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Abstract. An analysis of tropospheric column ozone us- favourable meteorological conditions (Jain et al., 2005). It
ing the NASA Langley TOR data during 1979-2005 hasis now a major environmental concern in many big cities of
been done to investigate the trend over major Indian citieghe world, with current concentrations being high enough to
Delhi, Hyderabad and Bangalore. India was under sociaharm human health over wide areas (Klumpp et al., 20064, b;
democratic-based policies before 1990s. Economic LiberBeig et al., 2008; Ghude et al., 2009). Therefore, the tempo-
alization began in nineties which lead to a significant growthral and spatial distribution of tropospherig @nd the factors

in industrial, energy and transport sectors in major cities.controlling its distribution have been a focus of atmospheric
Our analysis shows that there is a systematic increase in thehemistry research.

number of months with higher tropospheric ozone values af- \hjle numerous studies have been conducted in Europe,
ter 1990. A comparison of TOR climatology before and North America, and Japan (Logan, 1985, 1994; Liu et al.,
after 1990 over these cities shows evidence of increase ingg7: Oltmans et al., 1998: Monks, 2000: Akimoto et al.,
the tropospheric ozone after 1990. Trend obtained from the;994; Pochanart et al., 2002), there is limited knowledge of
model shows significant change during monsoon over Delhihe temporal and spatial distribution of tropospherig i®

and during pre-monsoon and post-monsoon over Hyderabaghdia where rapid urbanization and industrial developments
and Bangalore. The present analysis using TOR techniquiaye been taken place in the latest decades. Recently avail-
demonstrates the TOR potential to detect changes in tropogp|e satellite data have shown an increasing column concen-
spheric ozone over large cities which are impacted by larggration of nitrogen dioxide, a precursor ta@ver major in-

anthropogenic pollution. dustrial zones of India (Ghude et al., 2008, 2009) as well as
Keywords. Atmospheric composition and structure OVer rural areas during the onset of rainy season (Ghude et
(Pollution-urban and regional) al.,, 2010). Available few scattered ground-based measure-

ments within India have shown frequeng @ollution dur-

ing photo-chemically active seasons in urban areas (Naja and
Lal, 2002; Jain et al., 2005; Ghude et al., 2006). How-
ever, all these studies seldom describe long term changes

Tropospheric ozone () is one of the most important green- in tropospheric ozone, except over cities like Ahamadepad
house gases (Mickley et al., 2001) and contributes to globafd Delhi (Lal et al., 2002; Ghude et al., 2009) where in-

warming and climate change. Long-term changes in tropo_creasing daytime surface ozone has been reported. Hence,

spheric ozone show a complex pattern over the globe that, ifore efforts are needed to understand the temporal evalua-
some cases, are driven by regional influences. High amountion of tropospheric ozone over the large cities with respect
of volatile organic compounds (VOCs) and N@om in- to the increasing demand of energy consumptions and rapid.
dustrial and traffic emissions lead to a fairly high concen.- Urbanization. Satellite observations of ozone (total column,

tration of surface ozone over the industrial cities (Sillman et Stratospheric or tropospheric) offer the possibility to measure

al., 1990) and can accumulate to a hazardous level during® distribution over large areas, and to study the temporal
and spatial behaviour (Ahn et al., 2003; Ghude et al., 2009;

Kulkarni et al., 2009a, b). Rapid urbanization and indus-

Correspondence td?avan S. Kulkarnitrialization in India have made Delhi, Hyderabad and Ban-
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(pavannpl@yahoo.co.in) galore one of the most polluted cities in this region (Gurjar
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Table 1. Characteristics of Tropospheric Ozone Residual (TOR)

- dataset.
36N ™y,
il q LJ‘ Parameter Tropospheric ozone
>m f Temporal coverage  Jan 1979 to Dec 2005
- 25 Temporal resolution  Monthly data

' D:-\m\ 4 Data gap 57 Months, 17.6%
am S ; ;? (Aug 1990, Mar 1991, May 1993 to
s Sep 1997 and Nov-Dec 1998)
Spatial coverage 50 to 50 N

Spatial resolution 1.00latitude by 1.28 longitude
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Hyderabad

—LJV

- Delhi

o Hydeabad 2 Dataset

Bangalore

=

Tropospheric ozone concentratiol

The ozone (TOMS/SBUV TOR) data over Delhi, Hyderabad

i5M B2 L1/ RN and Bangalore have been obtained from the weblgife
I N /lasd-www.larc.nasa.gov/TOR/data.htmlable 1 presents
N T N o the details about the Tropospheric Ozone Residual (TOR)
e ety data used in the present analysis. The TOR data are obtained
BNSE 75 oE e BoE 0L 95 T00E by empirically corrected tropospheric ozone residual tech-

nigue and measured in Dobson Unit (DU). The derivation of
Fig. 1. Map of India with three major inland cities Delhi, Hyder- the TOR data is a two steps process. First the empirically cor-
abad and Bangalore with adjacent region used in this study (markedected stratospheric column ozone (SCO) is calculated from

with red colour boxes). The inset shows the annual variation in av-SBUV profiles using the Eq. (1) (Fishman et al., 2003).
eraged TOR over the three major inland cities Delhi, Hyderabad

and Bangalore of India, for the period 1979-2005. The vertical barsSCO= SBUV Total O;—y C*—g8B*—A* 1)

show one sigma standard deviation. . .
Where, SBUV Total @ is the total @ column derived from

SBUV measurements, andg lies between 0 and 1 and de-

pends on the height of the tropopause, &itd B* and A*

are empirically corrected ozone layers using SBUV profile

and Logan (1999) Climatology.
et al., 2008). Considering the potential of large economic Second the TOR is derived using following equation,
development in and around the major cities Delhi, Hyder'TOR:TOMS Total G—SCO ?)
abad and Bangalore, one can expect enhancement of anthro-
pogenic activities such as increased consumption of fossiMore details regarding the data retrieval methods are given
fuel and large scale industrialization. This will result in extra in Fishman et al. (2003).
burden of pollution in troposphere, which can lead to fur- We select three major inland cities Delhi, Hyderabad and
ther increase in ozone concentration over these cities. A8angalore where emission of ozone precursor’s (with rapid
a case study, in this work we analyze monthly troposphericurbanization and industrialization) are thought to have in-
ozone retrieved from Total Ozone Mapping Spectrometercreased significantly in and around the city. Figure 1 gives
(TOMS) and Solar Backscatter Ultraviolet (SBUV) measure-the locations of these cities on a geographical map of India
ments (TOMS/SBUV) (1979-2005) to investigate temporal and inset shows tropospheric ozone climatology as a function
changes in tropospherics@ver Delhi, Hyderabad and Ban- of months over selected locations. To account for the spa-
galore. We examine the change in the climatology in tro-tial coverage, these cities have been divided into four bins,
pospheric @ between 1979-1989 and 1990-2005 and tem-each of 1.25 longitudes by 1.00latitude, and labelled D1
poral distribution of @ and trend during 1979-2005 over to D4, B1 to B4 and H1 to H4 as shown in Fig. 1. The bins
these cities. The most favorable situations to observe longre chosen in such a way that they overlap exactly with the
term changes in tropospheric ozone are the places where trdOR grids. Tropospheric ozone shows strong seasonal cycle
pospheric ozone is impacted by the local pollution, such asver these cities with summer maximum and winter mini-
large cities. In this work, using multi-year observations, for mum. The summer maximum (May and June) in TOR is at-
the first time we have also demonstrate the TOR potentiatributed to the high solar intensity, long daylight hours, high
to detect temporal changes in tropospheric ozone over largeemperature and dryer synoptic conditions (Jain et al., 2005)
cities, which are impacted by large industrial and vehicularalong with the availability of large amount of ozone precur-
growth. sors (NQ, CO, VOC's, etc.). This leads to photochemical
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production of ozone (Sillman et al., 1990) in the planetary

boundary layer as well as in the free troposphere. During the T ot ]
winter period even with the availability of ozone precursors sr E D3 ]
the other synoptic conditions are not favorable which results °r==aoa l'.
in reduced photochemical production of ozone throughout : ]
the troposphere. Therefore, lower amount of TOR is ob- o

served in the winter period. Tropospheric ozone is highest
in June over Delhi{ 53 DU) and in May over Hyderabad
(~ 38 DU) and Bangalore~ 34 DU). It shows minimum in
December £ 31 DU) over Delhi and in February over Hy-
derabad £ 27 DU) and Bangalore~ 23 DU). Such a mean

% change in the number of month

tropospheric @distribution is typlCEl' for locations in tropics ] Tropospheric ozone concentration (DU)
and mid-latitudes (Logan, 1994; Monks, 2000; Cooper et al., ‘F'eq:f’:‘z;;;e:’a')
2005; Anbn et al., 2010). 1
12 [ B H2
- H3
8 | m—

3 Trends in tropospheric O3

-
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India was under social democratic-based policies from 1947
to 1991. Economic Liberalization began in nineties and
(since 1990) India has emerged as one of the fastest-growing
economies in the developing world. This lead to a signif-
icant growth in industrial, energy, transport, urban popula-
tion, agriculture and service sectors. Accordingly, we have " Tropospheric ozone concentration (DU)
divided the total monthly TOR observation (from 1979-2005 {Frequencyinterval

. . ) galore
(267 months)) into two parts; (1) before economic liberal- 1
ization i.e., 1979-1989 period (132 months) and (2) from
economic liberalization i.e., 1990-2005 (135 months). To
examine if there was any increase in tropospheric ozone dur-
ing 1990-2005, we first did frequency distribution analysis
by calculating the percent change in the frequency distribu-
tion of monthly tropospheric ozone between 1979-1989 and
1990-2005 periods. Further, we compare monthly tropo-
spheric climatology between 1979-1989 and 1990-2005. Fi-
nally, we calculated the trends in tropospheric ozone by con-
sidering monthly values from 1979-2005. We used the fol- 18 |
lowing algorithm to derive decadal tendency of tropospheric Tr°'°°sphf;ﬁgj::jy°;’:§f\:‘;lr)at‘°“ (bY)
O3 over the cities considered in this study,

% change in the number of month
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Fig. 2. Frequency distribution of % change in the number of
04) — 04) — 0,
C O = fra (%) = friy (%) 3) months of tropospheric ozone concentration with frequency inter-

where, £, (%) is the relative frequency distribution (percent) val of 5 I_DU in_ the concentratiqn range from 20 DU to 60 DU over
for the period 1990-2005 ang, (%) is the relative fre- (a) Delhi and in the concentration range from 15 DU to 60 DU over
quency distribution (percent) for the period 1979-1989 for(b) Hyderabad anc) Bangalore.

frequency intervals of 5DU. If the output of this algorithm

(C ()) is positive (negative), it shows percent increase (de-

crease) in respective frequency interval. Figure 2 shows fregeneral is negative below 35 DU frequency intervals and it is
quency distribution of percentage change in the number obverall positive between 35-60 DU frequency intervals. This
month of tropospheric ozone concentration for Delhi (con-indicates that lower tropospheric ozone values (between 20
centration range from 20 DU to 60 DU), Hyderabad and Ban-to 35 DU) have decreased significantly, whereas higher tro-
galore (concentration range from 15 DU to 45 DU). This fig- pospheric ozone values have generally increased over Delhi
ure reveals that all the three cities shows general tendencgluring 1990—-2005. Similarly, percentage change in the num-
of increase in number of months with higher troposphericber of months over Bangalore is negative between 15 and
ozone values during 19902005 period (with corresponding30 DU and it is evidently positive above 30 DU frequency
decrease in lower tropospheric ozone values). It can be seantervals. This clearly indicates that there is a significant in-
that percentage change in the number of months over Delhiircrease in higher tropospheric ozone values over Bangalore
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60 —————————————T during pre-monsoon (MAM) months and do not show such
—t —m— D (1979-89) an increase in winter months. Similar to Delhi, it also
3 55} ©~ D (1990-2005) shows marked increases over Hyderabad and Bangalore dur-
‘é’ I 7v7:gggg:ggz)5) ing post-monsoon season. During monsoon tropospheric
= 50 - B (1979-89) ozone levels over Bangalore do not show evidence of signifi-
= a5 | J| —<— B (1990-2005) cant change. However, a noticeable decrease in tropospheric
8 | \ ozone levels during monsoon is seen over Hyderabad during
§ wl i\ 1990-2005. Although Figs. 2 and 3 show little evidence of
e | \\ long term changes, this result suggests that the tropospheric
S a5l %\ ozone levels over these cities appeared to be influenced by
° \z f\l the increased anthropogenic activities in and around the city.
S 30L - - Chandra et al. (1999) estimated the changes in tropospheric
s f 3 ‘f‘jﬁ ozone over 11-year solar cycle (minimum to maximum) us-
§ 25| B ing Ottawa monthly-mean F10.7 cm solar flux (standard flux
E units (2.8 GHz frequency), which is apparently more closely

1 1 1 1 1 | —— 1 1 1 1 1

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month of the year

related to solar ultraviolet flux). They found mean annual
solar response for tropospheric ozone of abe@t(+3) %
(—2.294+1.01 DU) for an increase 100 units of F10.7 cm flux.

We observed that the change in F10.7 cm flux before and af-
Fig. 3. Annual variation in averaged TOR over the three major in- ter 1990 was about 11.04 units at F10.7 cm flux. This change
land cities Delhi, Hyderabad and Bangalore of India, forthc_a periodsijg primarily driven by the division of monthly mean solar
1979—19.89. and 1990-2005. The vertical bars show one sigma Star(‘:'ycle time-series before and after 1990 (between the period
dard deviation. 1979 and 2005). Therefore, decrease of abeltl units of
F10.7 cm flux after 1990 may increase tropospheric ozone
) ) ) by less than 1%. However, the difference observed in tropo-
during 1990-2005. However, it can be seen from Fig. 2 thalspheric ozone before and after 1990 is more that 3% (Fig. 3)
over Hyderabad percentage change in the number of monthgyer the cities considered in our study. Therefore, we feel

is positive for frequency intervals between 20-25DU, 30-that the effect of changes in short wave radiation before after
35DU and 40-45DU, whereas it is negative for frequencyq9gg on TOR changes would be small.

intervals between 23-30 DU and 35-40 DU. Although, sys- o examine if there was any long-term trends in tropo-

tematic change in tropospheric ozone values over Hyderspheric ozone over these cities we did regression analysis
abad is not seen during 1990-2005, general tendency of fresf tropospheric ozone using trend model, details of which

quency distribution shows that there is noticeable increasgye given elsewhere (Ziemke et al., 1997) and hence de-
in the higher tropospheric values (4045 DU). This analysisscriped here briefly. Error estimates are according to Neter et
thus provides useful information on the changes in the ro-y) (1985). In order to remove the effects of natural sources
pospheric ozone over the selected cities during 1990-200%f ozone variability such as 11-year solar cycle as well as the
with respect to 1979-1989. Inspection of Fig. 2 clearly re-|inear trend in solar irradiance we use a regression model. It
veals that higher and extreme tropospheric ozone values oveionsists of seasonal cycle, linear trend and solar cycle. The

Delhi, Hyderabad and Bangalore significantly increased dur'general expression for the regression model equation can be
ing 1990-2005 compared to 1979-1989. written as follows:

To see if there is change in the tropospheric ozone level _ .
during 1990-2005, in Fig. 3 we compare the tropospheri(fé(t)_a(t)Jrﬂ(t)'Trend(t)+8(l)'50|ar(t)+re3|d(t) “)

ozone climatology between 1979-1989 and 1990-2005 foiWherewa () and8(z) are the time-dependent 12-month sea-
all the three cities considered in this study. It shows lit- sonal and trend coefficients, respectively aid) is 12-

tle evidence of long-term changes in the tropospheric ozonenonth coefficients corresponding to the ozone driving quan-
over all the cities. Inspection of Fig. 3 reveals that the in-tities such as solar flux. Solar) is solar time series proxy
crease in tropospheric ozone was not seen for all the seawhich is used in an effort to reduce errors in local ozone
sons over Delhi, Hyderabad and Bangalore. A comparisortrends. Solar proxies have been used for Ottawa monthly-
of tropospheric ozone over Delhi in particular show notice- mean F10.7 cm solar flux (standard flux units (2.8 GHz fre-
able increase in ozone amount during monsoon (JJAS), posguency)) from January 1979 to December 2065:Aftp.
monsoon (ON) and winter months (NDJ) in 1990-2005 pe-ngdc.noaa.goy/which is apparently more closely related to
riod. It does not show such an increase in ozone levels dursolar ultraviolet flux used in the model as solar proxy in-
ing pre-monsoon (MAM) months, rather shows slight de- dices. residr) represents the residues, or noise. Monthly
crease. In contrast, tropospheric ozone levels over Hydermean tropospheric ozone over the cities (for each bean) from
abad and Bangalore in 1990-2005 show marked increases979—-2005 are used to obtained the time series. These time
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Table 2. Trend regression coefficients (% per year) for tropospheric ozone residue (TOR) over the three tropical inland cities Delhi, Hyder-
abad and Bangalore for the period 1979-2005.

Seasons Delhi Hyderabad Bangalore
Trend %y 20 (&) Trend (%yd) 20 (x) Trend(%y?l) 20 ()
Pre-monsoon (MAM) 0.04 0.3 0.47 0.25 0.50 0.27
Monsoon (JJAS) 0.34 0.2 —0.03 0.16 0.20 0.26
Post-monsoon (ON) 0.32 0.3 0.34 0.2 0.78 0.3
Winter (DJF) 0.56 0.48 0.05 0.22 0.13 0.3

series are then subjected to the multifunctional regressioq-able 3. Urban and vehicular population in 1981, 1991 and 2001.
model. Monthly trend coefficients obtained from the model

(for a bin) are then averaged to get a seasonal trend coef-
ficient. Similarly, corresponding monthly two-sigma error

Delhi Hyderabad Bangalore

values are averaged to get a seasonal two-sigma error es- Population (in lakh$)
timate. Seasonal trend coefficients are obtained separately 1981 57 25 29
for each bin shown in Fig. 1. Table 2 shows trends for 1991 84 42 41
Delhi (B3), Hyderabad (H2) and Bangalore (B2) for four 20(3/1 hi |128 lati 57 th 5d7
seasons. The four seasons considered are as per the India S icular population (in thousands)
. R 19871 536 89 175
Meteorological Department (IMD) (MOEF, 2004): winter b
from December-January-February; pre-monsoon or summer 191" 1831 443 >77
; 2001 3456 1450 195C°

from March-April-May; monsoon from June-July-August-
September and post-monsoon from October—November. Ana;wwwiipsenvis nic.in® Ramanathan (2000§, www.delhiplanning.nic ind Gertler
nually, positive but insignificant trends of about 2 3.2(20) et al. (2009)€ Sabapathy (2008) B o

% and 2+2(20) % per decade are found over Delhi and

Hyderabad, respectively. A tropospheric ozone level over

Bangalore, however, shows a trend close to significanceind Bangalore in recent times has resulted in significant
(4+£2.8(20) % per decade) during 1979-2005. Trend ob- increase in industrial and vehicular activities in and around
tained from the model shows significant change during mon-+these cities. Table 3 gives overview of urban and vehicular
soon over Delhi{3.44+2(20) % per decade), during pre- population during 1981-2001 periods. It can be seen that
monsoon over Hyderabad-§.7+2.5(20) % per decade) rapid increase in urban population a number of vehicles
and Bangalore{5+2.7(20) % per decade). It also shows occurred during 1981-2001. This resulted in significant
significant change over Hyderabad-34+2(20) % per  changes in anthropogenic emission during the study period
decade) and Bangalore-7.84+2(30) % per decade), and (Garg et al., 2001).

positive but insignificant trend of about23t 3(20) % during

post-monsoon season. The highest trend is seen over Banga-

lore despite the fact that growth in urban and vehicular pop-4 conclusion

ulation is less compared to Delhi (Table 3).

This increase in trend is believed to be a result of increasedn this work we analyze troposphere ozone residual data from
anthropogenic emission in and around Delhi, Hyderabadl979-2005 to examine the change in tropospheric ozone
and Bangalore. Beig and Brasseure (2006) showed thabefore and after 1990 over inland cities Delhi, Hyderabad
CO emission from Delhi, Hyderabad and Bangalore haveand Bangalore. A frequency distribution of data before and
increased by approximately 35%, 25% and 20% respecafter 1990 shows that there is noticeable tendency of in-
tively between 1991 and 2001. Similarly, N@missions crease in the higher tropospheric values after 1990. Fur-
from Delhi have increased by more that 100% and fromther, a comparison of tropospheric ozone climatology be-
Hyderabad and Bangalore it is increased by approximatelffore and after 1990 over these cities shows evidence of in-
65% (ttp:/htap.org/meetings/2008/20A8/HTAP%  crease in the tropospheric ozone after 1990. Finally, to exam-
20Hanoi20Presentations/Posters/Ghudé.pdfPower sta- ine if there were any long-term trends in tropospheric ozone
tions, road transport, industries, use of coal for domesticover these cities we did regression analysis of tropospheric
purposes and burning of fossil fuels are the major source®zone. Trend obtained from the model shows significant
of air pollution in these cities (Gurjar et al., 2004). The change during monsoon over Delhi, during pre-monsoon and
rapid growth of economical activities in Delhi, Hyderabad post-monsoon over Hyderabad and Bangalore. These results

www.ann-geophys.net/28/1879/2010/ Ann. Geophys., 28, 18885-2010
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suggest that tropospheric ozone levels over industrial citieare also due to “TROPOSPHERIC OZONE RESIDUAL (TOR)
Delhi, Hyderabad and Bangalore appeared to be influencetifOMEPAGE” for the tropospheric ozone residual (TOR) data.

by the increased anthropogenic activities in and around the Topical Editor P. M. Ruti thanks one anonymous referee for
city. her/his help in evaluating this paper.
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