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ABSTRACT   Short period gravity waves generated during deep convection shows significant influence on the 
dynamics of the middle atmosphere. The present study describes the characteristics of vertically propagating short 
(~2-3 hr) period gravity waves with the help of four deep convective events associated with strong vertical velocities 
and double pause structures in the stratopause and mesopause altitudes using Indian MST radar, MF radar, Lidar and 
Equatorial Electro Jet (EEJ) datasets. Among the convective events maximum vertical updraft/downdrafts are found 
to be ~ +16 ms-1/~ -10 ms-1 associated with the cloud top brightness temperature (TBB) of ~185 K/~205 K 
corresponding to 16-17 May 2006/24 September 2008. For all the cases there exist weak echo regions in the vertical 
beam SNR obtained from the MST radar leading to strong entrainment of ambient air from the troposphere into the 
stratospheric region due to the existence of strong updraft velocities. Two dimensional FFT of Rayleigh Lidar 
temperatures has shown the presence of dominant ~2-3 hr period oscillations associated with vertical wavelengths of 
~ 4.2 km and ~7.6 km in the stratospheric region. During all the convective events the EEJ strength is found to be 
positive except on 16 and 17 May 2006, which is negative (~-38 nT and ~-18 nT), related with type-I and type-II 
counter electro jet (CEJ) event.  

 

1. Introduction 
 Vertically propagating convectively generated short period gravity waves (GWs) play an important 
role in vertical coupling of atmosphere-ionosphere system (PlougonvenandZhang, 2014; YigitandMedvedev, 
2014 and references therein). There is some evidence in tropics that the convective activity moves from 
east to west in association with the easterly waves which can trigger gravity waves and it is particularly 
active when the low-latitude wave intersects with a mid-latitude wave ensuring efficient transfer of 
warmed air away from low latitude (Green, 1999). Specifically, waves excited by convective activity are 
likely important in the tropics and southern hemisphere where there are few orographic wave sources, and 
convection may be a source of the high phase speed waves known to be important in the mesosphere. 
Alexander (1995, 1996) have noticed a strong response at high frequencies and at longer vertical 
wavelengths (6-10 km) showing the evidences of stratospheric motions above convective sources.  Detailed 
information about the convectively generated gravity waves can be found in Arunachalam et al. (2014) and 
references therein. They are generated in the troposphere by various sources (e.g., orography, convection, 
spontaneous adjustment of jet streams); GWs propagate upwards with increasing amplitude due to the 
exponential air density decline. The increase in amplitude continues until it reaches saturation level, where 
GWs break, deposit momentum and accelerate or decelerate the atmosphere background flow. This process 
strongly depends on the refraction of the GWs by the background wind field, thus forming a two way 
interaction between mean winds and GWs. Hence, GWs significantly affect the global circulation and are the 
main driver of the quasi-biennial oscillation (QBO) (e.g., Dunkerton, 1997; Ern andPreusse, 2009; 
AlexanderandOrtland, 2010; Evan et al., 2012; Ernet al., 2014). 
 

  In addition, gravity waves also play a key role in wind reversals in the mesosphere and lower 
thermosphere (Lindzen, 1981; Matsuno, 1982; Ern et al., 2013), and they cause the cold summer mesopause 
at high latitudes (e.g., Björn, 1984; Frittsand Alexander, 2003). Moreover, GWs are widely accepted as the 
main driver of the summertime branch of the stratospheric Brewer–Dobson circulation 
(AlexanderandRosenlof, 2003; FrittsandAlexander, 2003). Also, general circulation models predict an 
acceleration of Brewer–Dobson circulation in a warming climate, which is influenced by GWs (Garcia 
andRandel, 2008; Li et al., 2008; McLandressandShepherd, 2009; Butchart et al., 2010).   
 

 In fact, observations indicate that there is a broad spectrum of gravity waves in the mesosphere, 
and that the largest momentum fluxes tend to be associated with high-frequency gravity waves (Fritts and 
Vincent, 1987). Such waves may be generated by a variety of processes, but among these, convective activity 
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is the most important one. High frequency gravity waves are attributed to convective sources are frequently 
observed in the mesopause region with help of airglow imagers. Generally, convection occurs in many 
forms, and the morphology of gravity waves generated by various types of convective cloud is not yet 
understood. Present work deals with the characteristics of vertically propagating (2-3 hr) short period 
gravity waves from the troposphere to ionospheric altitudes during four different convection events with 
help of MST radar, MF radar and EEJ data sets. 
 

2. Data 
2.1. MST and MF Radar Datasets   
 Continuous high resolution (150 m vertical and ~1 min temporal resolution) vertical wind 
information in the altitude of 3.65 km to 22.5 km from MSTRadar, Gadanki and hourly zonal wind (with 2 
km vertical resolution; 70 km to 100 km altitude) from MF Radar, Tirunelveli used to study four different 
convective events (27 September 2004, 29 September 2004, 16-17 May 2006 and 24 September 2004).  
 

 High spatial (0.05°) and temporal (hourly) resolution cloud top equivalent blackbody temperature 
datasets from MTSAT-1R of Japan Meteorological Agency (JMA) through Kochi University, Japan has been 
utilized as a measure of deep convection. In addition to this, high resolution temperature datasets from 
Rayleigh Lidar located at Gadanki has been utilized. Finally, hourly equatorial electro jet (EEJ) datasets from 
EGRL, Tirunelveli has also been utilized. 
 

3. Results 
3.1. Background Meteorological Conditions  
 Observation of deep convection events associated with strong vertical updrafts and downdrafts on 
27 September 2004, 29 September 2004, 16-17 May 2006, and 24 September 2008 has been considered for 
the present study. Figure 1 shows cloud top equivalent blackbody temperature (TBB) over Gadanki 
(13.47°N, 79.18°E) (blue line), ±2º (green line) and ±4º (red line) centering Gadanki region, obtained from 
MTSAT-1R satellite measurements for the present study.  The events for which the value of   TBB<235 K is 
considered to be associated with intense convective events (ArkinandMeisner, 1987; Chen et al., 1996).  
 

 
Figure 1 Time series cloud top equivalent blackbody temperature (TBB) over Gadanki (13.47°N, 79.18°E) (blue line), ±2º 

(green line) and ±4º (red line) centering Gadnaki region corresponding to 27 September 2004 (top left),  
29 September2004 (top right), 16-17 May 2006 (bottom left) and 24 September 2008 (bottomright). 

 

In general, thunderstorms often occur during pre- and post-monsoon periods (April-May and 
September), respectively over Southern Indian region. In the present study, the characteristics of short 
period gravity waves with the help of four cases, one corresponding to pre-monsoon period and remaining 
three belong to post-monsoon period have been investigated. Among the four cases, 27 September 2004 is a 
thunderstorm event and 29 September 2004, 16-17 May 2006 and 24 September 2008 are squall-line 
events. 
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Figure 2a Height Time intensity plots of MST radar moments a) SNR (dB), b) vertical wind (m/s) and c) spectral width 

(m/s) corresponding to 27 September 2004. The gaps in this Figure indicate that the radar is operated either in six beam 
mode orno data. Black lines indicate the mature stage of convection. 

 

 
Figure 2b Same as Figure 2a, but for 29 September 2004. 

 

Figure 2a-2d shows the moments derived from continuous observations of MST radar in the zenith 
direction containing Signal to Noise Ratio (SNR, top panel), vertical velocity (w, middle panel) and Spectral 
width (SW, bottom panel) for the present case studies. The gaps in the Figure 2 indicate that the radar is 
operated either in six beam mode or no data. Detailed information about 27th and 29th September 2004 
events are explained in Arunachalam et al. (2014), 16-17 May 2007 event in Dutta et al. (2008) and 24 
September 2008 event in Radhakrishna et al. (2010). The height profiles of vertical velocities are found to 
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show maximum updrafts in the middle and upper tropospheric region which can be attributed to 
sublimation and condensate loading and peak downdrafts include blocking effect associated with 
precipitation in the mid-troposphere, indicating that the maximum latent heat is being released at these 
heights. These profiles are very important for numerical simulations of the convective systems which differ 
significantly from one geographic location to the other (Kishore Kumar et al., 2005).   
  

 
Figure 2c Same as Figure 2a, but for 16-17 May 2006. 

 

 
Figure 2d Same as Figure 2a, but for 24 September 2008. 

 For all the cases of the present observation, the atmosphere is associated with strong convective 
turbulence in the troposphere and the lower stratospheric region with maximum values of spectral width 
~1.5-3.5 m/s. During the mature stage of the convective event i.e., at 16-18 hrs on  27 September 2004, ~9-
10:30 hrs on 29 September 2004, ~17.5-18.5 hrs for 16-17 May 2006 and ~19.5-22.5 hr and on 28 
September 2008, the SNR is found to be weak within ~8-16 km region, where the vertical velocities and 
spectrum width are found to be strong  and are called as weak echo regions (WERs) which usually exist 
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above the melting layer (Kumar et al., 2005). Also, these WERs are found at the periphery of the updraft. 
This is because of most of the mixing of ambient air and cloud mass may take place at the outer regions of 
the strong updraft and hence, WER are found at this region. An important feature that can be observed from 
the Figure 2 is that except on 27 September 2004, there exists convective overshooting for all the cases 
near the tropopause region, which is located at ~ 15.5-17 km as noticed with the help of radiosonde 
temperature profile from nearest station Chennai (13.0N, 80.1E), at a distance of 120 km from the radar 
site, indicates the presence of strong mass exchange between the troposphere and stratosphere. 
  

 
Figure 3 SABER temperature (K) profiles corresponding to 27 September 2004, 29 September 2004, 16 May 2006 and 24 

September 2008 for nearest grid region centering around Gadanki. 
 

There was a strong convective turbulence associated with shear especially above the convective 
cloud associated with strong vertical updrafts and downdrafts with a maximum of ±10 m/s on 24 
September 2008, +16 m/s and -6 m/s during 16-17 May 2006, ±6 m/s on 29 September 2004 and ±4.5 m/s 
on 27 September 2004 (Figure 2). For all the events, there is a large scale cloud motion from east 
associated with strong low level wind shear and there is a cyclonic event over/near China region during 16-
17 May 2006 and 24 September 2008. During all the case studies double stratopause and mesopause 
structures are noticed in and around Gadanki location as shown in Figure 3, which means that there was a 
significant momentum transport from the lower to middle atmosphere. 
 

3.2 Wavelet analysis  

 
Figure 4a WT of vertical wind (m/s) from Gadanki at 4 km, 14 km and 20 km, and zonalwind (m/s) at 90 km from 

Tirunelveli corresponding to 27 September 2004. 
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Figure 4b WT of vertical wind (m/s) from Gadanki at 4 km, 8 km and 22 km, and zonal wind (m/s) at 92 km from 

Tirunelveli corresponding to 29 September 2004. 
 

 
Figure 4c WT of vertical wind (m/s) from Gadanki at 7 km, 12 km and 16 km, and zonal wind (m/s) at 88 km from 

Tirunelveli corresponding to 16-17 May 2006. 
 

In order to localize important modes of oscillation, Wavelet Transform (WT) analysis is employed in 
restricted intervals of the data series as in Arunachalam et al. (2014). Morlet wavelet is used as a mother 
wavelet to obtain dominant spectral components from the vertical wind fluctuations from MST Radar for 
the UTLS region and zonal wind fluctuation from MF radar for MLT region.   
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Figure 4d WT of vertical wind (m/s) from Gadanki at 5 km and 10 km, and zonal wind (m/s) at 88 km and 90 km from 

Tirunelveli corresponding to 24 September 2008. 
 

Both the fluctuations show that there exists dominant 2-3 hr periodic oscillations both in UTLS as 
well as in the MLT region as shown in Figure 4a-4d, which means that, short-period gravity waves 
generated in the lower atmosphere are propagating into the middle and upper atmospheric altitudes with 
increase in phase speed and vertical wavelength (Fritts and Alexander, 2003).  

 
Figure 5 (a) EEJ (nT) time series from Tirunelveli (top panel) and (b-e) correspondsto WT of EEJ (nT) for 27 September 

2004, 29 September 2004, 16-17 May 2006and 24 September 2008. 
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 In addition to WT of vertical and zonal wind fluctuations, an attempt has been made to find the 
dominant oscillations in the ionospheric altitudes with the help of EEJ data. Figure 5a shows the hourly EEJ 
(nT) from Tirunelveli for all the case studies, among which 27 and 29 September 2004 has shown maximum 
EEJ strength between     9-12 Local Time (LT in hrs), 24 September 2008 has shown maximum EEJ strength 
between 9-14 LT, but for 16 and 17 May 2006 there is no maximum EEJ strength rather minimum is 
observed between 12-17 LT.  The minimum EEJ strength of -38 nT observed on 16 May 2006 might be due 
to type I counter electro jet (CEJ) event and -18 nT observed on 17 September 2008 might be due to type II 
CEJ event.  In their study during CEJ event Somayajulu et al. (1994) observed type II spectra with CEJ event 
intensity at about −10 nT in the presence of blanketing Es layers and type I spectra with CEJ event intensity 
between −35 and −40 nT in the absence of blanketing Es layers. The altitude of the echoing region was 95–
100 km (in the presence of blanketing Es layers) during the observations of type II spectra and ranged from 
100 to 108 km when type I waves  were observed. WT of EEJ (Figure 5b-5e) for all the events show that 
~2-3 hr periodic oscillations are also dominant in the ionospheric altitudes, which means that the short-
period gravity waves generated in the lower atmosphere (source region) are propagating vertically up into 
the atmosphere. 
3.3 2D FFT of Rayleigh Lidar Temperatures 

 
Figure 6 Rayleigh Lidar temperature fluctuations (top) and corresponding 2D FFT (bottom) for periodicity (hrs) vs. 

vertical wavelength (km) on 29 September 2004. 
 

 To find the presence of dominant oscillations corresponding to dominant vertical wavelength in the 
stratospheric region, high resolution (4 min. temporal and 300 m vertical resolution) temperature profiles 
in the stratospheric region (between 35 km to   65 km) for 29 September 2004 from Rayleigh Lidar located 
at Gadanki is subjected to two-dimensional Fast Fourier Transform analysis. From the Figure 6, it is clear 
that short-period gravity waves with periodicities 0.5-1 hr corresponding to vertical wavelengths of 4.2 km 
and 8 km, 1.5 hr periodicity with vertical wavelength of 4.2 km, 2-2.5 hr periodicities corresponding to 
vertical wavelengths of 3.2 km and 7.8 km, and 2.5-3.5 hr periodicity corresponding to 4.2 km vertical 
wavelength are found to be dominant showing 95% significance (black contours). 
 

4 Summary and Conclusions 
 Using high resolution Indian MST radar, MF radar, and Lidar based observations, characteristics of 
vertically propagating convectively generated short period gravity waves associated with strong vertical 
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velocities have been studied for the first time. Among all the convective events 16-17 May 2006 is found to 
be deep with TBB  of    ~185 K, with maximum (updraft) vertical velocity of 16 m/s and 24 September 2008 
is also equivalently deep with TBB value of ~205 K, with maximum vertical updrafts and downdrafts of ~ 
±10 m/s. In all the case studies, there exists strong vertical wind associated with WERs in SNR in the 
tropospheric region which results in the entrainment of the ambient air into the convective system, which 
lowers the mixing ratio as well as the temperature. The entrainment will be effective as long as the updrafts 
are intense. Thus, the present observations have shown that the strong updrafts in the convective systems 
are mainly responsible for the WERs (Kumar et al., 2005). Also, all the events are double pause structures in 
stratopause and mesopause altitudes, which mean that there is a strong diffusion or momentum transport 
within the atmosphere at the pause regions.  
 

 WT analysis of vertical and zonal wind fluctuations clearly depicts that 2-3 hr short period gravity 
waves are dominant both in the UTLS and MLT region. 2D FFT of Rayleigh Lidar temperature fluctuations 
also show similar kind of oscillations with vertical wavelengths of ~ 4.2 km and ~7.6 km in the 
stratospheric region. Even though there exist short period oscillations other than 2-3 hr, in the present 
observation it is found that they are found to be limited to the stratospheric altitudes. During all the 
convective events, the EEJ strength is positive except for 16-17 May 2006, where it is negative, with 16 May 
2006 corresponding to type-I CEJ event and 17 May 2006 corresponding to type-II CEJ event.  Plausible 
reasons behind these CEJ events could be due to the presence of a negative electron density gradient during 
such events, which occur in the presence of blanketing Es layers and strong local shears in the E-region 
wind structures (Somayajulu and Viswanathan, 1987). From the WT of EEJ it is emphasized that ~ 2-3 hr 
periodic oscillations are also exist in the ionospheric altitudes. Hence, short period (2-3 hr) gravity waves 
generated in the lower atmosphere (troposphere) due to deep convective events are noticed to be 
propagating into the middle (stratosphere and mesosphere) and upper atmospheric (ionosphere) altitudes 
with an increase in phase speed and vertical wavelength thereby transporting energy (momentum) from 
(to) lower to (from) middle and upper atmospheric regions. For all the case studies the phase propagation 
is found to be downward leading to upward wave energy propagation.  
 

 It is now well known that gravity waves contribute significantly to the large-scale atmospheric 
circulation, especially in the mesosphere and lower thermosphere (MLT), because of the wave dissipation 
and the accompanying momentum flux divergence. So far, many studies have been reported the horizontal 
characteristics of the MLT gravity waves (such as wavelength, phase speed, and propagation direction) 
based on long-term radar and airglow observations at various latitudes (e.g.,Suzuki et al., 2011; Taori et al., 
2012). The horizontal propagation structure of gravity waves in the airglow images sometimes give a useful 
hint to identify their wave sources, e.g., gravity waves observed as concentric rings that were generated by 
strong convective plumes located at the center of the rings in the troposphere (Taylor and Hapgood, 1988, 
Suzuki et al., 2007a, Yue et al., 2009). Similar cases, however, are not common. Generally, it is difficult to 
obtain a clear one-to-one correspondence between the wave sources in the lower atmosphere and the 
gravity waves in the MLT region.  
 

 Various numerical simulations of the generation and propagation of the gravity waves have been 
developed (e.g., Piani et al., 2000; Vadas and Fritts, 2004; Kimet al.,2009). These simulations reproduced the 
existing results in which convectively triggered gravity waves in the troposphere reach the upper 
stratosphere and the MLT region. On the other hand, vertical gravity wave signatures up to the stratosphere 
were investigated using radiosonde and lidar observations (e.g., Schoch et al., 2004; Sato and Yoshiki, 2008; 
Yamashita et al., 2009). Sato et al. (1995) reported the stratospheric wind disturbances associated with 
gravity waves generated by cumulus convection using the middle and upper atmosphere (MU) radar 
observations. In their study they concluded that the gravity waves having short periods from a few minutes 
to a few hours associated with cumulus convection are considered to be important for transport of 
momentum and substances across the tropopause and emphasized the importance of short-period gravity 
waves in the tropical region where convective activity is strong. Dhaka et al. (2002) and Kumar (2006) have 
reported direct intrusions of tropospheric air into the lower stratosphere during gravity wave activity 
associated with convection.  
 

 Vertically propagating gravity waves are indeed the origin of the zonal drag (Fritts, 1989). Hence, it 
is essential to include the effects of gravity wave drag in models of middle atmospheric circulation. Gravity 
wave drag is particularly crucial in understanding the summer mesopause. However, observations of the 
vertical propagation of waves from the lower atmosphere into the MLT region are more limited. Even 
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though, it is difficult to get both wind and temperature information simultaneously during the deep 
convective events from lower to middle and upper atmospheric altitudes, the present study is unique to 
explain about vertical propagation of gravity waves with the help of MST radar, MF radar, Rayleigh Lidar 
and EEJ datasets. 
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