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Abstract Different types of medium-scale traveling ionospheric disturbances (MSTIDs) have been
observed at Cachoeira Paulista (22.4°S; 45.0°W), Brazil, from June 2013 to December 2015, using airglow OI
630.0-nm images. During the period, 58 MSTIDs were identified and classified as follows: dark band MSTIDs
(around 10 events) and periodic MSTIDs (48 events). Dark band MSTIDs present phase velocity between
50 and 200m/s and propagation direction to northwestward. On the other hand, periodic MSTIDs have phase
velocity of 50 to 200 m/s, horizontal wavelengths from 80 to 160 km, periods ranging between 5 and 45 min,
and propagation directions are mainly north-northeastward. The wave parameters indicate that periodic
MSTIDs have different characteristics when compared to dark band MSTIDs, suggesting that periodic MSTIDs
are not generated through the well-known Perkins and E-F coupling instability. In addition to it, the present
study indicates that the spectral characteristics found in Brazil are different from other regions such as
Japan and Indonesia. Therefore, we intend to do the statistics of the wave parameters (wavelength, phase
velocity, period, propagation direction, and time occurrence) and investigate the generation mechanisms of
periodic MSTIDs at low to middle latitude for the first time. Furthermore, the anisotropy observed in periodic
MSTID propagation direction can be explained by different mechanisms.

1. Introduction

Traveling ionospheric disturbances (TIDs) are perturbations in the ionospheric plasma with wavelengths of
range of hundreds to thousands kilometers and speed of the order of hundreds to thousands meters per sec-
ond (Hunsucker, 1982; Kelley, 2011). The TIDs are divided into three types: small scale (e.g., Alimov et al.,
2008), medium scale (MSTID; e.g., Figueiredo et al., 2018; Otsuka et al., 2013), and large scale (e.g.,
Figueiredo, Wrasse, et al., 2017). It is important to study TIDs at low latitudes because they trigger equatorial
plasma bubbles (e.g., Takahashi et al., 2018).

MSTIDs have been, first, studied by Hines (1960), and since then, many theoretical studies have been pub-
lished, such as Francis (1974), Yokoyama et al. (2004), Yokoyama et al. (2009), and Yokoyama and Hysell
(2010). Furthermore, MSTIDs have been observed by several techniques, such as ionosondes (e.g., Amorim
et al., 2011; Bowman, 1985, 1989; Munro, 1948), satellites (e.g., Forbes et al., 2016), airglow images
(e.g., Candido et al., 2008; Garcia et al., 2000; Mendillo et al., 1997; Paulino et al., 2016; Shiokawa,
Ihara, et al., 2003), incoherent scatter radar (e.g., Medvedev et al., 2017), and Global Navigation
Satellite System (e.g., Otsuka et al.. 2013).

Most of nighttime MSTIDs have propagation direction to northwestward (southwestward) in Southern
(Northern) Hemisphere. For this reason, Perkins instability is considered to be responsible for the generation
of nighttimeMSTIDs. However, the result obtained by Cosgrove and Tsunoda (2003, 2004) and Cosgrove et al.
(2004) showed that the growth rate of Perkins instability is very small and does not match observations. In
this way, it was necessary to look for other mechanisms that allow Perkins instability to develop faster, for
example, polarization electrical field (Behnke, 1979; Fukao et al., 1991; Kelley & Fukao, 1991; Kelley et al.,
2000; Makela & Kelley, 2003; Otsuka et al., 2004, 2009; Saito et al., 2008; Shiokawa, Otsuka, et al., 2003;
Shiokawa et al., 2005) and coupling between E and F regions (Cosgrove & Tsunoda, 2004; Cosgrove et al.,
2004; Haldoupis et al., 1996; Kelley et al., 2003; Otsuka et al., 2007; Tsunoda, 1998; Tsunoda & Cosgrove,
2001; Yokoyama & Hysell, 2010; Yokoyama et al., 2009, 2004).

FIGUEIREDO ET AL. 7843

Journal of Geophysical Research: Space Physics

RESEARCH ARTICLE
10.1029/2018JA025438

Key Points:
• Two distinct types of nighttime

MSTIDs have been identified and
classified in relation to their
morphology and wave characteristics

• The anisotropy observed in the dark
band and periodic MSTID
propagation direction can be
explained by different physical
mechanisms

• We have shown that the gravity
waves resulting in MSTIDs can
propagate from the troposphere
without reaching the critical level

Supporting Information:
• Supporting Information S1
• Movie S1
• Movie S2
• Movie S3

Correspondence to:
C. A. O. B. Figueiredo,
cosme.figueiredo@inpe.br;
anagetinga@gmail.com

Citation:
Figueiredo, C. A. O. B., Takahashi, H.,
Wrasse, C. M., Otsuka, Y., Shiokawa, K., &
Barros, D. (2018). Investigation of
nighttime MSTIDS observed by optical
thermosphere imagers at low latitudes:
Morphology, propagation direction, and
wind filtering. Journal of Geophysical
Research: Space Physics, 123, 7843–7857.
https://doi.org/10.1029/2018JA025438

Received 7 MAR 2018
Accepted 18 AUG 2018
Accepted article online 28 AUG 2018
Published online 19 SEP 2018

©2018. American Geophysical Union.
All Rights Reserved.

http://orcid.org/0000-0003-4423-5111
http://orcid.org/0000-0002-8844-8920
http://orcid.org/0000-0001-8026-3625
http://orcid.org/0000-0002-3098-3859
http://orcid.org/0000-0002-6842-1552
http://orcid.org/0000-0003-0144-6584
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402
http://dx.doi.org/10.1029/2018JA025438
http://dx.doi.org/10.1029/2018JA025438
http://dx.doi.org/10.1029/2018JA025438
http://dx.doi.org/10.1029/2018JA025438
http://dx.doi.org/10.1029/2018JA025438
http://dx.doi.org/10.1029/2018JA025438
http://dx.doi.org/10.1029/2018JA025438
http://dx.doi.org/10.1029/2018JA025438
http://dx.doi.org/10.1029/2018JA025438
http://dx.doi.org/10.1029/2018JA025438
http://dx.doi.org/10.1029/2018JA025438
mailto:cosme.figueiredo@inpe.br
mailto:anagetinga@gmail.com
https://doi.org/10.1029/2018JA025438


The first reports of nighttime MSTID observations using All-Sky imagers in South America have been made by
Sobral et al. (2001), at Cachoeira Paulista, Brazil, and Martinis et al. (2006), at El Leoncito (31.8°S, 69.3°W),
Argentina. Pimenta, Amorim, and Candido (2008) and Pimenta, Kelley, et al. (2008) studied dark band
MSTIDs at Cachoeira Paulista using a database of 5 years of observations. Pimenta, Kelley, et al. (2008) verified
that dark bandMSTIDs occur in winter and aremore frequent in the period of low solar activity and ascending
phase, its propagation directions are distributed between 280° and 320° (west-northwest) and propagation
velocity between 50 and 200 m/s. Candido et al. (2008) performed a similar study to that of Pimenta,
Kelley, et al. (2008), in which the authors attribute Perkins instability as the main mechanism to explain pro-
pagation direction and origin of dark band MSTIDs. Recently, Amorim et al. (2011) also used ionosonde data
to obtain values of h’F and foF2, which also present an appearance of spread F associated with dark band
MSTIDs. Duly et al. (2013) observed MSTIDs in the inter-American observatory Cerro Tololo (30.17°S,
70.81°W), Chile. Observations carried out by Stefanello et al. (2015) presented two nighttime MSTIDs at con-
jugated points, over São Martinho da Serra (29.4°S, 53.8°W), Brazil, and Ramey (18.5°N, 67.1°W), Puerto Rico.
The MSTID was observed by several types of equipment such as ionosonde, GPS receivers, and All-Sky ima-
ger. The authors suggested that the South Atlantic magnetic anomaly contributed to the linear growth of
Perkins instability and amplification of the polarization electric field; consequently, wave structures were
mapped for their respective magnetic conjugate.

Paulino et al. (2016) carried out a study using 10 years (September 2000 to November 2010) of airglow images
from equatorial to low-latitude region, São João do Cariri (7.4°S, 36.5°W). The authors observed that MSTIDs
present periodic structures, different from the dark band MSTIDs studied by Pimenta, Amorim, & Candido
(2008), Pimenta, Kelley, et al. (2008), Candido et al. (2008), and Amorim et al. (2011). Periodic MSTIDs have
a horizontal wavelength between 100 and 200 km, period ranging from 10 to 35min, and phase velocity from
10 to 180 m/s. The authors also calculated the propagation directions and verified that MSTIDs propagate to
north-northeast and southeast with higher occurrence during high solar activity period and winter months
(June to August). Paulino et al. (2016) suggested that the upward gravity waves from troposphere are the
source of periodic MSTIDs. Paulino et al. (2018) calculated the intrinsic parameters of periodic MSTIDs in
the equatorial region of Brazil between 2012 and 2014 using neutral winds obtained by Fabry-Perot interfe-
rometers. The authors noticed that most of the observed MSTIDs had intrinsic periods lower than the
observed periods, that is, the intrinsic phase velocity was faster. Therefore, these waves can propagate more
easily in the thermosphere/ionosphere, because gravity waves can skip critical levels and turning (Vadas,
2007). However, statistical study, source location, and the effects of the thermospheric winds in the propaga-
tion direction of these periodic MSTIDs from low to middle latitudes at Cachoeira Paulista (22.7°S, 45.0°W)
have not been carried out yet.

The main goal of the present paper is to distinguish, for the first time, between dark band and periodic
MSTIDs in terms of morphology and wave parameters (wavelength, phase velocity, period, propagation
direction, and time occurrence), observed at low to middle latitudes.

2. Instrumentation and Methodology

All-Sky imager installed at Cachoeira Paulista was used to observe nighttime MSTIDs between June 2013 and
December 2015. The oxygen red line emission, OI 630.0 nm, was used to observe thermosphere
nighttime MSTIDs.

The All-Sky imager is composed by a fisheye lens, a telecentric lens system, a filter wheel on which interfer-
ence filters are housed, a lens set to reconstruct the image, and a Charge Coupled Device camera. The Charge
Coupled Device camera used in this study consists of a 1.77-cm2 sensor, air cooled by a Peltier system, and
presents high quantum efficiency of 95%. The images are obtained from the 110-s time integration of the
OI 630.0 nm emission. The OI 630.0-nm filter used in this study has the following characteristics: filter dia-
meter = 3″, peak wavelength = 630.550 nm, and bandwidth = 2.00 nm. OI 630.0 nm images are affected
by contamination from OH (9, 3) Meinel band emission. This happens because a few lines of the OH (9, 3)
P branch are located in the wavelength region of the band-pass filter. When such contamination occurs,
the waves occurring in OH layer heights will be also observed in the OI 630-nm images. Therefore, measuring
OI 630.0 nm and OH near infrared emissions separately, we checked whether each event has OH emission
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contamination and removed it for analysis. The methodology used is to
compare, in the same time span, OH and OI 630.0 nm by watching videos
and check if there is any contamination, that is, if the waves are equal.

Figure 1 shows the total number of hours observed (black bars) and the
number of hours with clear sky (red bars). In this work, 5,171 hr of
observation was obtained between June 2013 and December 2016 and
only ~ 27% with a clear sky. During winter months, it is observed the lar-
gest amount of clear skies, whereas for summer months, cloud cover
increases considerably. The MSTIDs observed in this study correspond to
5.2% (72.0 hr) of the total number of hours of observation with clear sky.

Before analyzing the images to extract the wave parameters of nighttime
MSTIDs, it is necessary to preprocess them. The main stages of image pre-
processing can be listed as follows: align the image with geographic north,
remove the stars, and unwarping the image; each image in the data set
was spatially filtered with a second-order high-pass Butterworth filter, with
cutoff frequencies at 30 km for projections onto 1,024 × 1,024 km (resolu-
tion of 2 km/pixel). This high-pass filter is used to eliminate low frequen-
cies due to background noise contamination (Bageston et al., 2011). In
addition, this filter makes the image to emphasize MSTIDs oscillation.
Then a cross-spectral analysis was performed applying a standard two-
dimensional fast Fourier transform. The main MSTID parameters can be

determined, such as the phase velocity, horizontal wavelength, period, and propagation direction. The details
of each step can be found in Medeiros et al. (2003), Wrasse et al. (2007), and Paulino et al. (2016).

3. Results

The MSTIDs observed at Cachoeira Paulista were classified into two types: dark bands and periodic waves.
Dark bands MSTIDs have been extensively studied by Pimenta, Amorim, and Candido (2008), Candido
et al. (2008), and Amorim et al. (2011). On the other hand, periodic MSTIDs have been characterized (wave-
length, period, velocity, propagation direction, and seasonality) only in Brazilian equatorial region by
Paulino et al. (2016 and 2018). The 1-year interval was divided into four seasons: southern summer
(December–February), southern autumn (March–May), southern winter (June–August), and southern
spring (September–November).

3.1. Dark Band MSTIDs

The criteria for identifying dark band MSTIDs are a well-defined wavefront followed by a dark region; dark
band MSTIDs cover almost the entire image with phase front extending more than 1,000 km; the phase front
propagates in only one direction; dark band MSTIDs could be observed for at least 30 min.

We observed 10 dark bandMSTIDs. Figure 2 shows a dark bandMSTID propagating northwestward, indicated
by the white arrows, between 02:00 and 03:00 UT (22:00 and 24:00 LT) on the night of 5 July 2013. Top of
Figure 2 refers to the geographical north, and the right-hand side of the image refers to the geographical
east. The projection of the images is 1,024 × 1,024 km (resolution of 2 km/pixel). The Milky Way is visible in
the center of the image. An animation of Figure 2 is available through the supporting information related
to this paper (see Movie S1).

Figure 3 shows the monthly occurrence rate of dark band MSTIDs. The monthly occurrence rate is defined as
the ratio of the number of hours in which dark band MSTIDs are observed at a given time interval, for exam-
ple, between 01 and 02 UT, and the number of hours of observation with clear sky for each month. The pre-
dominance of dark band MSTIDs occurrence is from June to October, between 22:00 and 03:00 LT, in
southern winter and early southern spring. Similar results were observed by Pimenta, Amorim, and
Candido (2008) and Candido et al. (2008).

Figure 4 shows the propagation directions of dark band MSTIDs as a function of velocity. The distribution of
the propagation direction was anisotropic, with west-northwest propagation. The velocity of dark band
MSTIDs obtained in this work range between 50 and 200 m/s.

Figure 1. Number of hours per month in which airglow observations were
carried out (black bars), as well as the hours of observation with clear sky
(red bars). The observed period is between June 2013 and December 2015.
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3.2. Periodic MSTIDs

Paulino et al. (2016) characterized nighttime periodic MSTIDs in the
Brazilian equatorial region. However, in low to middle latitudes (south-
southeast of Brazil) these waves had not been characterized yet.

The criteria used in the present work for identification of periodic MSTIDs
in the OI 630.0 nm images are as follows: presenting wave structure, that is,
more than two wavefronts, propagating for at least 30 min, and phase
front shorter than 1,000 km.

Figure 5a shows a periodic MSTID propagating to north-northeast, indi-
cated by the white arrows, over Cachoeira Paulista on 2 August 2013,
between 22:31 and 23:03 UT. The structure in the right-hand side of
MSTID is the Milky Way. Figure 5b shows images of the OH emissions, in
the same time span of Figure 5a. Comparing the images, we can see that
the MSTID in the OI 630 nm does not suffer contamination of the OH emis-
sion. An animation of Figure 5a is available through the supporting infor-
mation related to this paper (see Movie S2). In addition, an animation of

Figure 2. Unwarped images sequence, where it is possible to visualize a dark bandmedium-scale traveling ionospheric dis-
turbance propagating northwestward, indicated by white arrows, on the night of 5 July 2013, between 02:00 and 03:00 UT
(23:00 and 24:00 LT).

Figure 3. Occurrence rate of dark band medium-scale traveling ionospheric
disturbances as a function of time. The letters denote the months of the year.
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OH images, Figure 5b, in the same time span of Figure 5a, is available
through the supporting information related to this paper (see Movie S3).

In this work, 48 periodic MSTIDs were observed during the period from
June 2013 to December 2015.

Figure 6 shows the monthly occurrence of periodic MSTIDs as a function of
time. The occurrence rate is defined as the ratio of the number of hours in
which periodic MSTIDs are observed at a given time interval, for example,
between 01 and 02 UT, and the number of hours of observation with clear
sky for each month.

Periodic MSTIDs are observed more in the early evening, between 21:00
and 3:00 UT (18:00 and 00:00 LT), from May to September. Few cases are
observed out of this range. In November, it is observed that the occurrence
of periodic MSTIDs is very high, but this is due to the few hours of observa-
tion with clear sky.

Figure 7a shows the horizontal wavelength distribution as a function of
the occurrence of periodic MSTIDs. Most of the waves have horizontal
wavelengths between 90 and 130 km, with an average value of 111 km
and a standard deviation of 15 km. Using airglow images, it is possible to
observe horizontal wavelengths in the OI 630.0-nm emission of up
to ~1,500 km.

Distribution of the observed periods of periodic MSTIDs is presented in Figure 7b. Periodic MSTIDs present an
observed period between 10 and 25 min, with an average of 21 min and its respective standard deviation of
15 min. Intrinsic periods of Brünt Väissälä at around 250 km of altitude (OI 630.0-nm emission layer) are
around 8–9 min Vadas, 2007).

Figure 7c shows the distribution of the horizontal phase velocity of the periodic MSTIDs. It is observed that
most periodic MSTIDs have phase velocities ranging from 80 to 140 m/s and mean values of 103 ± 33 m/s.

Figure 8 shows propagation directions of periodic MSTIDs as a function of the horizontal phase velocity for all
48 wave events. The distribution of wave propagation is not isotropic but rather anisotropic. Most of the
waves propagate to north and northeast directions. When these results are compared with the propagation
direction of dark band MSTIDs, we can notice that they are different; thus, in the discussions we will discuss if
dark band and periodic MSTIDs are originated by the same physical processes.

Reviewing the literature, we can identify and classify two distinct types of nighttime MSTIDs in relation to
their morphology and wave characteristics: dark bands (Amorim et al., 2011; Candido et al., 2008; Duly
et al., 2013; Garcia et al., 2000; Kelley, 2011; Kotake et al., 2006; Martinis et al., 2006, 2010; Otsuka et al.,
2013; Pimenta, Amorim, & Candido, 2008; Pimenta, Kelley, et al., 2008; Shiokawa, Ihara, et al., 2003;
Shiokawa, Otsuka, et al., 2003) and periodic MSTIDs (Fukushima et al., 2012; Paulino et al., 2016, 2018; Sau
et al., 2018; Shiokawa et al., 2006; Sobral et al., 2001). Table 1 summarizes the characteristics of the two types
of nighttime MSTIDs. Based on the characteristics of nighttime MSTIDs, we would suggest to the scientific
community to have different nomenclatures for the phenomena: those that are generated under the condi-
tion of Perkins instability and have electrodynamic characteristics are called Perkins MSTIDs, and those with
gravity waves’ characteristics are called gravity waves MSTIDs.

4. Discussions

The present study focuses on the MSTIDs observed in low to middle latitudes (15–35°S) and tries to distin-
guish MSTIDs triggered by Perkins instability and by gravity waves propagation.

4.1. Dark Band MSTIDs

The predominance of dark band MSTIDs occurrence is from June to October, between 22:00 and 03:00 LT, in
the southern winter and early southern spring. Similar results were observed by Pimenta, Amorim, and
Candido (2008) and Candido et al. (2008). Park et al. (2015) shows Midlatitude Magnetic Fluctuations

Figure 4. Vector diagram showing propagation direction of dark band med-
ium-scale traveling ionospheric disturbances as a function of azimuth and
phase velocity observed between June 2013 and December 2015.
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Figure 5. (a) A sequence of OI 630.0-nm unwarped images on the night of 2 August 2013, between 22:31 and 23:03 UT, at Cachoeira Paulista. The white arrows indi-
cate periodic medium-scale traveling ionospheric disturbance propagating to the north-northeast. (b) OH unwarped images, in the same span of OI 630-nm images,
with the goal to check if there is any contamination of OH emission in the OI 630-nm image.
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observed through the Swarm satellite constellation, from November
2013 to March 2015. The authors associated the fluctuations in the
magnetic field as being due to Perkins instability MSTIDs. They also
observed that, in December, MSTIDs occurrence rate is very low in
Brazilian south-southeast. On the other hand, in June, the occurrence
rate of MSTIDs is high, our results corroborating them. Park et al.
(2015) also show that during southern equinox there was no occur-
rence of MSTIDs. Observations of MSTIDs in the Japanese sector are
more frequent during northern summer (Shiokawa, Ihara, et al.,
2003). However, the occurrence of MSTIDs observed in Arecibo
(18.3°N, 66.7°W) by Garcia et al. (2000) and Martinis et al. (2010) is also
frequent in northern winter.

Observational and numerical studies showed that the polarization
electric field in the E region plays a preponderant role in the forma-
tion of dark band MSTIDs by mapping the electric field along the

magnetic field lines between E and F regions (Cosgrove, 2007; Otsuka et al., 2008; Saito et al., 2007;
Yokoyama et al., 2009). Martinis et al. (2010) reported that the coupling mechanism between regions E
and F is not sufficient to explain the results obtained. An explanation for the occurrence of MSTIDs in
southern and northern winter months is presented by Shiokawa, Ihara, et al. (2003). The authors con-
cluded that strong mesospheric winds are not capable of filtering the vertical propagation of gravity
waves. Thus, the authors suggested that gravity waves, in the midlatitude MLT region, can propagate ver-
tically and trigger the Perkins instability.

Figure 6. Monthly occurrence rate of periodic medium-scale traveling iono-
spheric disturbances versus time. The months are represented by the initials of
their respective names.

Figure 7. Distribution of wavelength (a), period (b), and phase velocity (c) of the periodic medium-scale traveling iono-
spheric disturbances observed at Cachoeira Paulista between June 2013 and December 2015. The continuous black line
is a Gaussian fit to the data.

10.1029/2018JA025438Journal of Geophysical Research: Space Physics

FIGUEIREDO ET AL. 7849



Another point to be considered is that MSTIDs may have an interhe-
mispheric coupling through the magnetic flux tube at conjugated
points. Shiokawa, Otsuka, et al. (2003) and Otsuka et al. (2004) showed
MSTIDs associated with fluctuations in the electric field; therefore,
they tend to occur simultaneously in both hemispheres. Similar
results were found by Stefanello et al. (2015) in the south of Brazil.

Furthermore, MSTIDs are originated in midlatitudes and not all of them
can reach Brazilian south-southeast. The preferential propagation
direction of MSTIDs, northwestward, makes them travel long distances
without energy dissipation (Kelley, 2011). Narayanan et al. (2014) ana-
lyzed 2 years of data obtained from OI 630.0-nm emission in
Yonaguni (24.5°N, 123.0°L), Japan. The authors observed that MSTIDs
rarely propagate to magnetic latitudes less than 15°, and it occurs dur-
ing the low solar activity period. Narayanan et al. (2014) pointed out
two physical explanations for that: first, the increasing intensity due
tomidnight pressure bulge shift to the poles (further details aboutmid-
night pressure bulge can be found in Figueiredo, Buriti, et al., 2017;
Mesquita et al., 2018) when MSTIDs occur late at night and second,
when MSTIDs propagate before midnight, it encounters the equatorial
ionization anomaly that limits its propagation toward the equator.

Regarding the influence of solar activity on the observation of dark band MSTIDs, Candido et al. (2008) and
Amorim et al. (2011) observed around 10 years of data from OI 630.0-nm images. Candido et al. (2008) and
Amorim et al. (2011) suggested that Perkins instability does not develop during high solar activity due to
the frequency of ion-neutral collision being inversely proportional to the growth rate of Perkins instability,
which corroborates the little observation of dark band MSTIDs in the present study.

Concerning about MSTIDs propagation direction and phase velocity, the present study’s results are consis-
tent when compared to the results obtained by Amorim et al. (2011), Candido et al. (2008), and Pimenta,
Amorim, and Candido (2008), which presented velocities ranging from 50 to 100 m/s. The MSTIDs show pro-
pagation direction to northwest in the Southern Hemisphere; the mechanism of generation and preferential
direction are due to Perkins instability (Amorim et al., 2011; Duly et al., 2013; Martinis et al., 2010) and the elec-
trodynamics coupling between the regions E and F (Cosgrove & Tsunoda, 2004; Cosgrove et al., 2004;
Haldoupis et al., 1996; Kelley et al., 2003; Otsuka et al., 2007; Tsunoda, 1998; Tsunoda & Cosgrove, 2001;
Yokoyama & Hysell, 2010; Yokoyama et al., 2009, 2004), respectively. Therefore, the results observed in the
present work corroborate the results obtained by Duly et al. (2013), Martinis et al. (2010), and Amorim
et al. (2011).

4.2. Periodic MSTIDs

The seasonality of occurrence is the same for periodic and dark band MSTIDs, that is, during southern winter
and southern spring months; the only notable difference is in the time of occurrence. It can be seen that per-
iodic MSTIDs occur earlier than dark band MSTIDs. Our results corroborate the results of Paulino et al. (2016),
who observed a higher occurrence of periodic MSTIDs between May and September, and Shiokawa et al.
(2006) and Fukushima et al. (2012), who observed that the occurrence of MSTIDs is higher between May

Figure 8. Propagation direction as a function of the horizontal phase velocity of
the periodic medium-scale traveling ionospheric disturbances observed
between June 2013 and December 2015.

Table 1
Characteristics of the Two Types of Nighttime MSTIDs Observed in Literature

Characteristic Perkins MSTIDs Gravity waves MSTIDs

Observation occurrence Summer (midlatitudes) winter and equinox (low latitudes) Winter and equinox (low latitudes)
Propagation direction Northwest and (southwest) in Southern and (Northern) Hemispheres All directions
Horizontal wavelength 100–450 km 80–700 km
Period 10–60 min 10–60 min
Horizontal phase velocity 20–200 m/s 40–350 m/s

Note. MSTIDs = medium-scale traveling ionospheric disturbances.

10.1029/2018JA025438Journal of Geophysical Research: Space Physics

FIGUEIREDO ET AL. 7850



and July–October in Indonesia. In southern summer, it is not possible to verify the occurrence of dark band
and periodic MSTIDs due to cloud cover.

Regarding the observed wave parameters, Paulino et al. (2016) pointed out that MSTIDs do not have a hor-
izontal wavelength greater than 200 km and less than 80 km with mean horizontal wavelengths of
145 ± 25 km. The present study’s results were similar to them. However, Fukushima et al. (2012) found
MSTIDs with a mean horizontal wavelength of 790 ± 440 km, which is much higher than those observed in
Brazil. Paulino et al. (2016) showed that periodic MSTIDs present a mean observed period of 22 ± 11 min,
and our present results corroborate theirs. In Indonesia, Fukushima et al. (2012) observed that MSTIDs had
period between 40 and 50 min with mean value and standard deviation of 42 ± 11 min. The horizontal phase
velocities of the present study are similar to those presented by Paulino et al. (2016). However, comparing the
horizontal phase velocities of the present study with those presented by Fukushima et al. (2012), the horizon-
tal phase velocities obtained in Indonesia are 3 times higher than ours. Paulino et al. (2018) observed that the
intrinsic period of periodic MSTIDs is smaller than the observed period resulting in higher phase velocity. In
India, Sau et al. (2018) observed periodic MSTIDs with the period, phase velocities, and wavelength in the
range of 25–75 min, 70–160 m/s, and 130–575 km, respectively. The authors observed propagation direction
of periodic MSTIDs, during the equinox, propagating toward north-northwest, while during the winter there
was no specific propagation direction. The period and phase velocities reported in our present study are com-
parable to the values reported by Sau et al. (2018). On the other hand, the propagation direction and wave-
length are different. We also compared the present results with the gravity wave characteristic observed in
upper mesosphere and lower thermosphere (MLT) regions. Comparing to the results reported by Wrasse
et al. (2006) and Medeiros et al. (2004), we found that periodic MSTIDs are much faster than gravity waves
in MLT heights, where these waves have phase velocities between 10 and 70 m/s. For gravity waves that pro-
pagate directly from the troposphere to the thermosphere, it is necessary to have phase speeds greater than
100 m/s, because they are less susceptible to dissipative processes such as kinetic molecular viscosity, which
is the main mechanism of filtering in thermosphere (Vadas, 2007).

The propagation directions of the present work are distinct from the results previously observed. Shiokawa
et al. (2006) and Fukushima et al. (2012) verified that most waves propagate to south and southwest. On
the other hand, Paulino et al. (2016, 2018) observed that MSTIDs propagation direction is to northwest, north,
northeast, and southeast. These comparisons suggest that the sources of periodic MSTIDs observed in the
current study and Paulino et al. (2016, 2018) are similar, but the location of the source is different. Another
explanation for these differences in MSTIDs propagation direction may be related to wind filtering process
(e.g., American sector: Paulino et al., 2018, and Asian sector: Medvedev et al., 2017) and location of the
sources (e.g., American sector: Figueiredo et al., 2018 and Asian sector: Fukushima et al., 2012) which, a priori,
are different between the American and Asian sectors. Furthermore, Miyoshi et al. (2014) show that longitu-
dinal variability of upward gravity waves energy can affect the longitudinal variability in the ionosphere.

The propagation direction of periodic MSTIDs may have three reasons: first, MSTIDs have been thought to be
caused by atmospheric gravity waves (Hines, 1960; Hooke, 1968), because MSTIDs are observed to propagate
equatorward, one is the changing gravity wave source region for the observer and the other might be an
effect of wave filtering by background wind in the thermosphere.

The gravity wave is an oscillation of neutral particles. Through ion-neutral collisions, ions in the F region move
along the geomagnetic field lines. Hooke (1968) has shown that the velocity of the ion motion along the geo-
magnetic field is the same as that of neutral motion along the geomagnetic field caused by gravity waves. Ion
motion across the magnetic field line (B) is restricted because the ion gyrofrequency is much higher than the
ion-neutral collision frequency. This directivity of the ion mobility causes directivity in the response of the
electron density variations to the neutral motion caused by gravity waves. Since neutral particle oscillation
parallel to B is larger for gravity waves propagating equatorward than for those propagating to other direc-
tions, equatorward propagating gravity waves could cause a larger amplitude of plasma density perturba-
tions than gravity waves propagating in other directions (Hooke, 1970). Such directivity in response to the
F region plasma of gravity waves could be responsible for the equatorward preference in MSTID propagation
direction. However, the magnetic equator, in the South American continent, has a very pronounced declina-
tion (between 15° and 20° W in south-southeast of Brazil, declination calculated for 2015). If we assume this
hypothesis as the main mechanism to explain the propagation direction, periodic MSTIDs should propagate
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only toward the magnetic field lines (observed only ~21%). Most periodic MSTIDs show direction of propaga-
tion to the north-northeast (~60%), suggesting that another mechanism should be responsible for the direc-
tion of propagation of periodic MSTIDs.

Figueiredo et al. (2018) observed that daytime MSTIDs propagation direction in southern winter months is
to north and northeast, over the South American continent. The authors showed a good correlation
between daytime MSTID propagation direction and the location of the southern winter convective storms
associated with cold front and jet stream in the Brazilian South. They suggested that daytime MSTIDs pro-
pagation direction may be associated with the location of the sources in the troposphere. Most of peri-
odic MSTIDs propagate to north and northeast in southern winter months. Then, we suggest that a
possible explanation of the propagation direction of MSTIDs might be due to the location of the source
of upward gravity waves.

Wrasse et al. (2006) and Medeiros et al. (2004) observed MLT gravity waves propagating to west-northwest
during southern winter, whereas most of the periodic MSTIDs propagation directions are to north and north-
east. Medeiros et al. (2004) made a study to verify the process of neutral wind filtering of gravity wave in MLT
region, and the current work will follow the same procedure for thermosphere.
4.2.1. Wind Filtering of Periodic MSTIDs
The wind filtering process occurs when the wind speed is equal to the periodic MSTID velocity. When this
occurs, it is called critical level (Vadas, 2007). From the definition of critical level, one can construct horizontal
surfaces by polar graphs, commonly called wind blocking diagram, in which we see the velocities and angles
where the gravity waves cannot propagate vertically due to the neutral wind filtering process. The critical
level values that are being discussed are below 120 m/s; similar values were observed by Paulino et al.
(2018). Periodic MSTIDs with horizontal phase velocity and propagation direction within these regions are
absorbed (Campos et al., 2016; Medeiros et al., 2003, references therein).

The intrinsic frequency of gravity waves (bω), under the influence of horizontal neutral wind, is described by
Gossard and Hooke (1975, page 122):

bω ¼ k
!� c!� v!� �

; (1)

in which k
!

is the horizontal wave vector, c! is the phase velocity of the wave, and v! is the neutral wind speed
as a function of altitude. When the wave moves faster than wind, bω is positive, and when the reverse occurs, it
is negative. Defining c!¼ ω= k

!
, in which ω is the observed frequency, we can rewrite equation (1) as follows:

bω ¼ ω 1� v!
c!

� �
: (2)

Rewriting equation (2) according to the zonal and meridional components of neutral wind (vz, vm), we get the
following:

bω ¼ ω 1� vz cos ϕð Þ þ vm sin ϕð Þ
c!

� �
: (3)

In this way, when gravity waves reach some critical level, the neutral wind is equal to the phase velo-
city of the wave ( v!¼ c!); then bω→0, and the wave is absorbed. The forbidden regions (block diagram)
at any height below the peak of the emission layer and for each propagation direction (ϕ) and c!.
Therefore, the block diagram in polar ( c! as the radius and ϕ as the polar angle) form is defined by
the following:

c!¼ vz cos ϕð Þ þ vm sin ϕð Þ: (4)

The neutral wind model used to construct the block diagrams is Horizontal Wind Model-2007; further details
can be found at Drob et al. (2008). In this work, the block diagram was calculated from the surface up to
300 km of altitude, step of 1 km, for the geographic coordinates at Cachoeira Paulista. We also used the para-
meters for moderate solar activity, 120 SFU (1 SFU = 10�22 Wm�2 Hz�1), for 24:00 UT, and quiet magnetic
activity (Kp ≤ 4).
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Figure 9 shows the blocking diagrams for southern summer (an average of all days between December and
February), southern autumn (an average of all days between March and May), southern winter (an average of
all days between June and August), and southern spring (an average of all days between September and
November) for 2013. To facilitate the understanding of the graphic, winds were separated into three height
intervals with distinct colors: cyan (0–99 km), green (100–199 km), and red (200–300 km). The black circle at
the bottom of Figure 9 informs the geographical directions, while the axes indicate the magnitude of the
wind. It is observed in Figure 9 to the seasonal variation of the winds during southern summer and southern
winter solstices in MLT and thermosphere/ionosphere regions. According to Medeiros et al. (2003), MLT neu-
tral winds play a role in gravity wave filtering at Cachoeira Paulista for the gravity waves observed in the
mesosphere region.

Figure 10 shows two-dimensional wind blocking diagram with propagation directions of periodic MSTIDs
(blue arrows) for each southern season. The colors for each height range are the same as shown in
Figure 9. It can be noticed that most of periodic MSTIDs have not been wind filtered. Wrasse et al.
(2006) and Medeiros et al. (2004) concluded that the background wind is an important filtering process
of gravity waves in the MLT region. However, periodic MSTIDs are faster than gravity waves observed
in MLT and do not suffer the influence of background wind. Paulino et al. (2018) observed that propaga-
tion direction of periodic MSTIDs can be satisfactorily explained by the influence of background wind
above the MLT region. It is interesting that most periodic MSTIDs have propagation direction opposite
to the background wind direction as shown by Paulino et al. (2018); this evidence shows us that the back-
ground wind also has a significant importance in the propagation direction of periodic MSTIDs, and it has
shown that gravity waves resulting in MSTID can propagate from the troposphere to the thermosphere
without reaching the critical level.

Figure 9. Wind blocking diagram for neutral wind. Circles represent regions where periodic medium-scale traveling
ionospheric disturbances would be absorbed by the basic wind, and in these conditions wave would not propagate
vertically. Seasons are arranged as follows: (a) southern summer, (b) southern autumn, (c) southern winter, and (d) southern
spring. The height interval of each circle is 1 km.
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It is observed in Figure 10 that three cases of waves are within the blocking region, indicated by orange
arrows. Using the model results of Vadas (2007) and comparing with the mean parameters of periodic
MSTIDs (λH = 111 ± 15 km, τ = 21 ± 15 min, and CH = 103 ± 33 m/s). We observed that gravity waves from
troposphere dissipate above 150 km. It might be that secondary waves are generated from the momentum
and energy deposition of gravity waves of the lower atmosphere and disturb the OI 630.0-nm layer (e.g.,
Vadas & Nicolls, 2009). In order to further investigate it, 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 Vadas
(2007) ray tracing method would be helpful to understand in which region of the atmosphere MSTIDs are ori-
ginated. The method shows, in a realistic model, dissipation properties such as periods, dissipation altitude,
horizontal phase velocities, and horizontal distance traveled for gravity waves launched at different altitudes
as functions of horizontal and vertical wavelengths. Furthermore, Vadas (2007) shows, in a didactic way, how
to interpret the results when we compare it with the parameters of observed MSTIDs.

5. Conclusion

In this paper, about 2.5 years of thermospheric OI 630.0-nm image data were used to observe nighttime
MSTIDs with the goal of study their morphology and characteristics in the Brazilian South-Southeast. The
main results and conclusions obtained in this work were the following:

Two distinct types of nighttime MSTIDs have been identified and classified in relation to their morphology
and wave characteristics: dark bands have a well-defined wavefront followed by a decrease in airglow inten-
sity with propagation direction mechanism associated with electrodynamics coupling between the E and F
regions. Dark band MSTIDs structures caused by Perkins instability are interlinked with the sporadic E layer

Figure 10. Two-dimensional wind blocking diagram for each season, (a) southern summer, (b) southern autumn,
(c) southern winter, and (d) southern spring, in which colored circles are regions where there is no wave propagation
due to the effect of critical levels. The altitude ranges were separated by colors: cyan (0–99 km), green (100–199 km),
and red (200–300 km). The propagation directions of periodic medium-scale traveling ionospheric disturbances are
indicated by blue arrows, and orange arrows indicate periodic medium-scale traveling ionospheric disturbances that
are within the blocking region.
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instability. On the other hand, periodic MSTIDs have wave train and may be associated with the propagation
of gravity waves. Because of these differences in waveform morphology and parameters, we suggest to the
scientific community to have different terminologies for nighttime MSTIDs: those that are generated by
Perkins instability and have electrodynamics characteristics are called Perkins MSTIDs, and the MSTIDs that
have gravity waves characteristics are called gravity waves MSTIDs.

The monthly occurrence of nighttime MSTIDs is between April and November. The time occurrence of dark
band MSTIDs is after 01:00 UT (22:00 LT), while the time occurrence of the periodic MSTIDs is between 21:00
(18:00 LT) and 03:00 UT (24:00 LT).

The average horizontal phase velocity of dark band MSTIDs is 115.64 ± 34.48 m/s. Periodic MSTIDs present
horizontal wavelength, period, and average horizontal phase velocity of 144.8 ± 24.8 km,
20.96 ± 15.37 min, and 103.20 ± 32.78 m/s, respectively.

The propagation direction of nighttime MSTIDs showed to be anisotropic. Dark band MSTIDs propagate to
northwestward, which is explained by the well-known Perkins instability theory. On the other hand, periodic
MSTIDs propagate mainly to north-northeastward. To explain the periodic MSTIDs propagation direction,
three hypotheses are suggested: neutral wind filtering process, neutral motion along geomagnetic field
caused by gravity waves, and the location of the source. We realize that the three combined hypotheses
may be the mechanism that controls periodic MSTIDs propagation direction.

In this study, we have shown that gravity waves resulting in periodic MSTIDs can propagate from the tropo-
sphere to the thermosphere without reaching the critical level.
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