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Abstract
In this study, we investigate the role of the Asian summer monsoon (ASM) anticyclone in the distribution of ozone over the 
southern India and tropical Indian Ocean. We present the horizontal and vertical structure of ozone in the upper troposphere 
and lower stratosphere (UTLS) region. The analysis shows that the region within the ASM anticyclone has low ozone, and 
high tropopause altitude, as compared to the region outside the anticyclone during boreal summer. The southern edge of 
the ASM anticyclone, i.e. the southern India and tropical Indian Ocean show a remarkably high ozone concentration in the 
UTLS region during summer. Analysis of daily fields shows that ozone concentration in the upper troposphere over the 
southern India and tropical Indian Ocean increases with the strength of the tropical easterly jet, which is an outcome of ASM 
circulation. Different mechanisms responsible for the ozone enhancement in the UTLS region over the tropical Indian region 
have been discussed in this paper. The in situ ozonesonde observations from six Indian stations also support the space-based 
Aura-MLS observations, concluding that ASM anticyclone effectively transports ozone from the mid-latitude stratosphere 
to deep tropics. Shear generated turbulence and mixing in the vicinity of easterly jet also likely to play a minor role in the 
local ozone distribution.
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1 Introduction

The stratospheric ozone  (O3), which maximizes between 25 
and 30 km altitude, regulates the amount of ultraviolet (UV) 
radiation received on the Earth’s surface. In addition to it, 
tropospheric ozone is an important greenhouse gas and acts 
as an oxidant, and thus plays a significant role in the climate 
system (Pan et al. 2015). The enhancement in the tropo-
spheric ozone has major consequences on living beings, as 
it acts as a toxic agent among air pollutants. Tropospheric 
ozone will increase either due to the in situ photochemical 
formation associated with lightning, advection, and anthro-
pogenic activities (e.g. Jacobson 2005, and references 

therein) or due to the stratospheric intrusion (Wild 2007, 
and reference therein; Škerlak al. 2014).

An increase in the downward flux of stratospheric 
ozone-rich air to the troposphere not only enhances the 
tropospheric ozone but also reduces the stratospheric ozone 
concentration. The lifetime of ozone reduces once it reacts 
with the tropospheric constituents. In general, the tropo-
spheric ozone enhancement due to stratospheric intrusions 
is observed over the middle and high latitudes and is linked 
with synoptic scale disturbances (Stohl et al. 2003). This is 
attributed to the dissipation of extra-tropical synoptic waves 
in the stratospheric region (Holton et al. 1995). Bourqui and 
Trepanier (2010) have estimated the global tropospheric 
ozone budget and found that 25–50% sources are from mid-
dle-latitude stratospheric intrusion. So far, there are many 
observational evidences of stratospheric intrusion during (1) 
cutoff lows (Vaughan and Price 1989), (2) high/low-pressure 
systems (Davies and Schuepbach 1994), (3) the tropopause 
folds (Sprenger and Wernli 2003), and (4) a rapid episodic 
intrusion due to the overshooting convections (Baray et al. 
1999; Cairo et al. 2008; Das 2009; Das et al. 2011, 2016a, 
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b; Zhan and Wang 2012; Jiang et al. 2015; Venkat Ratnam 
et al. 2016).

There are various studies which show that variability of 
trace constituents, viz. water vapour  (H2O) (Tian et al. 2011; 
Randel et al. 2006; Xu et al. 2014),  O3 (Tobo et al. 2008; 
Gettelman et al. 2004; Zhou and Luo 1994), methane  (CH4), 
nitrogen oxide  (N2O) (Park et al. 2004), carbon monoxide 
(CO) (Fu et al. 2006), and aerosol (Lau et al. 2006) are influ-
enced by Asian Summer Monsoon (ASM) anticyclone, cen-
tered over the Tibetan Plateau (TP) in the upper troposphere 
and lower stratosphere (UTLS). The TP acts to enhance the 
coupling between the subtropical and tropical monsoon cir-
culations (e.g., Wu et al. 2012), and have a significant impact 
on the intensity of precipitation (e.g., Liu et al. 2012). The 
ASM anticyclone encompasses a westerly in mid-latitudes 
and easterly in the tropics (Dunkerton 1995). The presence 
of ASM anticyclone is the result of elevated surface heat-
ing and persistent deep convection over the TP and India 
during boreal summer (Yanai et al. 1992; Liu et al. 2001; 
Duan and Wu 2005; Randel and Park 2006; Park et al. 2007; 
Kucharski et al. 2010). Remarkable horizontal and seasonal 
variabilities of these minor constituents are attributed to the 
strong winds and closed streamlines associated with this 
anticyclone, which act to isolate the air (Randel and Park 
2006; Park et al. 2007).

The concept of ‘ozone valley’ during boreal summer 
over the TP has been discussed for decades. Various stud-
ies have reported that total ozone over the TP is much 
lower than that over the surrounding areas of same lati-
tudes; thus the TP is known to be an ‘ozone valley’ (Zhou 
and Luo 1994; Zou 1996; Tobo et al. 2008). Horizontal 
transport of ozone from extra-tropics into the tropical 
tropopause layer (TTL) over the ASM region is exam-
ined by Konopka et al. (2010), and Randel and Jensen 
(2013) using observations and modeling studies. The 
annual cycle of ozone over the zonally averaged tropical 
lower stratosphere is studied by Stolarski et al. (2014). 
Authors found a seasonal maximum during July–August 
over the Northern Hemisphere (NH) tropics and Septem-
ber–October over the Southern Hemisphere (SH) tropics. 
Maximum ozone is found in the tropical region of NH than 
SH. The ozone annual cycle in the TTL is explained by 
the seasonality of in-mixing and upwelling along with the 
phases of these two processes (Konopka et al. 2010; Sto-
larski et al. 2014). In addition to the horizontal transport 
of ozone associated with ASM circulation, there is also a 
vertical exchange of these minor constituents between the 
troposphere and stratosphere. Fadnavis et al. (2010) have 
made a detailed study of the seasonal characteristics of 
stratospheric ozone intrusion over the ASM region using 
satellite observations and modeling. The vertical distribu-
tion of tropospheric ozone over the ASM region is studied 
by Worden et al. (2009). Bian et al. (2012) have carried out 

in situ measurements of ozone and water vapour over the 
two locations in TP and the results were well comparable 
with the satellite observations and modeling studies.

Most of the earlier studies on ozone distributions either 
focus on the central part of ASM anticyclone (i.e., over 
the TP) or presented the averaged structure of entire ASM 
region. These studies do not pay much attention to the 
exchange of minor constituents in the southern-most part 
of ASM anticyclone, i.e. over the southern India and tropi-
cal Indian Ocean. The purpose of this study is to explore 
and present the structure, variability, and transport of 
ozone in the UTLS region over the southern India and 
tropical Indian Ocean using long-term in situ and satellite 
observations. In this study, we use ~ 14 years of  O3 and CO 
observations from Aura-Microwave Limb Sounder (MLS) 
over the ASM region and ~ 45 (4) years of in situ ozone-
sonde measurements from three (one) different Indian 
locations. In addition, we also use 11 years of temperature 
profiles obtained from the “Constellation Observing Sys-
tem for Meteorology Ionosphere and Climate” (COSMIC) 
mission data and winds from ERA-Interim reanalysis pro-
duced by the European Centre for Medium-Range Weather 
Forecasts (ECMWF) for mass-flux estimation.

This paper is structured as follows: Sect.  2 briefly 
describes the data analysis and methodology. Observations 
are described in Sect. 3, followed by results and discussion 
in Sect. 4 and finally summary in Sect. 5.

2  Data analysis

2.1  Aura MLS

Profiles of ozone  (O3), water vapour  (H2O) and carbon 
monoxide (CO) mixing ratios are obtained from Aura-
MLS measurements. Water vapour profiles were retrieved 
from the radiance measurements of ~ 190 GHz rotational 
line, whereas, ozone and carbon monoxide profiles were 
retrieved from the radiance measurements of ~ 240 GHz. 
We use Aura-MLS version 4.2 level-2 data. We con-
structed monthly mean gridded data of 2.5° × 2.5° from 
August 2004 to December 2017. This data has a preci-
sion of 15–20%, an accuracy of 8–15%, and a minimum 
of 0.1 ppmv in water vapour measurements. Ozone meas-
urements have a precision of 15–25% and an accuracy of 
5%. Carbon monoxide measurements have a precision of 
20–25% and accuracy of 30%. The equatorial crossing 
local time of Aura-MLS is 01:30 AM and 01:30 PM and 
can provide ~ 3500 profiles per day. A detailed description 
and data quality can be found elsewhere (Livesey et al. 
2015; Lambert et al. 2015; Schwartz et al. 2015).
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2.2  GPS‑RO COSMIC

The cold-point tropopause (CPT) and lapse-rate tropo-
pause (LRT) altitude (CPT-A/LRT-A) and temperature 
(CPT-T/LRT-T) are derived from the temperature profiles 
obtained from the COSMIC mission data. The COSMIC 
measurements are based on an active limb sounding GPS-
Radio Occultation (GPS-RO) technique. The temperature 
is derived from the refractivity profile obtained from GPS-
RO technique. Detailed method and retrieval technique of 
GPS-RO can be found in Kursinski et al. (1997). A preci-
sion of 0.1% is estimated in COSMIC temperature measure-
ments (Alexander et al. 2014). Hajj et al. (2004) estimated 
a temperature accuracy of better than 0.5 K for individual 
profiles and 0.1 K for averaged profiles in the UTLS region. 
We use level-2 temperature profiles (known as ‘wetPrf’) 
with 100 m vertical resolution, obtained from COSMIC 
Data Analysis and Archive Center (CDAAC) for the period 
December 2006–August 2017. The COSMIC temperature 
profiles provide global tropopause data with a good accu-
racy and vertical resolution in any weather conditions (e.g., 
Randel and Wu 2015). There are ample of studies, where 
COSMIC temperature profiles are used to explore the global 

climatology of tropopause from seasonal to diurnal scales 
(e.g., Kim and Son 2012; Munchak and Pan 2014; Suneeth 
et al. 2017).

2.3  Ozonesonde and radiosonde

In addition to the ozone profiles from Aura-MLS, we use 
in situ ozonesonde observations over the Indian region. 
Figure 1 shows the topography map of south Asia along 
with ozonesonde launching sites (marked with square boxes 
and stars). Square boxes represent the ozonesonde stations, 
where the data is used in this paper, and stars represent the 
ozonesonde stations, where the features are only discussed 
from the published literature. Table 1 shows the detail of 
each ozonesonde station and its operating agencies. The 
ozonesondes launched by the India Meteorological Depart-
ment (IMD) are modified electrochemical Brewer bubbler 
ozone sensor (B-M sonde) developed in the Ozone Research 
Laboratory of the IMD (Sreedharan 1968; Alexander and 
Chatterjee 1980). The IMD launches ozonesonde every fort-
night from Delhi (DEL), Pune (PUN) and Trivandrum (TRI). 
Indian ozonesondes were compared with Electro Chemical 
Cell (ECC) sondes and underestimations of 5–10% were 
found in the troposphere (Kerr et al. 1994; Deshler et al. 
2008). The data is collected from 1966 to 2014. There are a 
few studies which used Indian ozonesondes for estimating 
the long-term trend in the UTLS region (e.g., Saraf and Beig 
2004; Fadnavis et al. 2012). Detailed system descriptions of 
the Indian ozonesonde can be found elsewhere (Sreedharan 
1968; Alexander and Chatterjee 1980). Apart from IMD, 
other national institutes like Space Physics Laboratory (SPL) 
at TRI, National Atmospheric Research Laboratory (NARL) 
at Gadanki (GAD), Physical Research Laboratory (PRL) at 
Ahmedabad (AHD), and Aryabhatta Research Institute of 
Observational Sciences (ARIES) at Nainital (NTL) also 
launched 1–2 years of ECC based ozonesondes (EN-SCI, 
USA). The uncertainty in the ECC based ozone measure-
ments is 5–10% (Komhyr et al. 1995). These ECC ozone-
sondes were launched regularly as well as in campaign mode 
measurements.Fig. 1  Topography of South Asia. Ozonesonde stations over India are 

marked with square boxes (data presented) and stars (data discussed)

Table 1  Details of the ozonesonde observations in India

Station Latitude (°N) Longitude (°E) MSL (m) Period Total no. of 
profiles

Operating agency References

Nainital 29.4 79.5 1958 2011 48 ARIES Ojha et al. (2014)
Delhi 28.3 77.1 273 1966–2014 320 IMD Saraf and Beig (2004)
Ahmedabad 23.03 72.54 50 2003–2007 83 PRL Lal et al. (2014)
Pune 18.53 73.85 559 1966–2014 303 IMD Saraf and Beig (2004)
Gadanki 13.5 79.2 375 2010–2014 52 NARL Raj et al. (2015)
Trivandrum 8.48 76.95 60 1969–2014 268 IMD Saraf and Beig (2004)
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In addition to the fortnight ozonesondes, we also use 
regular (daily) IMD radiosonde (MK-III) measurements for 
winds and temperature, which are launched daily at 00 and 
12 GMT from DEL and TRI from January 2004 to Decem-
ber 2016. Radiosondes of different make/model were also 
launched at GAD from April 2006 to April 2016 at 12 GMT. 
Vaisala RS-80/92 radiosonde were launched during April 
to August 2006 and afterward Meisei RS-06G/11G were 
launched from GAD (Nash et al. 2011; Kizu et al. 2018). 
The temperature sensors Vaisala radiosonde is capacitive 
wire sensor and the Meisei radiosondes are thermistors. The 
accuracy of IMD radiosonde is better than 1 K with a preci-
sion of ~ 0.6 K (Chakrabarty et al. 2000). For Vaisala and 
Meisei model radiosondes, the accuracy is better than 0.5 K 
with a precision of 0.3 K (Steinbrecht et al. 2008; Kizu et al. 
2018).

2.4  ERA‑Interim reanalysis

We also used monthly averaged horizontal and verti-
cal winds from ERA-Interim reanalysis produced by the 
European Centre for Medium-Range Weather Forecasts 

(ECMWF). The grid resolution is 2.5° × 2.5°. Dee et al. 
(2011) described the detailed bias correction, accuracy, 
and limitation of these data sets. Horizontal wind of ERA-
Interim shows good correlation with the observation over 
the tropical Indian latitude (Das et al. 2016c).

3  Observations

3.1  Aura‑MLS observations

Figure  2 shows the seasonal mean ozone mixing ratio 
(OMR) at three different pressure levels (i.e. 82, 100, and 
121 hPa), which covers the UTLS region along with wind 
vectors. We use the terminology ‘lower stratosphere’ (LS) to 
the pressure level of 82 hPa, in the ‘vicinity of tropopause’ 
(VOT) to 100 hPa, and ‘upper troposphere’ (UT) to 121 hPa. 
We observed low ozone (200–300 ppbv) in the equatorial 
LS region, especially over the NH during December–Janu-
ary–February (DJF) (hereafter boreal winter). Ozone is 
below 200 ppbv in the VOT over the western equatorial 
Pacific region. The minimum in OMR during boreal winter 

Fig. 2  Longitude–latitude distribution of ozone mixing ratio at 
a 82 hPa, b 100 hPa, and c 121 hPa observed during boreal winter 
(left panels) and summer (right panels) averaged from Aug. 2004 to 
Oct. 2017. Arrows indicate the seasonal mean vector winds averaged 

from 2004 to 2017 for 70, 100, and 125 hPa in Fig. 2a–c, respectively. 
White closed contour in the right panels indicate the climatological 
location of the Asian summer monsoon anticyclone



4571Upper tropospheric ozone transport from the sub-tropics to tropics over the Indian region during…

1 3

is attributed to the increased strength of the tropical mean 
upwelling (Randel et al. 2007). Strong westerly winds (asso-
ciated with subtropical jet) are observed in the UTLS region 
over the mid-latitudes of both the hemispheres during winter.

One of the noticeable features of the ASM is the presence 
of anticyclone associated with the strong heating over the 
TP during June–July–August (JJA) (hereafter boreal sum-
mer). White contour in Fig. 2 (right) indicates the region 
of ASM anticyclone. Tropical easterly jet (TEJ) is another 
phenomenon associated with the ASM anticyclone over its 
southern edge (southern India and tropical Indian Ocean). 
TEJ is the strong easterly winds observed between the tropo-
pause and 150 hPa (Sathiyamoorthy et al. 2007; Raman et al. 
2009). Westerly winds are observed in the northern edge 
of the anticyclone. It is interesting to note that there is a 
drastic increase in ozone in the VOT and LS along the path 
of TEJ during boreal summer. An enhancement of ~ 120 
ppbv (~ 200 ppbv) in OMR is found in the VOT (LS) during 
boreal summer as compared to winter. Over Korea, Kim 
et al. (2002) have shown the stratospheric air intrusion into 
the upper troposphere, which is attributed to the strong zonal 
wind during winter and spring times. Another feature we 

observed is the decrease in the UTLS ozone inside the anti-
cyclone. However, we do not observe a significant increase 
in ozone concentration along the path of TEJ over the Indian 
peninsula in the UT region.

3.2  Ozonesonde observations

It is to be noted that the vertical resolution of MLS ozone 
measurement is relatively coarse in the tropical UTLS 
region. Glanville and Birner (2017) have discussed on the 
kernel averaging at 80 hPa level, which includes 20% con-
tribution from 100 hPa. Thus, we compare the space-borne 
MLS observations with the in situ ozonesonde observa-
tions available from four Indian stations. Figure 3 shows 
the annual mean removed monthly OMR for the (a) DEL, 
(b) PUN, (c) GAD, and (d) TRI measured using Aura-MLS 
(left), and in situ ozonesonde observations (right). The sea-
sonal characteristics of ozone measurements from MLS are 
comparable with ozonesonde observations. We observed 
high ozone in the VOT during boreal winter and very low 
ozone during summer over the DEL. Lal et al. (2014) and 
Ojha et al. (2014) have also reported low ozone in the VOT 

Fig. 3  Annual mean removed monthly vertical structure of ozone 
mixing ratio for a Delhi (DEL), b Pune (PUN), c Gadanki (GAD), 
and d Trivandrum (TRI) obtained from Aura-MLS (left) and ozone-

sonde (right) observations. Circles indicate the monthly mean CPT-A 
determined from the COSMIC temperature profiles averaged of 
December 2006–August 2017
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during summer using ozonesonde observations over the 
AHD and NTL, respectively. DEL, AHD and NTL stations 
are inside the ASM anticyclone. In contrast to it, we observe 
very low ozone during boreal winter and very high ozone 
during summer over the PUN, GAD, and TRI as a result of 
reduced tropical upwelling and significant in-mixing. Low 
CPT-A is also observed over PUN, GAD, and TRI during 
boreal summer. Raj et al. (2015) reported high ozone con-
centration during summer over the GAD. The ozonesonde 
stations at PUN, GAD, and TRI lie in the path of TEJ, i.e., 
the southern edge of ASM anticyclone. Thus, the enhance-
ment in the ozone (apart from the annual cycle) is noticed 
in the VOT between the equator and 15°N during boreal 
summer in both the space-borne and in situ observations.

4  Results and discussion

In order to investigate the influence of ASM anticyclone in 
the ozone enhancement, we have plotted the global zonal 
mean removed OMR at 100 hPa superimposed with zonal 
wind (easterly) contour at 150 hPa (< − 25 m s−1), dur-
ing boreal summer in Fig. 4a. Enhancement of ozone is 
observed in distinct regions; i.e (1) > 60 ppbv is observed 
between 140°–180°E and 10°–30°E, and (2) 30–40 ppbv 
is observed between 50°–100°E, and equator to 10°N. The 
spatial distribution of ozone enhancement over the Indian 
peninsula (including the tropical Indian Ocean) and TEJ 

are coinciding. Further, we plotted the latitude–altitude 
cross-section of the global zonal mean removed OMR 
superimposed on zonal wind averaged of 60°E–80°E dur-
ing boreal summer, as shown in Fig. 4b. The zonally aver-
aged (60°E–80°E) tropopause altitude (CPT-A and LRT-
A) is also superimposed in the Fig. 4b. A positive anomaly 
of ozone is observed between 15.5 and 19 km and between 
10°S and 15°N. The observed slanting structure from the 
upper (NH) to lower (SH) altitude is consistent with the 
spatial structure of the anticyclone. The TEJ also shows 
the similar slanting structure from NH to SH (higher to 
lower altitude) but the core of TEJ (~ 14 to 16 km) and 
ozone (~ 16 to 18 km) shows a latitudinal shift by 5°. In 
between the core of TEJ and ozone, the CPT-A and LRT-
A, respectively show lower altitude over the tropics.

Further, we estimate the fractional annual cycle of 
ozone ( O

3[Fraction] ) in potential temperature co-ordinate 
over the Indian peninsula by the following Eq. (1):

where O
3[Individual profile] is the individual profile of ozone and 

O
3
 is the annual mean of ozone profile. The potential tem-

perature ( � ) is estimated using the temperature profile (T) of 
radiosonde observations, by the following Eq. (2):

where P
0
 is the standard pressure (1000 hPa) and Pz is the 

atmospheric pressure at level z. The � co-ordinate is used 
instead of pressure–altitude co-ordinate to avoid the sea-
sonality of temperature (e.g., Konopka et al. 2010). Fig-
ure 5 shows the fractional annual cycle of ozone averaged 
of PUN, GAD, and TRI. A high fraction of ozone (0.4–0.5) 
is observed during boreal summer (including September) 
between 380 and 430  K. Similar observations are also 
reported by Konopka et al. (2010) for the near-equatorial 
ozonesonde observations. Earlier studies suggested that 
tropical region is isolated from the mid-latitude and in-mix-
ing can be negligible (e.g. Randel et al. 2007). However, 
Konopka et al. (2010) pointed out that such enhancement of 
ozone in the upper part of TTL cannot be fully explained by 
photolytic ozone production and there exists an in-mixing 
apart from the slow upwelling. Thus, the observed lower 
stratosphere ozone maximum during summer over the Indian 
peninsula may be a combination of in-mixing from the mid-
latitude stratosphere, and in situ production.

(1)O
3[Fraction] =

O
3[Individual profile] − O

3

O
3

(2)� = T

(

P
0

Pz

)0.286

Fig. 4  Global zonal mean removed ozone mixing ratio a latitude–lon-
gitude distribution at 100  hPa, and b latitude–altitude cross-section 
averaged from 60°E to 80°E during boreal summer. The dashed con-
tours indicate the easterly jet, and black line with and without circles 
indicate the CPT and LRT altitude, respectively
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4.1  Role of anticyclone in horizontal transport

It is clearly observed in Fig. 2 that there is a horizontal trans-
port from mid-latitude to tropics, following the path of the 
ASM anticyclone and TEJ. Randel and Jensen (2013) have 
discussed the role of monsoon circulations in enhancing the 
transport into and out of the tropics along the anticyclone 
path. Thus to examine the potential source of observed 
ozone over the Indian peninsula, we use NOAA’s Hybrid 
Single Particle Lagrangian Integrated Trajectory (HYSPLIT) 
model (Stein et al. 2015). The meteorological data used for 
the trajectory calculation is from Global Data Assimilation 
System (GDAS) with 1° latitude–longitude grids. Figure 6 
shows the 10-day backward trajectories on daily basis ending 
at 16.5 km (i.e., average tropopause altitude) for (a) June, (b) 
July, and (c) August (2005–2017). The endpoint of the tra-
jectories (shown by a star mark) is taken over the equatorial 
Indian Ocean (5°N, 70°E) near to the Indian peninsula where 
higher ozone is observed. The altitude of air parcel along 
the trajectories is shown by color. This analysis reveals that 
the observed air masses with high ozone in the UT over the 
southern India and tropical Indian Ocean are originated from 
the TP and northern part of ASM anticyclone. The altitude 
of air parcels is around 17.0–17.5 km (a.m.s.l) over the mid-
latitudes of the eastern part of ASM anticyclone, showing 
the transport of stratospheric air to UT over the southern 
India and tropical Indian Ocean through isentropic winds.

4.2  Role of turbulence

Figure 7 shows the monthly mean climatology of zonal 
wind in the UTLS region at DEL, GAD, and TRI averaged 
from 2004 to 2016. Since we have less than 1 year (dur-
ing 2016–2017) of observation over PUN, we do not show 
the same. DEL shows strong westerly wind in the UT, i.e., 
sub-tropical jet during winter and low wind during summer. 
GAD and TRI show strong easterly wind i.e., TEJ between 
13 and 18 km during summer till September. This strong 

wind in the VOT can generate turbulence due to the presence 
of strong wind shear and which may lead to the mixing of 
stratospheric air with the tropospheric air.

To get further insight, we estimated the stability parame-
ter (N2, where N is Brunt–Väisälä frequency), square of ver-
tical shear of horizontal wind (S2) for individual profiles and 
Richardson number (Ri) using the following Eqs. (3)–(5), 
respectively and it is shown in Fig. 8.

where u and v are zonal and meridional winds. These param-
eters are estimated for Individual profiles and then averaged 

(3)N2 =
g

�

(

��

�z

)

(4)S2 =

(

�u

�z

)2

+

(

�v

�z

)2

(5)Ri =
N2

S2

Fig. 5  The fraction annual variation of ozone, averaged for the sta-
tions: PUN, GAD, and TRI using ozonesonde observations (see text 
for details). The black line with circles indicate the CPT-A

Fig. 6  10-day backward trajectory analysis for a June, b July, and c 
August for the period 2005–2017 using NOAA’s HYSPLIT model 
(GDAS 1 deg). The end point (5°N, 70°E) of trajectories is shown by 
a star mark which is at an altitude of 16.5 km. The color of the trajec-
tories shows the altitude (a.m.s.l.) of the air parcel
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for each month. It is interesting to note that enhanced val-
ues of stability parameter in the VOT appear during boreal 
summer as compared to winter over the GAD and TRI. The 
enhanced value of stability parameter in the VOT region 
indicates the presence of stratospheric air as the stratosphere 
is highly stable. This indicates that the tropopause (Fig. 3) 
(lower stratosphere) has come down to a lower altitude. 
Corresponding to the enhanced stability parameter, we also 
observed strong vertical shear of horizontal wind during 
boreal summer in the VOT over the GAD and TRI, suggest-
ing the presence of dynamic instability. These features are 
not observed over the DEL during summer. Further, Ri < 1 
over GAD and TRI during summer, suggests the presence of 
shear generated turbulence (dynamics instability). Ri < 0.25 
is generally considered as the critical value for the onset of 
turbulence. Ri < 0.25 is to initiate turbulence, which may 
persist for the value of Ri as high as 1.0 (Johnson 1975). 
Nevertheless, a few studies (e.g., Johnson 1975; Murphy 
et al. 1982) considered Ri < 1 as the necessary condition to 
sustain the wind-shear generated turbulence. This turbulence 
can participate in the direct vertical mixing of stratospheric 
air into the upper troposphere. The occurrence of vertical 
mixing along with the horizontal mixing (filamentation 
due to differential advection) also likely to contribute some 
extent in the ozone enhancement near the tropopause.

Fig. 7  Monthly mean climatology of zonal wind for the stations: a 
DEL (Jan. 2004–Dec. 2016), b GAD (Apr. 2006–Apr. 2017), and c 
TRI (Jan. 2004–Dec. 2016)

Fig. 8  Climatology of a stability parameter  (N2), b vertical shear of horizontal wind  (S2), and c Richardson number (Ri) for the stations: (first 
panel) DEL (Jan. 2004–Dec. 2016), (middle panel) GAD (Apr. 2006–Apr. 2017), and (last panel) TRI (Jan. 2004–Dec. 2016)
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4.3  Role of vertical transport

Figure 9a shows the mean latitude–altitude distribution of 
vertical velocity during boreal summer. Uma et al. (2014) 
have extensively used the ERA-Interim vertical velocity 
up to the lower stratosphere over various monsoon regions 
and found to be reliable in terms of direction. The vertical 
velocity is averaged from 60°E to 80°E. Strong updrafts are 
observed between the equator and 25°N during boreal sum-
mer, extending up to the tropopause. In the region of strong 
updrafts, air from the boundary layer is pumped up to the 
tropopause altitude, thus we expect low ozone and high CO 
in the VOT. But over this region (equator and 25°N), we 
observed high ozone in the VOT, which can also be in situ 
produced in the lower troposphere and pumped up to the 
tropopause. Further, we analyzed the relationship between 

CO, which is an unambiguous tropospheric tracer and ozone, 
which may be either of stratospheric origin or in situ pro-
duced in the troposphere. Fadnavis et al. (2010) and Hoor 
et al. (2002) used the CO–O3 correlation to identify the 
in-mixing of the stratospheric air into the troposphere and 
vice-versa, respectively. Figure 9b shows the scatter plot 
between  O3 and CO measured with the MLS. Scatter plots 
are obtained from time-series of monthly mean data sets 
at 100 hPa and averaged over the region between 0°–10°N 
and 60°E–80°E. During June to September, we observed 
high ozone (> 120 ppbv) with low CO (< 65 ppbv). Fish-
man and Seiler (1983) suggested that a positive correlation 
between CO and  O3 indicates in situ ozone production in 
the troposphere and negative correlation indicates ozone of 
stratospheric origin. Park et al. (2007) studied the statistical 
characterization of stratosphere and tropospheric air masses 
focusing over the ASM region on the basis of CO–O3 corre-
lation at 100 hPa. They concluded that air masses with in the 
ASM anticyclone shows mainly tropospheric signature while 
rest of the tropics generally shows mixed characteristics. The 
above mentioned studies characterized CO–O3 relation on 
a time scale of days. In the present observation (Fig. 9b) we 
focused on the air mass characteristics over the study region 
(0–10°N, and 60°E–80°E) during JJAS and how it differ 
from other seasons. Figure 9b suggests that the observed 
enhancement in ozone in the VOT is of stratospheric origin 
i.e. transported from the NH mid-latitudes.

4.4  Role of tropical tropopause

Figure 10 shows the seasonal mean lapse-rate (left) and 
cold-point (right) tropopause altitude (LRT-A, CPT-A), 
temperature (LRT-T, CPT-T), and pressure (LRT-P, CPT-
P), for boreal summer. We observed highest tropopause alti-
tude (LRT-A: 17–17.5 km and CPT-A: 17.5–18 km) inside 
the ASM anticyclone and lowest (LRT-A: 15.5–16 km and 
CPT-A: 16–16.5 km) over the equatorial Indian Ocean. The 
seasonal characteristics observed in the present analysis 
and the difference between the CPT and LRT are as simi-
lar as reported by Kim and Son (2012) and Munchak and 
Pan (2014), respectively. Higher tropopause over the TP is 
reported by Feng et al. (2011) and it is attributed to the pres-
ence of ASM anticyclone. The mean CPT-A over the NH is 
found to be 0.25 km higher as compared to SH. Similarly, 
we observed lowest CPT-P (< 90 hPa) over the TP and high-
est CPT-P (> 100 hPa) over the equatorial Indian Ocean. 
Interestingly, we also observed lower CPT-A, and higher 
CPT-P along the path of TEJ. Colder CPT-T is observed 
over the convectively active regions. The tropopause sepa-
rates the ozone rich stratospheric air from the ozone poor 
tropospheric air and thus the ozone concentration in the 
UTLS region is expected to follow the tropopause struc-
ture. It is to be noted that high ozone concentration (~ 180 

Fig. 9   a Latitude–altitude distribution of seasonal mean verti-
cal velocity in cm  s−1, observed during boreal summer from ERA-
Interim reanalysis. Data is averaged for the region 60°E and 80°E. b 
Scatter plot between ozone and carbon monoxide (CO) at 100  hPa. 
Data are monthly means from 2005 to 2017  and averaged for the 
region 0°–10°N, and 60°E–80°E. Red stars in Fig.  9b indicate the 
months of June–July–August–September (JJAS) and blue stars indi-
cate remaining months. The black line shows the linear fit of entire 
data (r = 0.57)
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ppbv) is observed in the VOT between the equator and 10°N. 
The CPT is also found to be lowest between the equator 
and 10°N, where the core of the ‘ozone river’ located. 
Toward east (west) of ozone enhancement region over the 
Indian peninsula, the CPT-A (CPT-T) is lower (higher) by 
0.2–0.3 km (2–3 K). The region of ozone enhancement (> 60 
ppbv), low CPT-A (< − 0.6 km), and high CPT-T (> 3 K) 
are strongly correlated and overlapped between 140°E and 
180°E, and 10°N and 30°N. This is also the region where 
the ozone transport from the sub-tropical stratosphere to the 
tropical upper troposphere originates (e.g., Konopka et al. 
2010).

In order to verify the ozone presence over the southern 
India and tropical Indian Ocean, which is hypothesized to 
be the transport from mid-latitude, we correlate the daily 
fields of ozone at two regions, R1 and R2. R1 is aver-
aged of 0°–10°N and 60°–80°E, and R2 is averaged of 
15°–25°N and 120°–140°E. Figure 11a shows the scatter 
plot of mean removed ozone in the VOT at R1 and R2 dur-
ing June to September. The analysis is carried out for time-
series of daily mean data sets. A good positive correlation 
is observed, suggesting the high ozone over the R1 region 
is mostly transported from R2. Further the correlation 

between ozone and easterly wind over the R1 region shows 
that the amount of ozone is increasing with the intensity 
of zonal wind (Fig. 11b). It is to be noted that the intensity 
of easterly wind at R1 region (known as TEJ) is signifi-
cantly controlled by ASM anticyclone (Sathiyamoorthy 
et al. 2007) and transport of ozone over the Indian pen-
insula is also controlled by the same anticyclone. About 
50 ppbv of ozone can be increased with the increase of 
easterly wind intensity by 10 m s−1. Thus, as the intensity 
of anticyclone increases both the phenomena are affected. 
As the tropopause is the barrier for the ozone transport, 
we also correlate the ozone with the tropopause altitude. 
It is clear from Fig. 11c, d that as the tropopause altitude 
decreases, the amount of ozone increases. Thus, undula-
tion of tropopause may also contribute to the increase of 
ozone. It is found that about 50 ppbv of ozone can be 
increased with the decrease of tropopause by 1 km. The 
total ozone increases over the southern India and tropical 
Indian Ocean is about 180 ppbv and thus about 130 ppbv 
is mainly contributed due to the transport from the mid-
latitude. However, a detail quantitative analysis is needed 
by launching series of ozonesonde observations along the 
path of anticyclone and TEJ.

Fig. 10  Latitude–longitude distribution of lapse-rate tropopause (LRT) (left) and cold-point tropopause (CPT) (right) a altitude (-A), b tempera-
ture (-T), and c pressure (-P) observed during boreal summer
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4.5  Estimation of mean mass‑flux

The details of mass-exchange across the tropical tropopause 
are extremely important for understanding the consequence 
of chemical species fluxes in the UTLS. Thus, we estimate 
monthly mean mass-flux following the methodology intro-
duced by Wei (1987). The basic idea of this method is to define 
tropopause as a material surface and to calculate mass per 
unit area across the surface. Thus in this method, vertical and 
horizontal movement of air across and along the tropopause 
respectively, and the temporal movement of tropopause surface 
are considered. The total mass-flux across the tropical tropo-
pause in isobaric coordinates is given by Eq. (6) (Wei 1987).

(6)F =
1

g

(

−� + Vh ⋅ ∇Pt +
�Pt

�t

)

Where g is the acceleration due to gravity (m s−2), � vertical 
velocity in pressure coordinate (Pa s−1), Vh is the horizon-
tal vector wind (m s−1), and Pt is the tropopause pressure 
(Pa). The first and second terms (right-hand side) in Eq. (6) 
represents the exchange associated with the vertical and 
horizontal air motion, respectively, in the VOT. This term 
arises due to the pressure gradient exists along the tropo-
pause. The third term quantifies the exchange arise due to 
the tropopause pressure variation with respect to time. The 
first two terms are calculated from instantaneous meas-
urements while the third one is calculated at the discrete 
times. In the present analysis, we used the tropopause pres-
sure obtained from the COSMIC measurements to estimate 
the mass-flux across the tropopause with a coarse spatial 
(10° latitude × 20° longitude) and temporal (1 day) resolu-
tion. The daily mean three components of wind at 100 hPa 
level are taken from the ERA-Interim reanalysis. Figure 12 
shows the daily mean (smoothed by 5 day running mean) 

Fig. 11  Scatter plot of mean removed (JJAS) 100 hPa ozone at region 
1 (R1) with a mean removed 100 hPa ozone at region 2 (R2), b mean 
removed zonal wind at 150 hPa, c mean removed CPT-A, and d mean 
removed LRT-A. R1 is averaged for 0°–10°N and 60°–80°E, and R2 

is averaged for 15°–25°N and 120°–140°E. The data is daily mean 
from 1 June to 30 September of each year from 2005 to 2017 for 
ozone and 2007 to 2016 for tropopause
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cross-tropopause mass flux due to vertical air motion, hori-
zontal air motion, tropopause motion, and net flux. The 
monthly mean data is a composite of 9 years from 2007 
to 2015 averaged of 5°N–5°S, and 60°E–80°E. A positive 
flux indicates the transport of mass from the troposphere 
to the stratosphere and vice-versa. Highest net-downward 
flux is observed during boreal summer and found between 
0.75 × 10−3 and 1 × 10−3 kg m−2 s−1. The net-downward mass 
flux during summer is contributed by both horizontal and 
vertical motion. The contribution of tropopause motion is 
very less as compared to horizontal and vertical motion. 
The observed downward mass-flux during boreal summer 
could be associated with the transport due to the anticyclone 
formation and direct stratospheric intrusion.

5  Summary

We use 14 years of ozone, water vapour and carbon monox-
ide observations from Aura-MLS and 11 years of tropopause 
data from the COSMIC temperature profiles, to understand 
the causative mechanism for the high upper tropospheric 
and lower stratospheric ozone over the tropical Indian region 
during Asian Summer monsoon (ASM) season. The obser-
vations are also supplemented with long-term in situ ozone-
sonde observations along with reanalysis data. High ozone 
concentration is observed in the upper troposphere and lower 
stratosphere (UTLS) over the tropical Indian region (south-
ern India and tropical Indian Ocean), i.e. southernmost 
edges of the ASM anticyclone. Role of horizontal motion, 
monsoon convection, direct stratospheric intrusion due to 
turbulence, and tropical tropopause in the distributions of 
ozone over the ASM region are examined in detail. The hori-
zontal transport follows the path of tropical easterly jet. The 
concentration of ozone increases with the intensity of the 
easterly jet, which indicates that the Asian Summer Mon-
soon anticyclone is the controlling factor of high ozone in 
the tropical Indian region. During boreal summer enhanced 
stability parameter is observed in the vicinity of tropopause 
along with strong wind shear and Richardson number less 
than 1, suggesting the possibility of dynamical stability. This 
instability may have a minor role in mixing the stratospheric 

air with the tropospheric air. Analysis of backward trajec-
tories and CO–O3 relation in the vicinity of tropopause 
clearly indicates that ozone observed over the southern 
India and tropical Indian Ocean regions are of stratospheric 
origin from the NH mid-latitudes. We estimated the net-
downward mass flux of 0.75 × 10−3 to 1 × 10−3 kg m−2 s−1 
during summer.

It is envisaged that the present study will have an impor-
tant implications as ozone distributions in the UTLS region 
influences the balance of Earth’s radiation and chemistry 
over the ASM region. However, further analysis is needed 
with many more ozonesonde observations along the path of 
ASM anticyclone to quantify the contributions by various 
factors.
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