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Abstract Ozone trends in the Upper Troposphere and
Lower Stratosphere over the Indian region are investigated
using three satellite data sets namely Halogen Occultation
Experiment (1993-2005), Stratospheric Aerosol and Gas
Experiment (1993-2005) II, and Aura Microwave Limb
Sounder (MLS, 2005-2011). Estimated ozone trends using
multi-variate regression analysis are compared with trends
at two Indian ozonesonde stations (Delhi, 28°N, 77°E and
Pune, 18°N, 73°E), and a 3-D Chemical Transport Model
(CTM, SLIMCAT) for the 1993-2005 time period. Over-
all, all the observational data sets and model simulations
indicate significant increasing trend in the upper tropo-
sphere (0-2.5 %/year). In the lower stratosphere, estimated
trends are slightly positive up to 30 mb and are negative
between 30 and 10 mb. Increasing trends in the upper
troposphere is probably due to increasing trends in the
tropospheric ozone precursor gases (e.g. CO, NO,,
NMHCs). Here, we argue that these contrasting ozone-
trend profiles might be partially responsible for insignifi-
cant long-term trends in the tropical total column ozone.
On seasonal scale, positive trends are observed during all
the seasons in the upper troposphere while structure of
trend profile varies in lower stratosphere. Seasonal varia-
tions of ozone trends and its linkages with stratospheric
intrusions and increasing trends in lightning flashes in the
troposphere are also discussed.
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Introduction

Ozone (03) is an important trace gas in the troposphere. It
plays important role in atmospheric chemistry, acts a
greenhouse gas and contributes significantly to climate
change. Ozone increase in troposphere due to anthropo-
genic precursor emissions has significantly contributed to
changes in radiative forcing since preindustrial times
(~0.35 WM*2, IPCC 2001) and can have significant
impact on the surface temperature (Forster and Shine 1997;
IPCC 2007). Concentrations of the upper tropospheric
lower stratospheric (UTLS) ozone are controlled by various
chemical and dynamical processes such as photochemical
production within the troposphere, downward/upward
transport from the stratosphere/troposphere through
Stratosphere-Troposphere Exchange (STE) (Fadnavis et al.
2010), and deep convection (Randel et al. 2010; Fadnavis
et al. 2011), and transport processes within the troposphere
(Ghude et al. 2011). Changes in the UTLS ozone affect the
temperature and dynamical structure of the UTLS. From
observations and model simulations, it is well established
that decrease (increase) in the UTLS ozone leads to local
cooling (warming) (e.g., Forster et al. 2007; Braesicke
et al. 2011).

Long-term trends in tropospheric and lower strato-
spheric ozone show a complex pattern over the globe and
in some cases are driven by regional influences (Harris
et al. 1997; Logan et al. 1999; Randel et al. 1999; Oltmans
et al. 1998, 2004; Staehelin et al. 2001). There are few
focused studies reporting ozone trends in the lower
stratosphere over the tropical region. Using Stratospheric
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Aerosol and Gas Experiment (SAGE II) data (1984-2005)
and Southern Hemisphere Additional Ozonesondes (SHA-
DOZ) measurements (1998-2009) Randel and Thompson
(2011) reported statistically significant negative trends
(0.2-0.4 % per year) in the tropical lower stratosphere
(~17-21 km). Chemistry climate model simulations also
show similar decreasing decadal ozone trends in the trop-
ical lower stratosphere as a result of increase in tropical
upwelling in the model through strengthening of the
stratospheric meridional circulation (Eyring et al. 2010;
Lamarque and Solomon 2010). Randel and Wu (2007)
reported decreasing ozone trends in the tropics (larger than
—10 % below 20 km). The comparison of SAGE II trends
with ozonesonde indicates that SAGE II ozone show rel-
atively larger decrease in the tropical lower stratosphere.
However, both satellite and ground-based stations show
negligible trends in the tropical total column ozone (WMO
2010). Thus, observed contrasting ozone trend profiles
might be partially responsible for insignificant long-term
trends in the tropical total column ozone.

Studies on tropospheric ozone trends over the Indian
region mostly addressed trends in tropospheric column
ozone. Increasing trends in tropospheric ozone residual
(TOR) measurements over the Indian inland cities are
reported by Kulkarni et al. (2010). Ganguly (2009) also
observed overall increasing ozone trends (1.2-7 %) over
the Indian forests for the period 1980-2000. Using Ozone
Mapping Instrument measurements Nishanth and Satheesh
(2011) reported increasing ozone trends ~ 8.8 %/year over
the Indian coastal cities. From ozonesonde measurements,
trends in the Indian troposphere and lower stratosphere
were reported by Saraf and Beig (2004). These trends have
been attributed to significant increase in anthropogenic
emission of ozone precursors from South Asia during past
couple of decades due to strong industrial and economic
growth in this region (Beig et al. 2008; Lal and Pawar
2011; Kulkarni et al. 2010; Wang et al. 2012; Ghude et al.
2008; Krishnamurti et al. 2009). To our knowledge, ozone
trends in the UTLS region are not well studied over the
India where significant transport of air from surface to
UTLS through deep convection (Randel et al. 2010) and
STE occurs during monsoon season.

In this paper, we particularly concentrate on the trends
in ozone concentration in the UTLS region over the Indian
monsoon region (0-30°N, 60—100°E). UTLS over Indian
region has some unique features due to cross tropopause
transport. For example, transport of boundary layer air into
lower stratosphere due to strong Summer monsoon con-
vection (Park et al. 2009; Goswami et al. 2006; Kunze et al.
2010; Randel et al. 2010; Chen et al. 2012). Stratospheric
intrusion during Winter and early pre-monsoon season
(Fadnavis et al. 2010) and cyclonic activity during pre-
monsoon and post-monsoon seasons (Das et al. 2011;
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Baray et al. 1999; Sigmond et al. 2000). Cross-tropopause
transport changes the composition of the upper troposphere
and lower stratosphere.

We use four observational data sets namely Halogen
Occultation Experiment (HALOE), SAGE II for the period
1993-2005, Aura Microwave Limb Sounder (MLS) for the
period 2005-2011 over, Indian monsoon region (0°-30°N,
60°-100°E) and ozonesonde observations at two Indian
stations Pune (18°N, 73°E) and Delhi (28°N, 77°E) for the
period 1993-2005. The results obtained are compared with
trends obtained from simulations of 3-D Chemical Trans-
port Model (SLIMCAT). Further, the impact of cross tro-
popause transport on ozone trends is discussed.

This paper is organized as follows: In Sect. “Data and
Analysis”, data sets and regression model used are dis-
cussed. In Sect. “Results and Discussions”, results on
annual as well as seasonal trends are presented and dis-
cussed. Conclusions are given in Sect. “Conclusions”.

Data and analysis
SAGE II, HALOE, MLS satellite data

This paper analyses ozone data from three satellite-based
instruments namely Stratospheric Aerosol and Gas Exper-
iment II (SAGE II) aboard the Earth Radiation Budget
Satellite (ERBS), HALOE aboard the Upper Atmospheric
Research Satellite (UARS), and AURA MLS aboard
UARS.

The SAGE Il data used here are based on the v6.2 retrieval
algorithm. SAGE II is a solar occultation instrument where
measurements are only made during limb viewing conditions
providing 15 sunrise and 15 sunset measurements per day.
Retrieved profiles are in number density at <1 km resolution
in height coordinate (7(z)). Data are obtained from
http://badc/sage2/data/version_6.2. SAGE II v6.2 data are
screened for cloud and aerosol contamination according to
the procedure described by Wang et al. (2002). Although
SAGE II is not optimally designed for tropospheric moni-
toring, the four longer wavelength channels frequently
sample into the troposphere (Wang et al. 1994, 1998). How
deep the SAGE II instrument can measure into the tropo-
sphere depends on the altitude of cloud presence. The
uncertainty of SAGE II ozone data increases rapidly below
20 km (Cunnold et al. 1989). Errors are estimated to be
around 20 % for measurement before the Pinatubo eruption
inJune 1991. Systematic biases toward higher values are also
known for ozone in the 12-20 km range (Pan et al. 1997).
The precision of SAGE Il v 6.2 datais ~ 10 % at 20 km and
40 % at 10 km.

Halogen Occultation Experiment is also limb-viewing
solar occultation instrument that obtains transmittance
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profiles in infra-red region of the spectrum giving 15
sunrise and 15 sunset measurements (Russell et al. 1993).
HALOE was operational from September 1991 to
November 2005. The vertical resolution is ~2 km or less
and retrieved data is in pressure coordinate (7(p)). Tem-
poral and spatial coverage of HALOE are similar to those
of SAGE II (Terao and Logan 2007). Comparison of
ozonesonde, HALOE, and SAGE II ozone profiles in UTLS
region is reported elsewhere (Borchi and Pommereau
2007). In this study, we used the HALOE version 19 (V19,
T(p)) ozone data obtained from http://haloethree.larc.nasa.
gov/download/

In order to avoid the influence of Mount Pinatubo
eruption HALOE and SAGE 1I data are analyzed for the
period 1993-2005.

The Aura MLS measurements are obtained from
observations of millimetre-wavelength thermal emission as
the instrument field of view is vertically scanned through
the atmospheric limb. An overview of the MLS spectral
bands, main line frequencies, and target molecules, are
reported by Waters et al. (2006). The overall MLS retrieval
approach is discussed by Livesey et al. (2006). Froidevaux
et al. (2008) have shown that the radiance fits are generally
very good (within ~1 %) although there is typically
poorer closure in the lowermost height region (upper tro-
posphere). The MLS v3 ozone data is obtained from
http://mirador.gsfc.nasa.gov. In order to have large number
of data points so that random error in HALOE and SAGE
II, MLS data is reduced we estimated trends over wider
area of complete Indian region (0-30°N, 60-100°E). The
monthly mean HALOE, SAGE II, and MLS data are
averaged over the Indian region. In general, there are 8—15
data points for a month over this region. The months in
which available data points are <8 are not taken into
consideration. Although there are similarities in the
observations made by HALOE and SAGE II instruments,
analyzed results may differ because of many reasons. Their
spatial coverage may differ over the selected latitudinal
belt (e.g., for a month, HALOE may view 10-25°S and
SAGE may view 12-30°S). Also SAGE II is seven-channel
photometer with photo-diode detector whereas HALOE
uses broadband and gas-correlation radiometry. Hence,
they have different retrieval algorithms and hence different
retrieval errors. Moreover, each instrument makes mea-
surements at different periods in a month, which may give
rise to sampling uncertainty.

Ozonesonde data

The ozonesonde measures the vertical distribution of ozone
from surface to the lower stratosphere. In general, weekly
ozone soundings are made using modified electrochemical
Bewer Bubbler ozone sensor (B-M Sonde) (Shreedharan

1968). The ozone profile (umb) after integrating vertically
has been normalized to the total ozone measured by Dob-
son spectrophotometer. The performance of the electro-
chemical concentration cell and the Indian ozonesonde
were assessed in several inter comparisons (WMO 1994;
Smit et al. 1996) and it was concluded that the precision of
a measurement at the ozone layer peak is better than 2 %
(WMO 1994). In the present study, we use ozone time
series which are extended time series reported by Saraf and
Beig (2004). The ozonesonde data obtained during the
period 1993-2005 over three Indian stations Pune (18°N,
73°E), Delhi (28°N, 77°E), and Trivandrum (28°N, 77°E)
are used in the current analysis. On an average, there are
2-6 soundings per month. Data are sparse over Trivandrum
during the period of analysis (1993-2005), hence analysis
is not presented at this station. Saraf and Beig (2004) also
reported statistically insignificant ozone trends at Trivan-
drum throughout the troposphere.

Chemical transport model (SLIMCAT) set up

Single Layer Isentropic Model of Chemistry and Transport
(SLIMCAT) is a 3-D chemical transport model, which uses
sigma coordinate system and extends from surface to
~60 km. Detailed description of the model is given in
Chipperfield (1999) and latest updates in Chipperfield
(2006). Model is forced with European Centre for Medium
Range Weather Forecasting reanalysis data (ERA-Int, Dee
et al. 2011) for 1992-2000. Model dynamical fields are
updated with ERA-Int data every 6 h (00, 06, 12, and 18
UTC). In present study, model simulations are performed at
T21L32 (32 vertical levels and 5.6 x 5.6° horizontal) res-
olution, Model has detailed stratospheric chemistry scheme,
including heterogeneous chemistry. Data presented here is
similar to run B_EI from Dhomse et al. (2011).

Thus, the present work analyzes observations from
SAGE 1II (January 1993—-August 2005), HALOE (January
1993-November 2005), MLS (January 2005-September
2011) over the Indian monsoon region (0-30°N,
60-100°E), ozonesonde measurements at Pune and Delhi
(January 1993-December 2005) and SLIMCAT simula-
tions (January 1993-December 2005). Trend estimates are
calculated for the Upper Troposphere and Lower strato-
spheric (UTLS) pressure levels 200-10 mb—i.e., an
approximate altitude range 10-32 km. Data are considered
from 1993 to avoid the influence of Mt Pinatubo eruption
in June 1991. In most of the months there are about 15-20
observations available in the satellite data sets. However
there are few months when observations are not available
in the satellite data sets. The time series of all the data sets
are de-seasonalized by removing the respective long-term
monthly means, and in all of the analysis below we focus
on deseasonalized anomalies.
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Regression analysis

To calculate long-term ozone trends, it is necessary to
remove the influence of various short- and long-term
physical process such as quasi-biennial oscillation (QBO),
El Nifio—Southern Oscillation (ENSO), and 11-year solar
cycle (Fadnavis and Beig 2006a; Dhomse et al. 2006;
WMO 2010). We use a regression model which is an
extended version of the model of Randel and Cobb (1994)
in the current analysis. The general expression for the
regression model equation can be written as follows:

0(t,z) = a(z) + B(z) .- Trend (¢) + (z).QBO (¢)
+ 0(z). Solar (¢) + &(z). ENSO (¢) + resid (1)

(1)

Model wuses harmonic expansion to calculate the
coefficients o f§ y 4, and ¢ The harmonic expansion for
o(t) is given as:

a(t) = Ag + Ajcosmt + Apsinmt + Az cos 2mt
+ A4 sin 2wt 4+ As cos 3wt + Ag sin 3wt (2)
+ A7 cos 4wt + Ag sin 4wt

where w = 2n/12; Ag, Ay, A,, ... are constants and ¢ (¢ = 1,
2,..., n) is the time index o, f, y, J, and ¢ are calculated at
every altitude hence they are altitude (or pressure) depen-
dent in Eq. 1. For a particular altitude (pressure level),
these are calculated for every month and hence are time-
dependant in Eq. 2.

As a QBO proxy, QBO(#), we use Singapore monthly
mean zonal winds (m/s) at 30 mbar and the Southern
Oscillation Index (SOI), which is the Tahiti (18°S, 150°W)
minus Darwin (13°S, 131°E) monthly-mean sea-level
pressures (mb) as ENSO proxy, ENSO(#). QBO and ENSO
indices are obtained from http://www.cpc.ncep.noaa.gov/
data/indice The F10.7 indices [Ottawa monthly-mean
F10.7 solar radio flux as solar proxy (solar ()], are used
here (http://spidr.ngdc.noaa.gov/spid). The terms a(z), f(2),
7(2), 0(2), and &(z) represent the time-dependent seasonal,
trend, QBO, solar flux, and ENSO coefficients, respec-
tively, and resid(f) represents the residues or noise. The
model performs multiple regression analyses of time series
at each given pressure level. Error estimates are according
to Neter et al. (1985), which can be represented by the
following expression:

o () = [0%(Ao) + *(A})cos* ot + o*(As)sin*ot + . . ...
+2(0(A1,Az)cosot + (o (A1, Az)sinot + .. ...)]
(3)
Here, w = 21/12, o> (Ao), and o(A;, A,), etc. are
variance—covariance estimates of regression coefficients,

obtained from least squares analysis (Randel and Cobb
1994).
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Figure la exhibits the ozone time series at 200 mb
observed by HALOE instrument. Time series of residues
obtained after regression analysis is shown in Fig. 1b. It
indicates that residues are free from trend and other natural
periodic signals. Figure 1c shows the time series of trend fit
f(z), which is a linear coefficient whose value is represen-
tative of the product of monthly trend value and linearly
varying component. It is evident from Fig. lc that there is a
monotonic increase in ozone during the analysis period. The
fluctuations in this figure represent the seasonal variability.
A least square fit to this time series provide ozone trend in a
given time series. The trend coefficients for each month
(January, February,..., December) are averaged over all
years. These monthly mean trend coefficients are averaged
for different seasons to get seasonal trends. Annual trends
are estimated by averaging monthly mean trend coefficient
for of all the months at selected pressure level.

Figure 2a and b exhibit time series (red line with
asterisks) and regression fit (black line) plot of ozone data
at 200 and 50 mb as obtained from ozonesonde at Delhi
and Pune, SAGE II, HALOE, MLS, and SLIMCAT over
the Indian region, respectively. Ozone anomalies in
regression fit are obtained by subtracting residues from
ozone time series. There are no apparent jumps in regres-
sion fit confirming the consistency of the data sets. For all
the data sets and all the altitudes, residuals do not show any
significant auto-correlation, while regression coefficients
are highly correlated with observations. The correlation
coefficient between regression coefficients and observa-
tions are varying between ~0.5 and ~0.96.

In the discussion that follows, we group the results by
seasons: Winter (December—February), pre-monsoon
(March-May), monsoon (June—September), and post-
monsoon (October—November) and by pressure levels
200-100 mb (~10-18 km) as upper troposphere and
100-10 mb (~18-32 km) as the lower stratosphere.

Results and discussions
Vertical structure of annual trends in ozone

The vertical distribution of annual mean ozone trend
derived from HALOE, SAGE II, MLS, and ozonesonde
(Delhi and Pune) measurements and SLIMCAT model
simulation along with two sigma error limits are shown in
Fig. 3 (trends at standard pressure levels are tabulated in
Table 1). In general, all the data sets show statistically
significant (at two sigma error limit) increasing trends
varying between 0.5 and 2.3 %/year in the upper tropo-
sphere. Trends obtained from SAGE II, HALOE, and
SLIMCAT ozone vary between 1.2 and 2.3 %/year
between pressure levels ~200-100 mb. In general, ozone
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Fig. 1 a Time series plot of (a) 0.16 F T | T T T T . T T L.
ozone vmr as obtained from | Time series 200mb i
HALOE at 200 mb. b Residue
plot of monthly mean ozone
vmr as estimated from
regression model after applying
to HALOE time series at
200 mb. ¢ Trend fit plot (z) of
ozone time series obtained from
HALOE at 200 mb. The
B-spline fit on the data points is
shown by red line. The blue line 12/1995 12/1998 12/2001 12/2004
indicates least square fit. Slop of (b)
blue line indicates trend . 0.08
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trends obtained from HALOE and SAGE II data agrees
with those in SLIMCAT simulations. The trends profiles
differ slightly but they lie within two-sigma limits of each
other. Ozone trends obtained from MLS data vary between
0.5 £ 0.8 and 1.1 £ 0.9 %/year. At these pressure levels,
ozone trends obtained from ozonesonde measurements at
Delhi and Pune are less than the trends derived from SAGE
II, HALOE measurements and SLIMCAT simulations.
Ozone trends at Delhi vary between —0.45 + 0.8 and
1.3 + 0.65 %/year while at Pune it varies between
—0.45 £ 0.5 and 0.78 £ 0.8 %/year. From the ozonesonde
measurements for the period 1992-2001, Saraf and Beig
(2004) reported trend of 0.3 £ 2.9 %/year at Pune and
6.6 £ 6.3 %/year at Delhi near 200 mb. Trends estimated
in the present study near 200 mb are 0.67 + 0.8 %/year at
Pune and 1.3 £ 0.65 %/year at Delhi. Trends reported by
Saraf and Beig (2004) at Pune agrees with the present study
while trends at Delhi are much higher (statistically insig-
nificant) than in the present study.

In the lower stratosphere, at the altitudes above 100 mb
vertical profiles of trends obtained from SAGE II and

12/1995 12/1998 12/2001

Months/Year

HALOE, MLS and SLIMCAT simulations show good
agreement with each other. At the altitudes above 100 mb
trend values decrease with increase in altitude and no trends
(zero trends) are observed near 30 mb. Increasing trends
(0.2-1.1 %lyear) although statistically insignificant are
observed between 80 and 40 mb pressure levels. HALOE,
SAGE II, MLS data show decreasing trends at the altitudes
above 30 mb while SLIMCAT simulation shows decreasing
trends near 15-10 mb. Statistically significant decreasing
trends ~ —0.3 %/year are observed (in SAGE II and
HALOE) near 10 mb. Similar ozone trends are also reported
by Fadnavis and Beig (2006b) over the tropical belt 0-30°N.
Throughout the lower stratosphere ozonesonde measure-
ments at Pune show decreasing (statistically insignificant)
trends (~0.5 %/year). At Delhi derived trends are increas-
ing ~1 £ 0.5 %/year between 100 and 70 mb and are
decreasing (~ —0.5 %/year) at the altitudes above 40 mb.
Trends obtained from SAGE II, HALOE, MLS mea-
surements, and SLIMCAT simulations show agreement
throughout the UTLS. Some differences in their vertical
profile may be due to the fact that satellite instruments have

12/2004
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Fig. 2 a Time series (red line with asterisk) and regression fit (black
line) plot of ozone data at 200 mb as obtained from ozonesonde at
Delhi and Pune, SAGE II, HALOE, MLS and SLIMCAT over the
Indian region, respectively. Source of data and Correlation coefficient
is indicated in each panel. b Time series (red line with asterisk) and

very different sampling patterns and sampling time
(Fadnavis and Beig 2006b). Vertical profile of trends
obtained from ozonesonde differ from trends profiles of
SAGE II, HALOE, MLS measurements, and SLIMCAT
simulations. This may be due to fact that SAGE II, HALOE
MLS data and SLIMCAT simulations are over the Indian
region while ozonesonde measurements at single station.

Seasonal trends in ozone over the UTLS region of India
Vertical structure of trends in ozone during winter season

To understand seasonality in the vertical distributions of
trends, monthly mean trend coefficients are averaged for the
four seasons mentioned above. Figure 4 shows vertical dis-
tribution of trends obtained from SAGE II, HALOE, MLS,
ozonesonde measurements and SLIMCAT simulations dur-
ing Winter season (Trend estimates at standard pressure
levels are tabulated in Table 2). During Winter, in the upper
troposphere, estimated trends are increasing trends in all the
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regression fit (black line) plot of ozone data at 50 mb as obtained
from ozonesonde at Delhi and Pune, SAGE II, HALOE, MLS and
SLIMCAT over the Indian region, respectively. Source of data and
Correlation coefficient is indicated in each panel

data sets. Statistically significant increasing trends are
observed in SAGE II (~1.5 & 1.0-2.2 £ 1.98 %/year)
HALOE (1.37 &£ 1.03-3.2 £ 1.1 %/year), MLS (0.9 +
0.8-1.87 £ 1.2 %/year) measurements and SLIMCAT
(1.5 + 1.0-3.48 &+ 2 %/year) simulations. Trends in
ozonesonde measurements at Delhi vary between 0.98 + 0.6
and 1.58 £ 0.73 %/year. Similar trends (~0.56 + 0.48 %/
year) are also reported by Kulkarni et al. (2010) at Delhi
using tropospheric column ozone TOR data for the period
1979-2005. Observed trends in ozone at Pune station are
statistically insignificant throughout the upper troposphere.

The source of ozone in the upper troposphere (during
Winter-pre-monsoon season) is from stratospheric intrusions.
Thus, observed Winter time increasing ozone trends in the
upper troposphere may be due to stratospheric intrusions.
Long-term trend obtained from HALOE measurements at
different vertical level show maximum (~3.26 + 1.1 %/
year) near tropopause level. SAGE II, MLS, ozonesonde
measurements (at Delhi), and SLIMCAT simulations also
show maximum trend near tropopause level, which may be
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Fig. 3 Vertical variation of annual trends (%/year) in ozone obtained
from HALOE (asterisks), SAGE 11 (triangles), ozonesonde at Delhi
(circles), ozonesonde at Pune (squares), MLS (down triangles),
SLIMCAT (diamonds)

related to Winter time stratospheric intrusions. Figures 5a and
b exhibit vertical distribution of area averaged (over the Indian
region) monthly mean ozone mixing ratios obtained from

HALOE for the period 1993-2005 and MLS for the period
2005-2011, respectively. Dotted line over laid in the figure
indicates variation of tropopause pressure (obtained from
NCEP/NCAR reanalysis data). It can be seen from these fig-
ures that every Winter and early pre-monsoon seasons there is
downward propagation of ozone crossing tropopause and
entering in the upper troposphere. This may be related to
stratospheric intrusions. From satellite observation and model
simulations, Fadnavis et al. (2010) have shown that strato-
spheric intrusion occurs over the Indian subtropical region
(25-40°N) during Winter and early pre-monsoon seasons
(February—-March—April). Pune (18°N, 73°E) being deep
tropical station stratospheric intrusions may be weak or neg-
ligible over this region. Hence, increasing ozone trends near
tropopause are not noticeable in ozonesonde data at Pune.

In the lower stratosphere, trends profiles obtained from
SAGE II, HALOE MLS measurements and SLIMCAT sim-
ulations show decrease in trend value with increase in altitude.
Increasing trends are observed between 100 and 30 mb
pressure levels. No trend (zero trend) is observed near 30 mb.
Decreasing (although statistically insignificant) trends are
observed between 20 and 10 mb. Similar variation of Winter
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Table 1 Annual trend coefficient (%/year) over the Indian region in
ozone measurements from SAGEIl 1993-2005), HALOE
(1993-2005), MLS (2005-2011), CTM-SLIMCAT (1993-2005),

Ozonesonde at Pune (18°N, 73°E) (1993-2005), ozonesonde at Delhi
(28°N, 77°E) (1993-2005)

Pressure Trend (%/year) Trend (%/year) Trend (%/year) Trend (%/year) Trend (%/year) Trend (%/year)
(hPa) SAGEI HALOE MLS SLIMCAT ozonesonde-Delhi ozonesonde-Pune
(1993-2005) (1993-2005) (2005-2011) (1993-2005) (28°N, 77°E) (18°N, 73°E)
(1993-2005) (1993-2005)
200 1.7£1 14 £ 1.1 0.82 £0.3 1.21 £ 1.26 1.3 £0.65 0.67 £ 0.8
150 1.6 £09 2.06 £ 1.05 0.84 £ 0.46 1.66 £ 1.5 1.11 £ 0.99 0.78 £ 0.8
100 13+ 1.1 1.6 £ 1.01 0.55 £+ 0.31 235+ 13 0.95 £ 0.56 0.56 + 0.8
70 0.6 + 0.65 .14+ 14 0.72 + 0.84 1.32 £ 0.8 0.95 £ 0.93 —0.59 £ 0.86
50 02+03 053 £1 0.64 £+ 0.8 0.50 £ 0.43 0.27 £ 0.67 —0.56 £+ 0.66
40 0.14 + 0.18 0.2 + 0.31 0.5+0.8 0.50 £ 04 —0.45 £ 0.8 —0.48 + 0.64
30 0.15 £ 0.2 0.05 £ 0.28 0.17 £+ 0.31 0.26 £ 0.28 —0.55 £ 0.74 —0.56 £ 0.7
20 —0.22 £ 0.21 —-0.21 £ 0.3 —0.29 £ 0.32 0.24 £ 0.44 —0.57 £ 0.62 —0.52 + 0.63
10 —-0.33 £ 0.29 —-0.29 £ 0.5 —0.04 £ 0.2 —0.28 + 0.21 —0.42 £ 0.76 —0.45 £+ 0.58
Ozone Trends during Winter Season SLIMCAT simulations) during pre-monsoon season (Trend
10k T ; * T I—;—;\ALIS T " values at standard pressure levels are tabulated in Table 3).
8 SLIMCAT | In the upper troposphere, trends obtained from SAGE II and
—e—DELHI 128 = HALOE measurements show excellent agreement. Esti-
= . N ::: Eﬁng 124 % mated trends vary between 2 and 4 %/year. Ozone trends
£ K \nxz —A—SAGE Il 3 obtained from MLS and ozonesonde data at Delhi and Pune
< [ _Q‘ . ‘ ] 20 g vary between 0.5 and 1.4 %/year. Trends profiles of MLS
ﬁ 100 | — k | 116 2 and ozonesonde data at Delhi and Pune lie within error bar
o SR 140 E of each other. From tropospheric column ozone TOR data
] E Kulkarni et al. (2010) reported statistically insignificant but
18 <% positive trends ~0.04 £ 0.3 %/year at Delhi during pre-
14 monsoon season. Trends derived from SLIMCAT simula-
1000 F A P tions are decreasing (statisticall.y insignificant) between 200
3 2 41 0 1 2 3 4 5 6 and 150 mb levels. At the altitudes above 150 mb ozone

Ozone trend (%lyear)

Fig. 4 Vertical variation of trends (%/year) in ozone during Winter
season in ozone obtained from HALOE (asterisks), SAGE II
(triangles), ozonesonde at Delhi (circles), ozonesonde at Pune
(squares), MLS (down triangles), SLIMCAT (diamonds)

time ozone trends in lower stratosphere has been reported by
Fadnavis and Beig (2006b) over the tropical belt (0-30 N).
They reported decreasing ozone trends ~ 0.8 %/year between
20 and 10 mb which agrees with present results. At Delhi in
the region between 100 and 60 mb statistically significant
increasing ozone trends are observed. At the altitudes above
50 mb statistically insignificant but decreasing ozone trends
are observed. Ozone trends at Pune show decreasing ozone
trends throughout the lower stratosphere.

Vertical structure of trends in ozone during pre-monsoon
season

Figure 6 exhibits the vertical distribution of trends (SAGE
II, HALOE, MLS, ozonesonde measurements, and
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trends obtained from SLIMCAT simulations are increasing.

The observed increasing trends during pre-monsoon
season may be due to transport of ozone precursors emitted
from biomass burning (Galanter et al. 2000) and from
thermal power plants, steel plants and cement plants which
are well distributed over the Indian landmass enhances
ozone levels in the planetary boundary layer throughout the
year. During the pre-monsoon season, convection lifts the
boundary layer pollutant along with ozone precursors and
aerosols to the upper troposphere (Fadnavis et al. 2011;
Phadnis et al. 2002). Several studies (Das 2009; Baray et al.
1999; Sigmond et al. 2000 and references therein) suggest
that stratospheric ozone inputs to the troposphere can occur
in the tropics near zones of deep convection. Also during
pre-monsoon lightning during thunderstorms produces
NO.,. Recently, Lal and Pawar (2011) reported increasing
trend of lighting activity during pre-monsoon season over
the Indian inland stations. Increasing trends in lightning
flashes will contribute to increasing ozone trends (via NO,)
in the upper troposphere. Ghude et al. (2008) reported
increasing trends in NO, concentrations in the troposphere
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Table 2 Trend coefficient (%/year) during Winter season over the
Indian region in ozone measurements from SAGEII 1993-2005),

(1993-2005), Ozonesonde at Pune (18°N, 73°E) (1993-2005),
ozonesonde at Delhi (28°N, 77°E) (1993-2005)

HALOE (1993-2005), MLS (2005-2011), CTM-SLIMCAT

Pressure Trend (%/year) Trend (%/year) Trend (%/year) Trend (%/year) Trend (%/year) Trend (%/year)

(hPa) SAGEII HALOE MLS SLIMCAT ozonesonde-Delhi ozonesonde-Pune
(1993-2005) (1993-2005) (2005-2011) (1993-2005) (28°N, 77°E) (18°N, 73°E)
Winter Winter Winter Winter (1993-2005) Winter (1993-2005) Winter

200 158 £1 1.37 £ 1.03 091 + 0.9 149 £ 1.2 0.98 + 0.66 0.42 £ 0.32

150 1.35 £ 1.1 22+ 13 0.95 + 0.7 2415 1.08 + 0.88 0.67 £ 0.65

100 2.2+ 1.98 326 + 1.1 1.87 £ 1.2 348 + 2 1.58 + 0.73 0.42 £ 0.92

70 14+ 1.1 2.04 £+ 1.04 093 + 0.8 1.56 + 1 0.6 £ 0.5 —0.63 + 0.51

50 1.7 £ 1.03 0.69 £+ 0.95 0.96 + 0.9 0.77 £ 0.6 —04 £0.21 —0.6 £ 0.53

40 0.91 £+ 0.78 0.35 £ 0.5 1.03 £ 0.8 0.77 £ 0.5 —0.34 + 0.49 —-04 £ 0.57

30 0.03 £ 0.3 0.02 £ 0.3 0.35 + 0.25 0.25 £+ 0.35 —0.3 £ 0.56 —0.3 £ 043

20 —04 £0.3 —042 £ 0.5 —-0.37 £ 0.3 0.14 £ 0.3 —02+£03 —-0.2 £ 0.37

10 0.15 £ 0.16 —0.61 £ 0.7 —-0.39 £ 04 —0.36 +£ 0.29 —0.15 £ 0.2 —-0.1 £03

(@)  Seasonal variation of HALOE ozone in UTLS (India)
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Fig. 5 Vertical distribution of monthly mean ozone vrm obtained
from a HALOE for the period 1993-2005. b MLS for the period
2005-2011. Black dotted line over laid shows variation of tropopause
pressure. White color indicate non available data

Ozone Trends during Premonsoon Season
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Fig. 6 Vertical variation of trends (%/year) in ozone during pre-
monsoon season in ozone obtained from HALOE (asterisks), SAGE II
(triangles), ozonesonde at Delhi (circles), ozonesonde at Pune
(squares), MLS (down triangles), SLIMCAT (diamonds)

over the Indian region. Increasing trends in convective
events, lightning activity and NO, will together contribute
to increasing ozone trends in the upper troposphere by
enhancing production of ozone (IPCC 2007; Ott et al.
2010; Labrador et al. 2005).

In the lower stratosphere, trends estimated from SAGE
II, HALOE, MLS, ozonesonde measurements, and SLIM-
CAT simulations show that trend values deceases with
increase in altitude. Statistically significant increasing
trends (0.5-2 %/year) are observed in HALOE, MLS
ozonesonde at Delhi, and SLIMCAT data at the altitudes
below 60 mb. At the altitudes above 60 mb structure of
trend profiles vary with data sets. SAGE II, HALOE and
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Table 3 Trend coefficient (%/year) during pre-monsoon season over
the Indian region in ozone measurements from SAGEII 1993-2005),

(1993-2005), Ozonesonde at Pune (18°N, 73°E) (1993-2005),
ozonesonde at Delhi (28°N, 77°E) (1993-2005)

HALOE (1993-2005), MLS (2005-2011), CTM-SLIMCAT
Pressure Trend (%/year) Trend (%/year) Trend (%/year) Trend (%/year) Trend (%/year) Trend (%/year)
(hPa) SAGEII HALOE MLS SLIMCAT ozonesonde-Delhi ozonesonde-Pune
(1993-2005) (1993-2005) (2005-2011) (1993-2005) (28°N, 77°E) (18°N, 73°E)
pre-monsoon pre-monsoon pre-monsoon pre-monsoon (1993-2005) (1993-2005)
pre-monsoon pre-monsoon
200 319+ 24 3.1+ 1.1 0.91 + 1.09 —0.52 £ 0.82 1.42 + 0.07 0.97 + 0.64
150 3.33 £ 1.59 33+ 13 0.66 £+ 0.6 —132+ 15 1 +0.96 0.53 £ 0.6
100 227 2 217 +£2 1 +1.25 0.83 £ 0.7 0.88 £ 0.37 0.51 £ 0.5
70 0.85 £ 1.77 15+ 14 152+ 14 092 £ 0.8 1.06 £ 0.96 —0.5 £ 1.09
50 048 £ 0.3 1.13 £ 1 0.45 £ 0.39 0.83 +£ 0.49 0.66 £+ 0.87 —0.4 £+ 0.68
40 0.72 £+ 0.58 0.8 £09 0.02 £ 0.01 0.83 £ 0.6 —0.11 = 0.86 —0.6 £ 0.5
30 0.68 £ 0.33 0.56 £ 0.3 —-0.23 £03 0.69 £+ 0.5 —0.61 £ 0.72 —0.63 + 0.46
20 —0.125 £ 0.2 —0.17 £ 0.44 —0.48 £ 0.45 0.46 £ 0.22 —0.86 £ 0.76 —0.4 £ 048
10 —0.81 £ 0.5 —0.28 £ 0.49 —0.58 £ 0.82 —0.25 £ 0.22 —0.5 £ 0.87 —0.6 £ 0.69
Ozone Trends during Monsoon Season
T T T — T T T T T T T 1 . . :
1w0f —v—MLS s Vertical structure of trends in ozone during monsoon
SLIMCAT | season
—e— DELHI 28 —~
—m—PUNE £ . . . U
= —*—HALOE |24 T Always there has been an interest in studying the distribution
£ —A—SAGE Il 3 of ozone trends in the UTLS region during monsoon period
< r i 20 g as monsoon convection modulates UTLS ozone. Figure 7
§ 100 | 116 @ show vertical distribution of ozone trends during south-west
o 12 g monsoon season (Trend estimates at standard pressure levels
178 are tabulated in Table 4). In the upper troposphere, HALOE,
18 <& SAGE 1II measurements, and SLIMCAT simulations show
la statistically significant increasing trends varying between 2
E 1 and 3.5 %/year. Trends estimated from MLS measurements
C " 1 L 1 L L 1 L 1 n 1 n 1 L 1 L
1000_3 2 4 0 1 2 3 4 s 60 vary between 1 £ 0.7 and 2.5 £ 1.7 %/year. Trends
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Fig. 7 Vertical variation of trends (%/year) in ozone during monsoon
season in ozone obtained from HALOE (asterisks), SAGE II
(triangles), ozonesonde at Delhi (circles), ozonesonde at Pune
(squares), MLS (down triangles), SLIMCAT (diamonds). Vertical
variation of trends (%/year) in ozone during Winter season in ozone
obtained from HALOE (asterisks), SAGE 1I (triangles), ozonesonde
at Delhi (circles), ozonesonde at Pune (squares), MLS (down
triangles), SLIMCAT (diamonds)

SLIMCAT data show increasing trends up to 20 mb while
MLS and ozonesonde at Delhi show up to 40 mb. Fadnavis
and Beig (2006b) also reported increasing ozone trends
(~0.2 %l/year) between 60 and 40 mb over the tropics
during pre-monsoon. At Delhi, trend profile also shows
increasing trends (0.6 £ 0.87-1 & 0.96 %/year) between
100 and 40 mb and decreasing trends (—0.86 £ 0.76 to
—0.11 £ 0.86 %/year) above. Statistically insignificant but
positive trends (0.04 £ 0.3 %/year) are also observed in
tropospheric column data by Kulkarni et al. (2010). At
Pune, decreasing trends (statistically significant) are
observed in the lower stratosphere (~—0.5 %/year).
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obtained from ozonesonde measurements at Delhi and Pune
vary between 0.5 and 1.2 %/year. Trends obtained from
tropospheric column ozone measurements reported by
Kulkarni et al. (2010) also show statistically significant
increasing trends ~0.3 £ 0.2 %/year at Delhi.

From two dimensional model simulations, Saunois et al.
(2008) showed that the ozone precursors emitted at the
surface are uplifted by deep convection and then advected
in the upper branches of the Hadley cells on both sides of
the Inter Tropical Convergence Zone (ITCZ). The NO,
produced by lightning promotes chemical ozone production
in the middle and upper troposphere from the oxidation of
CO and VOCs. Ozone is produced in the troposphere by the
photochemical oxidation of CO and hydrocarbons, which is
catalyzed by NO, radicals and hydrogen oxide radicals
(HO, = OH + peroxy). Ghude et al. (2008) observed
increasing trends in NO, over the Indian region during
Indian monsoon season. Thus increasing trends in NO, may
result in increasing ozone trends in upper troposphere.

In the lower stratosphere, SAGE II, HALOE, MLS, and
SLIMCAT-derived trends decrease rapidly with increase in
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Table 4 Trend coefficient (%/year) during monsoon season over the
Indian region in ozone measurements from SAGEII 1993-2005),

(1993-2005), Ozonesonde at Pune (18°N, 73°E) (1993-2005),
ozonesonde at Delhi (28°N, 77°E) (1993-2005)

HALOE (1993-2005), MLS (2005-2011), CTM-SLIMCAT

Pressure Trend (%/year) Trend (%/year) Trend (%/year) Trend (%/year) Trend (%/year) Trend (%/year)

(hPa) SAGEI HALOE MLS SLIMCAT ozonesonde-Delhi ozonesonde-Pune
(1993-2005) (1993-2005) (2005-2011) (1993-2005) (28°N, 77°E) (18°N, 73°E)
monsoon monsoon monsoon monsoon (1993-2005) (1993-2005)

monsoon monsoon

200 2.52 + 1.57 233+ 1.3 1.01 £ 0.71 276 £ 1.5 1.27 £ 0.98 0.62 £+ 0.66

150 295+ 2 32+15 1.26 + 0.93 3+22 1.26 £ 1.12 1.05 £ 1

100 2.63 £ 1.5 26 £ 1.0 131 +£1.2 2.51 &+ 1.09 0.51 + 0.84 0.73 + 0.84

70 1.51 £ 1.01 1.1 £ 0.5 0.78 £+ 0.61 144 £ 1.1 144 £ 1.3 —0.39 +£ 0.96

50 02+03 0.4 £ 0.6 0.15 £ 0.2 0.24 + 0.8 0.39 + 0.7 —0.67 £ 0.59

40 —0.08 + 0.2 02+03 0.05 £+ 0.1 0.24 + 0.35 —0.54 £ 0.99 —0.34 £ 0.5

30 0.13 £ 0.19 0.05 + 0.3 —0.13 £ 0.24 0.16 + 0.3 —0.58 £ 0.97 —0.64 + 0.97

20 —0.06 + 0.21 —0.05 £ 04 —-0.35+04 0.23 + 0.7 —0.62 £ 0.94 —0.73 £ 0.74

10 —0.5+ 042 —0.052 + 0.5 —0.49 £ 0.6 —0.26 £+ 0.09 —0.84 £ 1.01 —0.54 £ 0.71

altitude. Statistically significant but increasing trends are
observed between 100 and 70 mb. At the altitudes above
70 mb, statistically insignificant nearly zero trends are
observed in SAGE II, HALOE, and MLS data.

Recently from satellite based observations Randel et al.
(2010) confirmed that transport through the Asian Summer
monsoon can potentially penetrate deep into the strato-
sphere. During Indian Summer monsoon water vapor is
transported into the lower stratosphere due to deep convec-
tion. Increase in trends in extreme rain events through strong
monsoon convection (Goswami et al. 2006) increases
moisture supply in the lower stratosphere. Since water vapor
acts as an in situ source of odd hydrogen in the stratosphere,
the water vapor perturbations affect the gas-phase chemistry
of hydrogen oxides. An additional water vapor amount of
+1 ppmv results in increase of OH 5-10 %. Coupling pro-
cesses between HO, and NO,/CIO, affect the ozone
destruction by other catalytic reaction cycles (Stenke and
Grewe 2004; Tian et al. 2009; Fleming et al. 2011). This may
be the reason for observed almost no trends in the lower
stratosphere. Observed ozone trends (—0.3 to —0.8 %/year)
at Delhi and Pune are also lesser than other seasons.

Vertical structure of trends in ozone during post-monsoon
season

Figure 8 shows the vertical distribution of ozone trends
from HALOE, SAGE II, MLS, SLIMCAT, and ozonesonde
at Delhi and Pune data during post monsoon season
(October-November) (Trend estimates at standard pressure
levels are tabulated in Table 5). In the upper troposphere,
statistically significant increasing trends are observed in
HALOE, SLIMCAT data, and ozonesonde measurements
at Delhi. Kulkarni et al. (2010) also reported statistically

Ozone Trends during Postmonsoon Season
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Fig. 8 Vertical variation of trends (%/year) in ozone during poset-
monsoon season in ozone obtained from HALOE (asterisks), SAGE II
(triangles), ozonesonde at Delhi (circles), ozonesonde at Pune
(squares), MLS (down triangles), SLIMCAT (diamonds)

significant increasing trends (0.32 + 0.3-0.786 £ 0.3 %/
year) in tropospheric column data over the Indian inland
cities. However, statistically insignificant but positive
trends are observed in SAGE II data, MLS, and ozonesonde
measurements at Pune. The reason may be related to less
number of data points as post-monsoon seasons consist of
only 2 months (October—-November), which reduces the
statistical robustness of the time series. During post-mon-
soon season biomass burning leads to production of ozone
precursors. During this season, withdrawal of monsoon is
accompanied by thunderstorm and lightning activity, which
contribute to ozone production via NO, (Ott et al. 2010).
During this season, large numbers of tropical cyclones
form in the Indian Ocean, which are increasing in number
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Table 5 Trend coefficient (%/year) during post-monsoon season over
the Indian region in ozone measurements from SAGEII 1993-2005),

(1993-2005), Ozonesonde at Pune (18°N, 73°E) (1993-2005),
ozonesonde at Delhi (28°N, 77°E) (1993-2005)

HALOE (1993-2005), MLS (2005-2011), CTM-SLIMCAT
Pressure Trend (%/year) Trend (%/year) Trend (%/year) Trend (%/year) Trend (%/year) Trend (%/year)
(hPa) SAGEI HALOE MLS SLIMCAT ozonesonde-Delhi ozonesonde-Pune
(1993-2005) (1993-2005) (2005-2011) (1993-2005) (28°N, 77°E) 18°N, 73°E)
post-monsoon post-monsoon post-monsoon post-monsoon (1993-2005) (1993-2005)
post-monsoon post-monsoon
200 121 £ 1.5 237+ 12 0.56 £ 0.5 0.34 £ 0.19 1.33 £ 0.92 0.69 + 0.88
150 0.45 + 0.87 195 + 1.1 1.6 £ 1.3 298 + 1.2 1.1 £ 1.02 0.88 + 0.87
100 0.14 + 0.68 0.3+ 0.6 0.55 + 0.53 2.66 + 14 0.85 £ 0.73 0.6 + 0.57
70 —0.54 £ 0.5 —-0.14 £ 0.3 0.45 £ 0.5 1.36 + 0.37 0.71 & 0.99 —0.84 + 0.61
50 —0.31 £ 0.5 —-0.1 £ 0.6 1.12 + 0.39 0.13 £ 0.2 0.45 £ 0.93 —0.6 £ 045
40 —0.14 £ 0.6 —0.33 £ 0.8 1.03 £+ 0.45 0.13 £ 0.22 —0.81 £ 0.74 —0.61 + 0.51
30 —0.54 £ 0.6 —0.34 £ 0.4 0.7 £ 0.6 —0.14 £ 0.15 —0.74 £ 0.72 —0.7 £ 0.5
20 —0.26 + 0.15 —0.25 + 0.37 0.04 £ 0.3 0.11 £ 0.2 —0.6 £ 0.51 —0.76 + 0.94
10 —042 £ 0.3 —0.26 + 0.64 —0.67 £ 0.36 —0.29 +£ 0.20 —0.2 £0.98 —0.58 + 0.64

(Webster et al. 2005; Yu and Wang 2009). Increase in
ozone precursors due to enhanced anthropogenic activates
over India and increasing convective activity transports
more pollutants to upper troposphere. Also, increasing
trends are observed in NO, produced due to lightning (Lal
and Pawar 2011). Increasing trends in ozone precursors and
lightning produced NO, in the upper troposphere may
contribute to the observed increasing trends in ozone.
Trends are significant at Delhi (0.5-1.3 %/year) during this
period, which may be due to occurrence of enhanced bio-
mass burning activity in the North India. Also region
around Delhi corridor is densely populated and highly
industrialized hence ozone production in general is high.
In the lower stratosphere, trends obtained from SAGE 11
and HALOE, and ozonesonde measurements at Pune data
are statistically insignificant as number of data points are
less. However, statistically significant increasing trends are
obtained from MLS and ozonesonde measurements at
Delhi data between 100 and 30 mb. These increasing
trends may be the effect of tropospheric convection.

Conclusion

Regression analysis of ozone measurements from SAGE II,
HALOE, and SLIMCAT simulations (1993-2005), MLS
(2005-2011) over the Indian region and from ozonesonde
at Delhi and Pune during the period 1993-2005 exhibit
increasing annual trends (0.5 and 2 %/year) in the upper
troposphere. In the lower stratosphere, estimated trends are
increasing between 100 and 30 mb and are decreasing
between 30 and 10 mb as observed in satellite data sets and
SLIMCAT simulations. The observed contrasting ozone
trend profiles might be partially responsible for insignifi-
cant long-term trends in the tropical total column ozone.
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During winter, significant increasing trends are observed
near tropopause in all the data sets (except ozonesonde
measurements at Pune). Increasing trends in subtropical
upper troposphere may be due to downward transport
of ozone during stratospheric intrusion during Winter-
pre-monsoon season (as evident in HALOE and MLS
observations). Increasing ozone trends are also observed
during pre-monsoon and post-monsoon seasons in the upper
troposphere. This may be due to number of factors such high
biomass burning activity leading to increasing ozone pre-
cursors. Transport of these boundary layer ozone precursors
to upper troposphere. Also increasing trends in lightning
flashes contribute to increase in upper tropospheric ozone
(via NO,). During these seasons, intense convective systems
in the troposphere may have their tops crossing the tropo-
pause and consequently pump ozone precursors in lower
stratosphere. This may be attributing to observed increasing
ozone trends in the lower stratosphere (100—30 mb).

During monsoon season, increasing trends of 0.5-3.5 %/
year are observed in the upper troposphere in all the data sets.
In the lower stratosphere, increasing trends extends up to
50 mb (except at Pune). Statistically insignificant but
decreasing trends are observed at the altitudes above 50 mb.
Ozone precursors emitted at the surface are uplifted by deep
monsoon convection and then advected into the upper tro-
posphere. Deep convection in the tropics flushes the upper
troposphere, brings in fresh sources of NO and HO, reser-
voirs. Increasing ozone trends may be due to increase in NO,
Transport through the Asian Summer monsoon can poten-
tially penetrate deep into the stratosphere. During Indian
Summer monsoon UTLS moisture is higher and as water
vapor acts as an in situ source of odd hydrogen, the water
vapor perturbations can influence the gas-phase chemistry of
hydrogen oxides. Coupling processes between HO, and
NO,/CIO, affect the ozone destruction by other catalytic
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reaction cycles. This may be the reason for almost no trends
observed during monsoon season in the lower stratosphere.
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