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Secondary Gravity Wave Propagation in Tropical
Thermospheric Region: Role of Varying Kinematic Viscosity
, and Surendra Sunda?

Soumen Datta' ©©, Saurabh Das'

'"Department of Astronomy, Astrophysics and Space Engineering, IIT Indore, Indore, Madhya Pradesh, India, *Airport
Authority of India, Ahmedabad, Gujarat, India

Abstract The current study has investigated the thunderstorm induced atmospheric gravity waves (AGWs)
over Indian region based on the perturbation signatures in ionospheric total electron content (TEC)
measurement. Robust traveling ionospheric disturbance (TID) signature has been identified along the east side
of the thunderstorm affected area. Neutral wind was found to have a favorable impact in this aspect for a certain
time duration of the day by modulating the vertical wavelength. The role of temperature was analyzed in terms
of kinematic viscosity which is a crucial component, especially over tropical region, for wave dissipation and
reflection along its propagation path. Ray tracing algorithm is also applied with varying kinematic viscosity and
thermal diffusivity for retrieval of possible ray paths and source location of observed waves. A statistical
investigation has been carried out to identify the dissipation altitude of observed waves along the ray paths. It
has been found that all waves dissipated at almost a constant altitude for a specific kinematic viscosity and above
this altitude vertical wavelength was found to decrease. The ray paths interacted at a common point which was
located at about 125 km altitude and was very close to the region of maximum lightning activity. It can also be
noted that the observed phase velocities can't be achieved by a wave below the turbopause. It indicates that the
observed waves were excited from a secondary source and not directly connected to convective system. The
study provides an in-depth analysis of mesoscale system induced gravity wave propagation and dissipation over
tropical region.

Plain Language Summary Mesoscale convective systems in tropical regions are key sources of low-
frequency atmospheric gravity waves (GWs). GWs usually generates above thunderstorm altitudes and
propagates to ionospheric heights through dissipation and atmospheric filtering. This is one of the first study
about the propagation mechanism of thunderstorm-generated GWs at thermospheric altitude over the Indian
region. The concentric source of the wave was evidenced by concentric rings in traveling ionospheric
disturbance and phase velocity (V,,) trends which coincides with high lightning location. It is also observed that
wave with V,, above 250 m/s were unable to propagate below 100 Km and indicate the secondary source of the
gravity wave at thermospheric altitudes which was not directly related with the thunderstorm activity. The effect
of background temperature on the propagation mechanism was tested by examining the role of kinematic
viscosity on wave dissipation. The maximum momentum fluxes were found around 260 km altitude for a
specific kinematic viscosity profile. Interestingly, the ray-tracing validation fails one scale height above this
altitude, aligning with theories of wave dissipation or reflection. Additionally, it was also observed that all
waves interacted at a common point in both horizontal and temporal domains. This is one of the key finding of
this investigation.

1. Introduction

Last few decades have witnessed a surge in number of fundamental researches being carried out on the impact of
various low frequency atmospheric waves and their roles on climatic patterns. Atmospheric gravity wave (AGW),
which is one of the dominant ones among these low frequency waves, are primarily generated by atmospheric
tidal oscillation, overshooting of convective systems(Lay et al., 2015; Vadas et al., 2009; Vadas & Fritts, 2004),
wind shear force (Du et al., 2019; Hines, 1960; Y. Wang et al., 2019), orographic lifting forces (P. Alexander
etal., 2015; Figueiredo et al., 2023; Vadas & Nicolls, 2009) etc. Along with the atmospheric filtering process, the
transfer of energy and momentum from one region to another takes places which happens to be the actual
mechanism behind gravity wave propagation (Fritts & Alexander, 2003). The mesosphere and lower thermo-
sphere are responsible for dissipation of most of the waves by depositing their entire energy and momentum
(Hickey & Coley, 1988; Richmond, 1978; Vadas & Fritts, 2005, 2006). The horizontal acceleration of the fluid by
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averaging over one wavelength is influenced by the vertical divergence of the momentum flux of primary waves
(Andrews et al., 1987). Along with the acceleration, an altered mean wind and corresponding residual circulation
are excited by the deposition of momentum flux in the mesosphere and lower thermosphere region (Vadas
etal.,2003). In few cases AGWs containing large vertical wavelength and phase speed are capable of avoiding the
breaking process and reach ionosphere-thermosphere altitude and experience non-linear breaking mechanism
(Heale et al., 2014; Vadas, 2007). However, a significantly large effect occurs in the mean circulation of the
dissipation altitude due to the wave breaking process and produces secondary waves (Vadas et al., 2003; Vadas &
Fritts, 2001). Secondary waves, generated by local body forces, can propagate in all directions except perpen-
dicular to the force. The basic characteristics of the waves like intrinsic frequency and momentum flux, depend on
the spatio-temporal features of the body force. These waves significantly perturb neutral atmospheric parameters
like wind velocity, temperature, and density. Unlike primary GWs, secondary waves have a higher phase velocity
of about 500-600 m/s, larger horizontal and vertical wavelengths, and a smaller intrinsic frequency (Vadas &
Azeem, 2021; Vadas & Crowley, 2010).

The wave like signatures at thermospheric altitude were first evidenced by (Munro, 1948) and latter the presence
of GW at this altitude was theoretically explained by the pioneer works of (Hines, 1960, 1974). Several in-
vestigations have been carried out on the propagation of GWs at thermospheric altitude using different in-
struments like airglow, ionosonde, incoherent scatter radar or with the help of total electron content (TEC)
extracted from GPS signal. The interest on TEC based measurements has increased significantly in recent past
due to its capability of continuous observation with low operational cost. The basic motivation behind these
studies have been the investigation of wave properties from perturbed signatures, called traveling ionospheric
disturbances (TID) (Azeem et al., 2017; Hernndez-Pajares et al., 2006; Hocke & Schlegel, 1996; Occhipinti
et al., 2008). Several studies indicated that the convectively generated GWs have a common point source and it
appear in the mesosphere or (M. J. Alexander, 1996; Horinouchi et al., 2002; Lane & Sharman, 2006) lower
thermosphere (Azeem et al., 2015; Figueiredo et al., 2023; Nishioka et al., 2013; Vadas et al., 2009) with a conical
shaped phase surface by altering its mean state in presence of zero or small background wind. These TIDs
associated with GWs exhibit large horizontal wavelengths and high phase velocities due to their rapid increase in
vertical wavelength and phase velocity at thermospheric altitude which starts from approximately 110 km extends
to nearly 600 km altitude. This region, characterized by low density and high temperature, significantly affects
kinematic viscosity and thermal diffusivity, which are crucial for wave propagation. Previous studies have
explored the theoretical mechanisms of wave propagation with kinematic viscosity (Vadas & Fritts, 2005) and its
impact on wave behavior under varying solar conditions (Cole & Hickey, 1981; Pitteway & Hines, 1963;
Richmond, 1978; Vadas & Fritts, 2006). Our investigation further examines the role of kinematic viscosity in
wave dissipation in the tropical region, using model temperature data.

This study is focusing on the ionospheric TEC perturbations from GPS signals after a severe thunderstorm,
investigating on traveling ionospheric disturbance (TID) signatures to analyze GWs induced by convective
systems in tropical regions. By using ray tracing with kinematic viscosity and thermal diffusivity, the study
identifies a unique dissipation altitude for a specific kinematic viscosity in zero background wind. The results
align with the observed vertical wavelengths and show that horizontal ray paths intersect near locations of high
lightning activity. This suggests that kinematic viscosity plays a significant role in wave propagation in the
tropical belt. The study location, observations and methodology of TID measurement from GPS data are
mentioned in Section 2. The signature of TIDs and theoretical representation of concentric GW and ray-tracing
algorithm is mentioned in Section 3. The result analysis has been done in Section 4. The statistical investigation
on effective kinematic viscosity for the observed waves have been discussed in this section. And finally the
probable ray paths extraction in different wind condition is mentioned.

2. Location, Data and Methodology
2.1. Study Location

The study location Kolkata (22.65°N and 88.37°E) is a tropical location and quite suitable for studying convective
systems and its consequences due to the vicinity of ITCZ line. The land-sea temperature difference in this area is
very high which influences various convective activities like lightning especially during the pre-monsoon
(Tinmaker & Chate, 2013). The area is extremely prone to various types of cyclonic movements, mesoscale
developments, squall line events and Norwesters.
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Figure 1. (a) Cloud system signatures during two different time obtained from INSAT-3DR Imager retrieved brightness temperature; (b) Lightning strike locations over
the study area; (c) Position of GPS receivers used for this study.

2.2. Data Sources

A convective system developed on 1 April 2018 has been studied. The event caused severe thunderstorm and
significant number of lightning strikes over a wide part of both the coastal and inner-landmass areas of the Eastern
India. The convective system information is obtained from INSAT-3D satellite imagery [https://www.mosdac.
gov.in]. INSAT is a series of satellites with geostationary constellation. Figure 1a shows the satellite images of the
system at two different time instants (09:00 and 10:30 UTC). The convective system developed over the central
India and gradually moved toward the eastern part. A significant number of lightning strikes also were observed
over the said region (Figure 1b). Lightning strike information are obtained from WWLLN ground based lightning
location network [http://wwlln.net/] with 70 stations around the globe. The development of thunderstorm system
and occurrence of lightning strikes brings our interest to investigate the consequences at ionospheric altitude with
the help of dual frequency GPS receivers installed at the several locations near the region (Figure 1c).

Navigation data has been collected from dual frequency GPS receivers from UNAVCO archive database [https://
www.unavco.org/]. Here, the data from UNAVCO Bangladesh network consisting of several GPS receivers,
which are installed closed to our study location, is used for this study. The data from two reference grade Dual-
Frequency GPS receivers at Kolkata and Gaya operating under GAGAN—TEC Network is also used. GAGAN is
an Indian Satellite Based Augmentation System (SBAS) which was jointly developed by Airport Authority of
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Figure 2. Carrier phase based VTEC measurement (black lines) and its soft trend (red lines) over the day.

India and ISRO for highly precise positioning service. The GAGAN TEC Network consisting of strategically
located 25 stations was used for characterizing and developing the ionospheric model for Indian region.

2.3. Methodology

The TEC measurement with code carrier combination have a very less noise effect of 0.01-0.1 TECU (Burrell
etal., 2009). The carrier phase delay based measurement of this TEC have a very soft trend in calm condition (Lay
et al., 2013; Rahmani et al., 2020). Hence any ionospheric disturbance can be measured based on the sudden
change on the TEC time series. The slant TEC (STEC) along the line of sight from receiver to the satellite can be
computed by using two frequency carrier phase delay measurements:

1 frsf}

403 f2 — f7

TEC g4p = [Ly =Ly + A \N; — 42Ny + b,_] )]

L, and L, are carrier phase delay measurements at frequency f; and f; respectively. N and N, are ambiguities in
carrier phase delay. b,_; is the biasing combination between receiver and satellite. The biasing and ambiguity
remain constant for almost 24 hr duration if no cycle slip occurs. Cycle slip correction is crucial part for estimation
of ionospheric perturbation and can be done with the different combinations of dual frequency pseudorange and
carrier phase delay measurement (Datta & Das, 2023). After removal of cycle slip STEC is converted to vertical
TEC (VTEC) by elevation angle dependent mapping function by assuming that the ionospheric pierce points are
located at 350 km altitude. The entire data processing can be found in Kaplan and Hagerty (2006). The carrier
phase-based TEC measurement has both its actual variation and its smooth trend over the day. Hence, the
perturbation in TEC measurement can be computed by removing its soft trend from the actual value. Here, this
differential TEC (dTEC) calculation is carried out from the difference between the actual time series and 1 hr
moving average value(x30min)(Figueiredo et al., 2023; Tsugawa et al., 2007). Figure 2 Shows the VTEC
variation of two different satellites from seven different receivers. The black curves indicate the actual mea-
surement, and the red lines indicate the smooth trend of respective VTEC measurement. Significant perturbation
signatures were observed from VTEC measurement and its smoothed variation and it reached almost 0.6 TECU.
Further the properties of waves have been estimated from the dTEC measurement and the detail of computation
techniques have been included in Results and Discussion section.

3. Gravity Wave Propagation Mechanism and Ray Tracing

3.1. Traveling Ionospheric Disturbance Signature

Noteworthy TID signature was observed in several GPS satellite signals (Figure 3). Though ionospheric per-
turbations as identified previously, was caused by this thunderstorm induced acoustic-gravity wave (Datta &
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Figure 3. TID signatures identified at IPP location of several GPS satellites during two different time duration. The left side one indicates the signatures during 10:00 to
13:00 UTC and the right side figure shows the signature during 13:00 to 16:00 UTC.

Das, 2023), here our focus is on the propagation of GW only. No geomagnetic disturbances were noted during the
observation day and its consecutive days which indicates that the deep convection might be a possible reason
behind the ionospheric perturbation. The temporal change of the perturbation signature is highly indicative. No
significant signatures were found before 9:00 UTC which was very early stage of thunderstorm system devel-
opment. But the disturbances started to become noteworthy after 9:00 UTC and the TID amplitudes gradually
started increasing and reached up to its maximum of about 0.8TECU. Figure 3. Shows the IPP location of the
satellites by which the TID signatures were detected separately during two different time duration. Instead of
showing individual TID variation it is showed based on the IPP location and the colors indicate its amplitude.
Strong perturbation signatures were detected by sufficient numbers of satellites during the initial phase (10:00
UTC to 13:00 UTC) of the perturbation. The signatures were smaller in the next phase of the observation (from
13:00 UTC to 15:00 UTC) which can be attributed by two possible reasons. Here, the time of the event was local
post-sunset hours and also the associated atmospheric parameters such as wind flow was also not favorable for the
GW to reach this high altitude in this direction.

3.2. Background Atmospheric Parameters

The TID signatures at the IPP location of GPS satellites showed that the TIDs along the east side of the thun-
derstorm affected area were more dominating during 10:00 to 13:00UT (Figure 3a) compared to the other
observation periods. The background atmospheric conditions play crucial roles in GW propagation. The atmo-
spheric parameters such as neutral density and temperature variation data has been collected from NRLMSISE-00
model (Picone et al., 2002). The horizontal wind shear measurement has been taken from empirical Horizontal
Wind Model-14 (HWM-14). A strong westward and northwestward wind flow was observed during 10:00 UTC
(Figure 4b) over the study location. An almost similar wind structure was observed 1 hour before and after this
time. Hence, it is prevalent that westward propagating waves will face higher dissipative force compared to the
eastward because of the smaller vertical wavelength. But during the next period of observation that is, after 13:00
UTC an almost opposite wind structure was observed (Figure 4c) and it opposed the wave to reach the ionospheric
altitude.

Other two key parameters, kinematic viscosity () and thermal diffusivity (x), are also investigated to study the
propagation process further. A rapid increase of atmospheric temperature from lower thermospheric altitude
(~100 km) was observed and it becomes almost constant above 250 km altitude. Hence the molecular viscosity
(1) which can be expressed by Equation 16, becomes constant. It introduces a serious discrepancy in the AGW
propagation model because of the rapid decrease in neutral density at this altitude. The molecular distance and
mean free path variation with altitude is shown in Figures 4d and 4e. Both of this parameters showed significantly
large values above 200 km altitude. Hence, it can't be constant y with altitude. Besides, the constant i generates a
very rapid increase of kinematic viscosity (v) which can be expressed as v = u/p; where p is neutral density. A
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Figure 4. Background atmospheric parameters variations with altitude over Kolkata; (a) Sound speed and temperature variation with altitude; (b) and (c) Horizontal
speed both in zonal and meridional direction during 09:00 and 14:00 UTC respectively; (d) and (e) Variation of molecular distance and mean free path with altitude.

detailed investigation was carried out by (Vadas & Crowley, 2017; Vadas et al., 2019) on the sensitivity of these
parameters on GW propagation. The thermal diffusivity is measured by using x = v/Pr; where, Pr is the Prandtl
number which is kept constant (0.62) for the entire process (Vadas, 2007; Vadas & Fritts, 2005).

3.3. Concentric Gravity Wave

Concentric GW is the theoretical representation of GWs which are generated from a point source and a small part
of these waves reaches the ionosphere where circular or semi-circular rings of TIDs can be observed as a
consequence of interactions between neutral waves and plasma. Vadas and Azeem (2021) has given a beautiful
pictorial representation of conical shaped phase surface for upward propagating wave. The expressions for the
basic parameters of the conical shaped wave structure have been given in details by Chou et al. (2017), Vadas and
Azeem (2021).

The intrinsic frequency of a linear GW in isothermal and windless background condition can be defined as
(Hines, 1960):

;. = Np * cos¥ 2)

Njp is the buoyancy frequency W is the angle of GW propagation with respect to the zenith. If we express
Equation 2 based on the concentric rings of observation then it can be written as (Vadas & Azeem, 2021):
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0y = —8__ 3)

el
I+

r is the radius of concentric ring of observation and A# is the difference between observation and source altitude.
The vertical wavelength and horizontal phase velocity are respectively expressed as:

2x|v,| [ r? ]
A, = = 1+— 4
=N, A2 “4)

v, = 2xlv,

o] ©

where, v, (z %) is the vertical group velocity in isothermal and windless background condition and assumed as

uniform for a small zone of observation. The relations indicate that period of propagation, vertical wavelength and
horizontal phase velocity vary linearly with radial distance form the center of the ring if 7> Ah. On the other
hand, using Boussinesq approximation the dispersion relation for intrinsic frequency can be expressed as (Marks
& Eckermann, 1995):

2, A2
2 ky * N

. =—"1 2
R AR

(©)

ky, and k, are horizontal and vertical wave number where kﬁ = kﬁ + ki; k, and k, are zonal and meridional wave

number respectively. H is the vertical density scale height. @; varies with wind speed and its direction based on the
relation:

Wiy = Oy — kax - k\ljx (7)

where, w, is the observed relative frequency; U, and U, are the zonal and meridional components respectively of
background wind.
3.4. Ray Tracing Algorithm

Our ray tracing algorithm is based on the Lighthill Equations (Lighthill, 1978) in varying background wind and
temperature(Eckermann, 1992; Marks & Eckermann, 1995):

dx; ow;
U+
dt Yot

(®)

)

ar - e Yy

dis L _5n 0U; b,
: J
here, i,j = 1,2,3 which represent zonal, meridional and vertical directions respectively. Further, kinematic vis-
cosity and thermal diffusivity have been incorporated in the wave propagation dispersion relations (Vadas &
Fritts, 2005) and ion drag and wave induced diffusion are neglected as a suitable assumption of GWs with period
less than an hour. Instead of using perturbation expansion in kinematic viscosity, this solution is more accurate in
strong dissipation for the high frequency GW because of very high temperature and its higher gradient in ther-
mosphere. The initial or observation altitude is chosen 290 km. The primary wave properties such as relative
frequency (z,) and phase velocity(V,,), are determined based on the best fit relation with radial distance (as shown

in Figure 7c for the case of phase velocity). The horizontal wavelength has been determined by 4;, = ? (Vadas &

Azeem, 2021). Now intrinsic period (z;.) and vertical wavelength (/I) are retrieved from iterative solution to
satisfy the GW dispersion relation with keeping V), constant.
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The dispersion relation for vertical wave number can be expressed as (Vadas, 2007; Vadas & Fritts, 2005; Vadas
& Nicolls, 2009):

EN3 v\ (-] 1
2 1 v 2 — - 1
= w2(1+6, +62/Pr)[ +<2w,-r> (k 4H2) (1+5,/20 ki 4H* (10

where, k = k,21 + kg); v is kinematic viscosity which is the ratio of molecular viscosity and the neutral density; Pr

is Prandtl number and it has been incorporated in the dispersion equations for the effect of thermal diffusivity and
all the details have been described by (Vadas & Fritts, 2005, 2006). 6 = vk, 0y = 6(1 + 5 ) k, at the initial

H* w;, ;

altitude is computed based on the following iterative solution due to significantly large v and dissipation effect:

2
k,Ng\® 2 5 1
k = K-k -— 11
: \j(zm) ©Th 4 an

the first assumption for k, of the right hand side of Equation 11 has been computed by:

khNB

k, = 12
4H2 (12)

After estimation of wave parameters at the observation altitude the ray paths are extracted based on the reverse ray
tracing mechanism. Here, eastward waves are considered with azimuth angle range from 40° to 140°assuming
less dissipative force from viscosity due to wind effect and can propagate to the middle and upper thermosphere
and generate significant amount of TIDs (Fritts & Vadas, 2008; Hocke & Schlegel, 1996; Vadas & Azeem, 2021).

The ray tracing algorithm also involves complex intrinsic frequency, proposed by Vadas and Fritts (2005), instead
of complex wave number which is used in classic propagation theory by Pitteway and Hines (1963). It gives the
realization of time dependent amplitude decay which provides the accurate solution of both y and v with time and
space.This decay rate with time can be determined based on the imaginary part of the intrinsic frequency and it
can be expressed as(Vadas & Fritts, 2005, 2006):

v 1 1+ (1+25)/Pr
%=‘ﬂﬁ‘aﬁﬂ 1+5,/2 ] 1
The application of ray tracing eqs. provides the possible reverse ray path from the observation location in both
horizontal and vertical direction. Since the study also investigated the role of kinematic viscosity under low wind
filtering effect, the neutral component perturbations were measured along the ray paths. The perturbations in
neutral atmospheric components along the ray path can be computed from momentum flux measurement which is
expressed as (Vadas, 2007; Vadas & Fritts, 2009):

t

’ " ! PZ

ww@o=mwmwmﬁ;gmefwdﬂ (14)
)

U, and U} are the horizontal and vertical perturbed velocities. ¢, is the time of initial measurement. p(z) is the
atmospheric neutral density at the altitude of “z.” Since the decay rate changes with space and time, it needs to be
integrated along the ray path from the 1n1t1a1 measurement to the observation and its spectral density can be
obtained in its Fourier domain. The horizontal momentum flux is a crucial factor in ray tracing as well as to
determine the dissipation altitude because it increases significantly and reaches its maximum at the dissipation
altitude. But after it reaches to the dissipation altitude it decreases rapidly (Vadas & Azeem, 2021; Vadas
et al., 2019; Vadas & Fritts, 2009).
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3.5. Roles of Kinematic Viscosity in Wave Propagation and Dissipation at Thermosphere

It is very well known fact that kinematic viscosity is a crucial component for neutral wave propagation at
thermospheric altitude. Since the study has been done under geomagnetic calm condition the molecular viscosity
of atomic oxygen is considered and it can be expressed as (Vadas & Crowley, 2017):

u=334x10"* x 107! (15)

here T is the background atmospheric temperature. Kinematic viscosity v = u/p and Pr is taken here 0.62 and
minimal variation of it with altitude is neglected for our algorithm. v increases rapidly above 200 km altitude due
to rapid decease in neutral density. Besides, molecular distance and mean free paths are also significant above
200 km altitude. The factor causes notable discrepancies in the ray tracing results. Hence, for dealing with these
issues and for ray tracing results to follow the TID measurements the concept of decreasing x has been incor-
porated and its sensitivity has been tested in detail (Vadas & Crowley, 2017). The rate of decrease is controlled by
two components Z, and f in the following way:

334x107 x 107, ifz<Z,

U= p B/3 . (16)
M(Z”)<p(72ﬂ)) 5 if Z> le

Z, is the altitude from where u starts decreasing and 8 is an unknown factor which controls the rate of decrease
and need to be estimated. The values of Z, are kept between 220 and 260 km since, bellow 220 km altitude TID
measurements follow well with the measurements of 4 by using Equation 16. On the other hand, choosing Z,
above 270 km is avoided because the observed waves can't reach the observation altitude for Z, > 270 km. Now,
the decrease of  still allow the kinematic viscosity to increase (except > 3) which is capable of dissipating the
observed waves in middle and upper thermospheric altitude. Figure 5 Shows the variation of both molecular and
kinematic viscosity with respect to altitude at 10:00 UTC for two different Z, (220 and 250 km) and three
different values of § (1, 1.5, and 2). The mathematical expressions and figures indicate that with increasing Z,
both u and v increases whereas f has the opposite effect. Further the sensitivity of this Z, and f on the altitude of
maximum perturbation is tested over the study location.

4. Results and Discussion
4.1. Linear Increase of Phase Velocity From Thunderstorm Location

A detailed investigation has been done based on the eastward TIDs of significant amplitude. Higher frequency
(greater than 4 mHz) TID components are considered as acoustic wave signatures and hence excluded for this
study as suggested by (Eckermann, 1992; Marks & Eckermann, 1995). After excluding the acoustic wave sig-
natures TID maps are constructed based on dTEC signatures at available IPP locations. Figure 6 indicates the
dTEC map over the study location based on the available IPP points. A spatial interpolation at a resolution of
0.5° % 0.5° has been carried out covering the region over the available IPP points. Green function based 2D spline
interpolation was performed using MATLAB. Unfortunately, the entire observation area (shaded in Figure 6)
could not be studied due to data unavailability. A small area has been shown here having available IPP points.
Figures 6a and 6b indicates the dTEC map during normal condition (i.e., no geomagnetic disturbances and
thunderstorm activities). No such noteworthy variation was observed during the said period and the dTEC
amplitude also varied within £0.15TECU. On the other hand a significant dTEC variation observed on April 1
(Figures 6¢ and 6d). It is also interesting to observe from the interpolated TID map that the consecutive +ve and
—ve phases of TID variations followed almost a circular pattern. The fitted circular rings (red circles) are drawn
based on these circle-like patterns both for +ve and —ve phase of the TIDs. Moreover all these fitted circular rings
were almost concentric and situated very close to the region where maximum number lightning strikes were
marked. Further investigations have also been carried out to verify that the observed TIDs follow the properties of
concentric TIDs.

TID signatures based on satellite IPP trajectories of various azimuth angles during 10:30 UTC to 12:30 hr are
shown in Figure 7. The intrinsic period, horizontal wavelength(wave number) and phase velocities of the TIDs are
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Figure 5. Molecular and Kinematic viscosity at the study location during 10:00 UTC(Local time 15:30 hr) for Z, = 220 and 250 km. Solid, dash, dot, dash-dot lines are

for = 0,1,2,3 respectively.

calculated based on the measurements by three closely spaced receivers (X (xy, y;, 21), X2(x2, ¥2, 22), X3(x3, ¥3,
z3)) (Hernndez-Pajares et al., 2012; Oluwadare et al., 2022; Vadas & Fritts, 2005; M. Wang et al., 2007):

k, = b3 — 31 sk, = X131 — X312 (17)
X31 Y21 — X21 )31 X21 Y31 — X31 )21

2z
[2, 2
ke +k;

¢,, and ¢3, are phase difference of TIDs between X,—X| and X;—X; respectively. The azimuth angle of prop-

Horizontal wavelength(l,,) =

(18)

agation can be computed as:

Q = arctan 11X51 cOS P31 — 131X cOS¢a1 (19)
131Xp) sing,; — X3, sings,

1,1 and t3; are the time difference between X,—X; and X;—X; respectively which are computed based on maximum
correlation measurement. ¢,; and @5, are azimuthal angle between X,—X; and X;—-X, respectively which are
measured along the anticlockwise direction from positive north. The phase velocity and period of the wave can be
computed as:

X Vv
Vo ="2cos(Q—gy )T =2t (20)
Iy A

A relatively high phase velocities of above 250 m/s with horizontal wavelength of 300 km were found in several
observations. Figures 7a and 7b shows the phase velocities observed at different IPP location. It has also been
noted that phase velocity increased with increasing the horizontal distance from the thunderstorm zone. Vadas and
Azeem (2021) also reported that both phase velocity and period of the GW increases with radial distance if the
waves are emitted from a single point source. The pattern of this increase shows linear in nature if radial distance
is significanly large as compared to the altitude difference between source and observation. Hence, a further
investigation has been carried out where phase velocities have been collected from three different distances along
a nearly unique azimuth angles (~55°, 85°, and 130°; in clockwise direction from positive North) from a point
(Lat: 22°N and Lon: 85.5°E). The point is selected based on significant number of lightning strikes during very
initial phase of the thunderstorm system assuming it as a source of GW. Variation of horizontal phase velocity
with radial distance is shown in Figure 7c. A nice linear relationship has been found between the measured phase
velocities and the radial distance from all the measurements and interestingly all these measured values are lying

DATTA ET AL.

10 of 19

85UB017 SUOLLLIOD A1) 3ged! dde au) Aq paueA0B a8 a1l YO ‘SN J0 S3INJ J0j Aiq1T 8UIUO AB|IM UO (SUONIPUOD-PUB-SWSIAL0Y A8 |1 Aeiq 11 |uo//:SANY) SUONIPUOD Pue swid | 8y} 885 *[9202/50/50] U0 Akeiqiauliuo A8|1m ‘10pu ABojouuoe L J0 a1misu| ueipu| Ag ¥9EZE0VIEZ02/620T OT/10p/LI0d A8 Akeiq i putjuo'sgndnBe//sdny wouj pepeojumod ‘0T ‘¥20Z ‘Z0v669T2



A7

MA\IS Journal of Geophysical Research: Space Physics 10.1029/2023JA032364

ADVANCING EARTH
AND SPACE SCIENCES

within the 95% accuracy boundary from the best fitting line. The similar

30/03/2018; UTC:11:00:00

(@)

N\

30/03/2018; UTC:12:00:00 signatures also found in the experiment done by (Vadas & Azeem, 2021)

where they mentioned the outcome as primary observation of concentric GW.
The horizontal wavelength was also increasing with increasing radial dis-
tance. Vadas and Fritts (2009) reported that GWs generated from a point
source have a widely varying horizontal and vertical wavelength. Vadas
et al. (2012) reported that negligible wind filtering and dissipation effect
shows the concentric rings of GWs at observation altitude. Xu et al. (2015)
reported that from a point source the GWs can propagate a large distance
without much varying its horizontal wavelength due to ducting effect.

4.2. Application of Ray Tracing

The ray tracing egs. are applied on the eastward TID measurement in presence
of varying temperature, atmospheric neutral particle density, wind in both
temporal and spatial domain. Six different significantly high amplitude TIDs
observed between 10:30 UTC to 12:30 UTC are used here. The wave pa-
rameters such as horizontal wavelength (4;,) are measured based on the wave
responses at the IPP locations of a satellite. Horizontal phase velocities and
relative period are computed based on the linear fitting relation with radial
distance, 7,(27/w,) = 4,/V, and 1, has been measured based on Equa-

tions 11 and 12. Now the possible ray path is primarily retrieved based on the

Figure 6. (a) and (b) dTEC variation over the study location on a clear day Lighthill equations by using the wind measurement from HWM-14 model.
(30 March 2018) (c) and (d) dTEC variation on 1 April 2018 indicates the The initial altitude is chosen as here 300 km based on the assumed IPP

circular ring of TID.

location of GPS satellites. The entire process is done based on implicitly in

time domain and explicitly in spatial domain rather than implicitly in spatial
domain and explicitly in time domain as suggested by previous literature. The time steps are taken such a way that
the following conditions don't violate at any steps:

H
S duh/dz;k S dH/dz x >d1//dz

k.
u, ¢ H '° v

Z

@1

The process generates a ray path which indicates the possible propagation track of the corresponding wave and the
source can be located anywhere along the ray path.

4.2.1. Ray Tracing Sensitivity to Z, and

A statistical study has been done to understand the role of § and Z, in the effective kinematic viscosity working on
the wave propagation and further its dissipation. Assuming the higher amplitude TIDs within small arc (£0.5°
azimuthal deviation) of satellite IPP location have almost similar properties. Here we have taken 12 samples with
1 min interval from seven different TIDs. The mean and standard deviation of basic initial properties such as
horizontal wavelength, phase velocity and azimuth angle of propagation of the corresponding waves within each
arc have been computed from the signatures of TIDs. Hence, we have defined 12 (12 x 7) different waves within
each of seven groups. Further, the initial measurements of horizontal wavelength, phase velocity and azimuth
angle of the waves within each group is computed based on the mean and standard deviation values within that
group in the following way:

_ 26— 1
AH(i)=/1H+A/1H<—1+ < 1)>;i=1,2,3,.....n 22)
P
_ 21
Vp(j)=Vp+AVp(—l+ (nj_l)>;j=l,2,3,.....n (23)
Oun(D) = O [ = 1,2,3,..n 24)
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Figure 7. (a) and (b) Horizontal phase velocities observed during different time of the day at the IPP locations of the satellites (c) linear relation of phase velocities with

radial distance from thunderstorm location.

As the samples are taken within a small range azimuthal deviation from the mean, the angle of propagation is
considered constant for each group of 12 waves. The initial parameters of the waves before applying to the ray
tracing algorithm, are listed in Table 1. It can be noted that the waves with a widely varying initial parameters

(horizontal wavelengths were varying from 200 to 400 km whereas the phase velocities were varying from 150 to

360 m/s) have been considered for the statistical investigation. Now, all these waves are applied to ray tracing

algorithm separately for varying Ay (keeping V, constant (V,, = V,,)) and varying V, (keeping 15 constant

(/11-1 = E)) The initial altitude is kept 300 km and the ray tracing have been done with zero background wind and

varying temperature. Wind velocity is kept zero because of two factors: (a) it is the key factor in wave dissipation

but here the testing of effective v based on the background temperature, Z,
altitude and £ is attempted; (b) the model wind plays a major role as a source

Table 1 of error in the measurements. The measurements of perturbation in horizontal
R0 QP o) Vs a7 ) et g A e velocity component based on the polarization relations have been done along
SLNo. Azm.(degree) z,(min)  V, (m/s) Ay (km.)  Marker  the ray path and it reveal the wave dissipation altitude based on the altitude of
L 71 134  2975+317 254+ 327 o maximum perturbation for each wave. The ray tracing computations of all
2 35 190 2165 +366 22735+ 39 > waves have been done with respect to different values of v by varying Z, and
p to understand the roles of these two key components on the wave dissipation

3. 133.5 22.0 2319 783 297.1 £ 94 X . . L .
over the study location. Figures 6-8 shows the variation of altitude of
4 = 203 SLEaESG USRI S O maximum wave amplitude (U},) with respect to initial 4y and V), based on the
3 2 1k e ° variation of Z, and 8. Here, Z, has been considered as 230 , 245, and 250 km
6. 60 18 3142 £21.6 2595 +296 + and three different values (1.0, 1.5, and 2.0) have been chosen for j. It has
Ts 32 13 2937+ 657 3193 %72 * been found that the altitude of maximum Uy, varied in the range between 220
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Figure 8. Horizontal wavelength and phase velocity of gravity waves at the maximum perturbation altitude with Z, = 230, 245, and 260 km and § = 1.0.

and 295 km altitude. Though, the maximum wave amplitudes have been found above 240 km and below 285 km
for almost all samples but no strong decision can be taken on the possibility of altitude of maximum amplitude
with this limited number of observation over the study location. It is also interesting to identify that with
increasing Z,,, by keeping f constant, the altitude of maximum Uy, decreased both for varying 4, and varying V.
This signatures are typically more substantial when Z, is varying from 230/245 to 260 km. It can be attributed by
the condition of momentum flux to be maximum at isothermal background. The temperature variation above
230 km altitude is negligible and hence isothermal forms of wave propagation eqs. are needed to be considered
above this altitude. The condition for the momentum flux to be maximum at the isothermal background condition
can be expressed as (Vadas & Fritts, 2005):

wvHkK*
|m|w1r

~ 1 (25)

The relation indicates that, as v increases with increasing Z " the altitude of maximum U}, should be lower for the
validation of the condition of momentum flux to be maximum. On the other hand with increasing f# and keeping
Z, constant, the values of v reduce and hence the altitude of maximum perturbation will increase. The above
postulates in isothermal background condition are reflected very well in the observations as shown in Figures 8—
10. Another interesting observation it has been found that an almost constant maximum perturbation altitude has
been detected for Z, = 230 km and f# = 2.0. The maximum perturbation occurred at almost 265 km altitude for
almost all waves. The signatures are almost similar both for varying initial wavelength and phase velocities. The
vertical wavelength measurements have been carried out for the waves with initial horizontal wavelengths and
phase velocities as 4 = 4, and v, = 7,, respectively. The variations of these vertical wavelengths along the ray
paths at zero background wind is shown in Figure 11. It is interesting to observe that from lower altitude they

DATTA ET AL.

13 of 19

85UB017 SUOLLLIOD A1) 3ged! dde au) Aq paueA0B a8 a1l YO ‘SN J0 S3INJ J0j Aiq1T 8UIUO AB|IM UO (SUONIPUOD-PUB-SWSIAL0Y A8 |1 Aeiq 11 |uo//:SANY) SUONIPUOD Pue swid | 8y} 885 *[9202/50/50] U0 Akeiqiauliuo A8|1m ‘10pu ABojouuoe L J0 a1misu| ueipu| Ag ¥9EZE0VIEZ02/620T OT/10p/LI0d A8 Akeiq i putjuo'sgndnBe//sdny wouj pepeojumod ‘0T ‘¥20Z ‘Z0v669T2



. Yed J |
A\I Journal of Geophysical Research: Space Physics 10.1029/2023JA032364
AND SPACE SCIENCES
Ay Vs. Alt. of Max(U )Z, =230km, =1.5) V, vs. Alt. of Max(U, (2, =230km, 5=1.5)
> 300 - 300 A o
E s M*m* E 275
= 250 = 250 <KKIKKKKKKKK
= = o
"S- 225 S° 225
X 200 ¥ 200
= 175 S 175
% 150 5 150
= 125 = 125
< 100 : : : ‘ < 100 : ‘ : : : :
150 250 300 350 400 100 150 200 250 300 350 400
Horizontal Wavelength(Km.) Phase Velocity(m/s)
Ay Vs. Alt. of Max(U,)(Z  =245km, =1.5) V, vs. Alt. of MaX(UH)(Z =245km, 5=1.5)
= 300 9 = 300 s~
E 575 m%mm# E 275
Y?E250 4 * /\_32250
229 5225
X 200 X 200
= 175 S 175
5 150 5 150
= 125 = 125
< 100 : . . , < 100 . . ; i ‘ ‘
150 250 300 350 400 100 150 200 250 300 350 400
Horizontal Wavelength(Km.) Phase Velocity(m/s)
Ay Vs- Alt. ofMax(u' )Z,, =260km, =1.5) - V, vs. Alt. of MaX(UH)(Z =260km, $=1.5)
— 300 = T 'n/n’alu]=ululs
E 215 m‘wm* E o1s
5 20 ep‘“g% = 2% <HKKIKKKKIKK
S 225 SF 225
X 200 5 200
2 175 g 175
s 150 5 150
o= 125 a5 125
< 100 : : s . < 100 s . ; , , ,
150 250 300 350 400 100 150 200 250 300 350 400
Horizontal Wavelength(Km.) Phase Velocity(m/s)

Figure 9. Horizontal wavelength and phase velocity of gravity waves at the maximum perturbation altitude with Z, = 230, 245, and 260 km and § = 1.5.

increased rapidly and reached the maximum at about 265 km altitude. After that they started decreasing and
saturated about 300 km altitude. The ray tracing validation is tested based on the residual measurements from the
vertical wave number variations with altitude as(Vadas & Crowley, 2017; Vadas & Fritts, 2005):

1 k. 3 (dk.\*
3= < _ T [Z== 26
2w a2 4kg(dz> (26

The residual measurement below 1 along the ray path confirms the validation of WKB approximation (Einaudi &
Hines, 1970) and it also assures that wave is not dissipating or reflecting. It has been found from observed vertical
wavelegths that the magnitude of residual below 1 was continuing up to 305 km altitude which is almost one scale
height above the altitude maximum vertical wavelength. Vadas (2007) reported that the wave can be observed 1-2
scale height above the altitude maximum momentum flux or the altitude of maximum vertical wavelength. This is
also reflected in our observations of momentum flux measurements with kinematic viscosity with Z, = 230 km

and f = 2.0 and the measurements of vertical wavelength with zero background wind.

4.2.2. Estimation of Source Location Using Ray Tracing Algorithm

Figure 10 shows the outcome of reverse ray tracing of six high amplitude TIDs both in zero and HWM model
background wind. Z, and 8 are chosen 230 km and 2.0 respectively for measurement of effective v. Initial
altitude is fixed to 290 km as WKB approximation and hence ray tracing validation fails almost 300 km
altitude. The starting location of each associated GW is marked with black square. The possible propagation
path of each GW is shown by individual colored reverse ray tracing line both in horizontal and vertical di-
rection. Figures 12a and 12b indicates the possible propagation paths in zero background wind. The source can
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Figure 10. Horizontal wavelength and phase velocity of gravity waves at the maximum perturbation altitude with Z, = 230,245, and 260 km and $ = 2.0.
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be anywhere along the horizontal line. It is interesting to identify a common crossing point of all possible ray

paths and the point was very near to our previously assumed source location and a significant number of
lightning strikes also occurred there. Figure 12b shows the altitude measurement corresponding to each ray
tracing line. The launching altitude is fixed as 290 km for all GWs and it is interesting to find that each

measurement reaches the minimum possible altitude of ~127 km. After reaching to the minimum possible
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Figure 11. Vertical wavelength variations of the waves under zero wind.

altitude it revert back to the upward direction and the measurements are
stopped just before reaching the altitude where WKB approximation fails.
The asterisks in horizontal propagation paths indicate the lowest altitude
point in the corresponding vertical propagation paths. Figures 12c and 12d
indicate the ray paths in HWM-14 model wind. The horizontal ray paths had
almost single interaction point and the lowest altitude it reached almost
127 km for all waves in this case also. An interesting observation it has been
found here that lowest altitude points of all waves came very close to the
common interaction point with the incorporation of model wind. Hence, it
can be assumed from the observations that all the GWs are generated by a
single point source as all the tracking lines interacted to a single point
source both in zero and nonzero background wind condition. The lowest
altitude points which are closed to the common interaction point in presence
of model background wind and found an almost unique minimum possible
altitude which is situated at lower thermospheric height of ~127km.

The results indicated that the observed waves are possibly secondary waves.
Now, GWs can't propagate (Vadas & Crowley, 2010) in the atmosphere if
their intrinsic phase velocity exceeds the sound speed (C,), whereas the
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Figure 12. Ray tracing on six eastward gravity waves; (a) and (b) measurements in zero back ground wind indicating
horizontal and vertical ray paths; (c) and (d) measurements in HWM-14 background wind indicating horizontal and vertical
ray paths respectively.
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sound speed is 275 m/s which can be found below the turbopause at 98 km altitude. Hence, following the

maximum intrinsic speed of the waves can be determined as C,. Figure 4a suggests that minimum value of

condition of maximum intrinsic phase velocity will be 247.5 m/s. Horizontal wind speed is ~—12 m/s. It indicates
that the GW can propagate at a maximum ~260 m/s phase velocity over this region.
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4

different propagation angles 45°, 90° and 135° at 10:00 UTC. Since, intrinsic phase velocity can't be more than

Figure 13 indicates the ratio of intrinsic phase velocity and C as a function of V,, and altitude along the three

ZV;_ICS in normal condition, the ratio between these two components should not more than or equal to one

(indicate by shaded region of Figure 13) without tunneling. It is indicative from Figure 13 that the waves with
phase velocities more than 300 m/s can't go below the turbopause and the waves with phase velocities 250 m/s are
unable to propagate through 90-110 km altitude without tunneling. The above observations indicate that the
observed GWs were not directly involved with the convective system rather they were originated from secondary
source at the thermospheric altitude.
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NFCS as the function of altitude and v, at three different azimuth angles [45°, 90°, and 135°]

during 10:00 UTC. The shaded region shows the ratio value >1.
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It can be summarized from the observations that the GWs of which phase velocity linearly increased
(150 — 350 m/s) with the radius possibly have the same point source and the waves with phase velocity
>260 m/s can not propagate below the turbopause (Vadas & Azeem, 2021). By considering these two con-
ditions, it can be concluded that all the observed waves were originated from a single point source at ther-
mospheric altitude.

5. Conclusion

The study has carried out a detailed analysis of convective system induced GW propagation above lower ther-
mospheric altitude in tropical region. Results hinted toward the probable concentric sources for all the waves
observed. The study retrieved the probable ray path from the observation altitude extending up to the altitude of
WKB validation using ray tracing algorithm. The existence of concentric waves in this case was further validated
by the results of ray tracing both with zero and modeled wind. Both GAGAN network installed by Airport
Authority of India and UNAVCO network of GPS are used in detection of convection generated AGWs. dTEC
maps are constructed based on the available data points at IPP locations and using Green's function based spatial
interpolation. The interpolated dTEC maps shows the consecutive +ve and —ve phases of TIDs which formed an
almost circular rings and had a common center. TIDs observed in this case were found to have a horizontal
wavelength of 300 km and a very high phase velocity of about 300 m/s which indicates the confinement of the
wave above thermospheric heights. Both the phase velocity and period of propagation were observed to increase
linearly with radial distance from the thunderstorm location. The horizontal wind speed is significantly small
compared to the wave phase velocity. Hence, wind filtering effect is not much crucial on the wave propagation. It
provides a nice opportunity to study the role of kinematic viscosity on wave propagation under small wind
filtering effect. A statistical investigation was carried out based on forward propagation of the waves to find the
role of kinematic viscosity on the observed waves. The study found a particular kinematic viscosity for which the
observed waves dissipated at around 260 km altitude. Interestingly, the WKB approximation fails one scale height
above the dissipation altitude which falls in line with the theories. Three-dimensional propagation paths of the
observed waves are retrieved under both zero wind and model wind conditions by using this particular kinematic
viscosity in ray tracing algorithm. All the horizontal ray paths were interacted at a common point under both the
conditions and interestingly all the lowest altitude points almost coincided to that common interaction point. The
investigation finds a better observation of the concentric GWs and their propagation under an unique kinematic
viscosity. The study can be useful in understanding the role of effective kinematic viscosity in propagation and
dissipation of low frequency atmospheric waves in tropical region.
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