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Abstract A ground-based network of Global Navigation Satellite Systems receivers has been used to
monitor medium-scale traveling ionospheric disturbances (MSTIDs). MSTIDs were studied using total
electron content perturbation maps and keograms over south-southeast of Brazil during the period from
December 2012 to February 2016. In total, 826 MSTIDs were observed mainly in daytime, thus presenting
median values of horizontal wavelength, period, and horizontal phase velocity of 452 + 107 km, 24 + 4 min.
and 323 + 81 m/s, respectively. The direction of propagation varies on the season: during the winter
(June-August), the waves preferentially propagated to north-northeast, while in the other seasons the waves
propagated to other directions. The anisotropy observed in the MSTID propagation direction could be
associated with the region of the gravity wave generation that takes place in the troposphere. We also found
that the MSTIDs were observed most frequently during the daytime, between 11 and 15 local time in winter
and near to dusk solar terminator (17-19 local time) in the other seasons. Furthermore, the occurrence of
MSTIDs was higher in winter. We suggest that atmospheric gravity waves in the thermosphere, mesosphere,
and troposphere could play an important role in generating the MSTIDs and the propagation direction may
depend on location of the wave sources.

1. Introduction

The traveling ionospheric disturbances (TIDs) are oscillations that occur in the ionospheric plasma, with the
wavelengths having a range of hundreds to thousands kilometers and velocity of the order of hundreds of
meters per second (Hunsucker, 1982; Kelley, 2011). Hunsucker (1982) has classified the TIDs with wavelengths
of 100 to 1,000 km and period below 60 min as medium-scale TIDs (MSTIDs), although recent observations
included MSTIDs with horizontal wavelengths up to 1,500 km (Otsuka et al., 2013).

The first observation of the TIDs has been dated in the 1940s (Munro, 1948). The phenomenon began to be
modeled numerically in the 1950s (Hines, 1960). Since then, the TIDs have been studied through a variety
of equipment such as ionosondes (Amorim et al.,, 2011; MacDougall et al., 2011; Munro, 1948), satellites
beacon (Forbes et al, 2016; Garcia et al., 2016; Park et al., 2015), airglow imagers (Paulino et al., 2016;
Pimenta et al, 2008), and the Global Navigation Satellite Systems (GNSS) (Otsuka et al., 2013; Saito
et al,, 1998).

The most of the studies on MSTIDs are concentrated in the northern hemisphere (NH) midlatitudes
(Hernandez-Pajares et al, 2006, 2012; Kotake et al., 2007; Otsuka et al, 2011, 2013; Takeo et al, 2017;
Tsugawa et al,, 2007). These authors observed daytime MSTIDs propagating equatorward in the winter, while
in the equinoxes and summer the MSTIDs propagate to southeastward, on the other hand, nighttime MSTIDs
propagating southwestward. The different direction of propagation may be caused by different mechanisms
of daytime and nighttime MSTID generation (Kelley & Miller, 1997; Miller et al., 1997).

In the southern hemisphere, particularly in South America, the observations were made mainly during the
nighttime MSTIDs (Candido et al., 2008; Duly et al., 2013; Garcia et al., 2000; Paulino et al., 2016; Pimenta
et al., 2008; Valladares & Sheehan, 2016). The majority of authors observed that nighttime MSTIDs propagate
to northwest. Although, some authors observed nighttime MSTIDs propagating northward and northeast-
ward in the low-latitude region of Brazil (Paulino et al., 2016). On the other hand, there are not many observa-
tions of daytime MSTIDs; MacDougall et al. (2011) observed MSTIDs in the northeast of Brazil using
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propagation directions of daytime MSTIDs associated with the location
of the sources.

Figure 1. Distribution of ground Global Navigation Satellite Systems (GNSS)

receivers, referring to 2014, in South America, maintained by the Rede
Brasileira de Monitoramento continuo dos sistemas GNSS, RAMSAC, and Low
latitude lonospheric Sensor Network networks; some receivers belong to the
International GNSS Service network. The blue rectangle is the area used in

the present work.

2. Data and Method of Analysis

More than 150 GNSS receivers have been installed in Brazil; those are
operated by Rede Brasileira de Monitoramento continuo dos sistemas
GNSS and Low latitude lonospheric Sensor Network; some receivers
belong to the International GNSS Service network. Figure 1 shows the
GNSS receivers located in South America, and the GNSS receivers used in the present work are highlighted
by the blue rectangle. Each GNSS receiver provides phase and P-code pseudo range at the frequencies of
the L band in every 30 s.

The TEC can be calculated using phase delay of each wave frequency L, and L, along the GNSS satellite and
ground receiver, which can be derived using equation (1) (Mannucci et al., 1998).

22
ec— 1 _fif2

1
403F2 — 2 U

[(Ly = Ly) — (AN7 — AaNy) + by + b],

in which L; and L, are the phase delay of the signal, converted to distance unit; 1;N; and 1,N, are the integer
phase ambiguity; and b, and b, are instrumental bias of the satellite and receiver, respectively. The equa-
tion (1) cancels the geometric part of the measurement, leaving the frequency-dependent effects such as
instrumental delays, wind-up, ionospheric refraction, measurement noise, and multipath. More details can
be found in Hofmann-Wellenhof et al. (2012). The goal of this study is to obtain the fluctuation of the TEC
to study MSTIDs, following the same procedure of Otsuka et al. (2011, 2013), Kotake et al. (2007), and
Tsugawa et al. (2007).

The perturbation component of the TEC (dTEC) is calculated by subtracting a 1 hr running average (centered
at £30 min) from the original TEC time series (Figueiredo, Wrasse, et al., 2017; Tsugawa et al., 2007). The rela-
tive accuracy of the TEC fluctuation is theoretically 0.01-0.02 TEC unit (TECU) (where 1 TECU = 10"® el m™3),
which corresponds to 1% of the wavelength of the Global Positioning System signal L, and L, (Spilker &
Parkinson, 1996). Then, the perturbation component of the TEC was converted from slant to vertical dTEC
using a single-layer model. Furthermore, the TEC data with elevation angles less than 30° were removed in
order to reduce the problem of cycle slips.

Two-dimensional maps of the TEC perturbations were made within the area 35°-55°W and 15°-30°S, with a
time resolution of 30 s and spatial resolution of 0.2° x 0.2° in longitude and latitude. In order to minimize the
lack of data in TEC perturbations maps, the grid was smoothed by 1° x 1° in latitude and longitude, same
methodology adopted by Figueiredo, Wrasse, et al. (2017). Figure 2 shows an example of a dTEC map on
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Figure 2. dTEC maps observed in south-southeast of Brazil on 10 August 2014, between 17:00 and 18:00 UT. The images
show a medium-scale traveling ionospheric disturbance propagating northeastward.

10 August 2014, between 17:00 and 18:00 UT. One can clearly see a MSTID propagating northeastward over
south-southeast of Brazil. An animation of Figure 2 is available through the supporting information related to
this paper (see Movie S1). The color codes are in accordance with the disturbance signal, from red (positive)
to black (negative).
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Figure 3. dTEC map keograms of 10 August 2014, for the (top) zonal and (bottom) meridional cut. The black boxes are the
region selected for medium-scale traveling ionospheric disturbance analysis. The black dashed lines indicate the
solar terminator.
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et al., 2001; Taylor et al., 2009). Figure 3 shows an example of dTEC keo-
gram on 10 August 2014, from 0 to 24 UT. A MSTID can be identified
with positive (red) and negative (blue) dTEC lines, highlighted by black

Figure 4. Seasonal variation of medium-scale traveling ionospheric distur-
bance occurrence rate with the function of local time in south-southeast of
Brazil. Data from December 2012 to February 2016 are averaged. The

black dashed and dash-dotted lines represent the solar terminator at 300

and 100 km altitude, respectively.

boxes in Figure 3. The inclination of the MSTID in the two components
indicates the direction of propagation; that is, the inclination of MSTID
in the Figure 3 (bottom) starts at ~25°S (17:00 UT) and ends at ~20°S
(17:30 UT); this indicates that the MSTID is propagating equatorward.
On the other hand, the inclination of MSTID in Figure 3 (top) is almost
vertical; starting at ~55°W (17:00 UT) and ends at ~47°W (17:15 UT). It
indicates that the MSTID is propagating eastward. Therefore, the propagation direction is to north-northeast.
Moreover, the keogram can show how far it propagated.

A total of 9,488 keograms were made to characterize the observed MSTIDs. First, the MSTIDs are identified by
visual inspection, and to validate the MSTIDs, we used the criteria established by Kotake et al. (2007) and
Otsuka et al. (2011, 2013); that is, (1) the amplitude of oscillation of dTEC is exceeding 0.2 TECU, (2) the hor-
izontal wavelength is shorter than 1,500 km, (3) the period is less than 60 min, and (4) the oscillation has more
than two wavefronts and propagates on the maps or keograms; we assume that the propagation direction is
perpendicular to the wavefront of MSTIDs. In addition, we have selected wavefront greater than 3°in latitude
and longitude in the keograms.

Figure 3 shows keograms of longitudinal cut at 22.5°S (top) and latitudinal cut at 50°W (bottom) on 10 August
2014. The highlighted areas (by boxes) indicate the MSTID shown in Figure 2. The black dashed lines are the
solar terminator in 300 km of altitude. The abscissa determines the universal time and the ordinate distance.

To extract the parameters of MSTIDs, we used the discrete Fourier transform in order to get periodicities in
both keograms. The detail of computing procedure is presented in Appendix A. The wave results extracted
from the black boxes in the keogram (Figure 3) were wavelength (1)
of 370.6 + 31.3 km, period (z) of 24.8 + 1.2 min, horizontal phase velocity
(Cp) of 249.0 + 24.5 m/s, and propagation direction (¢) of 9.4 + 0.7°.

3. Results

We have analyzed dTEC data obtained in south-southeastern region of

All data
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Figure 5. Distribution of the horizontal wavelength of medium-scale travel-

Wavelenght (km)

2000

ing ionospheric disturbances observed between December 2012 and

February 2016. The solid black line is a Gaussian fit.

Brazil, including a part of Argentina and Paraguay, from December
2012 to February 2016, and we found 826 MSTIDs, mainly in daytime.
The one-year interval was divided into four seasons: summer
(December-February), autumn (March-May), winter (June-August),
and spring (September-November).

3.1. Seasonal and Local Time Variations

Figure 4 shows seasonal variation of the MSTID monthly occurrence rate
as a function of the local time (LT). The occurrence rate is defined as a
fraction of the numbers of days of MSTIDs observed against the total
number of days of a given month, the same method used by Otsuka
etal. (2013).

In Figure 4, we can notice that MSTIDs are strongly dependent on the
season and local time. The occurrence rate is high during the period
between 10:00 and 17:00 LT, and, especially in the winter months, it
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3.3. Propagation Direction

exceeds 60%. During the equinox and the summer solstice, the MSTID
occurrence rate is lower than in the winter months, below 30%. In addi-
tion, the time of occurrence of MSTIDs in the equinoxes and summer
solstice is near to the dusk terminator side.

3.2. Wave Parameters

Figure 5 shows a histogram of the observed horizontal wavelength of
MSTIDs. Most of the waves have horizontal wavelength between 300
and 600 km. The distribution is slightly asymmetric. Therefore, we cal-
culated the median, Mdn;y (452.90 km), and the standard deviation,
0;, (106.70 km). No wave with the wavelength shorter than 200 km
was identified.

Figure 6 shows the observed oscillation period of the MSTIDs. It ranged
between 15 and 35 min, and few events were found above this range.
The median value was 23.50 min with a standard deviation of 3.50 min.

Figure 7 presents the horizontal phase velocity of the MSTIDs. In the fig-
ure, it is observed that most of the MSTIDs have a phase velocity with
range from 200 to 500 m/s, and a median value of 323.49 m/s with a
standard deviation of 80.95 m/s.

Figure 8 shows propagation direction and phase velocity of MSTIDs. As can be seen, the propagation
directions are variables. In summer (Figure 8a), the propagation directions are spread out, although the pre-
ferential propagation is to southeast. In the autumn (Figure 8b), the MSTIDs propagate mostly toward the
north-northeast and there are two clusters of propagation directions: southwest and southeast. On the other
hand, in winter (Figure 8c), the propagation directions are only north-northeast, and, in the spring (Figure 8d),
there are preferential propagation direction toward north and southeast.

Figure 9 shows occurrence of the propagation directions of MSTID as a function of the time. During the winter
(Figure 9¢), there is no change in the propagation direction over time. However, in equinoxes (Figures 9b and
9d) and summer solstice (Figure 9a), the propagation directions varied with the LT. These variations occurred

All data
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Figure 7. Distribution of the horizontal phase velocity of the observed med-

L — i L e T
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ium-scale traveling ionospheric disturbances. The solid black line is a

Gaussian fit.

late in the afternoon during equinoxes: in the autumn, MSTIDs propa-
gate toward southeast-south-southwest near the dusk; in the spring,
MSTIDs propagate to southeast-south, but the time of occurrence is
wider, from 12:00 to 19:00 LT.

In the summer (Figure 9a), the highest occurrence of MSTIDs is close to
the dusk terminator. The propagation direction is wide as seen in
Figure 8a; if we assume that upward gravity waves from the troposphere
reach to the thermosphere and generate MSTIDs, the source of the
MSTIDs could be in the opposite side of the direction of propagation?
This is what we will discuss in the next section.

4. Discussion

From the dTEC map and its keogram, we could study daytime MSTIDs
within an area of 35°-55°W and 15°-30°S. The wave characteristics, that
is, horizontal wavelength, period, phase velocity, propagation direction,
and the seasonal variations, are studied. In the following sections, we
compare our results with previous works and discuss the mechanism
of generating daytime MSTIDs.

4.1. Seasonal Characteristics

Kotake et al. (2007), Ding et al. (2011), and Otsuka et al. (2011, 2013) have
reported that in the NH middle latitudes, the highest occurrence of
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daytime MSTIDs was during the winter (between November and February). Park et al. (2015) observed
MSTIDs in a region between 300 and 400 km altitude, using the density measurements of the Challenging
Minisatellite Payload (CHAMP) satellite. They observed the highest occurrence of MSTIDs over South
America during the winter (June). Also, Forbes et al. (2016) and Liu et al. (2017) observed MSTIDs with the hor-
izontal wavelength of 100 to 700 km, in the region between 200 and 260 km altitude, from the measurements
of perturbations in the neutral density, measured by Gravity Field and Steady-State Ocean Circulation
Explorer (GOCE) satellite. The authors observed that the highest occurrence of MSTIDs in South America
was in the winter months. Our present observations showed comparable results with the previous observa-
tions. The low occurrences during the equinoxes and summer are also similar to the results of Park et al.
(2015), Forbes et al. (2016), and Liu et al. (2017).

Kotake et al. (2007) and Otsuka et al. (2011, 2013) observed that the occurrence of MSTIDs during the winter
was before 12:00 LT, which is different from our present results. Avila et al. (2015) investigated the occurrence
of lightning by Lightening Imaging Sensor onboard the Tropical Rainfall Measuring Mission satellite (http://
thunder.msfc.nasa.gov), and they associated it with the occurrence of convective storm. The authors
observed, during the equinox and summer months, that the time of convective storm occurrence in the
Southern region of Brazil and Northeastern Argentina was between 14:00 and 18:00 LT. On the other hand,
during the winter, Avila et al. (2015) observed that most convective storms in southern Brazil and northeast-
ern Argentina occurred between 0:00 and 8:00 LT. The MSTIDs, in the present work, were observed most fre-
quently during daytime between 11 and 15 LT in winter and near to dusk solar terminator (17-19 LT) in the
other seasons. Therefore, the convective storms show a good correlation with the MSTIDs observed during
the equinox and summer. However, during the winter months, it is not possible to verify a correlation
between MSTID observation and the occurrence of lightening.

Abdu et al. (2015) analyzed the digisonde data from October to November 2001, at three sites in the equa-
torial region of Brazil, during the period of plasma bubbles. They found that the F-layer oscillations between
12:00 LT and dusk period may be the precursor of plasma bubbles.

The differences in the time of occurrence, seen in Figure 9 and observed in other works, such as Kotake et al.
(2007) and Otsuka et al. (2011, 2013), could be due to different mechanisms of MSTID generation and local
atmosphere characteristics, for example, density, wind, temperature, thermal diffusivity, and upward gravity
waves associated with convective storms.

A pertinent question is why MSTIDs did occur more in the winter than in the summer. Miyoshi et al. (2014)
studied seasonal variations of upward gravity wave propagations during the summer and winter solstices
using the general circulation model. The authors observed that in South America, the energy (potential plus
kinetics) is similar at 120 km altitude in winter and summer, with winter being slightly higher (Miyoshi et al.,
2014, Figures 12b and 7b). In the thermosphere at 300 km, on the other hand, the energy of the gravity waves
is significantly high in the winter (Miyoshi et al., 2014, Figure 6b), while in summer the gravity waves have no
condition to propagate vertically (Miyoshi et al., 2014, Figure 12a). Miyoshi et al. (2009) concluded that high-
frequency gravity waves generated in the troposphere propagate to the thermosphere inducing wave struc-
tures in the zonal wind in the upper atmosphere. Thus, Miyoshi et al. (2014) suggested that the mechanism
that blocks the vertical propagation of the gravity waves is the filtering effect of zonal Wind between 100 and
200 km altitude in 20°S. During the winter, the zonal background wind, between 100 and 200 km of altitude,
is westward (Miyoshi et al.,, 2014, Figure 4a), so gravity waves propagate easily eastward and have a higher
vertical wavelength due to the Doppler shift. In the summer the background wind between 100 and
200 km flows westward and eastward (Y. Miyoshi, private communication, 2016), so the upward gravity
waves that move eastward or westward will decrease the vertical wavelength due to Doppler shift.
Therefore, the gravity wave may not have enough energy to propagate vertically and disturb the F layer.
Further investigations and simulations are needed to validate this hypothesis.

In the present observation we could not notice nighttime MSTIDs, with the exception of some occasional
cases. Some nighttime MSTID observation has been reported by Paulino et al. (2016). They observed it using
01 630.0 nm airglow images over Brazilian northeast and found horizontal wavelengths (14) ranged from 100
to 200 km, period (z) between 10 and 35 min, and phase velocity (Cy) from 30 to 180 m/s. Owing to our lim-
itation of observation technique (horizontal wavelength less than 200 km is not possible to depict on the
dTEC map), we could not see such relatively short wavelength MSTIDs.
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4.2. Wave Parameters

Kotake et al. (2007) obtained a horizontal wavelength between 100 and 450 km, while Otsuka et al. (2011)
observed horizontal wavelengths of 100 to 600 km during all the seasons. On the other hand, the present
study observed a further wide range of horizontal wavelength, as shown in Figure 5. The periods observed
in the present work have the same order of magnitude of previous works, for example, Kotake et al. (2007)
and Otsuka et al. (2011). It is worth noting that they used the same a 1 hr running average subtraction.
Kotake et al. (2007) and Otsuka et al. (2011) obtained horizontal phase velocities of 80 to 180 m/s, which
are below the values of the present study. On the other hand, MacDougall et al. (2011) observed MSTIDs in
the northeast of Brazil using ionosondes. They observed horizontal phase velocities between 150 and
300 m/s, which have the same order of the present study.

According to Vadas (2007), gravity waves in the thermosphere with the horizontal phase velocity between
300 and 600 m/s and horizontal wavelength longer than ~500 km are less susceptible to dissipation, damp-
ing and kinetic viscosities, and thermal diffusivity, see also Vadas and Fritts (2005). Furthermore, high-
frequency gravity waves (<60 min) can propagate from low atmosphere and dissipate at altitudes above
200 km (Vadas, 2007). Most of the wave parameters in the present work are within the range presented in
the Vadas (2007) model. Therefore, it may be that MSTIDs can originate in the troposphere.

4.3. Propagation Direction

Kotake et al. (2007) and Otsuka et al. (2011) observed daytime MSTIDs that propagated equatorward during
the winter and southeastward during the summer. The current results are similar to those observed in the NH,
at least for the winter period. However, for the other seasons, our present results are different.

MacDougall et al. (2011) found that propagation directions of MSTIDs observed after sunset in Brazilian
Northeast are not compatible with propagation directions of MSTIDs observed at midlatitudes, which propa-
gate approximately westward after sunset (e.g., Kotake et al., 2007; Otsuka et al., 2011). The current study cor-
roborates the observations of MacDougall et al. (2011).

Around 74% of MSTIDs propagate to northwest, north, and northeast. To explain this behavior, we consider
three hypotheses. The first one is based on the study presented by Hooke (1968); he formulated a linear the-
ory that uses a description of the relationship between plasma density perturbations and neutral wind oscil-
lation caused by gravity waves. According to his theory, the gravity waves propagating equatorward would
have greater amplitude of disturbances in the TEC than those propagating in other directions. This behavior
might be related to the fact that gravity waves are oscillations of neutral constituents. Through neutral-ion
collisions, the ions in the F region move along the geomagnetic field lines and the motion of those ions is
restricted to this direction because the ion gyrofrequency is much higher than ion-neutral collision frequency
(Hooke, 1970). However, in the South American continent, the magnetic equator has a very pronounced
declination (between 15 and 20°W in south-southeast of Brazil, declination calculated for 2015). If we assume
the first hypothesis as the main mechanism to explain the direction of propagation, diurnal MSTIDs should
propagate only toward the magnetic field lines. Most daytime MSTIDs show direction of propagation to
the north-northeast (~55%), suggesting that another mechanism should be responsible for the direction of
propagation of daytime MSTIDs.

The second hypothesis may be associated with gravity waves filtering by atmospheric neutral wind (e.g.,
Medeiros et al., 2003, and references therein). The gravity waves filtering by atmospheric neutral wind pro-
cess occur when the wind speed is equal to the MSTID velocity. When this occurs, it is called the critical level
and, as a result, the gravity waves cannot propagate upward (Vadas, 2007). Barros et al. (2018), Figueiredo,
Buriti, et al. (2017), and Makela et al. (2013) reported that the nighttime thermospheric neutral wind magni-
tude, observed by Fabry-Perot interferometer in the Brazilian northeast, is not greater than 150 m/s.
Moreover, Drob et al. (2015) updated the Horizontal Wind Model and verified that the diurnal thermospheric
neutral wind does not exceed 160 m/s on quiet days. Therefore, the gravity waves filtering by atmospheric
neutral wind hypothesis as the main mechanism to explain the propagation direction of daytime MSTIDs is
unlikely, because daytime MSTIDs have horizontal phase velocities (see Figure 7), much greater than the
magnitude of the wind in the thermosphere.

The third hypothesis talks about the location of the possible sources of MSTIDs as a mechanism that can
determine the propagation direction of MSTIDs. MacDougall et al. (2011) found that daytime MSTIDs have
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Figure 10. Cloud top brightness temperature maps with temperatures below —55 °C overplotted between December 2012 and February 2016. The red arrows
indicate the propagation direction of medium-scale traveling ionospheric disturbances observed in each season: (a) summer, (b) autumn, (c) winter, and

(d) spring. Two time zones were selected to plot the maps: 12:00 + 1:00 UT, for winter, and 16:00 + 1:00 UT, for the other seasons. The black circles correspond to 1,000
and 2,000 km radius on the maps.

two main propagation directions: south-southeast, throughout the year, and north, only from April to
September. The authors suggest that the MSTIDs that propagate to south-southeast are derived from
upward gravity waves from the Intertropical Convergence Zone. On the other hand, the authors did not
attribute a source to MSTIDs propagating northward. The propagation direction observed during the
winter period in the present study pointed only to the north-northeast directions. Although their
observations were located near the equator and our present observation were around low to middle
latitudes, the similarity on the propagation direction during the winter called our attention.

4.3.1. SOURCE OF MSTIDs

As seen in Figure 9, propagation directions change according to the seasons and LT. If we assume that day-
time MSTIDs are caused by upward gravity waves, one of the possible mechanisms may be associated with
strong convective activity that occurs around the observation region. In this way, we compared the observed
propagation directions of MSTIDs with the location of convective clouds in the troposphere.

The parameter used to measure the intensity of the convection cloud is the cloud top brightness temperature
(CTBT). Temperatures between 208 K (—65 °C) and 253 K (—20 °C) can be used to define areas associated with
Cumulonimbus or deep convective clouds (Inoue et al., 2008). In this study we used CTBT maps with two
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upper limit temperatures: —55 and —45 °C. The maps with CTBT below —55 °C are used to highlight the deep
convection throughout the years, that is, between December 2012 and February 2016. On the other hand,
CTBT maps with temperatures lower than —45 °C are considered as a convection region and possible
MSTID sources. The infrared thermal images are obtained by the Geostationary Operational Environmental
Satellite System 13 (GOES 13) with a spatial resolution of 4 x 4 km, and available in binary files by the scientific
cooperation between GOES 13 and Center for Weather Forecasting and Climate Studies in Brazil. According
to Vadas (2007), gravity waves with wavelengths shorter than 500 km take around 1 to 3 hr to propagate from
the troposphere to the thermosphere. Based on the results of the Vadas (2007) model, we selected two time
zones referring to the time of occurrence of MSTIDs observed in the seasons: 12:00 + 1:00 UT for winter and
16:00 + 1:00 UT for the other seasons. Figure 10 shows CTBT maps over South America. Each map corre-
sponds to a different season, overplots all of the maps taken at 12:00 UT (winter) and 16:00 UT (spring, sum-
mer, and autumn) from December 2012 to February 2016. The black circles, with 1,000 and 2,000 km radius,
were plotted in the figure as distance reference. The red vectors represent the direction of propagation of
MSTIDs. It is clearly seen in the winter panel (Figure 10c) that the cloud convection activities were localized
only at the south and southeast of the observer (~23 S). The specific propagation direction of MSTIDs during
the winter is quite significant. According to Vadas (2007), gravity waves with A;; <500 km, Cy > 100 m/s, and
7 < 60 min propagate horizontally up to ~2,000 km from the troposphere until they dissipate at altitudes
between 150 and 250 km. The circle of 2,000 km therefore may indicate a possible limit of distance for pro-
pagation of MSTIDs.

In Figure 10c, it is observed that the MSTID propagation directions are to north and northeast during the win-
ter. MacDougall et al. (2011) and Paulino et al. (2016) also reported MSTIDs propagating north-northeastward
during the winter, in equatorial latitudes of Brazil. It might suggest that the source of MSTIDs in equatorial
and middle latitudes of Brazil is the same. The deep convection activities in the south of Brazil during the win-
ter are highly related to the jet stream associated with cold fronts (Zhang, 2004).

In the other seasons (Figures 10a, 10b, and 10d), deep convections associated with cumulus nimbus clouds
can be observed throughout Brazil. The direction of propagation of MSTIDs in these seasons is virtually for all
directions, which suggests that the deep convections might be the sources of the MSTIDs. In order to further
investigate, however, it is necessary to have a better idea whether the observed MSTIDs were originated from
the troposphere or from any other wave sources. The ray tracing method (e.g., Vadas, 2007; Vadas & Crowley,
2010) would be helpful to understand.

5. Conclusion

In this paper, about three years of ground-based GNSS receiver data were used to make dTEC maps and keo-
grams with the goal of observing the characteristics of MSTIDs in the south-southeast of Brazil. The main
results and conclusions obtained in this work were the following:

1. A total of 826 daytime MSTIDs were observed, presenting the following characteristics: horizontal wave-
length, period, and horizontal phase velocity median of 452 + 107 km, 24 + 5 min, and 323 + 81 m/s,
respectively.

2. MSTIDs were observed in all months. The highest occurrence was in the winter months (44%), followed by
the equinoxes (42%), and summer solstice (14%). The time of occurrence was in the early afternoon, in the
winter solstices, and during the solar terminator passage, in the summer solstice. Moreover, we could not
observe nighttime MSTIDs, with the exception of some occasional cases.

3. The propagation direction of MSTID was not isotropic. It was highly anisotropic during the winter, propa-
gating to north-northeastward. On the other hand, in the other seasons, daytime MSTIDs propagated in all
directions, with some clusters.

4, When the observed MSTID parameters are compared with the numerical model results, we can suggest
that the possible source of daytime MSTIDs might be deep convection storms in the troposphere. In win-
ter, the convection region associated with jet stream and cold fronts is found in the Brazilian South. In
summer and equinoxes, the deep convection region is associated with cumulus nimbus clouds, located
all over Brazil, but during the summer and equinox, the correlation between direction of propagation
of MSTIDs and CTBT maps is low. Therefore, further studies using ray tracing would be necessary to inves-
tigate the sources of MSTIDs.
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As a perspective for future works, we present some questions: the investigation of daytime MSTIDs near the
geomagnetic equatorial region, which may provide us better understanding whether daytime MSTIDs could
act as a precursor of plasma bubble generation, furthermore the study of MSTIDs in the American sector,
associated with slow magnetosonic waves before the dusk solar terminator at conjugated points, as studied
by Afraimovich et al. (2009). Other question that needs some theoretical input is why MSTIDs at low latitudes
are not generated by dawn terminator.

Appendix A

In order to extract the parameters of MSTIDs, we have developed a method of spectral analysis, using discrete
Fourier transform.

First, it is necessary to select a region containing the oscillation in the keogram components, as shown in
Figure 3. It is important to notice that the area to be analyzed must be the same in each of the components.
Then, we apply it to discrete Fourier transform (equation (A1)) in the selected set of time series.

Flo)=) fle ™, (A1)

in which F(w) is the transform of the Fourier function f(t), =0, .., N — 1 is the frequency index, and N is the
number of points in time series in selected regions.

Then, the cross spectrum is calculated, defined by equation (A2):
C(w) = Fs(w)Fs4 (@), (A2)

in which C(w) is the cross spectrum between two time series and Fs(w) and F_, (w) represent the Fourier
transform of the series fs(t) and fs. 4(t), respectively. F¢, ,(w) is the complex conjugate of Fs. 1(w). The
one-dimensional cross power spectrum is defined by the quadratic modulus, |C2|. If the number of time
series selected is S, the resulting cross power spectrum will be the average of S — 1 cross power spec-
trum computed.

The amplitude of the cross power spectrum is expressed by 2 |C2

, with the phase of the cross

Spectrun being defined by
)} —_r < <
, T v=r.

For the frequency w, in which the amplitude is maximum, the phase of the cross spectrum is the phase dif-
ference caused by the wave propagation between these time series.

The equations used to determine the parameters are as follows:

1. Period (min.):

 [f(w)]
2. The wavelength (km) for the zonal and meridional components (ns, ew):

) Ad
ANSEW = )
) Ay,
I//360°

in which Ad represents the distance between the time series.

3. Horizontal wavelength (km):

ANSAEW

;
2, 2
\/Axs T 4w

Iy =
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4. Finally, the horizontal phase velocity, Cy; (m/s), and phase of propagation direction, ¢ (°), can be
obtained by

A
CH:_H7

T
AH
= cos™! (—) .
¢ NS

To validate the method, an analysis was performed in order to identify the parameters of the MSTIDs. We
simulated waves with wavelength between 100 and 600 km, step of 50 km; period between 10 and
120 min, cadence of 10 min; and propagation direction from 0 to 360°, with step of 30°. In total, more than
143 combinations were analyzed and the results showed that the uncertainties are less than 10% in 4, z,
Cy, and ¢.
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