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Abstract. Measurements of ozone and N@ere carried 1 Introduction
out in the marine environment of the Bay of Bengal (BoB)

during the winter months, December 2008—January 2009, ag,, ;e plays a major role in the oxidation processes and ra-

part of the second Integrated Campaign for Aerosols, 93S€§iation transfer in the atmosphere (Fishman et al., 1979; Ra-

and Radiation Budget conducted under the Geosphere Bio;, i ang Dickinson, 1979). Along with carbon diox-

sphere Programme of the Indian Space Research Organiz?de, methane, water vapour and nitrous oxide, it acts as a

Eon.d Ths (r)]zone rkr]uxmgBralt?l’o \(vss found tolbe c::f'%h mbthe greenhouse gas and is the third largest contributor to global
es 522 6t ebsout easF ? VTV: amean vaiue ; bpd warming (IPCC, 2007). The main source of ozone in the tro-
an PPb, resp_ecnve_y. e mixing ra_mos of N@n ._posphere is the in situ photochemical production through the
CO were also relat|yely h_|gh n Fhese regions. The Spat'fdloxidation of CO, CH, non-methane hydrocarbons (NMHCs)
patterns were examined in the light of airflow patterns, air 5o volatile organic compounds (VOCs), controlled and cat-
mass back trajectories and other meteorological condition%lwzed by nitrogen oxides (NG NO + sz) (Fishman et
and satellite retrieved maps of tropospheric ozonez N, al.,, 1979). Ozone chemistry can proceed in two distinct
and fire count in and around the region. The distribution OfwayS' when the NQ mixing ratio exceeds-50—100 pptv
these gases was strongly associated with th_e transport froggzone production dominates over destruction and in low f\lo
the adjlomlng. land mass. The anthropogenic act|v!t|es aN% nvironment, net ozone destruction prevails (Crutzen, 1974).
forest f|res/b|oma§s b“”?'”g over Fhe Indo Gangetic .Pla'nsl'here are natural and anthropogenic sources for ozone and
and other East Asian regions contribute to 0zone and its pregg precursors. The fossil fuel combustion, biomass burning,

cursors over _the BoB. Slr_nllarlty in the spatial pattern SU9”hatural and human caused forest fires are significant sources
gests that their source regions could be more or less the sames oo one precursors like CO, VOCs and N@ the tropo-

Mf)?t of the d'“f”a' pattems showed decrease of .the onngphere. Once produced, it is transported to distant places
mixing ratio during noon/afternoon followed by a nighttime along with other pollutants. Tropospheric concentrations
increase and a morning high. Over this oceanic region, phobf ozone are also influenced by downward transport from
tochemical production of ozone involving N@vas not very the stratosphere (Sprenger et al., 2007; Ganguly and Tza-
acti_ve_. Water vapour played a ”?aior role in gontrolling the nis, 2011), and deposition to surfa,ces (G’raedel and Crutzen,
variation of ozone. An attempt is madg to simulate ozone1992). Long range transport of ozone and other pollutants
level over the north and south BoB using the phOtOChem'also modify the tropospheric level of ozone in different re-
ions of the world (Baldy et al., 1996; Browell et al., 1996;
egacob et al., 1999). In the marine environment, all the dom-

inant sources of ozone and precursor gases are absent/weak

Keywords. Atmospheric composition and  structure @nd their concentrations are governed primarily by transport
(Pollution-urban and regional; Troposphere-composition&nd photochemistry. The remote marine boundary layer, de-
and chemistry) — Hydrology (Transport) void of anthropogenic influence, is an ideal place to study

the processes that drive the ozone photochemistry (Monks

et al., 1998). The diurnal ozone cycle can reveal the role
of photochemistry as an ozone source or sink (de Laat and

Correspondence tcP. R. Nair Lelieveld, 2000). It has been proven in several remote ocean
BY (prabhanair@vssc.gov.in) studies that the remote marine boundary layer represents a
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ical box model (NCAR-MM). The present observed fea-
tures were compared with those measured during the earli
cruises conducted in different seasons.
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net sink for ozone, and that photochemical destruction is theaum convertor). The instrument has a lower detection limit
primary driving force although in some outflow regions the of 50 ppt with a response time of 60 s and measurement pre-
pollution sources can turn the balance towards ozone proeision of~50 ppt. Zero noise of the instrument is 25 ppt rms
duction (Johnson et al., 1990; Thompson et al., 1993; Kleyand it has a linearity and span drift L % (full scale). The
et al., 1996; Lal and Lawrence, 2001). However, long termcalibration of the instruments was carried out periodically us-
measurements of tropospheric ozone in the marine/oceanimg appropriate calibration standards traceable to NIST and
environments are scarce. Available information on ozone inmulti-channel calibrator before, during and after the cruise.
the marine atmosphere is based on campaign mode observahe calibration constants did not show significant variation.
tions conducted over various oceanic regions (Johnson et alThe data averaged at 5 min interval was used for the study.
1990; Thompson et al., 1993; Lelieveld et al., 2004). Air sample is drawn in from a height of about 10 m from
This paper presents the observational results of the shipthe sea surface, through a teflon tube. The data is excluded
based measurement of ozone andyNiOthe marine bound- when measurements were done in harbours and their near-
ary layer of the Bay of Bengal (BoB) carried out as part of the est surroundings and whenever the ship was stationary and
second Integrated Campaign for Aerosols, gases and Radidhe wind direction was adverse. Due to these factors about
tion Budget (ICARB) conducted under the Geosphere Bio-5 % of data have been excluded from the analysis. In addi-
sphere Programme of the Indian Space Research Organizéion to this, CO measurements were carried out onboard the
tion (ISRO-GBP) during the winter period, from 27 Decem- ship using CO analyzer (Model CO12 Module of Environ-
ber 2008 to 30 January 2009. Even though limited measurement S. A., France). The observational results of this study
ments of ozone and precursors are available from the BoB rehave been already published by Asatar and Nair (2010). In
gion (Lawrence and Lelieveld, 2010, and references therein)the present study, CO data is also used along with ozone and
the present study is unique in the context of the larger spatiaNO> for comparing their spatial changes.
coverage over the BoB compared to the previous measure- Surface level meteorological parameters namely: air tem-
ments. Moreover, this was the first time that direct measureperature ), relative humidity (RH), pressureP, wind
ments of NQ were carried out over this region. The earlier speed (WS) and wind direction (WD) at a height of 10m
studies on ozone were conducted during the post-monsooabove sea level were continuously monitored and recorded
(September—October) and pre-monsoon/summer (Februaryat 10 min interval along the cruise track. The ship speed
April) months (Lal et al., 2006, 2007; Sahu et al., 2006). and ship-head angle was available through global position-
In view of this, the present study forms an extension to theing system measurement and were used to correct the boom-
above and brings out the seasonal variability. The role ofbased wind speed and direction measurement as reported by
continental outflow/transport in establishing the spatial pat-Smith et al. (1999).
tern of ozone and NQover the BoB was investigated in de-  In addition, the spatial pattern of the in situ measured
tail. In addition to this, the satellite derived tropospheric col- near-surface ozone and NMas been compared with the
umn ozone and N@over the BoB and the adjoining region satellite-based measurement of tropospheric column ozone
were also examined along with the in situ measured nearand NG. OMI (Ozone Monitoring Instrument) aboard
surface mixing ratios of these species to understand their relAURA measures the total column ozone and MLS (Mi-
ative contributions. crowave Limb Sounder) provides the stratospheric column
ozone determined by a standard method of pressure inte-
gration of ozone volume mixing ratio from 0.46-215hPa
2 Experimental techniques and data (Ziemke et al., 2006). Tropospheric column ozone is de-
termined using the “residual method” that involves subtract-
Continuous measurement of near-surface ozone was madeg measurement of MLS stratospheric column ozone from
onboard the ship using a UV photometric ozone analyzerOMI total column ozone. The mean tropospheric volume
(Model Os 42M of Environment S. A., France). It works mixing ratio (ppbv) is calculated from the equation27-
on the principle of absorption of UV radiation at 253.7 nm TCO/(Psurface— Piropopauss: Where TCO is in DU (Dobson
by ozone in the ambient air. The lower detection limit of the Unit) and pressureK) in hPa. The data is available with
instrument is 1.0 ppb with a response time of 10 s and meaa resolution of 1 x 1.25° (latitudex longitude) at the ftp
surement precision of1 ppb. Zero noise of the instrumentis site (ftp://jwocky.gsfc.nasa.gov/pub/ccd/dataonthly_new).
0.5 ppb, linearityt-1 % (full scale) and zero drift1 ppb. Si-  The precision uncertainty for the derived gridded ozone is
multaneous measurement of nitrogen oxides (NO; @ 5DU (the mean tropospheric mixing ratio is 7 ppbv) with
NOy) were carried out with a chemiluminescence low level mean offset of 2 DU (OMI/MLS) (Ziemke et al., 2009). OMI
NOy analyzer (Model 42i of Thermo Electron Corporation, also gives the tropospheric N@olumn available daily with
USA). It works on the principle of chemiluminescence effect a resolution of ®5° x 0.25° (level 3, gridded) from the
produced by the oxidation of NO by ozone molecules, whichwebsite fttp://avdc.gsfc.nasa.ggwivith an uncertainty of
peaks at 630 nm radiation. N@vas measured by converting 0.1 x 10> molecules cm?. The tropospheric column NO
it into NO using the thermal conversion method (molybde-is found to be underestimated by 15-30% (Celarier et al.,
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Fig. 1. Cruise track of the oceanic research vessel (OR¥Qar
Kanya(Cruise No. SK254).

2008). The column CO is retrieved from the MOPITT (Mea-
surement of Pollution In The Troposphere), which uses the 360 (‘f)

gas correlation radiometry (Kar et al., 2008) and available § 270}

from the websitdnttp://eosweb.larc.nasa.gawer a grid size T 480}

of 1° x 1°. The fire counts is detected from the brightness g 90}

temperature from the MODerate resolution Imaging Spec- ole " H

trometer (MODIS) on board Aqua at 4 pm and 11 um chan- 12/2712/31 1/4  1/18 112 1/16 1/20 1/24 1/28
nel over a grid size of%x 1° (http://disc.sci.gsfc.nasa.gov/ Date

neespi/data-holdings/myd14cm.shi@iglio et al., 2003). Fig. 2. Variation of(a) temperatureX); (b) relative humidity (RH);

(c) pressure R); (d) wind speed (WS) an¢e) wind direction (WD)

3 The cruise track and meteorology during the cruise period on day-to-day basis

Figure 1 shows the cruise track of the oceanic research Vesonaitudi o
. ) ongitudinal coverage from 3¥*N-21°N and 76 E-98 E,
sel (ORV)Sagar KanydCruise No. SK254) during the cam- res?)ectively g

paign. The ship sailed off the Chennai port (marked as A) Figure 2a to e shows the day-to-day variation of a)

on 27 December 2008 toward north along the coastal re . .
gion. On reaching the location 18I, 82° E it moved east- (b) RH, () P, (d) WS and (€) WD observed during the cruise

X . period. The daily mean air temperature varied2—2%°C
Warq up to 83E and from there '.t dewatgd t.oward south and RH being in the range 50-98 %. The wind speed varied
moving along the longitude 8F doing a latitudinal scan up

. o from a low value of~1ms! to a maximum of~12ms?
to .12" N ThereafFer the shlp made several longitudinal and ith a mean wind speed of 4 m%during the campaign pe-
latitudinal scans in the mid, eastern and south eastern Bo

. ) iod. The airflow over the northern BoB region was mostly
reach(ljng P?ﬁt Blz'r (lmarkgg ?S B')t 0 dn 16 Jf‘”;?sré fr? 09. Itnorthwesterly/northeasterly (from the land mass) and east-
mgxg q \fvoeustv:/,;erl(rj a?o?ur;;gthis I;)tri]t?; dté 2nléiptuc:ne‘ q nort?wr\;var derly in the southeast BoB such that measurements were made
along 89.5E to @ N. It made few more longitudinal scans on the downwind side. The ship encountered a region of high

4 temperature and low pressure during 16—-29 January while it
over the southern BoB and thereafter moving close by Sr P P 9 y

Lanka reached Cochin (marked as C) on 30 January 2009lv.va"3 traversing the southern BoB.

The dates are shown next to the circles written with three

characters, the first two denotes the date followed by thes Results and discussions

month (D and J for December and January, respectively),

mark the mean position of the ship on each day. The cruise}.1 Spatial variation of 0ozone and NQ

track was planned and coordinated to cover the surface ob-

servations in the coastal, open ocean, eastern, south eastefhe variation of ozone and NQalong the cruise track is
and southern part of BoB. It had an extensive latitudinal andshown in Fig. 3a and b, respectively. From the figure, it

www.ann-geophys.net/29/1613/2011/ Ann. Geophys., 29, 18222011
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ues were below the detection limit of the instrument at many
locations in the southern BoB (as seen by the blank regions).
The spatial pattern of CO-another precursor for the ozone
formation-is also shown in Fig. 3c, which is broadly similar
to that of ozone. The details on the spatial variation of CO
along with the role of transport in establishing the pattern has
been already published (Asatar and Nair, 2010). The main
focus of this paper is on the spatial variation of near-surface
ozone and N@and their inter-dependence. Similarity in the
spatial patterns of ozone and its precursor points out that the
source regions and transport mechanisms may be the same,
but their relative contributions may vary.

Based on the spatial pattern of ozone and,N&> seen in
Fig. 3a and b), the data is grouped into five regions having
distinct patterns (marked with boxes in Fig. 3). Group 1 rep-
resents the head BoB (1521° N and 85-91.5 E), group 2
the northeast (NE) BoB (2421°N and 91.5-92.5 E),
group 3 the southeast (SE) BoB {4 N and 92.5-98 E),
group 4 the mid-BoB (8—13°N and 83-91° E) and group 5

Longitude (°E) the southern (S) BoB/Indian Ocean (3-B°N and 77—
91.8 E). The mean mixing ratio of surface ozone and.NO
Fig. 3. Variation of (a) surface ozone{b) NO, and(c) CO along  in these regions is given in Table 1. Both these species show
the cruise track. similar spatial variation except that N@emained more or
less steady over the mid and southern BoB, while the ozone
mixing ratio was high over the mid BoB and decreased to-
is evident that the ozone mixing ratio was high over theward the south. Highest ozone mixing ratio was observed
northern/head BoB (521° N and 85-91.3 E) and the  over the head BoB with slightly lower values over the south-
southeast BoB (6-14° N and 92.5-98 E) and low over the  east BoB. On the other hand, N@ found to be compara-
south/southwestern BoB regions. i@ precursor of ozone- ble over the head BoB and southeast BoB. The, Mi&a-
showed more or less similar pattern, with high over the headsured over the BoB were higher than the values over the
BoB and the northeast BoB (2021° N and 91.5 E). Unlike north Atlantic and western and tropical Pacific (Carsey et al.,
ozone, NQ showed very low mixing ratio over a wide region 1997; Singh et al., 1996a and b). Most ofteg/l0O; ratio is
covering the mid and the southern BoB. In fact, the,N@l- used as an indicator of ozone sensitivity to N his ratio
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Fig. 5. Variation of tropospheric columfa) ozone andb) NOy; (c) column CO andd) fire count.

is of importance under polluted environments or over IandTable 1. The mean mixing ratio of surface ozone andN@er the
where NQ initiated photochemical production of ozone is giterent regions of Bay of Bengal.

predominant. Extremely low values of the ratio occur for
large point sources or close to plumes. In the present study,

which is confined to the marine environment, the/NID» Region Surface

ratios are extremely high (Table 1), which indicate weaken- Ozone (ppb)  NQ@(ppt) Ozone/NQ

ing of the photochemical production of ozone, termination  Head BoB 617 2404104 254

of NOy, aging of ozone and precursors, etc. (Tonnesen and Northeast BoB 3&7 170+102 212

Dennis, 2000). Similar ratios were reported from the marine  Southeast BoB 5326 261+107 203

environment of Pacific (Singh et al., 19964, b). Mid-BoB 36+8 79421 456
South BoB 247 95+51 253

4.2 Latitudinal gradient

The vast latitudinal coverage from 8. 8—-21° N (~17.5) of dian Ocean during INDOEX 1998 (1.8 to 3.3 gpi}) and
the ship in 34 days is used to examine the latitudinal gradinpoEX 1999 (-4.51t0 7.5ppB~—1) (Chand et al., 2003).
ent in ozone. The ozone mixing ratio measured during the '

cruise was grouped into® latitude bin (irrespective of the 4.3 Spatial pattern of satellite retrieved tropospheric

Iongitude), averaged and plotted in Flg 4 along with the re- column Oz and NO» over the cruise region
spective standard deviation. The ozone shows a steep gra-

dient from northern to southern latitudes with high mixing In order to understand whether the spatial pattern of surface
ratios in the northern latitudes. The overall linear gradientlevel ozone has any bearing on the tropospheric column, the
deduced by the least square method 1st20.3 ppb°~1 with satellite-based measurement of tropospheric column ozone
a correlation coefficient of 0.89. The gradient observed inwas examined. In Fig. 5a, the mean tropospheric volume
the present campaign is higher compared to those reportehixing ratio of ozone for the month of January 2009 (cruise
(1.3 to 1.5 ppti—1) during the post-winter (Nair et al., 2011) period) is shown. The mixing ratio of ozone varied in the
and post-monsoon periods (Sahu et al., 2006). Still higherange 35-55 ppbv with high values over the head BoB region
gradients were observed over the Arabian Sea and the Inand showed a gradual decrease toward the southern latitudes.

www.ann-geophys.net/29/1613/2011/ Ann. Geophys., 29, 18222011
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Fig. 6. Mean airflow pattern at 925 hPa over the ocean and surrounding continent obtained from NCEP/NCAR reanalysis. The colour scale
represents the magnitude of the wind speed.

With a view to understanding the correlation between ozone4.4 Variation of near-surface ozone and N@ — role of

and NQ, the day-to-day maps of tropospheric columnNO transport

during the cruise were also examined (figures for individual

days are not shown) and in Fig. 5b is shown the tropospheric ) . R
column NG averaged for the cruise period. Tropospheric The major source of ozone over the oceanic region is via
NO, was high close to the coastal regions, northern BoB andransport c_)f ozone ant_jlor_ precursors from the adjacent conti-
also over the southeast BoB. Also, hot spots of tropospherid1€ntal region where significant amount of anthropogenic ac-
NO,, was seen over land in the eastern parts of India, InddVities take place. The spatial distribution of tropospheric
Gangetic Plains (IGP), and east/southeast Asian regions. RZone and N@ (Fig. 5a and b) indicates pollution sources
may be noted that the IGP region is thickly populated en-SPréad over the Indian subcontinent. Moreover, distribu-
compassing many major industrialized urban centres. Alsolion of CO is a tracer for anthropogenic activities and fire
numerous coal mines, coal-based thermal power plants angPunts indicate biomass burning, which produces precursors
other heavy industries are spread over the eastern IGP regidR" 0zone. Figure Sc shows the spatial pattern of atmospheric
(Prasad et al., 2006). During winter the meteorological con-column CO and Fig. 5d shows the fire counts detected dur-
ditions are conducive for confinement of pollutant gases tolng January 2009. While the fire count over IGP<400,
lower altitudes which gets transported to BoB as discussedf "Ses t0~150-250 over the east/southeast Asian region.
in Sect. 4.4. However, the short lifetime of NQ~1-2 days) ~ Since thes_g pollutants can_reach the BoB under favourable
restricts the advection over to the remote oceanic region a¥/ind condition, the mean airflow patterns (at 925 hPa) over

it gets converted into nitric acid (McConnell and McElroy, t_he ocean and surrou_nding continent _obtained _from the Na-
1973; Platt et al., 1984). tional Centers for Environmental Prediction/National Center

for Atmospheric Research reanalydgtp://www.esrl.noaa.

Ann. Geophys., 29, 1613627 2011 www.ann-geophys.net/29/1613/2011/
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Fig. 7. Five-day air mass back trajectories reaching the ship at 100 m obtained from the HySPLIT model for each day and grouped in terms
of the observed changes in ozone levels.

gov/psd/data/gridded/reanaly3ig/ere examined on day-to- BoB), respectively. When the ship was moving north along
day basis along with the air mass back trajectories. Figure 6#&he coastal and the head BoB region, the airflow was from the
to d shows the mean airflow pattern for 27 December 200&orthern part of the Indian subcontinent and the IGP (Fig. 6a)
to 7 January 2009 (ship near to the coast and the head BoRith low speed. In the NE BoB, the winds were northerly

region), 8-10 January (when ship was in the NE BoB), 11—(Fig. 6b) and there was a region of cyclonic flow centred at
18 January (ship was traversing in the southeast BoB) an@(C° N, 97 E. In the southeast BoB, the winds were stronger
19-29 January (when ship was in the mid and the southerifwind speed~10 ms1) and easterly/northeasterly (Fig. 6¢)

www.ann-geophys.net/29/1613/2011/ Ann. Geophys., 29, 1222011
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80 : : T T r . v . ries reaching southeast BoB (where ozone and M@re
: (@) high) traced back to the SE Asian countries (Fig. 7c). Fig-
E 60 | : l ure 5a and b shows that these are regions of high ozone and
2 40 le : | NO, (reaching 60 ppb and 3610 molecules cm?, re-
6’ : spectively). Also it can be seen that these are regions of high
20 ¢ ! \i‘ 1 CO (Fig. 5¢). Over the south/south western BoB, where mix-
o L . . . R . \ , . ing ratios of surface ozone and N@ere found to be low,

the back trajectories originated from the coastal regions or

800 regions where tropospheric N@nd ozone were moderately
Z 600 | high. The anger path traversgd k_)y the air mass (Fig. 7_d)
s over the marine environment, rich in water vapour, which is
o 400 | a source of OH radical, could have resulted in the destruc-
2 200 } tion of ozone and precursors. There is also a possibility of
updrafts and downdrafts that can cause changes in the mix-
0 ing ratio of ozone and precursors at the surface level. In this

context, it may be noted that this was also a region of low
surface pressure (Fig. 2). It is also worth noting that, at most
of the locations during the cruise, the back trajectories were
confined to altitudes<2000 m facilitating transport of pollu-
tant gases trapped in the lower altitudes of the atmosphere.
In the spatial pattern of ozone and Bl@n isolated hotspot
o b . . M et can be seen over the south eastern BoB (aroufid1t N,
12/2712/31 1/4  1/8 1112 1116 1/20 1/24 1/28 96° E in Fig. 3b, red coloured) unlike in CO or ozone which
Date showed high along the entire track/region (Fig. 3a and c).
Figure 7e shows the back trajectories reaching this location.
Fig. 8. Hourly (black) and daily (red) variation ofa) ozone, |t is to be noted that the trajectories passed through the high
(b) NO2 and(c) CO over the BoB. fire count regions seen from Fig. 5d bringing in M@rone.
It is also seen that these high fire count regions showed high
NO, (marked by a red circle in Fig. 5b). The hotspot and
bringing the polluted continental air from the SE Asian re- the high fire count regions are marked in Fig. 7e. Another
gion. In the mid and the southern BoB, the airflow was striking feature in the spatial pattern of ozone was the promi-
mostly easterly with relatively low wind speed (Fig. 6d) and nent low seen around®34° N, 90°-92 E. Figure 7f shows
also there was a mixing of continental air with the pristine air this region along with the back trajectories reaching this lo-
from the ocean. cation, which had their origin in and around the oceanic en-
The five-day air mass back trajectories reaching the shipvironment following a different path. Moreover, the relative
at 100m (within the boundary layer) at 00:00, 06:00, humidity was also high=95 %) in this region as can be seen
12:00 and 18:00 UT were obtained by running the Hybrid from Fig. 2b. Few rain events occurred around the cruise re-
Single-Particle Lagrangian Integrated Trajectory (HySPLIT) gion during that period as seen from the rainfall data from
model (Draxler and Rolph, 2003ittp://ready.arl.noaa.gov/ TRMM (Tropical Rainfall Measuring Mission) which would
HYSPLIT.php for each day. Based on the observed spa-have contributed to the elevated level of RH.
tial features in surface ozone/NQOthese trajectories were More quantitative assessment of changes in ozone and pre-
grouped and shown in Fig. 7a to d. When the ship was mov-cursor gases-Ngand CO was carried out by examining their
ing in the head BoB, the ozone and h@ixing ratios were  respective mixing ratios recorded along the cruise track on
high and the air mass back trajectories (Fig. 7a) reaching thikwourly basis. Figure 8a, b and ¢ shows the hourly varia-
region originated from the northwest land mass and traversetion of ozone, N@ and CO, respectively over the BoB along
the eastern part of IGP. In these regions, the mixing ratio ofwith the daily averaged values (shown by solid line). Since
tropospheric ozone and NQralues were high lying in the the cruise had coverage 6f420 kmday?, the daily aver-
range 50-55ppbv and 4-710'° molecules cm?, respec-  ages represent the mean value along that distance. All the
tively (Fig. 5a and b). In the north eastern part of the BoB, three species showed more or less similar variations up to
the ozone mixing ratio showed relatively low values com- 12 January, while ship was traversing the coastal regions of
pared to the head and the southeast BoB. The air mass baclorthern BoB, the head BoB and the south eastern BoB, in-
trajectories reaching this part originated from the nearby re-dicative of similar sources/source regions for these species.
gions (mostly oceanic) as seen from Fig. 7b. Majority of The high in ozone observed over the south eastern BoB is
these back trajectories originated and travelled through lonmore extended compared to N@nd CO. All these gases
altitudes 1000 m). The origin of air mass back trajecto- showed low mixing ratios over the southern BoB (toward

CO (ppb)
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second half of January). The entire data gfadd NG were

used to generate a scatter plot between the two as shown in
Fig. 9a. Ozone shows increase up to 0.34 ppb of B€yond
which it remains insensitive. The straight lines represent the
best-fit obtained through linear regression analysis (exclud-
ing data corresponding to NG- 0.34 ppb). In Fig. 9b and ¢

are shown the scatter plot between ozone versus CO and CO
versus NQ@, respectively (daily mean values) along with the
regression fitted straight lines. It is seen that the ozone mix-
ing ratio is positively correlated with NOand CO with the
correlation coefficient as 0.71 and 0.72, respectively. CO and
NO, also showed a positive correlation with the correlation
coefficient as 0.72. The positive correlation betweera@d

its precursors is due to the fact that they were emitted from
the same sources/region as revealed by the air mass back tra- 100
jectories (Fig. 7). Biomass burning/forest fires and fossil fuel 500
combustion associated with the anthropogenic activities form =

the two major sources of these gases. The spatial variation of 2400
ozone, NQ and CO (Fig. 3a, b and c, respectively) and the L300
fire count data (Fig. 5d) in and around BoB reflect this. 8 200

=]
o

=1
o

Ozone (ppb)
S 3

o
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4.5 Diurnal variation in ozone 10%

The diurnal variation of ozone observed over the oceanic en-
wronmept is d|ﬁergnt from that observed over land as dis- ig. 9. Scatter plot of 0zone witfa) NO, and(b) CO and(c) scatter
cussed in the earlier studies (Johnson et al., 1990; Rhoads§: ot co and NO.

et al., 1997; Bhugwant et al., 2001). Over the land, ozone

shows an increase few hours after sunrise reaching peak val-

ues before noon and starts decreasing in the afternoon reach-The noontime low can be partly attributed to the verti-

ing low values at night (Lal et al., 2000; David and Nair, cal mixing of ozone to higher levels that lead to dilution at
2011). The nature of diurnal variation can provide infor- the surface level when convective activities are strong. At
mation on the role of photochemistry, mesoscale transporhight, vertical mixing of free tropospheric air with the ma-
and the effect of meteorological parameters viz temperaturegipe boundary layer (MBL) lead to the higher ozone mix-
water vapour content/RH, wind speed and direction. In thising ratio (Bremaud et al., 1998). Similar diurnal variation
study, the diurnal variation of ozone over the BoB has beemas peen observed in the Pacific, Indian Ocean region and
examined and the major features are discussed below alongyer the BoB earlier (Johnson et al., 1990; Nair et al., 2011).
with that of N&. The diurnal patterns of ozone observed From Fig. 10a, it is seen that there is no significant in-
during the present cruise can be broadly put into three catgrease/decrease in N@hen minimum is obtained in ozone.
egories: (1) noon/afternoon decrease with nighttime highthys it is clear that photochemistry, which involves NO
(2) afternoon and nighttime low and (3) daytime high and goes not play a major role in producing the above diurnal pat-
nighttime low. Similar patterns were observed during thetern of 0zone. In fact, the NOmixing ratio itself is<100 ppt
pre-monsoon period (Nair et al., 2011). The major feature(that of NO being still low, of the order of 50 ppt). Hence, the

in each category is discussed below. ozone photolysis and subsequent production of OHy/H@-
o _ ical (from water vapour) leads to destruction of ozone during
4.5.1 Noon/afternoon decrease with nighttime high daytime. On these days, it is observed that the noontime de-

o o _ crease in ozone is associated with an increagg as can be
On majority of days, the ozone mixing ratio showed decreaseeen from Fig. 10a.

during noon/afternoon followed by an increase and remain-

ing high until the next day morning hours. The diurnal pat- 4,5.2  Afternoon and nighttime low

tern of this type is shown in Fig. 10a along with the cor-

responding variation in temperature, f@nd water vapour On three days (8, 17 and 24 January) (Fig. 10b), it was
content p,). From the measured values of RH afidon-  seen that the ozone mixing ratio which remained high during
board the ship, the water vapour content is estimated usinghe morning hours decreased during noon/afternoon hours
the empirical relation given by Kneizys et al. (1980) and dis-and remained low until the next day morning. On these

cussed by David and Nair (2011). days, NQ was relatively high till noontime and decreased
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Fig. 10. Typical diurnal variations of ozone along with that of temperaturep ld@d water vapour contengy) for three days. The time is
in Local Time (LT).

afterwards. There was no indication of active photochem-The above analysis showed that over the marine region, water
istry as seen from the variation of temperature anc N&ut vapour content played a primary role in controlling the pro-
the afternoon decrease in ozone was linked with an increasduction/destruction of ozone and its precursors. Destruction
in the water vapour content (Fig. 10b), as discussed in thef ozone and N@takes place through the reactions involving
above case. It is also noted that the temperature and wa@H radical.

ter vapour content were not anti-correlated as observed over The effect of water vapour content and temperature on

many continental sites. marine boundary layer ozone/N@vas further analyzed on
daily basis along the cruise track. Figure 11a and b shows
4.5.3 Daytime high and nighttime low the scatter plot of surface ozone with temperature@ande-

spectively. The straight lines represent the best-fit obtained

In addition to this, on 1 January, when the ship was near tghrough linear _regression an_alysis. It can be clearly seen that
the coast (Fig. 10c), the diurnal pattern of ozone showed £Z0ne was anti-correlated with both temperature anith
daytime high and a nighttime low similar to that observed the correlation coefficients being0.75 and—0.88, respec-
over several urban and inland sites (Naja and Lal, Zooz;ively. This clearly indicates the absence of active photo-
Nair et al., 2002; Jain et al., 2005; Beig et al., 2007). In- chemical production of ozone over the marine environment.
crease in ozone was attributed to the photochemical reac-

tions involving precursors, associated with the positive cor-4.6  Box model simulations

relation with temperature and the precursor/N®ig. 10c).

On 10, 11 and 12 January also (when the ship was cruisThe Photochemical Box (zero-dimensional) model, NCAR
ing in the southeast BoB), ozone showed a daytime increas#laster Mechanism (NCAR-MM) (Madronich, 2006) was
and evening decrease. However, neither temperature narsed to simulate the observed surface ozone angd IR®

NO, showed any correlation with ozone indicating Nédn- els. The model simulates the chemical evolution of an air
trolled photochemical production. However, in this case also,parcel, taking into account the detailed gas phase chem-
the evening decrease is associated with an increagg.in istry consisting of~5000 reactions involving-2000 species.
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The estimation of photolysis rate coefficients is done using I Sk Wan )
the Tropospheric Ultraviolet Visible (TUV) radiative trans- ) el el
fer model with a 4-stream discrete ordinate radiative transfer 0 . . o Atk 0.0
solver (Stamnes et al., 1988). Since it is known that the ob- 0 24 48 72
servations were carried out on a moving platform, the model Time (hour)

has limitations in simulating the actual conditions. In the

present analysis, the observed ozone and M@re simu-  Fig. 12. The simulated ozone and NGalong with the observed
lated for two contrasting conditions (1) for the high ozone values for(a) 7 January 2009 (day with high ozone) a(iy) 24
region of north/head BoB (as observed on 7 January 2009yanuary 2009 (day with low ozone).

and (2) low ozone region of south BoB (as observed on 24

January 2009). The measured meteorological conditions and

aerosol parameters were used for the simulation. Satellité€asonable accuracy. While the simulated ozone ang NO
measured column ozone and N@alues were used. The Values are 25ppb and 0.04 ppb, respectively, the observed
initial values of hydrocarbons were obtained by giving an levels were 24 ppb ang0.05-0.06 ppb, respectively. After
enhancement 0f30% to the average values for the north ~60 h, observed N@values were below the detection limit
and south BoB regions, which were measured in the monof the instrument, which is shown by the dotted line. It is
soon season by Sahu et al. (2006). For some of the specieg/orth mentioning that model does not account for the trans-
initial conditions were generated by doing trial/sensitivity port and dynamics which play an important role in control-
simulations. The values used for ozone, N®O and CO ling the observed variations of various species. Also no addi-
are 10ppb, 6ppb, 1ppb, and 700 ppb respectively for thdional emissions, dilution and heterogeneous processes were
north/head BoB and 10 ppb, 0.7 ppb, 0.1 ppb and 250 ppb reconsidered in the model. However, this model is capable of
spectively for the south BoB simulations. Figure 12a and breproducing the broad features of the chemical species.
shows the simulations of ozone and Niitialized with the

above mentioned conditions along with the observed ozond.7 Seasonal changes in ozone — pre-monsoon and win-
and NG for the north and south BoB, respectively. For north ter period

BoB, after 48 h of chemical evolution, the model simulated

ozone and N@ levels are~65ppb and 0.26 ppb, respec- The present campaign provided information on the winter
tively, which matches with the observed levels~ 83 ppb  time characteristics of ozone over the BoB. The first ICARB
and 0.3 ppb, respectively. For southern BoB also, the modetampaign was conducted in the pre-monsoon/summer
could simulate the observed levels of ozone and N@h months (18 March—-12 April 2006) with a large latitudinal
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Fig. 13. (a)Spatial variation of near-surface ozoffle) 7-day air mass back trajectorfc) mean volume mixing ratio of tropospheric ozone
and(d) tropospheric N@ column for the pre-monsoon period.

(5°-22 N) and longitudinal (76-93 E) coverage over the over the north western and the central regions of the Indian
BoB. These months represent the transitional period of thesubcontinent to reach the head BoB. The transport of ozone
synoptic flow pattern over Asia and the adjoining oceanic re-and/or precursors from the land mass led to enhanced levels
gion. The northeasterly weakens during March to May andof ozone over this region (Nair et al., 2011). During winter,
the southwesterly start flowing by the end of May (Lawrencethe trajectories passed through IGP and Bangladesh where
and Lelieveld, 2010). However, over the BoB this period strong source regions of pollutants exist. The tropospheric
depicts the outflow from the northern land mass (IGP) andozone as well as Ngalso indicates this. In Fig. 13c and d are
mixing of air mass from the southern oceanic regions. Dur-shown the mean volume mixing ratio of tropospheric ozone
ing winter, the wind was northerly/northeasterly over the and tropospheric column NQrespectively during the pre-
head BoB and mostly southeasterly over the southern remonsoon months. An interesting feature observed from these
gions. Near-surface ozone measurements were conductdjures is that the tropospheric ozone is higher during the pre-
with the UV photometric ozone analyzer during the pre- monsoon/summer (due to increased photochemical produc-
monsoon campaign also (Nair etal., 2011). Figure 13a show$on) as compared to winter months. Moreover, the strong
the spatial variation of surface ozone along the cruise traclconvective activity prevailing during pre-monsoon/summer,
as observed during the pre-monsoon period. Comparison oénables mixing of ozone and precursors to higher levels. On
Figs. 13a and 3a clearly shows that irrespective of the seasomhe other hand, in winter, convective activity and turbulent
high ozone mixing ratio existed over the head BoB. How- mixing are minimal thus leading to confinement of pollutants
ever, the ozone mixing ratio was higher (67 ppb) in winter ~ near to the surface and increasing their concentration level.
compared to that in the pre-monsoon period3/jppb) over

the head BoB region. Over the mid-BoB, the mixing ratio 4.8 Comparison with previous measurements

was minimum during pre-monsoon (3 ppb) compared to

the southern BoB (1% 3 ppb). But in winter, in the southern Table 2 shows a comparison in the mean ozone mixing ra-
BoB ozone mixing ratio was lower (247 ppb) than in the  tio during the different campaigns over the BoB. The spa-
mid-BoB (36+ 8 ppb). During the pre-monsoon months, the tial variation of ozone has been studied over the BoB during
air mass back trajectories (Fig. 13b) originated and travellectruises in different seasons. The southern part (south of
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Table 2. A comparison in mean ozone mixing ratio during the dif- Asian region. S'm'lar'ty in the S_pat'al pattem,S of ozone and
ferent campaigns over the BoB. precursors pointed out that their source regions may be the

same, but their relative contributions vary. Photochemical
production involving NQ does not play a major role in the
production of ozone in the marine boundary layer of BoB.
High water vapour content in the marine boundary layer acts
INDOEX 1999 <10°N 224%+15 as a sink for ozone. Most of the diurnal patterns showed
BOBEX 2001 12-2PN,8C-8FE  422+120 high ozone mixing ratios in the morning hours followed by

Cruise Region Mean ozone
mixing ratio

BOBPS 2002 7-2C° N, 80°—88 E 27+6 . . . -

BOB 2003 6-20° N. 7590 E 3446 noon/afternopn decrgage and n!ght time increase. Wh|le the
ICARB 2006 52PN 8CP-9FE  176+7.1 low ozone mixing ratio is associated with increase in water
ICARB 2008-09 3.5-21°N. 7698 E  421+154 vapour content, the high is linked with low water vapour con-

tent as well as the mixing of ozone-rich free tropospheric air
with that in the boundary layer. The high level of ozone mea-
sured over the head BoB and the low measured over the south

~10° N) of BoB was studied during INDOEX 1999 (@hle BoB were simulated using the photochemical box model
et al., 2002) in the February—March months. The BOBEX(NCAR-MM). The present measurements conducted during

(Bay of Bengal Experiment) was conducted in the late Win_winter was compared with those during the pre-monsoon pe-

ter period (18 February to 23 March 2001) which coveredriOd and it was found that irrespeptivc_a of the season, ozone
both the coastal and open oceanic region of BoB (Lal et al. V@S high over the head BoB, which is under the direct in-
2006). During this period, the air mass flow was from India qu_e_nce of_ contlnental_/an_thrqpogenlc activities. Winter time
and southeast Asia to the measurement area (de Gouw et anixing ratio of ozone is significantly higher than that during
2001). The BOBPS (Bay of Bengal Processes Studies) wal'€ Pré-monsoon period.

conducted during the post-monsoon months (September—
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