for the
remote sensing of ionospheric properties (Brunini et al.,
2004). Another example comes from the Telecommunica-
tions Laboratory and from the Laboratory of Ionosphere
at the UNT. These groups have been working on several
research projects in collaboration with the Center for
Upper Atmosphere and Radio propagation Research
(CIASUR, 26.8 S; 65.2 W) at the National Technological
University (UTN). Instead of installing instruments to cre-
ate new networks, their importance relies on being part of
several existing networks of instruments (details are pro-
vided in Section 3 of Denardini et al. (2016). Among the
instruments they host, there are several that are related to
ionospheric phenomena associated to space weather. The
main deployed instruments are: (1) an Advanced Iono-
spheric Sounder (from AIS-INGV) designed both for
research and for routine service of High Frequency (HF)
radio wave propagation forecast; (2) a modified dual-
4 Available online at: http://www.rapeas-conicet.gov.ar/.
frequency GPS receiver for ionospheric scintillation and
Total Electron Content (TEC) monitoring configuring a
Double Frequency GPS Receiver System (from AIS-
INGV) to monitor transient effects such as the ionospheric
scintillations in phase and amplitude, and the slant TEC;
(3) a Multi-static HF Doppler Radar (from API-Czech
Republic) to observe atmospheric GWs and ionospheric
irregularities; (4) a Riometer single Channel (from Japan)
to study the ionospheric opacity and high energy precipita-
tion particles; and (5) a single frequency GPS receiver
(from UNT) to measure ionospheric scintillation.

In terms of joint research, besides the traditional
research-to-research collaborations several institutions
from Argentina and Brazil actively contribute to the GNSS
Research and Application for the Polar Environment
(GRAPE)5 group, a joint expert group of Scientific Com-
mittee on Antarctic Research (SCAR)6 focused on space
weather studies. Among them, we list the UNLP, the
Institute of Astronomical Sciences, Earth and Space
(CONICET/ICATE), the Argentine Antarctic Institute
(IAA), UNT, the Paulista State University (UNESP), the
Mackenzie University, and INPE.

In Mexico, the ionospheric research at IGF/UNAM was
initially focused on the interaction of solar wind and other
planets (Perez-de-Tejada and Dryer, 1976; Perez-de-
Tejada, 1986, 1992, 1999). However, their recent studies
address ionospheric disturbances and interplanetary scintil-
lation (Carrillo-Vargas et al., 2012; López-Montes et al.,
2012; Rodrı́guez-Martı́nez et al., 2014). Ionospheric studies
related to space weather phenomena over the Mexican ter-
ritory are a window opportunity of significant relevance.
The recent available networks of GPS stations along the
Mexican territory bring an opportunity to develop vertical
TEC maps in almost-real time. Another exciting opportu-
nity to investigate ionospheric disturbances in Mexico
comes from the new Schumann station at the MEXART
site, which studies Schumann resonance frequencies
(Sierra et al., 2014).
2.5. Development of solar–terrestrial interactions models

2.5.1. Cosmic rays modeling

Ground observatories of cosmic rays can measure fluxes
of secondary particles created in extensive air showers in
the terrestrial atmosphere. Furthermore, the trajectory of
primary cosmic rays that initiate a shower undergo signif-
icant deviations due to the presence of the geomagnetic
field, and, depending on their energy, cannot reach certain
places. Therefore, it is necessary to consider the effects of
the geomagnetic field on primary cosmic rays, and the cos-
mic rays shower due to interactions with components of the
atmosphere. As an example, two well established numerical
models are used in the frame of the work of researchers (in
5 More information available online at: http://www.grape.scar.org/.
6 More information available online at: http://www.scar.org/.
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the Centro Atómico Bariloche, UBA and IAFE) linked
with the following international collaborators: The Pierre
Auger Observatory [an international observatory located
in Argentina (The Pierre Auger Collaboration, 2015)] and
LAGO [a Latin American network of cosmic rays detectors
(Asorey et al. for the LAGO Collaboration, 2015)]. These
two numerical models are: Magneto-Cosmic and COsmic
Ray SImulations for KAscade (CORSIKA). Magneto-
Cosmic is a model used to simulate (it is a particle tracing
code) the motion of primary particles in the geomagnetic
field, based on Geant4, which allows the computation of
the trajectory of charged particles, taking into considera-
tion advances in geomagnetic field models like the Interna-
tional Geomagnetic Reference Field (IGRF) model and the
near magnetosphere model with a dawn-dusk asymmetry
developed by Tsyganenko (2002). Several simulations for
the site in Latin America using this model have been pub-
lished (e.g., Ması́as-Meza and Dasso, 2014). On the other
hand, CORSIKA is a numerical code for the simulation
of cosmic ray air showers (Heck et al., 1998). Using COR-
SIKA simulations in conjunction with the previously used
models, the main range of energies observed with the scaler
mode of the Auger observatory was determined (Dasso and
Asorey for the Pierre Auger Collaboration, 2012b).

2.5.2. Magnetospheric modeling

The physical processes occurring in magnetized plasmas
can vary at different space–time scales in the Sun–Earth
system. Therefore, comprehensive MHD three-
dimensional (3D) models are powerful tools that can help
us understand how changes in the interplanetary and solar
wind plasma may affect the magnetospheric plasma
dynamics. They can fill the gaps left by observations, due
to the restricted satellite orbits, and expand our knowledge
about the physical processes during space weather events
(Gombosi et al., 2000). The MHD theory deals with the
macroscopic energy conversion governing the global con-
figuration, that is, the physical processes involved in the
conversion among the magnetic, kinetic and thermal
energy.

The first MHD simulations date back to the 1970s and
were used to describe the interaction between the solar
wind and the Earth’s magnetosphere (Leboeuf et al.,
1978). From the 1980s until the present day, many research
groups have been developing their own MHD 3D models,
aiming to describe self-consistently the coupling between
different regions of the geospace, for example: the Ogino
model (Ogino et al., 1986, 1994; Matsumoto and Omura,
1993), the Grand Unified Magnetosphere-Ionosphere Cou-
pling Simulation (GUMICS-4) model (Janhunen et al.,
2012), the Lyon–Fedder–Mobarry (LFM) model (Lyon
et al., 1981, 2004), the Space Weather Modeling Frame-
work (SWMF) model (Tóth et al., 2005; Gombosi et al.,
2001), the Open General Circulation Model (OPenGGCM)
(Raeder et al., 2008), and the Piecewise Parabolic Method
with a Lagrangian Remap (PPMLR-MHD) model (Zhang
et al., 2013).
In Brazil, MHD simulations have been used as tools for
the development of applications for Earth magnetosphere
modeling, leading to Master and PhD theses in the Space
Geophysics Graduate Program at INPE (Cardoso, 2006;
Jauer, 2010). One important aspect during magnetic storms
is the entrance of energy brought by solar wind to the mag-
netosphere. MHD simulations allow us to evaluate the
entrance of this energy and also to verify the response of
the magnetosphere to this change. For example, MHD
simulations have been used to study magnetospheric
energetics during High Intensity (AE > 1000 nT), Long
Duration (T > 2 days) Continuous Auroral Activity
(HILDCAA) showing that the plasma parameters (pres-
sure, electric field and velocity) in the Earth’s plasma sheet
are delayed by about 15 min from the interplanetary mag-
netic field variation (Gonzalez et al., 2006). Jauer (2014)
used MHD simulations to study the dynamic of the dayside
magnetopause plasma flows and the energy content of
Earth’s magnetotail. All of the dayside magnetic reconnec-
tion global effects were analyzed through different Inter-
planetary Magnetic Field (IMF) orientations and solar
wind plasma parameters simulations, performed by the
3D MHD global Block Adaptive Tree Solar wind-Roe-
Upwind Scheme (BATS-R-US) model (Gombosi et al.,
2000), which is now part of the SWMF. MHD models have
been also used to simulate CMEs and their evolution in the
low corona (Loesch et al., 2011).

Currently, the Brazilian group for the magnetosphere
and heliosphere (MAGHEL) study at INPE is starting to
use the Global 3D MHD SWMF model, developed and
provided by the Center for Space Environment Modeling
(CSEM) at the University of Michigan. Today the SWMF
model is the state of the art in terms of three-dimensional
of numerical models MHD; it allows the attaching of dif-
ferent regions of the Sun-Earth system, solving multiple
scales involved (Tóth et al., 2012).

The same occurs in Argentina, where research groups at
UBA, IAFE, and UNT are starting to use the SWMF at
different stages of the Sun–Earth coupling, to study erup-
tive coronal structures (IAFE group), their interplanetary
dynamical evolution (IAFE and UBA groups), their effects
on different levels of the terrestrial environment (UBA and
UNT groups), and the propagation of particles (UBA and
IAFE groups). At IAFE and UBA, several academic
numerical models to study basic physical processes, such
as turbulence and solar dynamo, and magnetic reconnec-
tion, are being developed and run in high performance
computers, such as clusters with a significant number of
processors, which allow the resolving of small-scale
processes.

2.5.3. Ionospheric modeling

Historically, Argentina and Brazil have actively con-
tributed to the development of the International Reference
Ionosphere (IRI) model, a project jointly established in
1968 by COSPAR and the International Union of Radio
Science (URSI). The Latin American contributions to the
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IRI model have been presented in IRI Workshops and
COSPAR assemblies (e.g., Batista and Abdu, 2004;
Mosert et al., 2007; Souza et al., 2010; Nogueira et al.,
2013a). In addition Argentina has participated in the IRI
Task Force Activities carried out in the International Cen-
tre of Theoretical Physics in Trieste, Italy from 1994 to
2004 and the IRI 2006 Workshop organized in Argentina
with the participation of experts from several countries.

The IRI is an empirical standard model of the iono-
sphere which is widely used to predict and mitigate the sig-
nificant effects that the ionosphere has on the performance
of communication and global positioning systems. The
model is designed to provide vertical profiles of the main
ionospheric parameters (electron density, electron tempera-
ture, ion temperature, and ion composition) in the altitude
range from about 50 km to about 2000 km, as well as the
electron content for suitably chosen locations around the
globe, hours, seasons, and levels of solar activity. It pro-
vides monthly averages for the non-auroral ionosphere
for magnetically quiet conditions. The major data sources
are the worldwide network of ionosondes, the powerful
incoherent scatter radars (Jicamarca, Arecibo, Millstone
Hill, Malvern, St. Santin), the ISIS and Alouette topside
sounders, and in situ instruments on several satellites and
rockets. The IRI is updated annually taking into account
experimental evidence presented during special IRI Work-
shops and during COSPAR general assemblies. From its
first formulation, several steadily improved editions of
the model have been released including important changes
such as an improved representation of the electron density
in the region from the F peak down to the E peak with a
better description of F1 layer occurrence statistics and a
more realistic description of low-latitude bottom-side
thickness, the inclusion of a model for storm-time condi-
tions, the inclusion of an ion drift model, two new options
of the electron density in the D region, and most impor-
tantly, an improved model for the topside electron temper-
atures. The project has formed an International Working
Group (a team of experts representing the different ground
and space measurement techniques and the different coun-
tries interested in ionospheric research) in which Argentina
participates actively with two members who joined the
group in 1993. More information can be found in the
IRI home page.7

The space research based on ionospheric physical-based
models started in Brazil only in the early 1990s. However, it
was only with the engagement of PhD students within
international research groups that the modeling activity
really developed (Souza, 1997). Since the ionospheric
research was well developed in Brazil at that time, it was
a natural choice that the model to be tackled was the
Sheffield University Plasmasphere–Ionosphere Model
(SUPIM). It was the first principles model of the iono-
sphere and plasmasphere of the Earth that has been devel-
7 Available online at: http://iri.gsfc.nasa.gov.
oped over the past three decades (Bailey and Sellek, 1990;
Bailey et al., 1993; Bailey and Balan, 1996; Souza et al.,
2000; Santos, 2005; Souza et al., 2010). In the model, the
equations of continuity, motion and energy balance, both
time dependent and coupled, are solved along the magnetic
field lines closed to calculate the values of density, flow and
temperatures of electrons and ions O+, H+, He+ N2

+, O2
+

and N+. SUPIM includes more accurate representations
of the Earth’s magnetic field, which is an eccentric dipole.
In fact, the magnetic field is obtained by displacing a dipole
from the center of the Earth by a distance of 500 km in the
direction of 21� N, 147� E and the axis cutting the surface
of the Earth around 82� N, 90�W and 75� S, 119� E
(Fraser-Smith, 1987). The eccentricity, of course, makes
the magnetic coordinate system different than the geo-
graphical area. The model includes numerous physical
and chemical processes. The main ones are: the production
of ions due to solar EUV radiation, the production and
loss of ions due to chemical reactions between the ionized
and neutral constituents, and thermal ambipolar diffusions,
ion–ion collisions and ion–neutral particle, thermospheric
winds, electromagnetic (E � B) drift, thermal conductivity,
heating photoelectric frictional heat and a large number of
local heating and cooling mechanisms (Bailey et al., 1997).

The next steps in the evolution of knowledge assimila-
tions to allow the full understanding of the SUPIM code
were taken between 1997 and 1999. It also happened by
evolving personal exchange, this time with a post-
doctoral researcher at the University of Sheffield. Others
important steps in expanding the model coverage were also
taken based on personal exchange (Santos, 2005; Santos
et al., 2005). However, despite some limitations regarding
the full representations of the observed phenomena by first
principles models like SUPIM, the use of this model in
space science has proved its value. By adjusting the model
it was possible to support the physical explanations for the
observation of the ionospheric F3 Layer (Batista and
Abdu, 2004) and for the four peak structure seen in the
global TEC maps (Nogueira et al., 2013b).

3. Pushing space weather forward in Latin America: selected

research

During the past three decades, several research groups
in Argentina and Brazil developed studies on magnetic
reconnection and turbulence in the corona, the heliosphere
and the magnetosphere. In Argentina, IAFE and UBA
research groups activities included topics on turbulence in
the solar corona (e.g., Gómez and Dmitruk, 2008) and in
the solar wind (e.g., Dasso et al., 2005b; Ruiz et al.,
2011, 2014; Andrés et al., 2014), on coronal geoeffective
structures (e.g., Mandrini et al., 2005; Cremades et al.,
2011), on magnetic reconnection at the magnetosphere
(e.g., Morales et al., 2005) and in the solar wind
(e.g., Dasso et al., 2006, 2007). The Brazilian research on
magnetospheric and heliospheric phenomena has given
special attention to the study of the cosmically important

http://iri.gsfc.nasa.gov
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process of Magnetic Reconnection, since that topic had
been initially followed by the founder of this research
group when he was a graduate student at the University
of California-Berkeley. A representative paper of that ini-
tial study was the first published Model on magnetic recon-
nection at the Earth’s magnetopause (Gonzalez and
Mozer, 1974), which has also been extensively cited up to
today. Regarding the topic of Magnetic Reconnection,
the group organized an international Workshop at INPE
in March 2014, with the presence of more than 40 invited
scientists from abroad and about 120 participants. As a
result of that Workshop, Springer published the Book
‘‘Magnetic Reconnection: Concepts and Applications”
(Gonzalez and Parker, 2016), which includes the results
published by Cardoso et al. (2013), Koga et al. (2014),
and Ojeda et al. (2014). Additionally, since 2014 a new
research project has started in the group to study solar
magnetic fields using a ground telescope, which will be con-
structed in Brazil in collaboration with research groups
from Germany and the USA.

The LAGO collaboration has started to develop its
LAGO-Antarctic project, which plans to install a cosmic
ray detector at the Marambio Antarctic base (64�
140 27.6500S, 56� 370 36.3100W) in Argentina (Dasso et al.
for the LAGO Collaboration, 2015), where due to the
low rigidity cutoff of cosmic rays, lower energy particles
will be recorded and monitored. According to numerical
simulations, it is expected that solar cosmic rays, such as
the so-called Ground Level Enhancements (GLEs), which
are critical events in space weather, can be observed from
these detectors at this new site of LAGO (Ması́as-Meza
and Dasso, 2014).

Regarding ionospheric research, open questions still
remain to be solved like the coupling between the neutral
and ionized atmosphere, with the exploration of the differ-
ent modes of waves and tides propagations in conjunction
with several ionospheric measurements. Further steps to
solve these puzzles have been taken by the Latin American
group at INPE with the realization of the International
SpreadFEx campaign (simultaneous observation of the
mesosphere and ionosphere during the plasma bubble activ-
ities) carried out in 2005, with several important scientific
results (Fritts et al., 2009). Planetary scale wave propaga-
tions, such as Rossby and Kelvin waves, were investigated
using the photometer and ionosonde data. Presence of
ultra-fast Kelvin wave (3.5 day oscillation) was found in
the equatorial ionosphere (Takahashi et al., 2006).

More recently, another step to further investigate the
neutral and ionized atmospheres with more temporal and
spatial resolution has been taken in Brazil with the estab-
lishment of the Embrace/INPE Space Weather Program.
Under the auspice of this program the Brazilian airglow
group took responsibility to set up an airglow-monitoring
site at geomagnetic conjugate points, Boa Vista (RR,
2.9� N, 60.7� W) and Campo Grande (MT, 20.5� S, 54.5�
W). This was done to monitor the plasma bubble events
over the conjugate points at a permanent base.
Also, as mentioned above, the recently formed iono-
spheric group at the UNIVAP is publishing several articles
to help fulfill the knowledge regarding the response of
equatorial and low latitude ionospheric regions to solar
variability (de Jesus et al., 2011; Bolzan et al., 2013), solar
flares (Raulin et al., 2010) and geomagnetic storms (Sahai
et al., 2007; Fagundes et al., 2008; Abalde et al., 2009; de
Jesus et al., 2010; de Abreu et al., 2011; Sahai et al.,
2012; de Jesus et al., 2013). In addition, several studies
about the coupling between the lower stratosphere and
the upper troposphere have been developed by groups in
the Department of Atmospheric Sciences and the Oceans
(DCAO) at UBA, in Argentina, such as studies of the dis-
placement of the total Ozone and the Antarctic vortex,
which can occur up to about 55� S (e.g., Vigliarolo et al.,
2005). The background acquired from such studies present
opportunities to obtain new developments in the near
future in this branch of space weather.

4. Summary and conclusions

We presented a (limited) historical perspective of the
space science development in Latin America, highlighting
the most significant results and scientific contributions in
the solar, the interplanetary medium, the magnetosphere
and geomagnetic field, the neutral and ionized Earth’s
atmosphere research, including the development of solar–
terrestrial interactions models. We began from the develop-
ment of the first research in the early 1960s up to the most
recent studies, coming to the current status of the space
research in Latin America, and pointing notable scientific
challenges in space weather.
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IGF/UNAM Institute of Geophysics at UNAM, from the Spanish Instituto de Geofı́sica de la Universidad Nacional
Autónoma de México

ILWS International Living With a Star program
INGV National Institute of Geophysics and Volcanology
INPE National Institute for Space Research, from the Portuguese Instituto Nacional de Pesquisas Espaciais
ISWI International Space Weather Initiative
LAGO Latin American Giant Observatory
MAGHEL MAGnetosphere and HELiosphere group
MCTI Ministry of Science Technology and Innovations, from the Portuguese Ministério de Ciência Tecnologia

e Inovação
MIT Massachusetts Institute of Technology
NASA National Aeronautics and Space Administration
OAFA Félix Aguilar Astronomical Observatory, from the Spanish Observatorio Astronómico Félix Aguilar
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UBA University of Buenos Aires, from the Spanish Universidad de Buenos Aires
UNAM National Autonomous University of Mexico, from the Spanish Universidad Nacional Autónoma de
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Filho”
UNIVAP University of the Paraiba Valley, from the Portuguese Universidade do Vale do Paraı́ba
UNLP National University of La Plata, from the Spanish Universidad Nacional de La Plata
UNT National University of Tucumán, from the Spanish Universidad Nacional de Tucumán
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Appendix B. Abbreviations for assets (networks, systems, instruments, devices, models and related terminology)

AIS Advanced Ionospheric Sounder
BATS-R-US Block Adaptive Tree Solar wind-Roe-Upwind Scheme model
BDA Brazilian Decimetric Array
CCD Charge-Coupled Device
CORSIKA COsmic Ray SImulations for KAscade model
DSA3 Deep Space Antennae
GNSS Global Navigation Satellite Systems
GOES Geostationary Operational Environmental Satellite
GPS Global Positioning System
GUMICS-4 Grand Unified Magnetosphere-Ionosphere Coupling Simulation model
HASTA H-Alpha Solar Telescope for Argentina
ICARE Influence of Space Radiation on Advanced Components payload, from Spanish Influencia en los

Componentes Avanzados de la Radiación Espacial
IGRF International Geomagnetic Reference Field model
IRI International Reference Ionosphere model
LFM Lyon-Fedder-Mobarry model
MEXART Mexican Array Radiotelescope
MICA Mirror Coronagraph for Argentina
OPenGGCM Open General Circulation Model
PPMLR Piecewise Parabolic Method with a Lagrangian Remap model
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RAPEAS Argentine Network for the Study of the Upper Atmosphere, from the Spanish Red Argentina para el
Estudio de la Alta Atmósfera

SAC Scientific Applications Satellite, from the Spanish Satélite de Aplicaciones Cientı́ficas
SST Solar Submillimeter Telescope
SUPIM Sheffield University Plasmasphere-Ionosphere Model
SWMF Space Weather Modeling Framework model

Appendix C. Abbreviations for physical and technological definitions (phenomena, techniques, procedures and related

terminology)

3D three-dimensional
AR(s) Active Region(s)
CME(s) Coronal Mass Ejection(s)
CR(s) Cosmic Ray(s)
EEJ Equatorial Electrojet
GIC(s) Ground Induced Current(s)
GLE(s) Ground Level Enhancement(s)
GW(s) Gravity Wave(s)
HF High Frequency
HILDCAA(s) High Intensity Long Duration Continuous Auroral Activity(s)
ICME(s) Interplanetary Coronal Mass Ejection(s)
IMF Interplanetary Magnetic Field
MC(s) Magnetic Cloud(s)
MHD Magneto-Hydro-Dynamic
SAMA South American Magnetic Anomaly
TEC Total Electron Content
TID(s) Travelling Ionospheric Disturbance(s)
TR(s) Transition Region(s)
ULF Ultra-Low Frequency
VHF Very High Frequency
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Rovira, M.G., Kaufmann, P., Levato, H., 2005. Submillimeter-wave
and Ha observations of the event on 28 November 2001. J. Atmos.
Solar Terr. Phys. 67, 1744–1750. http://dx.doi.org/10.1016/
j.jastp.2005.02.025.

Cristiani, G., Martı́nez, G., Mandrini, C.H., Giménez de Castro, C.G., da
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el siglo XXI, Biografias de Personajes Ilustres, México, Academia
Mexicana de Ciencias, Consejo Consultivo de Ciencias de la Presi-
dencia de La República (in English: Ruth Gall, Science and Technol-
ogy in Mexico in the XXI century, Biographies of famous people,
Mexico, Mexican Academy of Sciences, Science Advisory Council of
the Presidency of the Republic), vol. IV. CONACYT.

Gianibelli, J.C., Quaglino, N., 2007. Efecto de las variaciones magnéticas
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José dos Campos, Brasil. Available online: <http://urlib.net/
8JMKD3MGP5W34M/3G66A85>.

Kajdic, P., Blanco-Cano, X., Omidi, N., Russell, C.T., 2011. Multi-
spacecraft study of foreshock cavitonsupstream of the quasi-parallel
bow shock. Planet. Space Sci. 59 (8), 705–714.

Kherani, E.A., Abdu, M.A., de Paula, E.R., Fritts, D., Sobral, J.H.A., de
Meneses Jr, F.C., 2009. The impact of gravity waves rising from
convection in the lower atmosphere on the generation and nonlinear
evolution of equatorial bubble. Ann. Geophys. Ser. A, Upper
Atmosphere and Space Sciences 27, 1657–1668.

Klausner, V., Fagundes, P.R., Sahai, Y., Wrasse, C.M., Pillat, V.G.,
Becker-Guedes, F., 2009. Observations of GW/TID oscillations in the
F2 layer at low latitude during high and low solar activity, geomag-
netic quiet and disturbed periods. J. Geophys. Res.: Space Phys. 114
(A02313). http://dx.doi.org/10.1029/2008JA013448.

Koga, D., Gonzalez, W.D., Mozer, F., Silveira, M.V.D., Cardoso, F.R.,
2014. Larmor electric field observed at the Earth’s magnetopause by
polar satellite. Phys. Plasmas 21. http://dx.doi.org/10.1063/1.4897935
100701.

Lanavere, V., Dasso, S., Ması́as-Mesa, J.J., Gulisano, A.M., 2015.
Caracterización de los efectos sobre Argentina de un evento extremo
de Meteorologı́a Espacial (in English: Characterization of the effects of
an extreme Space Weather event over Argentina). In: Presentation at
the XII Congreso Argentino de Meteorologı́a (CONGREMET XII),
Mar del Plata, Argentina, 26-29 May.

Lange, I., Forbush, S.E., 1948. Cosmic-Ray Results from Huancayo
Observatory, Peru, June 1936-December, 1946. Including summaries
from Observatories at Cheltenham, Christchurch, and Godhavn
through 1946. In: Tuve, M.A., Fleming, J.A. (Eds.), Researches of
the Department of the Terrestrial Magnetism Volume XIV. Carnegie
Institutions of Washington Publications, Washington, D.C., 182 p.

Lara, A., 2008. The source region of coronal mass ejections. Astrophys. J.
688 (1), 647–655.

Lara, A., Gopalswamy, N., Nunes, S., Muñoz, G., Yashiro, S., 2003. A
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Res. 115. http://dx.doi.org/10.1029/2009JA0.

Shume, E.B., De Paula, E.R., Kherani, E.A., Abdu, M.A., Denardini, C.
M., 2011. Equatorial electrojet plasma irregularities observed during
late afternoon by the 30 MHz coherent scatter radar in São Luı́s,
Brazil. J. Atmos. Solar Terr. Phys. 73, 1560–1567.

Sierra, F.P., Vazquez, S.H., Andrade, E., Mendoza, B., Rodriguez-Osorio,
D., 2014. Development of a schumann-resonance station in Mexico:
preliminary measurements. IEEE Antennas Propag. Mag. 56 (3), 112–
119. http://dx.doi.org/10.1109/MAP.2014.6867687.
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