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Abstract

Atmospheric gravity waves are known to be the source of medium-scale traveling ionospheric disturbances (MSTIDs) in the
upper atmosphere. In recent studies, these gravity waves have mostly been linked to weather convection activities from
tropospheric altitudes during the daytime. In this research work, we study the generation and dynamics of daytime MSTIDs
induced by tropospheric convections over the Brazilian sector. Both observational and theoretical tools are employed to
pursue these objectives. Data from space and ground-based instruments such as a network of GNSS receivers, digisonde, and
meteorological satellites (GOES Satellite) are analyzed to identify the driving source of AGW-MSTIDs. The convectional-
Atmosphere-Tonosphere-Coupled model (CAI-CM) is adapted to incorporate the dynamics of convectively generated AGWs
and their coupling to the ionosphere. The model is used to analyze the source of AGW as they propagate from the lower

atmosphere to the upper atmosphere and how MSTIDs are dependent on the sources that generate them.
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Abstract

Atmospheric gravity waves are known to be the source of medium-scale traveling
ionospheric disturbances (MSTIDs) in the upper atmosphere. In recent studies, these gravity
waves have mostly been linked to weather convection activities from tropospheric altitudes
during the daytime. In this research work, we study the generation and dynamics of daytime
MSTIDs induced by tropospheric convections over the Brazilian sector. Both observational
and theoretical tools are employed to pursue these objectives. Data from space and ground-
based instruments such as a network of GNSS receivers, digisonde, and meteorological
satellites (GOES Satellite) are analyzed to identify the driving source of AGW-MSTIDs. The
convectional-Atmosphere-lonosphere-Coupled model (CAI-CM) is adapted to incorporate
the dynamics of convectively generated AGWs and their coupling to the ionosphere. The
model is used to analyze the source of AGW as they propagate from the lower atmosphere

to the upper atmosphere and how MSTIDs are dependent on the sources that generate them.
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1.0  Introduction

Medium scale travelling ionospheric disturbances (MSTIDs) are signature of density
perturbation in the upper atmosphere caused by gravity waves travelling in natural
atmosphere (Hunsunker, 1982). MSTIDs observations using Global Navigation Satellite
System (GNSS) have also been studied in recent years (e.g. Tsugawa et al. 2004, 2007,
Otsuka et al., 2004, 2013, Jonah et al., 2016, 2017 and 2018 etc.). Tsugawa et al. (2007) using
the GPS-TEC methodology, showed Total Electron Content (TEC) maps for the daytime
between 19:20 UT (13:20CST) and 22:00 UT (16:00 CST) on November 28, 2006 over North
America where daytime MSTIDs propagate southeastward around mid-day and
southwestward in the late afternoon at a velocity of 100 - 200 m/s, with a wavelength of 300
- 1000 km and a peak-to-peak amplitude larger than ~0.5 TEC. Nighttime MSTIDs were also
investigated. Following the same methodology above, Otsuka et al, (2013) analyzed the TEC
data obtained with the GPS observables over Europe and investigated the time sequence of
two-dimensional TEC perturbation during daytime. The TEC perturbation can be seen to
have a phase front aligned in the east-west direction and propagate in the equatorward
direction, which is in agreement with the Tsugawa et al. (2007). More recently, Jonah et al.,
(2018) revealed that Large scale and equatorward propagating TIDs are generated from
constant energy input from the auroral source as a result of geomagnetic storm while Medium
scale poleward propagating TIDs are seeded by gravity waves from convection activity. They
also pointed out that TID activity in the ionosphere can be significant in the transfer of energy
and momentum from one region to another. Furthermore, studies of MSTIDs using
Incoherent/Coherent Scatter Radar and All-Sky Cameras have also reported consistent
prediction of Perkins (1973) linear theory. For example, Fukao et al. (1991) investigated the
coherent backscatter of 50 MHz radar waves from the mid-latitude F region by using the
Japanese MU radar. When the radar was tilted 57.8° toward due north in fixed beam mode,
they observed that intense and turbulent echoes usually were from irregular patches moving
upward and away from the radar at Doppler speeds of 100-200 m/s. When the radar was in
multiple beam mode, irregular patches were observed to move from east to west at velocities
around 150 m/s. Further, many RTI (range-time-intensity) plots showed a downward slant
which indicated a northwest movement of patches. Kelley and Fukao (1991) compared some

instability mechanisms and regarded that Perkins instability was the best one to explain the
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above coherent radar observations. Kelley (2011) showed five examples of mid-latitude
airglow features which were compared with airglow from the magnetic equator. The striking
difference is that the mid-latitude features are not aligned with the magnetic meridian and do
not move eastward as the equatorward features do, but rather propagate southwestward in the
northern hemisphere and northwestward in the southern hemisphere which is in line with the
Perkins (1973) theory. Behnke (1979) observed banded structures of raised and lowered F
region layer in the ionosphere on five out of eight nights over Arecibo under solar minimum
conditions. The structures were aligned along the northwest-southeast direction and
propagated to the southwest with a height difference of the order of 50 km and phase
velocities usually between 13 and 61 m/s.

AGW properties are similar to that of TID described above. Therefore, TIDs are just
manifestations of AGW in the ionosphere. Waves created by convection are as numerous
(i.e. with many different scales) as the generation mechanisms (different convective
structures or other mechanisms). Convectively-induced waves can, for example, be triggered
by the bulk release of latent heat (Piani et al., 2000), the obstacle effect produced by the
convective column on the stratified shear flow above (Pfister et al., 1993), or the mechanical
pump effect due to vertical oscillations of updrafts and downdrafts behaving as an oscillating
rigid body (Alexander and Barnett, 2007). All three seeding can be coupled, depending
strongly upon the local shear and the vertical profile and time dependence of the latent
heating (Fritts and Alexander, 2003). Atmospheric general circulation modeling studies
(Medvedev etal., 2011; Yigit et al., 2012) and numerical simulations (Vadas and Fritts, 2006)
have demonstrated that convectively generated gravity waves can propagate from the lower
atmosphere into the thermosphere-ionosphere system. Their wave momenta and energies are
deposited at background atmosphere (Horinouchi et al., 2002), which has been supposed to
be crucial in various aspects of the dynamic and thermal structure of the middle atmosphere.
They are not just characterized by a single prominent frequency as in the case for topographic
generated waves, instead have wide spectra (e.g. internal gravity waves). The connection
between generation of gravity waves and active convection regions has been studied by many
authors (e.g., Fritts et al., 2009, Vadas et al., 2009). Deep clouds near the tropopause region
are indicative of regions of active convection and a likely source of gravity waves (Vadas et

al., 2009, Jonah et al. 2016 and 2018). Cold brightness temperature suggests deep convective
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plumes and convective overshoot which are a convenient launching platform for gravity
waves (Fritts et al., 2009, Vadas et al., 2009). Shume et al. (2014) also show evidence of deep
tropospheric convection induces AGW in the behavior of electrojet and E region electric
field.

In the present study, we identify and compare case studies of AGW-induced TIDs during
convective and non-convective storm periods to understand the effect of tropospheric
convection-induced AGW on TIDs. In the second part, CAI-CM is used as a coupling model
to simulate convective-induced AGW between the troposphere and the ionosphere. Two
numerical experiments were carried out (1) by using a strong convective forcing and (2) by
using a weak convective forcing. The convective forcing induced AGW from the
tropospheric level propagates to the thermospheric level and reproduces the observed TIDs
with convectional forcing/strong convection forcing and non-convectional forcing/weak
convection forcing. In section 2 we present the method of MSTID and convection activity
determination. Section 3 is about the observational results. Section 4 introduced the CAI CM
as a coupling model to simulate convective-induced AGW between the troposphere and
ionosphere and presents two numerical experiments: (1) by using a strong convective forcing

and (2) by using a weak convective forcing. Section 5 presents the summary and conclusion.

2.0 Method of MSTID determination

Two-dimensional maps of absolute vertical TEC are derived with time resolution of 10
minutes and spatial resolution of 0.5° x 0.5° in latitude and longitude. We focus on the TEC
measurements during 12-17 UT (9 — 14LT) thus boundary condition effects are avoided.
From this TEC map, keograms are generated by choosing a cut along latitude and a cut along
longitude directions. These keograms consist of the temporal variation of TEC distributed
along the latitude and longitude. A polynomial fit with order 7 is employed to each of these
spatially distributed time series and corresponding best fits are obtained. From this, the
MSTIDs are derived by subtracting the TEC best fit (polyfit) from the TEC mean. More
specific details on the MSTID determination are discussed by Jonah et al. (2016).
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2.1 Determination of convectional and non-convectional activity days

According to Vadas et al. (2009) deep clouds near the tropopause region are indicative of
regions of active convection and a likely source of gravity waves. Cold brightness
temperature suggests deep convective plumes and convective overshoot which are
convenient launching platforms for gravity waves (Fritts et al., 2009). Gravity waves
generated from the convective sources can propagate into the higher altitude and penetrate
deep into the upper atmosphere (Yigit et al., 2008; Fritts et al., 2009). Hence, we used the
water vapor and infrared temperature data obtained from the Brazilian CPTEC/INPE web
site to demonstrate the tropospheric convection activity. A strong convection activity implies
that the difference in water vapor and infrared is greater than 0°C (i.e. WV — IR > 0°C) while
a low convection activity implies that the difference between the water vapor and the infrared
temperature is less than 0°C (i.e. WV — IR < °C) (Shume et al., 2014). The analysis is carried
out for December summer month of 2011 which represent moderate solar activity. The
prominently strong convection activities and the GNSS data availability contributes to our

choice for the study of this time period.

3.0 MSTIDS OBSERVATION RESULTS
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Figure 1 - The yellow circles in the red dash box show the distribution of the GPS receivers

used, the red circle shows the station of the digisonde location and the red-

dash line shows the magnetic equator (Jonah et al, 2016).

Figure 1(square box) represents the area of focus and where better distribution of GPS

receivers is located. There are up to 40 GPS receivers in the 10° x 10° square box.

Figures 2 present MSTID derived from GNSS-TEC measurements during quiet geomagnetic
conditions (kp < 3) on 5, December 2011 during 12-17 UT.
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Figure 2 (a) and (b) represent MSTID propagation in latitude and longitude respectively as
a function of universal time (Jonah et al. 2016).
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From Figures 2(a) and with reference to Jonah et al. (2016), it is possible to observe the phase
of the oscillation shifts in time while moving towards equator and eastward which maximize
around 13-16 UT. The peaks are observed to mostly shift towards equatorward/eastward in
time, this behavior is more dominant and last longer in latitude than in longitude. The
MSTIDs travel with a range of 155-189 m/s and with a wavelength range of 255-389 Km in
the southward to northward direction, while in the westward to eastward direction these
values are 122-142 m/s and 184-322 km. The wave generally travels with higher velocity and
larger wavelength in southward to northward direction than in westward to eastward direction
(i.e. MSTID travels faster equatorward). The wave periodicity ranges between 30 - 55
minutes and maximum amplitude around 13-16 UT with ~ITECU. These properties are
similar to past literatures (e.g. Hernandez-Pajares et al., 2006; 2012; Tsugawa et. al., 2007,
Otsuka et al., 2004; Jonah et al., 2016; 2017; 2018).

3.1 Tropospheric weather convection source

According to Jonah et al. (2016 and 2018) convective forcing from the tropospheric region
would induce vertical propagating gravity wave which if survive to the thermospheric region
could leads to the generation of MSTID on arrival in the ionosphere. Figure 3. (courtesy
Jonah et al., 2016) shows the AGW-MSTIDs based on their comparison with strong and
weak tropospheric weather convection activity on two different days. For easy

comprehensive discussion, we refer 5 and 7 December 2011 as D5 and D7.
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Figure 3 - Comparison of the observed strong convective storm on D5 and the weak

convective storm on D7 with their respective cross-correlation of Ah and

ATEC (Jonah et al. 2016).
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Panel (a) represents an example of strong convection activity. Panel (b) represents the
signature of gravity wave activity as presented by variation in the true height, Panel (c) is the
strong and well-defined MSTIDs on a strong weather convection day. On the other hand,
Panel (d) represents an example of weak convection activity. Panel (e) shows the signature
of gravity wave activity presented by variation in the true height. Panel (e) represents weak
and not well-defined MSTIDs obtained on a weak convection activity day. The deep and
weak convection activities are seen very close to the site of the AGW and MSTIDs
observation. By comparing Figure 3a to 3c, it is possible to clearly observe that the AGW
and the MSTIDs activities on a strong convection day are much well defined than on a weak
convection day represented by Figures 3d to 3f. This suggests clear evidence of strong
convection activity as an important factor of AGW seeding and consequent MSTIDs activity.
It is also possible to note that the cloud distribution locations are correlated with the observed

propagation direction of the MSTIDs particularly that of the eastward directions.



238
239
240
241
242
243
244
245
246
247
248
249
250
251

252

253
254
255
256
257

258
259
260

261

262

263

264

4.0 MSTID SIMULATION RESULTS

In order to understand the generating mechanism of AGW-MSTIDs represented in section 3,
we present a unified approach where coupling of acoustic-gravity wave (AcGWs) and
associated dynamics of the polarization electric field are considered. First, we give brief
theoretical and physical descriptions of the model. Then, two numerical experiments were
carried out (1) by using a strong convective forcing and (2) by using a weak convective
forcing.

According to Kherani et al. (2016), it is possible to obtain AGW wind perturbations using a
derived hydrodynamic wave equation of AGW from the Navier-Stokes equations through
taking the derivative of the momentum equation for wind and substituting the time density,
wind perturbation and pressure from the Stokes equation. The ambient atmosphere conditions
are obtained from SAMI2 model (Huba et al., 2000). The Earth’s magnetic field is obtained

by using IGRF. By taking the time derivative of the momentum equation for the wind, and
again substituting time derivatives of the density ( p), wind perturbation ( W’) and pressure
(p) from the Navier-Stokes equations, the wave equation for the wind perturbation W'of
AGW is obtained in the following form (Kherani et al., 2012):

According to Kherani et al. (2016) the derived hydrodynamic wave equation of AGW from

the Navier Stoke equations by taking the derivative of the momentum equation for wind and

substituting the time density ( p), wind perturbation and pressure (p) from the Stoke

equation, they obtained the wind perturbation ' of AGW as follows:

2 ' — —
aaZ/ —Lipv W’)—% v (pW')+;V(W' V)p
4 GZHWZW'{;%)V(V.W')D— o5 wvi) (D)
77,
0 v 744
a_/;+v.(pw):o )
a_p+(*'.v)p+7p VW' =0 (3)
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Where 7is the dynamic viscosity coefficient, W'is the perturbation wind, p =RpTis the
pressure, p,T are the atmospheric mass density and temperature. From the right hand side

of equation (1), the first term corresponds to the acoustic wave, second and third terms
correspond to the gravity wave, the fourth term with the dynamic viscosity coefficient 7
corresponds to the viscous dynamics and last term corresponds to the inertial force. ¢

represents the ratio of second viscosity coefficient to kinematic viscosity coefficient.

4.1 Coupling the atmospheric and ionospheric

The ionospheric simulation is performed using set of hydromagnetic equations given below.
The detailed explanations for the equations are given by Kherani et al. (2016) and Huba et
al. (2000).

Ou, q, (= - =z . -
S= 23 \E+u xB |-vu +vW, “4)

at mS( s o) s%s s
M 5 (i )=P L, (5)

Ot

-
VZE—V(V-E)ziza—ZEzo, (6)

c t
J=G-E+J,; jwze(niﬁiw—neﬁ:"), (7)

Where (i) are, respectively, the number density and velocity of plasma fluid ‘s’ is the
ions (1), electrons (), (¢,, =Z, —e) Ea is the Earth’s magnetic field and jw is the

ionospheric current density caused by the AGWs, ( £,.J) in above equations are the electric

field and net ionospheric current, v is the frequency of collision between species s to neutral,

o 1s the ionospheric conductivity tensor and ¢ = . P and L are the production and

/’logo
loss of ions and electrons by photoionization and chemical reactions. The production term

‘P’ in (5) is derived from SAMI2 model. The chemical loss term, ‘L’, in equation (5) is

11
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retained through effective recombination rate as taken by Kherani et al (2016). In addition to

wave equation (6), Ealso satisfies the charge neutrality condition given by the following

equation (Kherani et al., 2012).

V-Ji=00rV-(6-E+J,)=0= V-E=—5"(V&-E+V-J,) ®)

At t = 0, ambient atmosphere and ionosphere ( P

> P,-h,,v,,T) are obtained from SAMI2
model (Huba et al., 2000). Equations (1 to 8) are solved numerically using finite-difference
method in three dimension simulation domain in spherical polar coordinate that consists of
altitude (), latitude (6) and longitude (¢). The implicit Crank-Nicholson scheme is employed
to perform the time integration leading to a matrix equation that is subsequently solved by
the Successive-Over-Relaxation method. The magnetic dipole coordinate system (p, g, @) is
adopted where p, ¢, ¢ represent the coordinates outward normal to the Earth’s magnetic field,
northward directed parallel to the Earth’s magnetic field and azimuth angle (positive towards
west) respectively. The north-south and east-west boundaries of simulation domain are 45°S
—5° S and 75°-35°W which covers the region of interest. The lower boundary for the
atmosphere and ionosphere are chosen to be the 10 km and 160 km respectively. The upper

boundary is chosen to be 600 km for both the atmosphere and ionosphere.

The flow chart (Figure 4) for the Convection Atmospheric-Inonspheric Coupling Model is
shown below. The Atmospheric part of the model is first initiated using the hydrodynamic
equations as given in equations 1 to 3. In the presence of convective forcing at tropospheric
height a primary gravity wave is generated which propagates upward. With the given
dissipation terms, a secondary gravity is excited around 120 to 250 km altitude. Then the
coupling of atmosphere with ionosphere is conducted next using equation (4) and by solving
the hydromagnetic equations (5) to (8) the electric field is calculated to give a divergent free
current. Finally, the MSTIDs are generated as TEC perturbation and the code is updated again

for the next time.

12
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g

Atmospheric density ( p ), Temperature/Sound speed (7, / ¢s), Dynamic
viscosity (7 =pu/p,) and Ionospheric density (no). To the first order,

atmosphere and ionosphere are considered to be horizontally stratified at the

simulation beginning time t = 0.

In Figure 5, from (a) to (d), the atmospheric mass density ( p), acoustic speed (\/sp/p )

kinematic viscosity ( 77) and ionospheric number density (#,) are shown. The ambient electric

field is considered to be zero.
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In order to understand the MSTIDs dynamics and mechanism observed and presented in the
section 3 and in Jonah et al. (2016), we focus on comparative study of MSTIDs observed on
05 (D1) and 07 (D2) December 2011 as represented by Figures 3(a) and 3(d). These two days
represent the extreme conditions of convective and MSTIDs dynamics. For example, on D1
(D2) the convective activity is strong (weak), manifested by large (small) convective cloud.
The MSTIDs observed on these two days reveal positive correlation with the convective
activity such that on D1 (D2), they have distinct (not so obvious) propagation characteristics
on keograms.

The convective forcing is considered to be of Gaussian form as follows (Zettergren and

Snively, 2015):

VVr — (V — 0’ 9’ @,t) = WF — 10—3 e*(tfla )2 /Oozze*(afgo)z /ooée*(w’%)z/m;m/s (9)

b

where to = 4000 seconds, 6 =-22.5°, ¢ =—57.5° are the coordinates of maxima of W, and

w,,00,,00, are the half-maximum-full-width of Gaussians in respective coordinates. In the

[

present study, oo, =2000 seconds is considered, based on common convective forcing

characteristics. Based on oo, = o,,, tWO case studies, D1 and D2, are classified. In D1 (D2),

oo ,1s considered to be 2°(1°) respectively. In Figure 6, 3D view of the convective forcing is

shown for D1. We may note that the effective size of convective forcing is ~10° which is
noted in observation on 05 December 2011 as presented in Figures 3a. Accordingly, for D2,
the size is ~5° as also consistent with the observation on 07 December 2011. We refer

simulation exercises of D1 and D2 as numerical experiment NE1 and NE2.

15
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375 Figure 6 - Convective Forcing characteristics: 3D view demonstrates the forcing, in the
376 form of uplift i.e., W, at the lower boundary of simulation volume which is
377 at 10 km height. It is of Gaussian type in time (), longitude ( ¢) and latitude
378 (0). The color bar unit is in m/s.
379
380 At the lower boundary i.e., at 10 km altitude, the outward normal component W, of the wind
381 W is continuous and equals to Wr for all time. The lower boundary condition W, = Wr at all
382  time acts as the driving source for the excitation of AGWs. At the subsequent time, other
383  wind components Wy, W, in entire simulation domain and W, in entire simulation domain
384  except at the lower boundary are self-consistently determined from the equation (1). The
385 presence of AGWs modifies the atmosphere and ionosphere which in turn alters the
386  characteristics of AGWs itself. This cause-effect mechanism continues for next 3 hours
387  which is the time chosen to stop the simulation.
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4.3 Simulation results (Numerical Experiment 1)

Recall that our first and second simulation exercises as mentioned earlier are D1 and D2 and
are referred to as numerical experiment 1 and 2 (i.e. NE1 and NE2). In Figures 7 — 8, we
present the simulation results of AGWs for D1. In Figure 7, the three dimensional distribution
of vertical wind amplitude (W,) of AGWs at few selected times are shown. In Figure 8,

snapshots of the horizontal distribution of ¥, at the altitude of 200 km altitude is shown.
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Figure 7 -  AGW simulation: 3D volume snapshots of amplitude (#,) of AGWs at four
selected times t=2000, 4000, 6000, 8000 seconds organized in clockwise

direction.
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We note in Figure 7 — 8 that the forcing at 10 km altitude that is, the disturbance introduced
at 10 km altitude propagates in space and time such that its amplitude and horizontal coverage
increases with altitude up to 300 km and then decreases. This is because in the thermosphere,
the horizontal coverage is much wider (~30°) than the forcing size (~10°) itself which is a
result of viscous dissipation and secondary generation of AGWs in the thermosphere This
process that generates the secondary AGWs is referred as the thermospheric body force as
discussed in the Vadas et al. (2009) and Jonah et al. (2016). The horizontal propagation is
accomplished in the form of concentric circular wavefronts with wavelength of ~3° — 5°, as

noted in Figure 8 that progressively propagate outward from the convective forcing.
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457  InFigure 9, the simulation results for ATEC is presented. Where ATEC = TEC(t) — TECamb(t)
458  where (TEC(t) and TECamb(t)) are derived from ionospheric density by solving the continuity
459  equation with and without including AGWs. The simulated TEC is obtained by integrating

460  the density along the path perpendicular to the field lines.
461

i Time= 0.0 Hours - Time= 0.67 Hours
462 -10 -10
463 -15 -15¢
464 - =20 _‘-20‘,
) [} |
465 i § -2
z c
5 [ ]
= =30 = =30,
466 f
-3 -3
467
-10 -10
468 i = : i il
255 =10 65 60 -3 -30 -45 -0 =75 -10 65 -60 -3 -30 -45 -40
469 Longitude, * Longitude,
5 Time= 1.33 Hours 5 Time= 2.0 Hours Ty
470
-10 10 04
3 03
471 -15 -15)
j 02
472 . =20 20/ ot
P § | '
473 22 g -25} 0.0
474 30 3 30l L
j -0.2
35 351
475 ; 1-03
-40 -40
-04
476 i . ]
0 5 0 5 0 5 0 5 0 65 60 35 50 5 0
477 Longltude, Longltude, ‘

478  Figure 9 - TEC simulation: 2D snapshots of ATEC at four selected times t=2000, 4000,
479 6000, 8000 seconds.

480

481  In this figure, it is possible to observe snapshots of ATEC distribution in form of radial
482  propagation. Interestingly, TEC disturbance in Figure 9 also reveals similar evolution and
483  propagation characteristics as the AGWs in Figure 8. We may note that W, of ~50 m/s and
484  ATEC of ~0.5 TECU is excited, as a result of convective forcing of ~1073 m/s. In Figure 10,
485  latitude and longitude keograms of W, and ATEC just as observed in the experimental study

486  of section 3 are presented.

487
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keograms at fixed latitude (§ = —12.4°) for W, in the upper panel and for
ATEC in the lower panel. The dashed lines represent the slopes of 650 m/s
and 300 m/s.

The keogram in Figure 10 reveals the equatorward-eastward propagation of ATEC, similar
to the observed propagation of MSTIDs in the previous section. We also note the period of
wavefront to be ~30 minutes which is another aspect similar to the observed results. Both
wavelength of ~3° — 6° and period of ~30 minutes classify the simulated TEC disturbances

as MSTIDs. In Figure 10, it is also possible to clearly identify the acoustic wavefront
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propagating horizontally with ~650 m/s as evident from the dashed line which has its slope
equals to 650 m/s. In addition, we also identify the slower propagating gravity wavefront
after 2.5 hours and their propagation speed is ~250 m/s. Our observation results are likely to
miss the acoustic wavefront owing to the slower sampling rate >30 seconds. For this reason,

the observed keogram reveals only the gravity wavefronts.

Another important difference we note between observed and simulated latitude keograms is
the difference in the location of equatorward propagating wavefront. In contrast to their
apparent observed location between —25° —-20°, the simulated location covers between —20°
— —15°. It should be noted that the observed keogram is plotted with respect to the receiver
location. However, the observed ATEC corresponds to the IPP locations which may be
significantly different from the receiver location. In the present case, these IPPs seem to cover
the northward of the area covered by the receiver and therefore in this case, the observed and
simulated locations may not differ considerably. The differences noted between observed
and simulated ATEC may be caused by various reasons, notable among them are the
differences in the ambient conditions, convective forcing and the procedure of estimating

ATEC

4.4 Simulation results (Numerical Experiment 2)

The simulation results for NE2 are presented in Figures 11 — 13 in same format as Figures 8
— 10 respectively. We note the excitation of AGWs and subsequent development of ATEC
disturbances in the form of concentric circular wavefronts, similar to NE1. However, in NE2,
the wavefronts are weak and the horizontal coverage is limited in comparison to NEI. This
difference arises from the weak convective forcing in NE2 that launches shorter horizontal

wavelengths.

22



525
526
527
528
529

530
531

532
533

534
535
536
537
538

539

540
541

NE2: same format as Figure 8.

Figure 11

542

23



543

544
545
546
547
548
549

550
551
552
553

554
555
556
557
558
559

Figure 12 - NE2: same format as Figure 9
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Figure 13 - NE2: same format as Figure 10

As mentioned earlier the simulated MSTIDs are located more towards equator than in the
observation results. This difference is possibly due to the fact that IPPs of the observations
are located more towards equator. At the same time, it is possible to bring these MSTIDs
within the similar latitude region as the observation by relocating the convective forcing to
more towards southward. The keograms and the circular propagation from this numerical
experiment which we refer as NE1 2 are shown in Figure 14 and Figure 15 in which the
convective forcing is located in 30°S — 25°S, in contrast to its location in 25°S — 20°S in

NEI1. We note that the MSTIDs are now located in similar region as the observation.
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Therefore, for future research, it could be recommended to use the IPP position of TEC

observations rather than using the receiver positions.
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Figure 14. NE1 2 results: In same format as Figure 9.
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Figure 15. NE1 2 results: In same format as Figure 13.
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The table below shows the similarities and good agreement of the observation results with
the CAI-CM simulation results. For example, both simulation and observation show the same
direction of propagation (which is the northeastward propagation in the south hemisphere)
and the observation results for parameters such as wavelength, period and velocity are found
to be within the domain of the simulated results for the same parameter. Though the
simulation recorded higher velocity than the observation, this different could result from the
AcGW source of the simulation rather than the AGW source of the observation.

Table 1. The characteristics differences between the observed and the simulated MSTIDs.

Properties Observed MSTIDs Simulated MSTIDs
Wavelength 255 -480 km 300 - 600 km
Period 20 - 55 min <30 min

Velocity 122 - 260 m/s 250 - 600 m/s
Direction Northeastward - SH Northeastward - SH
Geomag. activity Quiet Quiet
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5.0 CONCLUSIONS

This study provided insights to the understanding of the mechanism responsible for MSTIDs
generations and propagations using both observational and simulation techniques over the
low latitude regions of the Brazilian sector. Most importantly it shows that MSTIDs are not
restricted to mid-latitudes but are also abundant in low latitude regions. Two 3-dimensional
ionospheric models, the Convective Atmosphere-ionosphere coupling model (CAI-CM)
were also used to give perceptions and interpretations of the mechanisms responsible for the
observed MSTIDs.

We showed that the observed MSTIDs are caused by tropospheric weather activity and use
atmospheric and ionospheric coupling model to analyzed the source of convective forcing
induced AGW as they propagate from the lower atmosphere to the upper atmosphere and
how MSTIDs are generated and dependent on the sources that generate them. Our results
show a close correlation between enhanced MSTIDs and AGW during daytime on day-to-
day basis and bring out the issue about the convection activity as AGW generation. We also
show that eastward propagation directions of MSTIDs are due mainly to the distributions of
the source around the observation sites. The simulation results from the model are mostly in
good agreement with the observation result of this study. Our model (CAI-CM) prove how
different convective sources (strong/weak) excite different level of MSTIDs (well-

developed/weakly developed MSTIDs).
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