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Abstract: We present a statistical study of some physical properties of medium-scale traveling
ionospheric disturbances (MSTIDs) registered over the Mexican territory during 2018 and 2019 (solar
minimum). The analysis is based on total electron content (TEC) approximations using data from the
ground-based Global Navigation Satellite System (GNSS) receivers at different locations, divided into
three regions according to geographic longitudes: west, center, and east. The MSTIDs were classified
into day and night events, and only geomagnetically quiet days were considered to reduce the solar
influence. We explored fundamental aspects of the MSTIDs, such as differences between day and
night events, occurrence patterns, and geographical differences. Our results show some similarities
with the occurrence periods of gravity waves, exhibiting high activity during summer and winter.
For this period, however, most events occurred between 20:00 and 04:00 AM UT. The most energetic
events, i.e., large amplitudes and power, occurred around the sunset terminator. This suggests that
the density gradient generated when the sunlight falls benefits MSTID formation.

Keywords: traveling ionospheric disturbances; plasma irregularities; total electron content; mid-
latitude ionosphere

1. Introduction

Medium-scale traveling ionospheric disturbances (MSTIDs) are electron density fluc-
tuations (wave-like) in the ionosphere plasma [1–3]. The study of these disturbances
is relevant because they are involved in the dynamic processes linked to lower–upper
atmosphere coupling. Thus, disturbances may travel from the lower to the upper atmo-
sphere, causing plasma irregularities [4–6]. Moreover, research on MSTIDs is also crucial
for space weather since they can interfere with radio wave communications [3,7,8]. In
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this regard, multiple efforts have been made to understand their origin and evolution.
Measurements from different instruments have shown that MSTIDs typically have periods
from 15 to 60 min, with wavelengths of around 100 to 500 km and a phase velocity of 50
to 400 m/s [2,5,9–11]. Note that these physical parameters coincide with the properties of
internal gravity waves in the lower atmosphere (here referred to as atmospheric gravity
waves (GWs)). Therefore, the term ”TID” is usually associated with them [11,12].

The properties of these disturbances (amplitude, propagation direction, and velocity)
may depend on latitude, longitude, local time, and season [3,7,10,13–15]. Although these
disturbances are observed day and night throughout the year, it is essential to distinguish
between them since they have different generation mechanisms. During the daytime,
atmospheric gravity waves (GW) are proposed as the primary mechanism for generating
MSTIDs. There are many possible generation sources of GWs, such as topographic, convec-
tive, shear, geostrophic adjustment, and wave–wave interactions. According to simulation
studies, tropospheric convection is the mechanism capable of generating secondary GWs
traveling up to the thermosphere [4–6].

Nighttime MSTIDs are presumably associated with electrodynamical processes. One of
these electrodynamical processes is the Perkins instability (PI) [3,12,16]. However, according
to different studies, this instability alone cannot generate nighttime MSTIDs [8,12]. Thus,
Perkins instability must be supplemented by other irregularities, such as a polarized electric
field with sporadic E-layers (Es) or GWs, to produce MSTIDs at night [13,17–20].

A correlation between the occurrence of MSTIDs and the solar cycle has been sug-
gested. For nighttime MSTIDs, some analyses reported positive and negative correlations
with the solar cycle [2,13,21–23]. For that reason, this correlation is still unclear. In our
case, the study period corresponds with the solar minimum, and only geomagnetically
undisturbed days are considered to avoid solar influence.

We present the characterization of MSTIDs based on TEC fluctuations over the Mex-
ican territory during 2018–2019, a period of minimum solar activity. This study aims to
analyze the ionospheric disturbances generated by processes in the lower atmosphere and
establish a methodology for future studies in Mexico. The questions to be addressed in this
research are: What is the pattern of occurrence for MSTIDs appearing over Mexico? Is there
a geographical influence on the occurrence of TIDs? What is the relevance of occurrence
time in determining the origin of the disturbance?

2. Materials and Methods

This study uses GNSS data from receivers across Mexico, which are part of the National
Seismological Service and Transboundary, Land, and Atmosphere Long-term Observational
and Collaborative Network (SSN - TLALOCNet) [24]. We focus on six GNSS stations located
at different latitudes and longitudes to compare MSTID characteristics in three regions:
the west (PALX, PTEX), center (MNIG, UCOE), and east (UNPM, CN24). Table 1 indicates
the geographic coordinates of all the receiver stations according to the following: columns
corresponding to the receiver station name, geographic latitude, and longitude. This table
also includes a map of the station’s location, highlighting the three regions in different
colors: yellow (west), red (center), and green (east). These stations cover critical locations in
Mexico, such as the northeast, northwest, center, and southeast, to study the geographical
influence in the development of TIDs. Moreover, our study was conducted during solar
minimum activity for two years, 2018–2019, taking geomagnetically quiet days only.
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Table 1. List of GNSS receivers across Mexican territory used to identify TID events. Columns
correspond to the receiver station name, geographic latitude, and geographical longitude. The map
on the top shows the three regions for this study in different colors: west in yellow, center in red, and
east in green.

Station Latitude Longitude

PALX 31.6 −116.1
PTEX 32.3 −116.5
MNIG 25.6 −100.2
UCOE 19.8 −101.6
CN24 19.6 −88.1

UNPM 20.9 −86.9

2.1. TEC Estimation

There are two processes for approximating TEC values along the line of sight between
the GNSS satellite and the receiver. The first one is based on the pseudoranges or pseudo-
distances (distance between the satellite and the receiver), calculated simply by a linear
approximation: light velocity multiplied by the time difference between the emission and
reception of the signal. The second method uses phase differences between two signals
(carrier phases). In this study, we used Gopi Seemala’s software (program version 3) based
on both approximations [25].

In the case of GPS, the receivers use a dual-frequency ( f1 = 1575.4 MHz and
f2 = 1227.6 MHz) to remove ionospheric effects. Thus, the general approximation to
estimate TEC is given by Equation (1):

TEC =
f 2
1 f 2

2
40.3( f 2

1 − f 2
2 )

[(L1 − L2)− (λ1N1 − λ2N2) + br + bs], (1)

where L1 and L2 are the carrier phases, λ1 and λ2 are the wavelengths, N1 and N2 are the
number of cycles, and br and bs are the receiver and satellite errors, respectively. The TEC
approximation is given in TEC unit(s) (TECu), where 1 TECu = 1016 electrons/m2. This
method only considers those satellites with an elevation angle above 20° to reduce the
leveling errors. The general method can be consulted in Rama Rao et al. [26].

2.2. Estimation of Detrended TEC (dTEC) and Identification of TID Events

According to the literature, TIDs are characterized by falls or diminished TEC values
with some specific periodicities depending on the nature of the disturbance [2,15,25]. Thus,
a detrending technique applied to TEC data is required to identify them. In this case,
the TEC data behavior was fitted by a high-order polynomial function established using
the Savitzky-Golay filter [27]. This filter employs the convolution function over a data
window evaluated at an n-order polynomial (see Equation (2)). Finally, this polynomial
function was subtracted from TEC data. The mathematical expression to remove the
tendency of TEC data is represented by Equation (3). Here, “dTEC” is referred to as the
detrended TEC. It is important to mention that we use one-hour-centered data windows,
i.e., we took ±30 min around each point in the data array. It guarantees that all possible
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wave patterns with periods similar to MSTIDs (15 to 60 min) are being included in the
spectral analysis [3,5,15].

TEC f it
j =

i=m

∑
i=−m

CiTECi+j, (2)

dTEC = TEC − TEC f it. (3)

By analyzing the dTEC behavior, wave-like patterns related to the signatures of
TIDs can be distinguished in the signal. However, we follow two extra criteria to select
TID events: (1) the wave-like patterns must exhibit at least two wave cycles, and (2)
all the maximums in this wave-like pattern are above 0.1 TECu. This threshold value
of the TID events was established by analyzing the standard deviation of all wave-like
patterns identified in the MNIG station. Other authors have used threshold values between
0.07 and 1 TECu [7,9,14], which agree with the value used in this work. It is important to
mention that the amplitude was calculated using the mean value approximation between
the upper and lower points of the disturbance, referred to as the average absolute amplitude.
Also, the TID events were fitted by a polynomial curve to extract the occurrence time and
the interval.

A spectral analysis based on the continuous wavelet transform (CWT) was used
to determine the period of TIDs observed. The CWT of the data series was calculated
following Torrence and Compo’s methodology [28]. Figure 1 shows an example of the
TID identification process. The upper panel shows the dTEC variation at one satellite,
and the lower panel shows the CWT for the same time series. In the CWT, the horizontal
axis represents the hours along the day, the vertical axis represents the period, and the
signal’s power (intensity) is represented with colors. For a better understanding, we can
visualize the CWT as a matrix array, where each row corresponds to one period value,
the columns represent the time of the signal recording, and every point in the array is
weighted according to a power value represented by the color distribution. Thus, the
highest disturbances appear in red, while blue is associated with low activity. The pink
square delimitates the TID event. The same process was applied to each satellite registered
by the receiver station. Different parameters were extracted from this analysis, such as
observational time, date, power or disturbance intensity, and amplitude.

Figure 1. The detrended signal from one satellite (up) and its continuous wavelet transform (down).
The color code symbolizes the intensity of each period.
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2.3. Identification of TIDs Periodicities

The TIDs were classified into day and night events using the solar terminator position
throughout the year. After this classification, a probability density function was applied
to all TID periodicities falling in each group (daytime or nighttime). Using the Scott rule,
we constructed a histogram for the TID periodicity distribution to establish the probability
density function [29]. Under this rule, the bar width of the histogram was determined using
Equations (4) and (5). Here, “n” is the total number of TID periods, “σ” is the standard
deviation without skewness, X represents the TID periods, and “X” is the data average.
Finally, the probability density distribution for TID periods ( f (x)) was calculated using the
approximations of Equations (6) and (7), where mn means the total data for each period of
the distribution in an interval ∆X and M is the total available data.

h =
3.5σ

n1/3 , (4)

σ =
1

n − 1

n

∑
i=1

(Xi − X)2, (5)

P(n∆X ≤ x ≤ (n + 1)∆X) =
mn

M
, (6)

f (x) =
P(n∆X ≤ x ≤ (n + 1)∆X)

∆X
. (7)

After obtaining all the probability density distributions, a normal distribution was
fitted to obtain the representative periodicity for each dataset. Figure 2 shows the peri-
odicities of each region’s TID events identified during 2018 and 2019. The blue and red
colors indicate nighttime and daytime events, respectively. The dashed line represents the
probability density function in the daytime (red) and nighttime (blue) of the TID events,
where µ is the mean periodicity, and σ is the value of one standard deviation.

Figure 2. Distribution of MSTID periodicities observed in the three regions of the Mexican territory:
(A) west, (B) center-MNIG, (C) center-UCOE, and (D) east. The dashed line is the probability density
function for daytime (red) and nighttime (blue) MSTID events.
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3. Results and Discussion

We will present the main results concerning TID events that occurred over three regions
of the Mexican territory, which were identified using GNSS data. In order to simplify the
discussion, this section is divided into subsections: (1) periodicity and occurrence time,
(2) disturbance energy, and (3) possible mechanism for generation.

3.1. Periodicity and Occurrence Time

According to the literature, periods between 15 min and 1 h are expected for the
MSTIDs, which agrees with the results of the periodicity analysis shown in Figure 2.
For daytime MSTIDs, the average periodicity was around 32.6 ± 3.9 min, while for night-
time TIDs, the average periodicity was 32.7 ± 3.5 min. Comparing these average values
and considering their standard deviations, we found that both periods are similar. Thus,
using the periodicity parameter, we cannot distinguish between day and night MSTIDs.

Table 2 summarizes each region’s periodicities and number of events. Here, we can see
that the west and east stations registered more events, while the center stations exhibited a
low MSTID activity. However, it is important to note that there was just one year of data
for the MNIG receiver, which is why the number of events was lower than for the other
receivers.

Table 2. Periodicity and number of TID events identified for each region.

Daytime Nighttime

Region Period (minutes) # of Events Period (minutes) # of Events

West 33.3 ± 3.4 357 33.8 ± 3.6 423
Center-MNIG 32.0 ± 4.9 144 * 30.1 ± 3.4 117 *
Center-UCOE 32.4 ± 3.9 255 33.5 ± 3.4 292

East 32.6 ± 3.4 322 33.4 ± 3.5 400
* Just one year of data for the MNIG receiver.

By analyzing the number of identified MSTIDs, we can anticipate that the nighttime
events were predominant in most stations for this period. Figure 3 shows the monthly
occurrence of MSTID events. Red and blue bars indicate the daytime and nighttime events,
respectively. As we can observe in these plots, the number of events shows similarities
between the three regions. For instance, most of the MSTID events occurred at night, ex-
hibiting a predominance around mid-year (May, June, and July), especially in the west and
east stations. This result suggests a high MSTID activity during summer. Also, the UCOE
station (central region) registered many nighttime events during January, November, and
December, suggesting a high MSTID activity during winter in this region. A similar result
was found by Huang et al. [19], who indicated that this result is unique compared to
previous studies where nighttime MSTIDs were reported in the summer.

At this point, we want to explore if there is a seasonal pattern to determine the
disturbance’s origin. Thus, it is crucial to remember that the period of our study corresponds
to a solar minimum, and only geomagnetically quiet days were considered. This means
that electron density fluctuations related to MSTIDs were caused by physical processes in
the lower atmosphere [4,6,8,12]. Moreover, as some authors have indicated, the occurrence
time is also required to speculate on the origin of the disturbances. In this sense, to analyze
the distribution of the occurrence time, we recorded the total number of MSTID events
registered in a given month, which was taken as 100%, and the number of events registered
per hour. Based on these quantities, we established the occurrence percentage of MSTID
events every month and every hour. Figure 4 displays a map showing the hours and
occurrence months to visualize the main MSTID activity for the three regions. Colors
indicate the occurrence percentage of MSTID events, with dark red being the highest
occurrence. The color scale reaches up to 53.33%, indicating that this percentage is the
highest in the distribution of events throughout the months and hours. Also, it is important
to highlight that just a few zones exhibited a high MSTID activity, located around the
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sunset terminator. In the west region, there was high MSTID activity from August to
September; in the east region, this activity was more intense from September to October. In
the central region, the MNIG station also exhibited high activity from August to September,
and the UCOE station mainly did during August. In addition, the MSTID activity remained
significant during April, May, June, and July. Despite most events occurring at night in the
west and east stations, a significant percentage were registered around mid-day during
January, November, and December.

A detailed inspection of Figure 4 shows that many MSTID events occurred around
the sunset terminator for this period. Different studies have indicated that terminators
are sources of MSTIDs because these regions aid tropospheric convective motions that,
at the same time, are involved in the generation of secondary GW traveling up to the
thermosphere [4,6,30]. However, in this case, the MSTIDs were registered only during the
sunset terminator. Similar results were obtained by Figueiredo et al. [5] using low-latitude
stations, questioning why MSTID events are not generated at the sunrise terminator. This
indicates that low density benefits the MSTIDs. This anti-correlation between MSTID
occurrence and electron density has been recently reported by Katamzi-Joseph et al. [31].

Additionally, a vertical temperature gradient is necessary to generate atmospheric
instability, which is one of the primary triggers for the convective motions in the tropo-
sphere [4]. This condition is consistent with the high MSTID occurrence during summer
when the temperature gradient at solar terminators could be more significant. However, a
data analysis of the temperature gradient is required to corroborate.

Figure 3. Monthly occurrence of MSTID events observed in the three regions: (A) west, (B) center-
MNIG, (C) center-UCOE, and (D) east. Blue and red colors indicate nighttime and daytime events,
respectively.
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Figure 4. Percentage distribution of occurrence of MSTID events by hours and months. The color
scale indicates the occurrence percentage, with dark red denoting the highest occurrence. Dashed
lines represent solar terminators.

3.2. Disturbance Energy

Considering TIDs as mechanical waves, we can assume that their power is proportional
to the wave’s energy, which is in turn related to the squared amplitude. Following this
assumption, we first analyzed the amplitude variability of MSTIDs to investigate the
disturbance energy. Thus, a statistical analysis based on the median and quartiles of the
MSTID amplitudes was developed. Figure 5 shows the amplitude variability as a function
of the local time (left panels) and throughout the year (center and right panels) for day and
nighttime (same color scheme as Figure 3). On the left panels, the solid line corresponds to
the median value, where the shadowed region symbolizes the first and third quartiles for
the amplitude variation of MSTID with the local time, encompassing 50% of the events. As
we can see, the local time analysis shows that the values of the amplitude median are very
close (low variation), with values between 0.1 and 0.2 TECu.

Nonetheless, the shadowed region is very wide, i.e., there is a high dispersion of
the amplitudes, mainly at nighttime. This high dispersion also suggests that the largest
amplitudes of MSTIDs occurred at night. The east stations (CN24 and UNPM) mainly
registered the highest amplitude dispersion between 20:00 and 04:00 AM LT.

In Figure 5, we also included the annual amplitude variability of MSTID events (center
and right panels) to investigate if they were more frequent in some months than others.
These plots were constructed by estimating the amplitude median (AMA) for each month
and its respective first and third quartiles (IQR) to indicate the amplitude dispersion. This
process was repeated for each time interval, daytime (red) and nighttime (blue). In this
case, we did not identify a particular pattern, but, as observed in the local time plots, the
amplitude dispersion at night was higher than during the daytime.
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Figure 5. Amplitude variation of dTEC for both local time (LT) and months through the year. The plots
in each row are referred to as (A) west region, (B) center-MNIG, (C) center-UCOE, and (D) east region.
Solid lines represent the median, while the colored region indicates the variation between the first
and third quartiles (IQR).

Similar behavior was identified using the MSTID power variation, in which nighttime
events presented a higher power than daytime events. Figure 6 summarizes the variability
range between the first and third quartiles of the TID power. Here, we can visualize that
the highest variability occurred near the solar terminators. As mentioned before, solar
terminators are common sources of TIDs because, to a first approximation, the transition
between day and night contributes to generating atmospheric instabilities. Notably, our
results suggest that the most energetic MSTIDs occurred around the sunset terminator
for this period. This means that the energy transfer from the lower atmosphere is more
efficient at night due to the reduction in electron density during sunset, which reduces
wave damping (e.g., Kelley [12], Katamzi-Joseph et al. [31]). This fact could also explain
why MSTID events were not generated at the sunrise terminator.

By exploring the relationship between the power and average amplitude of MSTIDs,
we can also corroborate that the strongest MSTIDs occurred at night. Figure 7 shows
the correlation between the power and average amplitude of MSTID events. Red and
blue colors symbolize the day and night events, respectively. Each region has a different
symbol: west with triangles, center-MNIG with stars, center-UCOE with circles, and east
with squares. The dashed line represents the curve fitted by a power-law f (x) = Axk,
where k ≡ Exponent and R is the coefficient of determination appearing in the legend. As
expected, there is a strong correlation between power and average amplitude (R > 0.8),
except UCOE, which presents R = 0.7. In this plot, it can be noted that the wave-like
patterns did not exhibit amplitudes higher than 0.7 TECu during this period. According to
previous studies, the average electron density over this region is around ≈12.9 ± 5 TECu
at midnight, and density reductions represent about 5.4% [32,33].
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Figure 6. Distribution of the IQR’s power variability throughout the months and hours. Dark red
indicates the maximum power variation, and dashed lines represent the solar terminators.

Figure 7. Power variation versus the amplitude of MSTID events. The symbols indicate each region:
(A) west (triangles), (B) center-MNIG (stars), (C) center-UCOE (circles), and (D) east (squares). Red
and blue colors refer to daytime and nighttime events.
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3.3. Possible Mechanism for Generation

In general, ionospheric irregularities (plasma bubbles, TIDs) arise from complex
dynamical processes seeded by plasma instabilities plus the physical conditions of the
lower–upper atmosphere system. Thus, the development of MSTIDs combines different
factors such as atmospheric conditions, wind patterns, geographical position, local time,
year’s season, and solar activity. Here, we have explored some of the fundamental aspects of
the MSTIDs, such as differences between day and night, occurrence patterns, geographical
contrast, and disturbance energy. To a first approximation, our results reveal that the
MSTID occurrence pattern is congruent with gravity wave observations, whose activity
has been reported to be at its maximum in summer and winter [6,7]. Furthermore, most
MSTID events occurred at the sunset terminator, considered a potential source of GWs [34].

As mentioned before, the information of gravity waves is typically associated with con-
vective motions in the lower atmosphere that can originate from atmospheric instabilities,
e.g., temperature differences between the lower atmosphere, orography, and earthquakes.
In this regard, Borchevkina et al. [4] suggested that temperature differences between the
troposphere and thermosphere are the key to the convective motions, highlighting the
importance of lower–upper atmospheric coupling.

To explore the generation mechanism in more detail, we analyzed the neutral wind
(orientation and velocity) using data from the Prediction Of Worldwide Energy Resources
(POWER) project, a compilation of datasets from new satellite systems [35]. In this case,
data were taken at the troposphere (≈50 m above mean sea level). Following the structure
in Figure 5, the wind median for the orientation and velocity were calculated for every
hour and month. Figure 8a shows the orientation median of neutral wind for hours (left)
and months (right), while Figure 8b corresponds to the median velocity of neutral wind
for hours (left) and months (right). Blue and red circles symbolize the monthly median
for nighttime and daytime events. The wind variability of orientation and velocity do
not exhibit a clear pattern to explain the generation of disturbances in the thermosphere.
Neutral wind orientation shows a considerable change during the morning (6 AM to 12 PM)
in the west and central regions. However, the average occurrence time for MSTIDs in the
three regions was around the sunset terminator (17:00 to 20:00 LT), which means that
changes in wind orientation are not correlated with the MSTIDs occurrence.

(a) (b)

Figure 8. (a) Variation in wind orientation throughout the hours (left) and months (right) for the
three regions. (b) Variation in wind velocity throughout the hours (left) and months (right) for the
three regions. The gray zone corresponds to the IQR variation, and blue and red circles represent the
monthly median values for day and night events, respectively.

On the other hand, the wind velocity pattern presented an increment during the
night. Although the velocity range was small (from 2.5 to 7.5 km/h), the median velocity
enhanced at night. Particularly at geographical positions such as the UCOE station, this
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enhancement remained from April to June (spring). A similar behavior was observed in
the western region. Besides, the wind velocity pattern presented the highest values around
MNIG station from April to August.

It is important to highlight that velocity increments occurred during the spring and
summer when Mexico’s highest temperatures were registered. At night, this variability
in the troposphere could amplify the convective motions and disturbance development
in the mesosphere (GW) and thermosphere (MSTIDs). Moreover, considering the annual
TEC profile (e.g., Romero-Hernandez et al. [32]), the minimum electron density occurs in
the summer, which should reduce the wave damping and, at the same time, increment the
MSTID generation. However, further studies are necessary.

4. Conclusions

The MSTIDs are ionospheric irregularities seeded by plasma instabilities and phys-
ical conditions in the lower–upper atmosphere. Their development combines different
factors such as atmospheric conditions, wind patterns, geographical position, local time,
the year’s season, and solar activity. We presented the analysis of MSTID events over
Mexican territory during 2018 and 2019, a period of minimal activity in Solar Cycle 24.
Based on GNSS data from the SSN-TLALOCNet network, we explored some fundamental
aspects of MSTIDs, such as differences between day and night events, seasonal variability,
geographical contrast, and disturbance energy. The main results can be summarized as
follows:

• The MSTID events were predominant at night for this period.
• The maximum MSTID activity occurred during the summer for the west and east

regions, while most events were registered in the winter for the central region. Both
periods coincide with gravity wave observations.

• A high percentage of the events was registered near the sunset terminator.
• Nighttime events exhibited the highest amplitude and energy variations. This suggests

that density reduction benefits MSTID formation (reduction in wave damping).
• According to the POWER data analysis, high variability in wind velocity patterns was

registered during the spring and summer, mainly at night, which coincides with the
MSTID occurrence (May–July). However, it is necessary to analyze the wind variation
in the mesosphere and lower thermosphere to corroborate this possible source for
MSTID generation.
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