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A B S T R A C T   

The Asian Tropopause Aerosol Layer (ATAL) is located in the Upper Troposphere and Lower Stratosphere (UTLS) 
during the Asian Summer Monsoon. However, what dynamical feature separates the ATAL from the well-known 
stratospheric ‘Junge layer’ is not yet clear. In this study, using the in-situ (Radiosonde, Ozonesonde, backscatter 
sonde and cryogenic frost-point hygrometer) observations from multiple locations in India (Gadanki (13.45◦ N, 
79.18◦ E), Hyderabad (17.47◦ N, 78.58◦ E) and Varanasi (25.27◦ N, 82.99◦ E)) and multi-satellite observations 
((Cloud-Aerosol Lidar and Infrared Pathfinder Observation, (CALIPSO), Atmospheric Chemistry Experiment 
(ACE) Fourier Transform Spectrometer (FTS) and Constellation Observation System for Meteorology, Ionosphere 
and Climate (COSMIC) Global Position System (GPS) Radio Occultation (RO) (COSMIC GPS-RO)) we show that 
the ATAL can exist up to the layer of maximum stability (LmaxS), located a few kilometers above the tropopause, 
determined using the square of Brunt Väisäla frequency. These in-situ observations over Indian stations collected 
during the ISRO-NASA Balloon Measurement Campaigns of the Asian Tropopause Aerosol Layer (BATAL) show 
that the ATAL top can reach up to ~442 K potential temperature level over the Indian region. The LmaxS 
delineated from COSMIC GPSRO observations over the Asian Summer Monsoon Anticyclone (ASMA) region 
indicates that the top of ATAL can reach up to 454 K potential temperature level, which is lower than the earlier 
Lagrangian transport model predicted 460 K. The temperature inversion at LmaxS acts as a lid and constrains the 
direct transport of aerosols to higher altitudes.   

1. Introduction 

The Asian Summer Monsoon Anticyclone (ASMA), a major dynam
ical system extending from the upper troposphere to the lower strato
sphere during the boreal summer is known to contain an enhanced 
concentration of tropospheric pollutants, either lifted by the associated 
deep convection over the Indian subcontinent (Hoskins and Rodwell, 
1995) or through long-range transport (Brunamonti et al., 2018; Vogel 
et al., 2019; Basha et al., 2020, 2021). The quasi-persistence of anti
cyclone in the UTLS region results in the accumulation of tropospheric 
trace gases (H2O, CH4, CO etc.) and a reduction in the stratospheric trace 
gases (in O3, HNO3, HCl, etc.) within the ASMA (Park et al., 2008, 2013; 
Randel et al., 2010; Garny and Randel, 2016; Basha et al., 2021). 
However, the existence of the Asian Tropopause Aerosol Layer (ATAL) in 

the ASMA region was discovered using Cloud-Aerosol Lidar and Infrared 
Pathfinder Satellite Observations (CALIPSO) mission a few years later 
(Vernier et al., 2011, 2015). Further, the existence of ATAL from 1999 
onwards is observed in the Stratospheric Aerosols and Gas Experiments 
(SAGE) II measurements (Thomason and Vernier, 2013). However, the 
spatially resolved Ammonium Nitrate (NH4NO3, (AN)) observations 
with Cryogenic Infrared Spectrometers and Telescopes for the Atmo
sphere (CRISTA) showed enhanced concentrations of solid AN in the 
upper troposphere within the ASMA as early as 1997 (Höpfner et al., 
2019). The ATAL occur between ~360 K and ~440 K potential tem
perature (~13–18 km) from the eastern Mediterranean Sea to western 
China and India with a thickness of 3–4 km around 30–40◦ N and thinner 
near the equator (Vernier et al., 2011, 2015, 2018; Hanumanthu et al., 
2020; Bian et al., 2020). The UTLS aerosols long-term observations 
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suggest that the ATAL optical depth has increased 2–3 times since the 
late 1990 (Vernier et al., 2018). The satellite observations of ATAL were 
consistent with the early balloon-borne observations made from Lhasa 
(29.7◦ N, 91.1◦ E) in August 1999 (Kim et al., 2003; Hanumanthu et al., 
2020). The first offline chemical analysis during the Balloon Measure
ment Campaigns of the Asian Tropopause Aerosol Layer (BATAL) using 
ion chromatography (IC) suggests that the nitrate is a more important 
chemical component of the ATAL than the sulphate aerosols, which were 
lower than the IC detection limit (Vernier et al., 2018). This observation 
was consistent with the model results of Gu et al. (2016). These results 
are further supported by the later observations of AN from CRISTA and 
ammonia (NH3) observed using Michelson Interferometer for Passive 
Atmospheric Sounding (MIPAS) (Höpfner et al., 2019). The advanced 
balloon-borne observations of aerosol over the Indian region using the 
Compact Optical Backscatter AerosoL Detector (COBALD), Optical Par
ticle Counter (OPC) and offline chemical analysis (IC) shown that the 
ATAL is mostly composed of relatively small (radius <0.25 μm) liquid 
(80%–95%) aerosols with relatively low scattering ratio (SR) at 532 nm 
which is consistent with the CALIPSO observations (Vernier et al., 
2018). Independent observations over the ASMA region with 
balloon-borne aircraft and satellite platforms indicate that the ATAL 
extends above the cold point tropopause (Vernier et al., 2018; Bruna
monti et al., 2018; Hanumanthu et al., 2020; Höpfner et al., 2019; 
Mahnke et al., 2021; Yu et al., 2017). A relatively high concentration of 
aerosol is found near the tropopause and declines in the higher altitudes. 
Particle concentration for radius (r) > 0.094 dominated in the tropo
pause altitude, with its concentration comparable to that of the 
boundary layer concentration (up to about 25 particles per cm− 3). 
Particle concentration for r > 0.15 and r > 0.30 μm is smaller by a factor 
of 30 and 300, respectively. Brunamonti et al. (2018) referred to this 
extended layer above the cold point tropopause as ‘confined lower 
stratosphere’ (CLS) using the 2-week LAGRANTO backward trajectories 
and water vapor measurements over Nainital, India (29.35◦ N, 79.46◦ E) 
and Dhulikhel, Nepal (27.62◦ N, 85.54◦ E). The top of the confined layer 
is located around 18.6 km (421.5 K) and 19.5 km (441 K) over Nainital 
and Dhulikhel, respectively. Ma et al. (2022) also observed a similarly 
mixed layer around 1–1.5 km above the tropopause over ASMA region 
from the tracer-tracer relationship of O3 and H2O. The concept of the 
confined layer is consistent with the concept of “upward spiralling 
range” by Vogel et al. (2019). They found that the slow diabatic uplift 
within the ASMA can transport the airmass up to 460 K from the top of 
the convective outflow level (~360 K) within a few months. Later these 
uplifted air masses are transported to a higher altitude via tropical pipe 
associated with large-scale Brewer-Dobson circulation. The HALO 
aircraft in-situ observations over extratropical UTLS (15 - 75◦ N, 25◦ W- 
15◦ E) and 50 days Lagrangian back trajectory analysis also shows a slow 
diabatic ascent of air mass within the anticyclone up to potential tem
perature >400 K and subsequent transport to the extratropical lower
most stratosphere (Müller et al., 2016). The analysis of model 
simulations also shows eddies detached from the anticyclone contribute 
to transporting the trace gases and aerosols to the western Pacific and 
western Africa from the Asian region (Fadnavis et al., 2018). The 
descending motion in the western part (approximately 70◦ E) is also 
found to play an important role in the dissipation of the ATAL, in 
addition to the large scale ascending circulation inside ASMA and the 
eddy shedding at the east and western edges of the ASMA (He et al., 
2020). Aerosol near the tropopause could impact the Earth’s radiative 
balance and the cirrus cloud properties. Based on CALIOP observations 
between 1995 and 2013, the summertime aerosol optical depth increase 
within the ATAL resulted in a − 1 Wm2 radiative forcing at the top of the 
atmosphere. This correspond to the one-third of the total radiative 
forcing due to increased CO2 over the same period (Vernier et al., 2015). 

ASMA is not a stable, persistent unimodal circulation, it can be 
bimodal (Tibetan and Iranian modes) with substantial day-to-day vari
ability (Zhang et al., 2002; Vogel et al., 2015, Hemanth Kumar and 
Ratnam, 2021). There is also considerable interannual variability in the 

monsoon circulation, which impacts the trace gases and aerosol con
centration in the ASMA (Santee et al., 2017, Hemanth Kumar and Rat
nam, 2021; Yuan et al., 2019). Hanumanthu et al. (2020) found 
substantial day-to-day variability of ATAL in both backscatter signal 
intensity and altitude range. They have also performed Lagrangian 
back-trajectory analysis to identify the air mass origin in the model 
boundary layer and its transport pathways to the ATAL over Nainital in 
August 2016. 

There have been many studies exists on ASMA composition, dy
namics and ATAL variability in the recent years (Park et al., 2008, 2013; 
Pan et al., 2016; Santee et al., 2017; Vernier et al., 2015, 2018; Hemanth 
Kumar and Ratnam, 2021; Yuan et al., 2019; Basha et al., 2020; Hanu
manthu et al., 2020; Zhang et al., 2002; Vogel et al., 2015, 2019; He 
et al., 2020). With Lagrangian models trajectory simulations, few of 
these studies have shown a slow ascend of air parcels within the anti
cyclone and reaches an upper boundary of 400–460 K potential tem
perature (Müller et al., 2016; Vogel et al., 2019; Brunamonti et al., 
2018). However, what dynamical aspect separates the ATAL from the 
well known Jungi layer is not clear. In the present study, we define the 
upper boundary of the ATAL based on the atmospheric stability, which is 
derived from the balloon-borne in situ and spaceborne measurements. 
The rest of the paper is organized as follows. Section 2 outlines the data 
sets used for the present study. Section 3 comprises the methodology 
adopted to identify the ATAL top boundary, followed by the description 
of the results. Summary and discussion are provided in Section 4, and 
finally, major conclusions for the present study are drawn in Section 5. 

2. Data and methodology 

In this paper, we used multiple in-situ observations from the BATAL 
campaign conducted during 2014–2019 (Vernier et al., 2018) and sat
ellite observations to derive the top of the ATAL from the basic atmo
spheric parameters. The top of the ATAL is delineated based on the static 
stability criteria (Sunilkumar et al., 2017; Gettelman and Wang, 2015; 
Birner et al., 2002) using radiosonde observations over Gadanki (13.45◦

N, 79.18◦ E), Hyderabad (17.47◦ N, 78.58◦ E) and Varanasi (25.27◦ N, 
82.99◦ E) along with supporting balloon-borne aerosol backscatter, 
water vapor and ozone observations. The geographical location of the 
launching sites is shown in Fig. 1, and the details of the sondes used in 

Fig. 1. Map showing the balloon launching locations over India during 
2014–2019 BATAL Campaigns. 
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the present study are provided in Table 1. Tropopause parameters and 
their detection criteria are discussed in section 2.7. 

2.1. Radiosonde and ozonesonde 

We used both Meisei (RS-11 G) and iMet radiosonde temperature and 
pressure data as a function of altitude. These radiosondes measure 
temperature from − 90 ◦C to 50 ◦C with a resolution of 0.1 ◦C and ac
curacy of 0.5 ◦C at a time resolution of 1s. iMet employs a piezo-resistor 
to measure atmospheric pressure with an accuracy of ~1–2 hPa between 
2 and 1070 hPa. Since the Meisei Radiosonde does not have a pressure 
sensor, it derives pressure from the observed temperature and GPS 
altitude with the hypsometric equation. The ozone profile from the 
surface to the balloon burst altitude (30–35 km) was obtained by the EN- 
SCI Electrochemical concentration cell (ECC) ozonesondes (Komhyr 
et al., 1995). Ambient air is bubbled through a cathode chamber filled 
with potassium iodide solution by a 12 V pump, and the subsequent 
reaction generates two electrons per ozone molecule. The current 
measured using an external circuit board later converts into ozone 
partial pressure with an accuracy of around 5–10%. More details on 
radiosonde and ozonesonde are available in Ratnam et al. (2014), and 
Akhil Raj et al. (2015). 

2.2. Cryogenic frostpoint hygrometer (CFH) 

The CFH is a compact, microprocessor-controlled instrument that 
operates based on the chilled mirror principle. It accurately measures 
the frost-point/dew point temperature from the surface to the 28 km 
altitude range. The CFH operates by precisely controlling the tempera
ture on a small gold-plated oxygen-free high-density copper mirror to 
generate a thin layer of dew or frost in thermodynamic equilibrium with 
the ambient air. The thin layer of condensate is maintained by fast 
heating and cooling with the help of an electrical heater and a cryogenic 
liquid (Trifluoromethane). A detailed description of the instrument is 
presented by Vömel et al. (2007). The observed frost point temperature 
is used to calculate the water vapor mixing ratio by estimating the water 
vapor partial pressure following the Goff Gratch equation (Goff and 
Gratch, 1946). CFH measures water vapor with an accuracy of 4% in the 
lower tropical troposphere, 9% in the tropopause region and 10% in the 
lower stratosphere. The relative humidity with respect to ice (RHice) is 
calculated from the frost point temperature from CFH, and the ambient 
air temperature measured using iMet radiosonde. RHice accuracy is 
5–7% in the upper troposphere and better than 10% in the lower 
stratosphere (Sunilkumar et al., 2016). 

2.3. Compact Optical Backscatter AerosoL detector (COBALD) 

COBALD is a lightweight balloon-borne backscatter sonde developed 
by ETH Zurich designed to fly with weather balloons operating at optical 
wavelengths 455 nm (blue) and 940 nm (infrared). Each of these LEDs 

has an optical power of around 700 mW. A silicon photodiode phase- 
sensitive detects the light scattered back from air molecules, aerosols 
or ice particles with an uncertainty of 5% and precision better than 1% 
in the UTLS region (Vernier et al., 2015, 2018). In the present study, we 
used the blue backscatter ratio (BSR455) to discern aerosol (ATAL) and 
cloud, following Hanumanthu et al. (2020). BSR455 < 1.12 is considered 
as aerosol, and larger values are treated as cloud/ice particles. We didn’t 
use COBALD observations after August 15, 2017 and 2019 in the present 
study to avoid the effects of smoke from the Canadian wildfire and 
Raikoke eruption, respectively. 

2.4. Atmospheric Chemistry Experiment (ACE) Fourier Transform 
Spectrometer (FTS) 

We used monthly mean ACE-FTS observations on-board SCISAT 
between 2014 and 2018 over the ASMA region (10–40◦ N, 0–120◦ E). 
ACE-FTS measure solar spectra from 2.2 to 13.3 μm wavelength using a 
Michelson interferometer during solar occultations (Bernath et al., 
2005). During each occultation, the vertical sampling of each constitu
ent is made with a vertical resolution of 2–6 km depending upon the 
occultation angle, and the final product is available at a 1 km vertical 
resolution (Boone et al., 2005). The satellite provides 30 measurements 
per day for over 30 chemical species from the 5 km–150 km range. 
Version 3.6 ozone (O3), water vapor (H2O), hydrogen cyanide (HCN) 
and carbon monoxide (CO) observations are used in the present study. 
The ACE-FTS provides observations primarily over high latitudes with 
limited measurements over the tropics. Therefore, we have used 
June-July-August mean profiles within the ASMA region to study the 
vertical structure of the trace gases and their variation near the tropo
pause from 2014 to 2018. Though the ACE-FTS provides temperature 
measurements, we have used high-resolution temperature observations 
from Constellation Observation System for Meteorology, Ionosphere and 
Climate (COSMIC) Global Position System (GPS) Radio Occultation (RO) 
to derive tropopause parameters. 

2.5. GPSRO on-board COSMIC satellite 

We used temperature profiles retrieved from COSMIC GPSRO ob
tained during 2014–2018 to derive tropopause parameters over the 
ASMA region. The temperature and relative humidity profiles are 
derived from the refractivity profile obtained from the RO method. The 
details of the GPS RO method and retrieval technique are provided by 
Kursinski et al. (1997). The estimated precision of COSMIC temperature 
measurements is 0.1% (Alexander et al., 2014). The root mean square 
difference in the temperature between radiosonde and COSMIC GPSRO 
is found around 0.64 K between 10 and 27 km (Rao et al., 2009). In the 
present study, we used Level 2 dry profiles from the COSMIC GPS RO 
data products at 2◦ x 2◦ spatial resolution. 

2.6. CALIOP on-board CALIPSO satellite 

For investigating the spatial distribution of the ATAL and its upper 
boundary, we used Cloud-Aerosol LIdar with Orthogonal Polarization 
(CALIOP) on-board Cloud-Aerosol Lidar and Infrared Pathfinder 
Observation (CALIPSO) (Winker et al., 2009) during 2014–2018 which 
operates at 532 nm. CALIOP is a nadir viewing, sun synchronised active 
remote sensing instrument with two optical wavelengths (1064 nm and 
532 nm) produced simultaneously by the frequency doubling method. 
These lasers produce a peak power of 100 mJ at a pulse repetition rate of 
20.16 Hz. Initially, we used the level 3 (L3) CALIOP extinction profile to 
illustrate the spatial distribution of the ATAL during the study period. 
Since the CALIOP L3 product does not provide aerosol information in the 
upper troposphere (<16 km) over the ASMA region, we used the level 1 
(L1) CALIOP data product to obtain the backscatter ratio at 532 nm 
between 10 and 22 km. To overcome the low signal-to-noise ratio of the 
CALIOP observation in the UTLS region, Vernier et al. (2009, 2015, 

Table 1 
BATAL data used in the present study with a minimum altitude coverage of 22 
km. O3: Ozonesonde, COBALD: Compact Optical Backscatter AerosoL Detector, 
CFH: Cryogenic Frost-point Hygrometer.  

Year Location Payloads 

2014 Gadanki (13.45◦ N, 79.18◦ E) O3 (4), COBALD (2) 
2015 Gadanki (13.45◦ N, 79.18◦ E) O3 (1) 
2015 Hyderabad (17.47◦ N, 78.58◦ E) O3 (5), COBALD (6), CFH (5) 
2015 Varanasi (25.27◦ N, 82.99◦ E) O3 (3), COBALD (3), CFH (1) 
2016 Gadanki (13.45◦ N, 79.18◦ E) O3 (6), COBALD (2) 
2016 Varanasi (25.27◦ N, 82.99◦ E) COBALD (3) 
2017 Gadanki (13.45◦ N, 79.18◦ E) O3 (1), COBALD (2), CFH (1) 
2017 Hyderabad (17.47◦ N, 78.58◦ E) O3 (6) 
2018 Hyderabad (17.47◦ N, 78.58◦ E) O3 (8), COBALD (5), CFH (3) 
2019 Hyderabad (17.47◦ N, 78.58◦ E) O3 (9), CFH (7)  
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2018) have developed a specific treatment for the level 1 product to 
retrieve the backscatter profiles in the UTLS region. The data sets used in 
the present study is obtained from the same algorithm at 5◦ x 2◦ (lon x 
lat) spatial resolution. In the present study, we didn’t use CALOP ob
servations after August 15, 2017 and 2019 to avoid the effect of smoke 
from the Canadian wildfire and Raikoke eruption, respectively. 

2.7. ERA5 reanalysis 

In the present study, we also used European Centre for Medium- 
Range Weather forecasts (ECMWF) Re-Analysis-5 (ERA-5) datasets. 
ERA-5 is the fifth generation of the ECMWF atmospheric reanalysis of 
the global climate data set with a higher time resolution than the pre
vious version of ERA-Interim (Hersbach et al., 2020). We used ERA-5 
temperature, zonal wind, and potential vorticity at 18:00 UTC at 1◦ x 
1◦ spatial resolution at 37 pressure levels. 

2.8. Identification of tropopause parameters and cloud removal using 
wavelet covariance transform (WCT) 

In the present study, we used altitude profiles of temperature (T), 
potential temperature (θ) and square of Brunt-Väisälä frequency (N2) 
from radiosonde observations over three locations to identify the 
different tropopause parameters such as cold point tropopause height 
(CPH), lapse rate tropopause height (LRH), the convective overflow 
height (COH) and the layer of maximum stability (LmaxS) by following 
Sunilkumar et al. (2017). The CPH and LRH are derived from temper
ature profiles. The coldest point in the temperature profile below 20 km 
is considered as CPH. The traditional WMO tropopause (LRH) is defined 
as ‘the lowest level at which the lapse rate becomes less than 2 K/km, 
provided that the average lapse rate from this level to the next 2 km 
remains less than 2 K/km (WMO, 1957)’. The COH is identified from the 
minimum gradient of θ below CPH after smoothening the nine-point 
running mean (Gettelman and Forster, 2002). If there are multiple 
troughs, then whose value is less than 5 times the minimum value and is 
less than 5 K/km and close to the CPH is considered as COH (Mehta 
et al., 2008). The altitude at which the N2 peaks is identified as the 
LmaxS (Gettelman and Wang, 2015; Sunilkumar et al., 2017) after 
smoothening nine-point running mean. N2 is calculated from potential 
temperature derived from radiosonde observations and defined as N2 =
(
g/θ

)(
dθ/dz

)
where, g is the acceleration due to gravity and dz is the 

vertical interval. The maximum static stability is a result of the shape of 
the temperature profile. The thermal profile is a consequence of the 
radiative (Randel et al., 2007) and/or dynamical processes (Son and 
Polvani, 2007; Grise et al., 2010). 

We performed Wavelet Covariance Transform (WCT) (Brooks, 2003; 
Pandit et al., 2014) analysis to detect cloud layers in the observed 
backscatter ratio profile. Once the cloud top and bottom are identified, 
the corresponding cloud layers are removed from the profile to create 
cloud-free backscatter ratio profiles. The WCT for the backscatter ratio 
profile is defined as, 

Wp(a, b)=
1
a

∫zt

zb

P(z)h
(

z − b
a

)

dz (1) 

With the Haar function, 

h
(

z − b
a

)

=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

+1, b −
a
2
≤ z ≤ b,

− 1, b ≤ z ≤ b +
a
2

0, elsewhere

(2) 

P(z) in equation (1) is the backscatter signal from COBALD sonde, z is 
the altitude, zb and zt are the lower and upper limit of the profile, 
respectively. In the Haar function, b and a are called translation and 

dilation, respectively. An appropriate selection of a is the main challenge 
in accurate detection of the cloud layer. After going through different 
profiles and experimenting with various values, a = n × Δz = 200 m is 
chosen with n = 8 and altitude resolution, Δz = 25 m. The dilation a is 
the extent of the step function, h

(
z− b

a

)
and translation b determines the 

location of the step. Negative and positive peaks are used to identify the 
cloud base and top with respect to a pre-defined threshold value. An 
appropriate threshold for the detection of cloud is fixed after inspecting 
multiple profiles and further verified the cloud detection by checking 
manually. We fixed the threshold in such a way that the BSR455 > 1.12 
(Hanumanthu et al., 2020) will be identified as a cloud layer around the 
UTLS (10–22 km) region. By making use of threshold values that linearly 
varies as a function of altitude it is possible to remove multiple clouds as 
well as, geometrically and optically thin clouds (Pandit et al., 2014) 
from the backscatter signal. However, the prior knowledge of the 
backscatter ratio that represents the cloud layer helps here to fix the 
threshold to a single value. 

3. Results 

3.1. Defining the top of the ATAL 

In this study, we derived all the tropopause parameters from indi
vidual observations which have a minimum altitude coverage of 22 km. 
Fig. 2(a–c) shows the altitude profiles T, the gradient of θ (dθ/dz) and N2 

obtained from radiosonde observations on August 01, 2017,17:30 UTC 
over Gadanki, respectively. The tropopause parameters identified from 
these profiles are shown with labelled dash lines. The CPH is located 
around 17.0 km with a potential temperature (temperature) of 374.30 K 
(190.94 K). The LRH is found at 16.80 km, 200 m below the CPH with a 
potential temperature (temperature) of 370.86 K (191.12 K). The COH is 
located around 12.5 km and the potential temperature (temperature) is 
found to be 351.97 K (218.42 K). N2 peaked around 18.4 km, 1.4 km 
above CPH and marked the LmaxS with a potential temperature (tem
perature) of 428.43 K (203.74 K). The simultaneous observation of the 
backscatter ratio at 455 nm (BSR455) from the COBALD sonde is shown 
in Fig. 2(d) along with the tropopause parameters from the radiosonde. 
Two high-level clouds have been noticed around 11 km and 15.7 km 
with a thickness of 600 m and 250 m, respectively. An increase in BSR455 
above the tropopause is noticeable and it shows a minimum around the 
LmaxS. The LmaxS coincide with a thermal inversion and this inversion 
limits the further vertical extend of the ATAL. Therefore, the top of the 
ATAL can be determined by the upper-level inversion, a few meters/ 
kilometers above the tropopause. Fig. 3 shows individual profiles of 
BSR455 and T over Gadanki, Hyderabad and Varanasi along with 
tropopause parameters suggesting as well that LmaxS can be considered 
as the upper boundary of the ATAL. The mean BSR455 is estimated by 
removing the clouds from individual profiles using the wavelet covari
ance transform (WCT) method. The raw BSR455 profile, WCT corre
sponding to the raw BSR455 profile and cloud removed BSR455 on August 
01, 2017, 17:30 UTC over Gadanki are assembled in Fig. S1. To avoid 
potential contamination, we have removed BSR455 of a few meters 
below and above the cloud layer. The mean BSR455 with tropopause 
parameters estimated from the corresponding radiosonde observations 
are shown in Fig. 4. The mean CPH over Gadanki, Hyderabad and 
Varanasi are found at around 16.75 ± 0.68 km, 17.08 ± 0.42 km and 
17.33 ± 0.90 km, respectively with a potential temperature of 373.35 ±
10.45 K, 377.69 ± 5.65 and 378.95 ± 14 K, respectively. The mean 
LmaxS over these locations is seen around 18.98 ± 0.70 km, 18.84 ±
0.91 and 20.01 ± 1.0 km, respectively, with a potential temperature of 
444.61 ± 20.81 K, 438.14 ± 27.43 and 450.18 ± 28.18 K, respectively. 
The LmaxS is found about 1.7–2.7 km above the CPH over these three 
locations during the monsoon season (June-July-August (JJA)). The 
BSR455 shows a minimum at LmaxS and this minimum separate the 
ATAL from the stratospheric aerosol layer (Junge layer). 
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3.2. Water vapor, ozone and cloud from balloon-borne observations 

Our analysis of water vapor and ozone from CFH and ozonesonde 
measurements reveals distinct features around the tropopause. Mean 
profiles of water vapor and ozone (8 profiles) from simultaneous CFH 
and ozonesonde measurements along with mean tropopause parameters 
calculated from individual observations over Hyderabad are shown in 
Fig. 5. A confined layer of water vapor is observed between CPH and 
LmaxS with a localised maximum of ~ 5ppmv in the mean profile. The 
two vertical dashed lines indicate 4 ppmv (blue) and 5 ppmv (red) of 
water vapor mixing ratio. The minimum water vapor mixing ratio (~4 
ppmv) is observed around CPH and LmaxS (within the standard devia
tion). Mean CPH (θ) from these observations is found at around 17.20 ±
0.31 km (377.06 ± 4.66 K) and LmaxS(θ) is located around 18.37 ±
0.28 (423.00 ± 7.12 K). The ozone mixing ratio profile shows higher 
variability between COH and LRH and it shows a sharp increase in its 
concentration above LRH. However, the mean ozone profile shows a 

small variation around the LmaxS, and the ozone shows a steady in
crease above this stable layer. In Fig. S2 we have shown mean ozone 
profiles from all the available observations over Gadanki (14 profiles), 
Hyderabad (28 profiles) and Varanasi (3 profiles) along with the mean 
tropopause parameters estimated from individual profiles. The sharp 
gradient in the mean ozone profile around the LRH is clearly noticeable 
in all three station’s observations. However, the change in the ozone 
concentration around the LmaxS is not prominent, though a small 
change is observed. In Figs. S3a and S3b, we plotted ozone relative 
difference and ozone mean absolute difference over Hyderabad along 
with tropopause parameters, respectively. The ozone relative difference 
is mostly less than 20 ppbv below COH and it gradually increases from 
COH to LmaxS and beyond. Variation in ozone mixing ratio near the 
tropopause and LamxS is clearly depicted in the mean ozone absolute 
difference than in the ozone relative difference profiles. The higher 
gradient in mean ozone absolute difference coincides with the COH, 
LRH/CPH and LmaxS (within the standard deviations). High altitude 

Fig. 2. Profiles of (a) temperature, (b) potential temperature gradient (dθ/dz) and (c) square of Brunt Väisäla frequency (N2) derived from August 01, 2017, 17:30 
UTC radiosonde measurement over Gadanki. (d) Profile of backscatter ratio at 455 nm observed during the same launch using a COBALD sonde. The solid dash lines 
indicate the tropopause parameters derived from the radiosonde observations and they are labelled in (a). 

Fig. 3. Backscatter ratio at 455 nm and temperature profile over (a) Gadanki on August 01, 2017, (b) Hyderabad on August 26, 2018, and (c) Varanasi on August 21, 
2015. The dashed lines indicate the respective day’s tropopause parameters derived from radiosonde observations. 
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clouds were being detected by COBALD sonde during the BATAL 
campaign. Convection frequently reaches the tropopause height during 
the Asian Summer Monsoon (ASM) (Basha et al., 2021), not necessarily 
penetrating the tropopause, however. The overshooting clouds can hy
drate the lower stratosphere by injecting ice crystals directly into the 
lower stratosphere (~420 K) (Corti et al., 2008). Our observation on 
August 17, 2018, 19:40 UTC using COBALD and CFH sondes detected an 
overshooting cloud with cloud top (~385.22 K) above CPH (~374.64 K) 
and shown in Fig. 5(c). The BSR455 (>1.12) and RHice (>78%, >12 km) 
(Narendra Reddy et al., 2018; Renju et al., 2021) clearly show a cloud 
extending from 15.5 km–17.6 km (~364.01 K–385.22 K). The approx
imate temperature at which all the liquid water will spontaneously 
condense into ice crystals is − 40 ◦C (Pruppacher and Klett, 1980; Koop 
et al., 2000). The observed clouds base was found around 15.5 km with a 
temperature of − 73.3 ◦C and hence it is an ice cloud. On that day, the 
CPH and LRH were found to be at the same altitude, ~17.2 km with a 
minimum water vapor mixing ratio of ~3.40 ppmv. Above cloud top, an 
enhancement in water vapor with a maximum of ~5.68 ppmv (RHice, 
~60%) is noticed, and the concentration decreases to typical strato
spheric value around the LmaxS. An enlarged view of the tropopause 
region is shown in Fig. 5(d) along with tropopause parameters to portray 
the enhanced water vapor layer above the cloud top. Though the in
crease in the water vapor is small, it is significant in the tropical lower 
stratosphere at cold temperatures. Higher water vapor at this cold 
temperature can favour the in-situ production of aerosols via photo
chemistry (Höpfner et al., 2019) as well as the hygroscopic growth of the 
aerosols in the UTLS region (He et al., 2019). Simultaneously observed 
ozone from ozonesonde recorded low concentration in the upper 
troposphere and started to increase around CPH/LRH. The ozone profile 
has also shown a variation in its concentration around LmaxS, however, 
the change was small. A similar overshooting cloud is also detected over 
Nainital, India during 2016 balloon-borne observations using COBALD 
and CFH sondes (Hanumanthu et al., 2020, Fig. 2 and Fig. A1, 
12-08-2016). 

In addition to this, we also noticed an enhancement in water vapor 
below the tropopause, ~16 km and around COH in the mean water 
vapor profile (Fig. 5(a)). This enhancement in water vapor may be ac
cording to the hypothesis by Schoeberl et al. (2019). Most of the con
vection detrained around the COH and are the primary source of water 
vapor in the tropical tropopause layer (TTL), region between COH and 

CPH. Within TTL, the water vapor slowly ascends within the anticyclone 
and increases the RHice with altitude. Once the RHice reaches the cloud 
nucleation level, ice crystals start to form in the upper TTL region. They 
fall through the TTL and grow in the saturation region by dehydrating 
the TTL and eventually sublimate below the TTL and hydrate the lower 
boundary of the TTL. This repetitive process enhances water vapor 
below the tropopause and around the COH, as observed. Higher RHice 
values near the COH and around the CPH are prominent in Fig. 5(d). 
Above the tropopause, the RHice decreases since the temperature starts 
to rise in the lower stratosphere. The meteorological condition on 
August 17, 2018 is provided in Fig. S4. Higher tropopause over the 
monsoon region is noticed on August 17, 2018 compare to the global 
mean tropopause. PV anomaly shows higher PV on this day between 
sub-tropical jet (thick black line) and tropical easterly jet streams (thick 
dashed black line) (20–40◦ N) near the tropopause. 

3.3. Aerosols from the satellite observations 

ATAL is seen in both in-situ and satellite observations around the 
cold point tropopause region. Stratospheric aerosol extinction from 
CALIOP is shown in Fig. S5 over the Indian region (65–110◦ E) and a 
high extinction coefficient is observed around the ATAL region. The 
extinction coefficient shows the presence of ATAL well above the CPH 
and minimum near LmaxS. However, the level 3 (L3) CALIOP extinction 
profile does not provide aerosol information in the upper troposphere 
(~10–16 km). To overcome this limitation, we used the CALIOP L1 data 
product with a specific treatment (Vernier et al., 2009, 2015, 2018). The 
zonal (65–110◦ E, Indian region) and meridional (15–25◦ N) average 
cloud-free aerosol backscatter ratio at 532 nm (BSR532) from CALIOP is 
shown in Fig. 6(a) and (b), respectively. The ATAL is located above 5◦ N 
latitude belt with maximum BSR532 between ~15 and 27.5◦ N. The 
average meridional BSR532 shows the ATAL between 0◦ – 150◦ E with 
maximum aerosols between 15 and 120◦ E. Similarly, higher BSR is seen 
around CPH, and above CPH the BSR532 gradually decreases with the 
altitude and forms a layer of low BSR532. This low BSR532 layer matches 
with the COSMIC GPSRO derived LmaxS (within the standard devia
tion). The BSR start to increase gradually above the LmaxS and it 
identifies the stratospheric aerosol layer called ‘Junge Layer’. The 
gradual decrease and attaining a low BSR around LmaxS above CPH is 
clearly noticed in both the COBALD and CALIOP observations. 

Fig. 4. Cloud removed mean backscatter ratio at 455 nm (blue) and mean temperature (red) along with their standard deviation observed over (a) Gadanki (6 
profiles), (b) Hyderabad (11 profiles) and (c) Varanasi (6 profiles). The dashed straight lines show the mean tropopause parameters and its standard deviations are 
indicated with vertical bars. 
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Therefore, the lower stratospheric temperature inversion act as a 
capping inversion for the ATAL and it restricts the further upward 
transport of aerosols by the weak BDC during NH monsoon. 

We have utilized the COSMIC-GPSRO satellite dry profiles to 

calculate the tropopause parameter within the anticyclone. The mean 
CPH (θ) within the anticyclone is around 17.50 ± 0.29 km (392.30 ±
6.27 K). The LRH(θ) is found at around 17.00 ± 0.25 km (383.84 ± 4.72 
K). The minimum potential temperature gradient is located around 
13.10 ± 0.96 km with a θ of 355.78 ± 5.18 K. The LmaxS(θ) is found 
around 19.63 ± 0.46 km (454.39 ± 13.89 K) within the anticyclone. 

4. Summary and discussion 

The existence of the lower stratospheric aerosol layer known as 
‘Junge Layer’ and the elevated upper tropospheric aerosol layer called 
ATAL are well established. However, what separates these two layers 
was not yet clear so far since the ATAL is observed well above the 
tropopause. In this study, we introduced the concept of static stability 
(LmaxS) to define the top of the ATAL. The LmaxS derived from radio
sonde along with the backscatter ratio from COBALD sonde observations 
has clearly shown that the ATAL can vertically extend up to the LmaxS 
and beyond that, the Junge layer exists. This has been verified using 
balloon measurements from multiple locations over India and the sat
ellite observations provided a similar but a regional picture. Now, we 
will further discuss how the LmaxS is acting as an upper boundary for 
the ATAL with the observed results and in light of the other supporting 
information. 

The higher water vapor mixing ratio found near the cold point 
tropopause suggests deep convection can reach up to the upper tropo
sphere and even penetrate the tropopause, which could also transport 
other trace gases, aerosols or its gas phase precursors (Fig. 5(a)). The 
water vapor peak between CPH and LmaxS is consistent with the hy
dration of the lower stratosphere by overshooting convective uplifts/ 
anvils (Fig. 5(c)). Our balloon observations of overshooting cloud, 
higher water vapor above CPH and ATAL around tropopause are 
consistent with the earlier studies. In-situ observations from both 
balloon-borne and aircraft measurements have shown clear evidence of 

Fig. 5. Profiles of (a) mean water vapor mixing ratio and (b) ozone mixing ratio 
along with mean temperature profile over Hyderabad. The blue and red shades 
show the standard deviation of the observations. The dashed straight lines in 
figure (a) and (b) indicates the mean tropopause parameters and the vertical 
bars show their standard deviation. (c) The simultaneously observed back
scatter ratio at 455 nm (blue), water vapor mixing ratio (magenta), ozone 
mixing ratio (black), temperature (red) and relative humidity over ice (orange) 
on August 17, 2018 over Hyderabad. The dashed straight lines indicate the 
tropopause parameters derived from the radiosonde observations and are 
labelled accordingly. An enlarged view of the water profile is shown in (d) 
along with tropopause parameters. The dotted vertical line in the enlarged plot 
corresponds to the water vapor mixing ratio of ~3.40 ppmv (blue) and ~5.68 
ppmv (red). 

Fig. 6. (a) The zonal mean (65–110◦ E) and meridional mean (15–25◦ N) 
backscatter ratio at 532 nm from CALIOP observation during 2014–2018 as a 
function of altitude. The dashed straight lines with vertical bars indicate the 
mean and standard deviation of the tropopause parameters derived from 
COSMIC GPS-RO satellite’s dry temperature and pressure profiles during the 
same period and they are labelled in the figures. 
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direct transport of ice particles and water vapor into the lower strato
sphere (Corti et al., 2008; Lee et al., 2019; Khaykin et al., 2021). The 
Geophysica campaign observations by Corti et al. (2008) has shown 
convective system penetrated the stratosphere and deposits of ice par
ticle at altitude reaching 420 K potential temperature. In the present 
study, we have observed a cloud top reaching an altitude (17.6 km) 
corresponding to 386.98 K potential temperature and above this level, 
evaporation of ice crystal leads to an increase in vapor (Fig. 5(d)). The 
top of the enhanced water vapor layer matches with the LmaxS at a 
potential temperature 425.5 K. The hydration of the lower stratosphere 
by direct injection of ice crystal and later evaporation provides favour
able conditions for new particle formation at low temperature and 
pressure in the presence of sunlight (Vernier et al., 2018; Höpfner et al., 
2019 and references therein). Apart from this, the higher water vapor 
also facilitates hygroscopic growth of aerosols which are convectively 
transported as well as in-situ generated in the UTLS (He et al., 2019). 
Various model simulations have reported that the sulphur dioxide (SO2), 
the sulphate aerosol precursors, can survive the convective uplift and 
reach up to the UTLS. The ammonia (NH3) observations from the MIPAS 
satellite and AN observations from the CRISTA (Höpfner et al., 2019) 
also agree with the hypothesis of new particle formation at UTLS. 

Our analysis suggests that the LmaxS found ~1 km–2.7 km above the 
CPH corresponding to the potential temperature ~442.11 ± 25.64 K 
(454.39 ± 13.89 K) over India (ASMA) marks the upper boundary of the 
ATAL. The balloon observations over India show a mean BSR455 of 
~1.048 ± 0.016 at LmaxS, ~19.27 ± 0.87. The BSR455 observations 
from CALIOP over the ASMA region also show that the LmaxS identify 
the top of the ATAL with a BSR value of ~1.045 and above the LmaxS 
the BSR once again starts to increase with the altitude and it marks the 
Junge layer. The concept of an upward spiral region within the ASMA 
with its upper boundary around 460 K potential temperature (Vogel 
et al., 2019) is in good agreement with our LmaxS. The mean altitude 
(potential temperature) of LmaxS is located over Gadanki, Hyderabad 
and Varanasi at 18.98 ± 0.70 km (444.61 ± 20.81 K), 18.84 ± 0.91 km 
(438.14 ± 27.43 K) and 20.01 ± 1.00 km (450.18 ± 28.18 K), respec
tively. The LmaxS limit the ATAL, possibly because it is mainly 
composed of small liquid aerosols (~80% - 95%) formed from gas to 
liquid conversion via photochemistry at low temperature and pressure 
in the presence of higher water vapor around the CPH (Vernier et al., 
2018). The existence of a higher water vapor mixing ratio above the CPH 
also implies the same. Further, these higher water vapor concentrations 
could trigger the hygroscopic growth of the liquid or solid aerosols 
formed in-situ in the UTLS and the aerosols transported to the upper 
troposphere via deep convection over south Asia (He et al., 2019). This 
will also limit the upward transport of aerosols via weak Brewer-Dobson 
Circulation (BDC) during the northern hemisphere monsoon along with 
the temperature inversion at LmaxS. Therefore, a part of the aerosols 
may sediment back to the upper troposphere under the action of gravity 
and limits its increase in the concentration in the lower stratosphere 
alike the water vapor freeze-drying and ice crystal formation at tropical 
tropopause. The large scale BDC transports the pollutants to a higher 
altitude above 460 K via the tropical pipe (within ~1 year) (Vogel et al., 
2019). 

The observed changes in ozone in between the CPH and LmaxS is due 
to the injection of tropospheric air into the lower stratosphere. However, 
the strong gradient in ozone mixing ratio observed around the lapse rate 
tropopause suggests almost all updraft becomes weaker around LRH and 
further uplift by spiralling range take a few days. The mean tropopause 
parameters and their corresponding potential temperature is provided in 
Table 2. The bottom layer of the proposed spiralling range (~360 K) by 
Vogel et al. (2019) is found between the COH and LRH. We also analysed 
ACE- FTS satellite trace gas products such as CO, H2O, HCN and O3 to 
further verify the role of LmaxS in defining the upper boundary of the 
ATAL and ASMA and shown in Fig. 7. It is clear from the figure that there 
is no sharp gradient exists in any of these trace gases around the LRH or 
CPH. The tropospheric traces gases such as CO, H2O and HCN shows 

high mixing ratio in the upper troposphere and its mixing ratio decreases 
with altitude and reaches a typical stratospheric background value 
around LmaxS. The CPH and LRH locate well below the level of typical 
stratospheric background mixing ratio and this indicates significant 
stratospheric in-mixing, which further implies neither CPH nor the LRH 
represents the separation between the troposphere and stratosphere in 
the ASMA region in both chemical and dynamical sense. Thus, the 
‘tropospheric bubble’ (Pan et al., 2016) not only extends to the excep
tionally high tropopause but also to the lower stratosphere over ASMA. 
The carbon monoxide and ozone relationship for the ATAL and pacific 
(0–40◦ N, 180◦ W- 140◦ W) regions during 2014–2018 are shown in 
Fig. S6 with corresponding potential temperatures (colored open cir
cles). In the scatter plot, the filled diamond scatters show the CPH (red 
border) and LmaxS (black) potential temperatures, and the filled square 
boxes show COH (red) and LRH (black) potential temperatures, 
respectively. The transition of the trace gas mixing ratio in the UTLS 
region is well represented in the CO–O3 tracer -tracer famous ‘L’ shape 
curve. CO mixing ratio shows a gradual reduction from its higher values 
around COH altitude, where almost all convection ceases and from the 
same altitude O3 mixing ratio started to increase. As we showed in Fig. 7, 
the CO mixing ratio approaches its stratospheric background mixing 
ratio around LmaxS and O3 shows a steady increase in its mixing ratio 
above LmaxS. However, the ‘L’ isn’t as sharp as in other regions such as 
the extra-tropics and the smoother transition between the tropospheric 
and stratospheric branches could be an indication of a transition or 
missing layer. The observed higher mixing ratio of trace gases above 
tropopause and approaching the mixing ratio to the typical stratospheric 
background value is in good agreement with the recent aircraft obser
vations by Hobe et al. (2021). However, the poor vertical resolution of 
ACE-FTS is inadequate to explain the possible photochemical loss of 
trace gases such as CO and define the top of the ASMA as LmaxS. High 
vertical resolution in-situ observations and model outputs are required 
to investigate the role of LmaxS as the top of ASMA since not only the 
microphysical properties limit the transport of the trace gases to the 
lower stratosphere but also the photochemical reactions. 

5. Conclusions 

We analysed balloon measurements of aerosol backscatter ratio, 
ozone, water vapor, temperature and tropopause parameters over 
Gadanki, Hyderabad and Varanasi conducted during 2014–2019 as a 
part of Balloon Measurement Campaigns of the Asian Tropopause 
Aerosol Layer (BATAL) to identify the top of the ATAL. We also make use 
of multi-satellite observations to investigate its spatial behaviour. The 
main conclusions drawn from the study are listed below.  

1. Our balloon-borne observations over India and CALIOP and COSMIC 
GPSRO observations over Asian Summer Monsoon Anticyclone 
(ASMA) region suggest that the layer of maximum stability (LmaxS) 
derived from the square of Brunt Väisäla frequency (N2) can define as 
the top of the Asian Tropopause Aerosol Layer (ATAL) and it sepa
rates the ATAL from the well-known stratospheric ‘Junge layer’. 

Table 2 
Average tropopause parameters estimated over Gadanki, Hyderabad and Vara
nasi from radiosonde measurements during the 2014–2019 BATAL campaigns.   

Gadanki Hyderabad Varanasi 

km Θ (K) km Θ (K) km Θ (K) 

CPH 16.75 
± 0.68 

373.35 
± 10.45 

17.08 
± 0.42 

377.49 
± 5.65 

17.325 
± 0.90 

378.95 
± 14.04 

LRH 16.26 
± 0.43 

366.69 
± 4.67 

16.62 
± 0.59 

371.49 
± 6.49 

16.5 ±
0.81 

367.80 
± 4.10 

COH 13.05 
± 1.10 

352.02 
± 3.47 

13.30 
± 1.18 

354.92 
± 4.20 

13.92 ±
1.69 

358.71 
± 2.86 

LmaxS 18.98 
± 0.70 

444.61 
± 20.81 

18.84 
± 0.91 

438.14 
± 27.43 

20.01 ±
1.00 

450.18 
± 28.18  
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2. The LmaxS is found 1–2.7 km above the cold point tropopause cor
responding to the potential temperature ~442.11 ± 25.64 K (454.39 
± 13.89 K) over India (ASMA) and the COBALD observations over 
Indian stations show that the typical value of BSR455 at LmaxS is 
~1.048 ± 0.016.  

3. The top of the enhanced water vapor layer in the lower stratosphere 
also coincides with the LmaxS with a secondary minimum in its 
concentration.  

4. The trace gas observations from the ACE-FTS satellite do not show a 
sharp gradient in its concentration around tropopause. A gradual 
reduction in tropospheric trace gas concentration is observed above 
the CPH and it approaches the stratospheric background value 
around LmaxS. However, without considering the photochemical 
processes and mixing within the ASMA region during the slow ascent 
of air masses we could not conclude whether the LmaxS can also 
consider as the top of the ASMA tropospheric bubble. 

Trace gases are not affected by microphysics while crossing the 
tropopause region. Hence, the photochemical reaction and lifespan of a 
trace gas are required to define the upper boundary of the confined 
ASMA region. The ACE-FTS observations show no sharp gradient in 
trace gas concentration and a gradual reduction in its concentration. 
Therefore, high vertical resolution in-situ observations and model 
simulation are required to verify further whether the LmaxS can 
consider as the top of the confined ASMA region or ASMA tropospheric 
bubble. 
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