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Highlights: 

• Elevated aerosol layer creates temperature and wind perturbations above boundary layer 

(1.6-4 km) during pre-monsoon. 

• The associated total gravity wave energy increases in the upper tropospheric region 

between 6 and 10 km. 

• The presence of heat-absorbing aerosols promotes lower atmospheric oscillation which 

propagates upward.  
  



 

Abstract 

The elevated layer of heat-absorbing pollutant aerosols causes temperature perturbations in the 

pre-monsoon period above the boundary layer height (1.6-4 km) as observed over a polluted 

tropical urban location Kolkata (22°34' N, 88°22' E) during 2007-2016. Satellite observations of 

different types of aerosols show an increase in aerosol extinction coefficient around 1.6-4 km 

altitude, enhancing the perturbations in both temperature and wind profiles at that height. The 

opposing air mass movement within and above the boundary layer, which is strengthened by 

elevated heat-absorbing aerosols, is illustrated by height profiles of atmospheric vorticity and 

divergence. This results in higher Brunt-Vaisala frequencies indicating increased atmospheric 

oscillations. Consequently, atmospheric gravity waves, which manifest the temperature and wind 

profile perturbations, have enhanced energy in the upper troposphere (6-10 km). Based on multi- 

technique observations consisting of radiosonde, space-borne lidar and model data, this study 

reveals the interactions between aerosol and other atmospheric processes such as temperature 

variations and wind perturbations, which affect the atmospheric instability and increase gravity 

wave activities during the pre-monsoon period over a tropical metropolis. 

1 Introduction 

Atmospheric gravity waves (GW), manifesting the interaction of Earth's gravity and 

restoring buoyancy force of the air parcel in the atmosphere, generally originate in the lower 

troposphere (LT). Convection and orographic disturbances in the LT trigger generation of GW 

energy which propagates in the middle and upper atmosphere impacting the atmospheric general 

circulation (Alexander & Holton, 1997; Alexander et al., 1995; Venkat Ratnam et al., 2004; 

Holton, 1983). Thus, observations of lower atmospheric parameters are crucial to understand the 

atmospheric gravity waves and their impacts on the atmospheric dynamics (Lane et al., 2003; 

Geller & Gong, 2010). The GW energy is estimated from temperature and wind profile 

perturbations in the lower troposphere, which amplify in magnitude as they propagate into the 

upper atmosphere and transport momentum to higher altitudes (Fritts and Alexander, 2003; Ern 

et al., 2014). Atmospheric gravity wave activities during deep convection over the tropics are 

often associated with troposphere stratosphere exchange processes resulting in an intrusion of 

water vapour from the upper troposphere (UT) to the lower stratosphere (LS) and ozone from LS 

to UT (Ravindra Babu et al., 2015; Ray & Rosenlof, 2007; Rakshit et al., 2018; Jana et al., 

2020). Hence it is imperative to investigate the perturbation in temperature and wind profiles and 

the resultant GW genesis in the lower troposphere under different atmospheric conditions. 

The presence of an elevated aerosol layer above the atmospheric boundary layer (ABL) is 

a usual phenomenon over urban tropical locations like Kolkata during the pre-monsoon period 

(Niranjan et al., 2007; Satheesh et al., 2008). Previous studies have revealed that the abundance 

of aerosol above the boundary layer caused the aerosol induced warming process at that height 

resulting in a significant meridional wind gradient (Satheesh et al., 2008). Heat absorbing 

aerosols perturb the Earth's radiation budget by absorbing the solar radiation ((IPCC), 2001, 

Jacobson, 2001). Kolkata being a tropical metropolis, the pollutant aerosols which dominate the 

present location can go above the normal boundary layer due to pre-monsoon convection, and 

trapping of aerosol occur at that height causing perturbation in temperature profile (Talukdar et 

al., 2017; Jana et al., 2019). Changes in temperature profile also impact the wind profile resulting 

in increased wind perturbations. The phenomena of enhanced warming due to elevated aerosol 

above the atmospheric boundary layer were reported earlier (Satheesh et al., 2008; Thornhill et 

al., 2018; Suresh Babu et al., 2011). However, increased temperature perturbations due to aerosol 



 

induced warming and the subsequent effect on GW activities at higher altitudes is yet to be 

reported in the open literature. The present study investigates an increase in temperature 

perturbation in Kolkata (22°34' N, 88°22' E) caused by an abundance of heat-absorbing aerosols 

above the atmospheric boundary layer. Subsequently, GW activities in the UT have been studied 

using radiosonde data. The dominant spectral component of GW is estimated using Lomb-

Scargle spectral analysis from the temperature and wind component (Scargle, 1982). 

Another consequence of the abundance of heat-absorbing aerosols is the change of 

circulations represented by wind's relative vorticity and divergence (Lau, 1979). The presence of 

heat-absorbing aerosols can also change circulation, as indicated by the relative vorticity and 

divergence of wind (Lau, 1979). The effect of elevated aerosol above the boundary layer on the 

vorticity and divergence profiles has been investigated from European Centre for Medium-Range 

Weather Forecasts (ECMWF) data,  relating the lower atmospheric circulation to the gravity 

wave energy at the upper atmosphere. 

 In summary, the present study aims at: i) identifying the aerosol type in elevated aerosol 

above the atmospheric boundary layer over Kolkata during the pre-monsoon period in 

comparison to other seasons during 2007 to 2016, ii) estimating the mean perturbation in the 

temperature and wind profile due to enhanced aerosol concentration around 1.6 to 4 km for the 

considered period of 10 years, iii) assessing the GW energy in the upper troposphere in the 

height range 6 to 10 km, iv) investigating the vorticity, divergence and related Brunt-Vaisala 

frequency variation above boundary layer height (>1.6 km), and finally, iv) identifying the 

dominant vertical wavelength responsible for enhanced GW energy at the heights 6-10 km. The 

present manuscript has five sections: Data and Methodology in Section 2, Results of the 

investigation in Section 3, and Discussions and Conclusions in Sections 4 and 5, respectively. 

2 Data and Methodology 

The present study has been carried out using in-situ and space-borne observations and 

model data as described below.  

The temperature and wind perturbations and atmospheric GW energy are estimated from 

the radiosonde data, available twice daily from the data archive of the University of Wyoming 

for the location of Kolkata during the period 2007-2016. The wind velocity and bearing data, 

from radiosonde are used to estimate zonal and meridional wind components. The vertical 

profiles of temperature (T), zonal (u) and meridional(v) wind data are interpolated for a uniform 

altitude resolution of 100 m. Then the background profiles of temperature, zonal and meridional 

(𝑢,𝑣, 𝑇) wind data are obtained by fitting a second-order polynomial to the respective profiles. 

The perturbation profiles (𝑇′, 𝑢′,𝑣′) are then obtained by subtracting the background profile from 

the individual profile. Finally, the potential energy (Ep) and kinetic energy (Ek) are calculated 

using the following relations (Tsuda et al., 2004; Vincent and Alexander, 2000). 

 

                                𝐸𝑝 = 12 [(𝑔𝑁)2 (𝑇′�̅� )2 ]̅̅ ̅̅ ̅̅ ̅̅ ̅
                                                                                      (1) 

                            𝐸𝑘 = 12 [𝑢′2 + 𝑣′2]                                                                                         (2)  

                           𝑁2 = 𝑔𝜃 𝑑𝜃𝑑𝑧                                                                                                        (3) 

                           𝜃 = 𝑇(𝑃0𝑃 )𝑅/𝑐𝑝                                                                                                 (4) 

 



 

Here g is the acceleration due to gravity, z is altitude, 𝜃 is potential temperature and N is the 

Brunt–Väisälä frequency (Stull, 1995; Rakshit et al., 2018; Jana et al., 2020).  Here 𝑃0 and P are 

the standard surface pressure and pressure at different height respectively. R is the gas 

constant of air, and 𝑐𝑝 is the specific heat capacity at a constant pressure 
𝑅𝑐𝑝 = 0.286 for air. The 

temperature and wind perturbations and resultant GW kinetic and potential energy are presented 

to reveal the seasonal behaviour of GW energy distribution in the upper troposphere for the 

height range 6 to 10 km over Kolkata. The presence of water vapour above the boundary layer in 

the height range of 1.6 to 4 km is estimated from the radiosonde data.  

The extinction coefficient profiles of total aerosols, dust aerosols, pollutant dust aerosols 

and smoke particles at 532 nm from Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 

Observations (CALIPSO) satellite are utilized to indicate the characteristics of the aerosol 

environment above the atmospheric boundary layer over Kolkata. The monthly extinction 

coefficient data available at a spatial resolution of 2º×5º around the present study location, 

available from the website of NASA (https://eosweb.larc.nasa.gov/project/calipso/cloud-

free_aerosol_L3_lidar_table), are used. The vertical resolution of aerosol extinction coefficients 

of CALIPSO data is 60 m. 

The temperature, divergence and relative vorticity profile at 37 pressure levels and 60 

model levels are obtained from European Centre for Medium‐Range Weather Forecasts 
(ECMWF) data at a spatial resolution of 0.5º×0.5º around Kolkata 

(https://apps.ecmwf.int/datasets/data/interim-full-moda/levtype=ml/). The mean vertical 

resolution of the ECMWF 60 model level data is around 400 m in the height range of 1.6 –4 km 

considered in the present study. The ECMWF 37 pressure level data of temperature has also been 

used to estimate Brunt-Vaisala frequency.  

Absorbing Aerosol Index (AI) daily data with a spatial resolution of 1º×1º obtained from 

Global Ozone Monitoring Experiment-2 (GOME-2) on MetOp-A platform at 340 nm and 380 

nm. Positive AI values indicate the presence of heat-absorbing aerosol particles. 

3 Results 

Pre-monsoon elevated aerosol can significantly affect temperature and wind perturbation 

profiles and subsequent GW activities compared with the monsoon (June-September), post-

monsoon (October-November), and winter (December-February) during 2007-2016. 

3.1 Aerosol interaction with gravity waves 

The seasonal mean profiles of aerosol extinction coefficient (AEC) during different 

seasons in the height range of 1.6 to 4 km over Kolkata are shown in Figure 1. During the pre-

monsoon season (March to May), AEC profiles at 532 nm obtained from CALIPSO data show a 

significantly higher value compared to other seasons over Kolkata (Figure 1(a)). The monthly 

variation of mean absorbing aerosol index (AI) values during 2007-2016 retrieved from MetOp-

A satellite also show enhanced values during the pre-monsoon months compared to other months 

indicating the abundance of heat-absorbing aerosols during this time (Figure 1(b)).  

 

https://eosweb.larc.nasa.gov/project/calipso/cloud-free_aerosol_L3_lidar_table
https://eosweb.larc.nasa.gov/project/calipso/cloud-free_aerosol_L3_lidar_table


 

 
 

Figure 1.(a) The vertical profiles of aerosol extinction profile (550 nm) from CALIPSO, and (b) seasonal 

variation of the aerosol index (AI) over Kolkata from 2007 to 2016. 

 

 

Figure 2.The vertical profiles of aerosol extinction coefficient for: (a) Dust, (b) Polluted dust and (c) 

Smoke particles at 532 nm. 

Figure 2 shows the height profiles of different types of aerosol, such as the pollutant dust, smoke 

and dust at 532 nm produced by CALIPSO, which account for the enhanced AEC during the pre-

monsoon season over Kolkata.  A dominance of dust and pollutant dust particles in the height 

range 1.6 to 4 km is observed, which should be responsible for the enhanced AEC values during 



 

the pre-monsoon period over Kolkata (Figure 2(a), (b)). Hence, the abundance of heat-absorbing 

aerosols like pollutant dust and dust particles above the boundary layer during the pre-monsoon 

period perturb the temperature profile (Yue et al., 2010; Gu et al., 2016). Against this backdrop, 

the absolute mean perturbations in the temperature (
𝑇′�̅� ) profiles are obtained during 2007-2016 

in the height range of 1.6-4 km, as shown in Figure 3(a). The temperature perturbations show a 

significant increase in the pre-monsoon period compared to other seasons (Figure 3(a)). The 

temperature variation is often associated with a change in background wind pattern. Hence the 

zonal (u) and meridional (v) wind perturbations are estimated from wind velocity and bearing, as 

shown in Figure 3(b), (c). Wind perturbations, mainly the meridional wind components, show an 

enhancement in perturbations in the pre-monsoon period. 

 

 

 
 

Figure 3. The vertical profiles of absolute (a) temperature perturbation, (b) zonal wind perturbation, and 

(c) meridional wind perturbation. 

The enhanced perturbations created in the temperature and wind profiles above the boundary 

layer will increase in magnitude as they propagate upward, causing an increase in gravity wave 

energy at higher altitudes in a relatively less dense atmosphere. Accordingly, we estimate the 

average energy content in the upper troposphere (6-10 km) using radiosonde data following the 

methodology described in Section 2.  According to Figure 4, the GW energy during the pre-

monsoon season is significantly higher than the other seasons. The enhanced temperature and 

(b) (c) 

(a) 



 

wind perturbations that occur during the pre-monsoon period in UT are due to the increased GW 

potential and kinetic energy caused by heat-absorbing aerosols above the boundary layer. 
 

 
 

Figure 4.The vertical profiles of (a) potential energy, and (b) kinetic energy in the upper troposphere (6-

10 km). 

 

Figure 5 shows a seasonal variation of the extinction coefficient values as well as the total GW 

energy (kinetic plus potential). In this case, the total GW energy is averaged within a height 

range of 6-10 km and the AEC is averaged within a height range of 1.6-4 km.  

 
Figure 5.The seasonal variation of height averaged (6-10 km) total GW energy (in blue line), and height 

averaged (1.6-4 km) extinction coefficient values (in red line) starting from 2007 to 2016. 
 

 

Figure 5 depicts that the total GW energy in the UT (6-10 km) follows the variation of mean 

aerosol extinction coefficient values above the ABL (1.6-4 km) during 2007-2016. The peaks in 

the seasonal curve correspond to the pre-monsoon peaks. There is a data gap of radiosonde 

measurements during 2011.  
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To investigate the increase in the gravity wave energy in the pre-monsoon period, we have 

analyzed temperature lapse rate, vorticity, and divergence of air mass flow, which are indicators 

of the atmospheric stability and circulation pattern at different heights . In Figure 6(a), it can be 

seen that the atmospheric lapse rate (temperature gradient) shows a significant reduction at and 

above the boundary layer height (>1.6 km) which is caused by the presence of the elevated layer 

of pollutant aerosols and dust (Figure 2). This reduces the instability at this height and lowers the 

vertical transport seen from both divergence and vorticity data (Figure 6 (b),(c)). It can be seen 

from Figure 6(b) and (c) that within the boundary layer vorticity (divergence) is positive 

(negative) during pre-monsoon and monsoon. Whereas above the boundary layer height a 

reverse scenario prevails during pre-monsson season only. The negative divergence (indicating 

convergence of air mass) and positive vorticity (implying cyclonic air motion) are responsible 

for upward motion of air within the boundary layer (Wallace and Hobbs, 2006). However, above 

the boundary layer height positive divergence and negative vorticity (anti cyclonic air motion) 

causes subsidence of air mass (Wallace and Hobbs, 2006). So during the pre-monsoon period, an 

air parcel experiences opposite forces within and above the boundary layer region, which results 

in oscillations of airmass around the boundary layer. This results in higher Brunt-Vaisala 

frequency in the height range ~2-4 km (Figure 6(d)). Other seasons, however, do not show such 

opposite directional airmass flow within and above boundary layer height.  

 

 

 

 
Figure 6. Average (a) temperature height gradient, (b) divergence, (c) vorticity and (d) Brunt-Vaisala 

frequency during four seasons. 

 

 

 



 

 

 3.2 Dominant vertical wavelength in the upper troposphere during pre-monsoon over 

Kolkata 

 

The predominant vertical wavelength of GW in height range 6 to 10 km prevailing over 

Kolkata is estimated following the Lomb-Scargle method of spectral analysis (Scargle, 1982; 

Jana et al., 2020). The vertical wavelengths have been obtained from the temperature, zonal and 

meridional wind perturbations. The spectral analysis reveals that the vertical wave number of 

around 1 cycle/km is dominant in the UT (6-10 km) during pre-monsoon over Kolkata as seen 

from Figure 7.  

 

 
 

 
 

 
Figure 7. Mean power spectral density of gravity waves in the upper troposphere over Kolkata as 

revealed from (a) temperature, (b) zonal wind, and (c) meridional wind components. These show that the 

dominant spectral components occur at wavenumber around 1 cycle/km. 

 

4 Discussions 

The present investigation reveals the effects of elevated aerosol concentration around 1.6 

to 4 km on the temperature and wind perturbations, GW activities over a tropical metropolis, 

Kolkata, during the pre-monsoon season based on long term data during 2007-2016. The pre-

monsoon scenario is presented in comparison to other seasons, namely monsoon, post-monsoon 

and winter months. The study shows the dominance of dust and polluted dust particles in the 

(a) 

(b) (c) 



 

elevated aerosol layer above the ABL height as evident from the aerosol extinction coefficient 

profiles obtained from CALIPSO observations at 532 nm. The pre-monsoon months over 

Kolkata are characterized by increased mean absorbing aerosol index values derived from space-

borne observations of MetOp-A satellite, indicating the dominance of heat-absorbing aerosols 

(De Graaf et al., 2005). In addition, the present results are consistent with the findings of Nair et 

al. (2016), which revealed the dominance of heat-absorbing aerosols in the free troposphere of 

western India during the pre-monsoon. The GW activity is found to be maximum in the pre-

monsoon showing highest energy among the other seasons (Figure 4-5). The probable 

explanation of the increase in GW energy in the pre-monsoon period is the presence of 

oscillation in airmass due to opposite directional air flow above and within boundary layer. The 

elevated layer of aerosol above the boundary layer reduces temperature lapse rate (Figure 6(a)) 

hindering the normal uplift of air and promotes outflow or divergence of air from that region. 

Within the boundary layer, positive (cyclonic) vorticity, shown in Figure 6(b), causes upward 

movement of air that reverses above boundary layer due to negative vorticity (Wallace and 

Hobbs, 2006). Figure 8 gives a schematic presentation of the generation mechanism of 

oscillation around boundary layer height in the pre-monsoon period. 

 

 
 

Figure 8. The schematic presentation of pre-monsoon wind movement across the boundary layer 

which promotes atmospheric oscillation over Kolkata. 

 

So the enhanced aerosol concentration during the pre-monsoon season above the ABL 

has an significat role in perturbing temperature and wind compared to other seasons. The 

perturbations in the temperature and wind flow have amplified atmospheric oscillation in lower 

troposphere which propagates at higher altitudes to enhance the GW kinetic and potential energy 

in the height range 6 to 10 km, as estimated from radiosonde profile data over Kolkata. The 

spectral analysis of this GW using the Lomb-Scargle method has shown that the vertical 

wavenumber of around 1 cycles/km is dominant in this height range over Kolkata (Scargle, 

1982).  

 

 



 

 

 

5. Conclusions 

 

The present study shows that aerosols significantly impact temperature and wind perturbations 

above the boundary layer in the height range 1.6-4 km over Kolkata, which is located in a 

tropical zone, for the period 2007 to 2016. Perturbations are amplified and cause an enhancement 

in gravity wave energy in the upper troposphere (6-10 km). The abundance of heat-absorbing 

aerosols like polluted dust and dust particles influences heat flow in the pre-monsoon season, 

contributing to the higher gravity wave energy in the upper troposphere. A vertical wavenumber 

of around 1 cycle/km dominates the energy density spectrum of gravity waves in the upper 

troposphere during the pre-monsoon period. The study has implications in the context of 

changing atmospheric circulation patterns due to enhanced anthropogenic activities. 
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