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ABSTRACT 
 

Horizontal background wind in the mesosphere and lower thermosphere region of the Earth’s 
atmosphere deduced from the temporal displacement of a long- lasting meteor trail was estimated 
and investigated in this paper. The meteor trail echoes lasting more than 23 seconds in height 
range between 95 and 108 km as measured using the interferometry technique implemented at the 
Chung-Li 52 MHz radar, Chung-Li, Taiwan. The 3-meter electron density irregularities embedded in 
the meteor trail, which were responsible for the radar returns, were found without field-aligned 
property. Hodograph analysis reveals that the existence of an upward propagating inertia-gravity 
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wave is associated with the vertical wavelength of 11.3 km. The wave-induced wind velocity and 
temperature perturbations combined with the background temperature profile of mass spectrometer 
and incoherent scatter (MSIS) model was used to estimate the height variation of the Richardson 
number (Ri). It is found that the feature Ri < 0.25 occurred in height range from 98 to 99 km, which 
implies that the wave is very likely broken in this height region through convective instability that 
was associated with negative temperature gradient induced by the gravity wave. The 
characteristics of echo power and spectral width associated with the wave-breaking turbulences 
are also discussed.  

 
 
Keywords:  Mesosphere and lower thermosphere; 52 MHz Chung-Li very high frequency radar; 

meteors; MSIS model.    
 

1. INTRODUCTION 
 
It has long been recognized that the upward 
propagating inertia gravity waves generated in 
the lower atmosphere play important roles in 
changing the background mean flow of the 
middle atmosphere through the wave breaking 
process that transports the wave momentum and 
energy to the mean flow [1]. Theoretical studies 
have observed various aspects of gravity wave 
characteristics [2,3]. When the period of a gravity 
wave is comparable to the inertial period, it is 
called an inertia gravity wave. The intrinsic 
frequency, vertical and horizontal wavelengths 
are three main characteristic parameters to 
classify different waves as a planetary wave, 
diurnal tide and gravity wave. There are other 
parameters like propagating direction, amplitude, 
and phase which can be used to track how a 
gravity wave propagates and breaks down in the 
Earth’s atmosphere. Several experimental 
techniques including in -situ measurements of 
meteor trail made with a sounding rocket [4], 
ground-based radar [5-8] and lidar observations 
[9,10], and passive airglow photometers [11] 
have been employed to observe the 
characteristics of gravity waves [12,10,13,14].  
 
For example, by using lidar observations Dao et 
al. [10] found the evidence of mesopause heating 
which related to the diurnal activity based on the 
downward progression of the perturbations and 
the observed temperature fluctuations were 
associated with a long period gravity wave. By 
comparing the observations of mesospheric 
gravity waves by the middle and upper 
atmosphere (MU) radar located in Kyoto, Japan, 
and the sodium lidar, Namboothiri et al. [9] have 
found the dominant gravity wave along with its 
characteristics. The meteor echo observations 
data of MU radar were applied to detect 
mesospheric gravity waves and the result 
showed an upward propagating wave with a 
vertical wavelength of around 16 km, the intrinsic 

period of 9.1 hours, and horizontal wavelength of 
1900 km. Chu et al. [14] found evidence on a 
vertically propagating inertio-gravity wave with a 
period of 11.2 hr and a vertical wavelength of 
19.5 km in the height range 98.5–122.0 km with 
a sounding rocket Trimethyl aluminum (TMA) 
release experiment. 
 
As far as the applicability of this research is 
concerned, it has been well known for the last 
three decades that the momentum deposition 
arising from the dissipation of atmospheric 
gravity waves has a major influence on the 
background wind and thermal structure of the 
mesosphere– lower- thermosphere / ionosphere 
(MLT/I; ∼80–100 km altitude) [15,16]. The small 
scales of the gravity waves (GWs) relative to 
typical grid spacing in global climate models 
(GCMs) have led to a need to incorporate 
accurate parameterizations of the gravity wave 
(GW) forcing within the GCMs [17,18].  
 
The range spread echoes cannot be interpreted 
as the radar returns reflected from the meteor 
trails with the axes normal to the radar wave 
vectors, which is expected to occur only in a 
specific range bin. Chapin and Kudeki [19] 
suggested that the strong discharge current in 
the meteor trail may result in sufficient large 
electron drift velocity to excite two-stream and/or 
gradient drift instabilities to account for the 
generations of 3-meter plasma irregularities 
responsible for the range spread echoes. Reddi 
and Nair [20] interpreted the range spread 
echoes as the radar waves reflected from the 
striations produced along the meteor trail parallel 
to the geomagnetic field.  
 
The meteor trail is cylindrical and typically 
kilometres in length and meters in diameter. The 
duration of the ionized meteor trails will vary and 
few trails can last many seconds [21]. The 
observed spatial drift of the long-lasting meteor 
trail echo in this paper provides background wind 
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field very well around 100 km attitude, where 
vary few techniques can measure wind 
velocities. From the frozen-in assumption, we 
can treat that meteor plasma trail variation is 
dominated by background wind field and 
estimate characteristics of gravity through the 
hodograph analysis. Because of meteor radar 
echoes can be detected all day, it is a great 
advantage for mesospheric gravity research. 
Especially, the long duration meteor trail echo 
event can help us to understand the evolution of 
gravity wave propagating through the 
mesosphere. 
 

In this paper, we will describe the results of the 
hodograph analysis and determine an upward 
propagating gravity wave. Later, we will introduce 
the experimental setup of Chung-Li very high 
frequency (VHF) radar and the preliminary 
procedures of data analysis. In section 3, the 
theory of hodograph analysis will be expounded 
and we will demonstrate polarization and 
dispersion relations of linear gravity wave. The 
discussion of the simultaneous data and the 
possible wave-breaking source are both 
presented in section 4. The conclusion is drawn 
in section 5. 
 

2. EXPERIMENTAL RESULTS 
 

2.1 Experimental Setup and Data Analysis 
 

A long-lasting meteor trail echo studied in this 
paper was observed by the 52 MHz Chung-Li 
VHF radar on August 8, 1997, from 03:37:44 to 
03:38:09 LT. The radar parameters employed for 
the observation were set as follows: 70 kW of 
peak transmitted power, 28 μs of pulse length 
with 7-bit Barker code, 2 ms of the inter-pulse 
period, and 123.6 -159 km range coverage for 
echo detection. Three independent antenna 
array modules were operated simultaneously to 
detect the echoes so that the spatial domain 
interferometry measurement can be conducted to 
locate the positions of the targets in the echoing 
region. The half- power beamwidths of each 
antenna array module were 7.5° in elevation and 
15° in azimuth directions, respectively. The 
antenna beam axis was pointed in a fixed 
direction of 22.3° west of geographic north at a 
zenith angle of 41°. Fig. 1 presents the range-
time-intensity (RTI) plot of the meteor trail 
echoes that lasted more than 25 seconds in the 
range extent of 131-154 km. As shown, 
prominent meteor head echoes were observed at 
the leading edge of the long- lasting echoes, 
which was characterized by a sharp range rate 
and strong echo intensity with a very short 

duration (about 0.4 sec). Because the main 
theme of this article focuses on the analysis of 
long-lasting meteor echoes to study inertia-
gravity wave propagating in Mesosphere and 
Lower Thermosphere (MLT) region, the head 
echoes were excluded in the data analysis to 
avoid plausible impairment on the background 
wind velocity estimation. 
 

In light of limitation of the relatively short duration 
of the measured meteor trail echoes, the use of 
Fourier transform method is an inappropriate 
means to collect sufficient phase information to 
position the location of the meteor trail in the 
echoing region in terms of interferometry 
technique in the spatial domain [22,23]. We, 
therefore, apply the cross-correlation analysis 
method to each pair of the time sequence of the 
meteor trail echoes for range bins from 16 to 39 
(corresponding to range extent 96-109 km) to 
estimate their phase differences for the location 
positioning. In the practical data processing, we 
employed 100 raw data points to calculate the 
complex cross-correlation function and its phase 
around zero lag was adopted for interferometry 
analysis.  
 

Fig. 2 shows an example of the spatial 
distribution of the meteor trail projected on 
vertical to zonal planes for period 03:37:46-
03:38:08. For the Chung-Li VHF radar, the echo 
patterns projected on the vertical plane, which 
are generated from 3-m field-aligned electron 
density irregularities, should occur within this 
angular range [23]. It is noteworthy to point out 
that, if the electron density fluctuations 
embedded in the meteor trail are field-aligned, 
only very small portion of the entire meteor trail 
that locates at the place where the radar wave 
vector is approximately perpendicular to the local 
magnetic field line can be resolved by the radar 
[24]. In this case, it is unlikely to reconstruct the 
whole configuration of the meteor trail in terms of 
the interferometry method. Furthermore, the 
corresponding echo pattern projected on the 
vertical plane is expected to distribute along a 
line with an elevation angle between 49° and 52° 
[24].  
 

However, as shown in Fig. 2, in spite of most of 
the meteor echoes were in the sporadic E region, 
the distribution of the echo pattern from the 
meteor trail was not in the region with the field-
aligned property. Under above- said conditions, 
the estimation of the background wind velocity 
from the displacement of the meteor trail echoes 
to study the property of a gravity wave 
propagating to a large height extent is possible.  
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Fig. 1. The range-time-intensity contour plot of the radar returns from meteor echo recorded by 
channel c of the Chung-Li VHF radar 

 

 
 

Fig. 2. The east-west direction spatial distribution of the echoing altitudes (96-109 km) for 
meteor trail in the period 08/08/1997 03:37:46-08/08/1997 03:38:08 LT. The six different colors 

stand for each different time 
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Fig. 3 shows the time sequence of the meteor 
trail projected on vertical to meridional planes, in 
which each profile represents the mean location 
of the meteor trail per second in period 03:37:46-
03:38:08. As shown in the azimuth and vertical 
planes, continuous changes in the horizontal 
locations of the meteor trail profile in height 
ranges 99-103 km and 96-97 km were clearly 
observed. This feature provides direct evidence 
showing the existence of strong background wind 
velocities in these two height ranges. In addition, 
relatively indistinct displacements of the meteor 
trail with time in other height ranges are seen as 
well, suggesting weak wind velocities there.  
 
Fig. 4 presents averaged profiles of the wind 
velocity components in the zonal (solid curve) 
and meridional (dashed curve) directions during 
the period from 03:37:43 to 03:38:09 LT. As 
shown, very intense wind velocities with a 
magnitude of about 95 m/s occurred at heights 
around 96 and 102 km. From the height variation 
in the horizontal wind velocity, it appears that the 
vertical wavelength of the wind velocity is about 
11 km. The implication of the quasi-periodic 
oscillation of the horizontal wind velocity is the 
presence of a large scale gravity wave 
propagating in the vertical direction. The 
characteristics of the wave propagation can be 
obtained from the hodograph analysis and that 
will be presented in the ensuing sections.  

 

3. HODOGRAPH ANALYSIS 
 

In this section, the hodograph method combined 
with polarization and dispersion relations of a 
linear gravity wave is employed to analyze the 
horizontal wind profile in order to estimate the 
parameters of the gravity wave that dominated 
the spatial structure and dynamic behavior of the 
meteor trail. When an inertia-gravity wave 
propagates upward in the atmosphere with a 
uniform background wind field, its corresponding 
polarization equation is given by Gossard and 
Hooke [25]. 
 

                                 (1)             

    
where U and V are, respectively, eastward and 
northward components of horizontal wind 
velocity, ω is intrinsic wave frequency, Ωz  
(=Ωsinψ) is component of earth’s angular velocity 
(=7.292) in local zenith direction, ψ is latitude of 
location, k and l are, respectively, the wave 
vector components in zonal and meridional 

directions. With an angle α which is determined 
byα= tan

-1
(l/k), we rotate the coordinate system 

of U and V and Equation (1) is reduced to 
 

                                               (2) 

 
where u and v are, respectively, the horizontal 
perturbation velocities parallel and perpendicular 
to the wave propagation direction. Note that the 
amplitudes of u and v are corresponding to the 
major and minor axes of hodograph ellipse.  
 
From Equation (2), for an upward propagating 
gravity wave, the horizontal wind vector will trace 
out an ellipse that rotates in a clockwise sense 
with the increase of height with the major axis 
aligned in the horizontal direction of the wave 
propagation. Moreover, the ratio of major to 
minor axes of the ellipse is equal to ω/2Ωz and 
the intrinsic frequency can be estimated from this 
ratio in accordance with (2). On the base of the 
hodograph of the horizontal wind vector, the 
wave characteristics, such as intrinsic frequency, 
horizontal wavelength, the amplitude of wave 
perturbation, wave propagation direction, etc., 
are capable of being estimated in accordance 
with the polarization and dispersion relations of 
the inertia-gravity wave. Fig. 5 shows the 
hodograph of the wind velocity, in which the 
ellipse (solid curve) is the best fit to the observed 
data (open circle). As illustrated, the horizontal 
winds rotate clockwise with height and the loci of 
the wind vectors can be well described by a tilted 
ellipse with major axis oriented in the north-west 
and south-east (NW-SE) direction at an acute 
angle of about 45 with respect to the west 
direction. This result implies that a quasi-
monochromatic gravity wave propagated upward 
in this height range and dominated the 
background wind field. A number of gravity wave 
parameters can be directly scaled from the 
hodograph ellipse as shown in Fig. 5.  
 
The center of the ellipse represents the mean 
state wind velocity that will cause the Doppler 
Effect on observed wave frequency. The vertical 
wavelength (about 11.3 km) can be estimated 
from the revisited height of the ellipse. The major 
and minor axes of the ellipse are, respectively, 
indicative of amplitudes of wind velocity 
perturbations in the directions of parallel and 
perpendicular to the horizontal wave propagation 
direction that can be read from the tilted angle of 
the major axis of the ellipse. From the ratio of the 
major to minor axes as shown in Fig. 5, the 
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intrinsic wave period is estimated to be about 6 
hours for the present wave event. Moreover, the 

horizontal wavelength h  is able to be obtained 

by substituting vertical wavelength and intrinsic 
wave frequency into gravity wave dispersion 
relation that is given by Gossard and Hooke [25] 
 

                   (3) 

 

where n (=2π/ h ) and m (=2π/ v ) are, 

respectively, vertical and horizontal 
wavenumbers, N is the Brunt-Vaisala frequency 
(=gdln/dz),  is potential temperature, g is 
gravity acceleration, cs is sound speed, and H is 
the scale height (=KT/mg). The MSIS-E 90 
model is employed to calculate background 
values of N and H in the height region (95-110 
km) where the meteor trail echoes occurred               
[26]. 

 
Fig. 6 shows the profiles of scale height, Brunt-
Vaisala frequency and sound speed over Taiwan 
in August, which are computed form MSIS-E 90 
model with g=9.5 m/s

2
 which is the mean value 

of gravity acceleration in height range 90-110 km. 
As shown in Fig. 6, the Brunt-Vaisala frequency 
is in the range 0.0203-0.0286 rad/s. Substituting 

the mean values of measured z  (=11.3 km), ω 

(=1.5×10-4 rad/s),  N (about 0.0249 rad/s), Cs 
(about 309 m/s), and H (5.7 km) in the height 
range 90-110 km into Equation (3), we obtain the 

horizontal wavelength ( h ) is about 1038 km. 

The characteristics of the inertia-gravity wave 
deduced from hodograph analysis, including 
vertical wavelength λz, horizontal wavelengthλh, 
intrinsic wave period, possible wave propagation 
direction and horizontal perturbation velocity to 
the wave propagation direction in horizontal u, 
are summarized in Table 1. Note that, because of 
lacking sufficient information, such as 
perturbations of temperature and vertical wind 
velocity of the gravity wave, the exact horizontal 
wave propagation direction cannot be 
determined from single a profile of the horizontal 
wind field.  
 
Fig. 7 presents the vertical profiles of wind 
shears and the Richardson numbers, 
respectively, in the height region from 97 km to 
106 km from the data of real- time. In Fig. 7, the 
red line in the right subfigure is the Richardson 
numbers equal to 0.25 and there are two regions 
below the 0.25 threshold. These two height 
regions with less than 0.25 values of the 
Richardson numbers are, respectively, 98-99 km 
and 103-104 km.  

 

 
 

Fig. 3. Same as Fig. 2, but for the south-north direction 
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Fig. 4. The zonal and meridional wind field in the height region of 96 km to 109 km, where 
continuous blue line is the zonal wind velocity and the dotted blue line is the meridional wind 

velocity 
 

 
 

Fig. 5. The hodograph in the altitude regions 97 km to 105.5 km obtained from 03:37:43 to 
03:38:09 LT on August 8, 1997, where the black dot line is the wind vectors and the red ellipse 

is a fitting result 
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Fig.  6. The MSIS simultaneous data of temperature, density and pressure varying with heights 
from 90 km to 110 km and the calculated data of scale height, potential temperature and Brunt-

Vaisala frequency correspond to heights from 90 km to 110 km 
 

 
 

Fig. 7. The gravity wave simulation result from hodograph analysis and the Richardson 
number Ri calculated from wind shear 
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Table 1. The gravity wave parameters obtained from the hodograph analyses of height profile 
of meteor wind velocity observed with the Chung-Li VHF Radar on August 8, 1997 

 

Vertical 
wavelength 
(λz), km 

Horizontal 
wavelength 
(λh), km 

Wave 
period, 
hours 

Propagation 
direction, 
deg  

Major axis 
of ellipse 
(u), m/s 

Minor axis 
of ellipse 
(v), m/s 

Center of 
ellipse, m/s 

11.3   1038  6.0  225
0
 or 45

0
 101.4 21.4 (20.5, 32.9) 

 
4. DISCUSSION 
 
It is to be noticed that the hodograph ellipse 
fitting is based on nearly 3/4 cycle phase of wave 
propagation and it is likely a wave breaking 
effect. Thus the polarization did not get a full 
cycle pattern. The polarization and dispersion 
relations that we apply to hodograph analysis 
were derived from the assumed linearized 
equations which are probably not fully usable in 
the non-linear wave breaking process and we will 
discuss the wave breaking process of this event 
in future research. 

 
Inspecting Fig. 1 in more detail shows that salient 
meteor head echoes lasting about 0.4 seconds 
were observed in range extent 135.6-159.6 km, 
which is characterized by straight line-like echo 
pattern with enormously large range rate (about 
51 km/s for the present case) in range-time-
intensity plot. Note that the meteor head echoes 
are primarily generated from the scattering of the 
dense ionized region surrounded the meteoroid 
[27]. Because of this, the estimated range rate of 
the meteor trail echoes that is to some degree 
indicative of the falling velocity of the meteoroid 
is computed from the slant range with respect to 
the radar and, therefore, expected to be greater 
than the real falling velocity of the meteor head 
relative to the Earth center. In addition, it is 
noteworthy that the estimated range rate is 
slightly different from the actual meteoroid falling 
velocity. Especially notice from Fig. 1 that the 
head echoes seemed to be immediately followed 
by the meteor trail echoes and no discernible 
time delay between them was observed.  
 
According to the theory of Oppenheim et al. [28], 
a time delay between head echo and trail echo is 
expected if the gradient drift/Farley Buneman 
instabilities are responsible for the excitation of 
3-meter electron density irregularities in the 
ionized meteor trail that generate the range 
spread meteor trail echoes. The subsequent 
range spread echoes which were sampled at 
very high resolution (4 ms) not only bending 
down in ranges but also decreasing in power 
density. The range spread echoes followed 

immediately with the head echo but there is no 
apparent time delay between them. 

 
The retrieved wind field and gravity wave 
phenomenon inside the background wind field 
from meteor trail echo are the first time observed 
over Taiwan. From the hodograph pattern, it is 
obvious to see that an upward propagating 
gravity wave turned to break around 105 km 
height. When a region of atmospheric instability 
occurs, the temperature usually disturbs and 
accompanied by convective or shear instability. 
One of the possible unstable regions is the 
mesosphere inversion layer, so- called MIL. The 
mesosphere and lower thermosphere (MLT) is 
from 60 to 130 km and the mesosphere inversion 
layer (MIL) phenomenon is linked to the 
turbulence generation which could cause inertial 
gravity wave breaking in this region. In the MLT 
region, two MILs are observed and one 
mesosphere inversion layer is around the upper 
mesosphere (60-70 km) and the other one is the 
mesopause (90-100 km). The MIL region 
temperature enhancement (typically 10-25       
Kelvin) of the background atmosphere could be 
attributed to the breaking of gravity waves. When 
such events appeared, the region convective               
(or shear) instabilities usually coexist. In the MIL 
region, the decrease in Brunt-Vaisala frequency 
(N) caused by the higher temperatures               
reduces the atmospheric stability and the waves 
breaking consequently occurred. Arising from the 
breaking waves, the turbulent heating           
provides a feedback mechanism maintaining the 
MIL. 

 
However, another possible source of inducing 
gravity wave breaking is the vertical atmospheric 
instability and the enormously large wind shears 
(convective instability) will occur in this unstable 
region. Convective instability occurs while the 
gradient of total potential temperature becomes 
negative i.e. Richardson number is between 0 
and 1/4. 
 
Base on the data of Fig. 5, we can calculate the 
vertical wind shear profile and estimate the 
Richardson number which is given as follows:  
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(4) 

 
where U and V are, respectively, the zonal and 
meridional components of the horizontal wind 
velocity in unit m/s, g is gravity acceleration 
assumed as 9.5 m/s

2
 in MLT region, T is 

atmospheric temperature in unit K adopted from 
MSIS-E-90, and cp = 1004 J/K/kg is the specific 
heat at constant pressure. Equation (4) also can 
be regarded as the square of the Brunt-Vaisala 
frequency divided by the square of wind shear. 
The Richardson number determines the 
convective (or static) stability of the atmosphere. 
While vertical temperature gradient is zero or 
ever turning to negative, a convective instability 
may be induced and, at the same time, the 
turbulence may occur through the                    
overturning process. The Richardson number will 
drop to less than 0.25 when the wind shear                        
effect overwhelms the buoyancy effect and the 
dynamic instability may be excited with the 
turbulence. We presume that the atmospheric 
instability of two close regions (98-99 km and 
103-104 km, according to Fig. 7) could be                 
the dynamic source of inertia-wave              
breaking.  

 

5. CONCLUSION 
 
On the basis of a long- lasting (over 23 seconds) 
meteor trail echo and through the interferometry 
technique, the background horizontal wind field 
can be estimated by the averaged spatial 
displacement. Applying the hodograph analysis, 
the wind vector rotates clockwise with the 
increase of height and inertial gravity wave with 
period 6 hours exist in the height region from 96 
km to 109 km. The other wave parameters are 
also determined by the polarization and 
dispersion relation of gravity wave, such as the 
vertical wavelength is 11.3 km, the horizontal 
wavelength is 1038 km, the propagation direction 
is oriented in south-north- west-east (SN-WE) 
direction at an acute angle of 45°. The wave-
induced profile of Richardson number Ri is 
calculated from perturbations of wind velocity 
and temperature of the gravity wave combined 
with a background environment of the MSIS 
model. 
 
As far as the future research is concerned, 
relatively low predictability of turbulence 
associated with convective sources is particularly 
problematic, and until numerical weather 

prediction (NWP) models are better at 
forecasting the timing, location, and intensity of 
convective storms, using short-term newscasts 
for tactical avoidance could be the only viable 
approach. Such efforts have already started and 
interested readers may verify the research works 
of Pearson and Sharman [29]. 
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