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Measurements of O3, CO, CH4, NO and SF6 were made during four ship cruises in January, February and March
months of years 1996, 1997, 1998, and 1999 over the Arabian Sea and the Indian Ocean. Measurements were also made
over the Bay of Bengal in February and March of the year 2001. All the measured trace gases show systematic gradient with
decrease in their mixing ratios from the Coastal India to the South Indian Ocean. Transport of these gases also takes place
from the surrounding countries over the marine regions. Ozone and CO show higher values over the Bay of Bengal than
over the Arabian Sea, indicating stronger transport of polluted air-masses from northeast India and south Asia. Dramatic
increase in ozone levels in the marine boundary layer (MBL) while showing no signature of in-situ photochemical
production indicates the role of dynamical processes. The diurnal patterns in ozone are very different over the marine
environments when compared with continental site, which is due to the nature and levels of pollutants transported from the
continental regions and emissions of certain gases over the marine regions. Estimate shows that ozone production over
India is less efficient, when compared to mid latitude.
[Key words : Trace gases, ozone, marine region, Asia, photochemistry, transport, Bay of Bengal, Arabian Sea, Indian
Ocean, INDOEX, BOBEX]
[ IPC Code: Int. Cl.7 C09K 3/30 ]

1. Introduction
India is surrounded from three sides east, south and
west by the Bay of Bengal, Indian Ocean and Arabian
Sea respectively. The transport of pollutants from the
surrounding Asian countries could affect these three
marine regions. Asia is the region of rapid
development with faster growing number of industries
and human population. NOx emission over the Asian
region has been observed to be increasing with
highest rate in recent years, compared to Europe and
USA1,2. Model results show future increase in
pollutants and ozone levels in this region due to
increased industrial activities3. Increase in background
surface ozone value by about 0.5% per year has
already been reported from 1950s to 1990s over
Ahmedabad, an industrial city in India4. It is known
that regional-scale change in some trace gases over
one continent is controlled by the meteorology and
photochemistry within the continent and also by
intercontinental long-range transport in the
hemispheric scale. Therefore, increasing levels of
trace gases over Asia could also have impact in the
tropospheric chemistry and radiation budget over
other marine and continental regions and vice versa.

The production of hydroxyl radicals [OH] is
highest in the tropical region due to availability of
intense solar radiation and large water vapor content
(80% of the global budget). Photochemistry is also
intense over the tropical South Asia, covering south
India, the Arabian Sea, Bay of Bengal and Indian
Ocean. The unique meteorology over the Indian
Ocean makes the continental polluted air mix with the
pristine air of the Indian Ocean through ITCZ (InterTropical Convergence Zone). This mixing occurs
during November-March, when the wind blows
northeasterly from Indian subcontinent. Measurements made over the Indian Ocean during INDOEX
have shown transport of pollutants from this
subcontinent to the Arabian Sea and Indian Ocean5.
However, sources of these pollutants are not well
understood5,6. Composition and type of emissions are
also different over Asia. It is shown that simultaneous
occurrence of biomass burning and fossil fuel burning
emissions in the same air masses over Asia may have
unique situation here7. Contrary, biomass burning
dominates mainly in Africa, South America etc. and
fossil fuel burning sources dominate in Europe and
the USA.
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In order to study transport of pollutants over the
marine regions in the Indian region, the Indian Ocean
Experiment (INDOEX) was planned. During this
international experiment, systematic measurements
were made in winter season of 1996, 1997, 1998, and
1999 only over the Arabian Sea and Indian Ocean but
Bay of Bengal was not studied. The first detailed
national campaign to study air chemistry over the
Bay of Bengal (Bay of Bengal Experiment - BOBEX)
was conducted during February-March 2001. We
summarize some of the important results of O3, CO,
CH4, NO and SF6 observed during INDOEX and
BOBEX over marine regions surrounding India.
2. Materials and Methods
Two prelude campaigns in years 1996 and 1997
were made before the main INDOEX campaign.
These two campaigns (INDOEX 1996 and INDOEX
1997) were national campaigns with only Indian
participation and latitudinal coverage was shorter,
covering only up to 5oS and 14oS respectively. The
First Field Phase (FFP) campaign of INDOEX was
made in 1998 and Intensive Field Phase (IFP)
campaign of INDOEX was made in 1999. All these
campaigns were made during winter when northeast

wind dominates. Later, measurements were also made
over the Bay of Bengal in the year 2001 to study
outflow of airmasses from the Indian subcontinent
towards this region. Figure 1 shows the cruise tracks
of ORV Sagar Kanya and Table 1 gives the details of
all these five campaigns.
We have divided the marine regions surrounding
India in five different zones- the regions along the
west coast as well as along the east coast of India
(within about 2o from the coast line) is defined as
Coastal India. We have defined the Arabian Sea and
the Bay of Bengal from the north most point to 5oN
on west and east side of India respectively. The Indian
Ocean is divided in two parts; the North Indian Ocean
from 5oN to 5oS and the South Indian Ocean from
5oS to 20oS.
2.1 Meteorological conditions

The observations in all five cruises were conducted
from December to March. During the study periods,
the general synoptic scale wind pattern revealed
surface level northeasterly/easterly winds so that the
oceanic region covered by the cruises during all the
years were on the downwind side of the continent8,9.
Generally, the Indian winter season is characterized

Fig. 1Ship cruise tracks of four INDOEX and one BOBEX campaigns. Numbers mentioned along the tracks are day of year (DOY)
during respective cruises. Only few DOY are mentioned for clearer visibility of the tracks.
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Table 1Details of INDOEX and BOBEX ship cruises over the Arabian Sea, Bay of Bengal and Indian Ocean. [Ozone, CO, and NO
were measured in-situ and other gases were analyzed by gas chromatography techniques from the air samples collected during the
cruises.]
Campaigns
INDOEX 1996
INDOEX 1997
INDOEX 1998
INDOEX 1999
BOBEX 2001

Period
Jan 5 – Feb 3
Dec 27, 1996- Jan 31, 1997
Feb 18 – Mar 30
Jan 20 – Mar 12
Feb 18 – Mar 23

Gases measured
O3, CO, and CH4
O3, CO, and CH4
O3, CO, NO, CH4, and SF6
O3, CO, NO, CH4, and SF6
O3, CO, CH4, and SF6

by lower tropospheric wind, which generally flows in
two major channels. One channel carries the
continental outflow from the north-west or north-east
over the Bay of Bengal on the eastern side of India.
The other channel of the flow goes from north-west or
north-east regions over the Arabian Sea on the
western side of India. Both these channels finally take
the pollutants over the Indian Ocean as shown in
Fig. 2.
The ship ORV Sagar Kanya did not cross the ITCZ
during INDOEX 1996, and it showed dramatic
movement during INDOEX 1997, moving about 5o
within a day. ITCZ was crossed at about 0o and again
at about 10oS. The ITCZ was located at 10oS-11oS in
onward journey and at 8oS-5oS in return journey
during INDOEX 1998. The ITCZ was relatively on
northern side during INDOEX 1999 when compared
to INDOEX 1998, at 5oS-8oS in onward journey and
6oS-3oN in return journey. The monsoonal flow from
the Indian continent was stronger in February 1999 as
compared to that in February 1998. The winter period
of the year 1999 had many anti-cyclones and stronger
inversions5,10. There were anti-cyclonic activities over
the Bay of Bengal as well as over the Arabian Sea
during the BOBEX 2001. The ITCZ was located near
5oS, south of the southern point of the cruise. There
has been significant change in wind speed between
onward and return journeys in all the cruises that
could be due to the Madden-Julian oscillation, which
has a period of 30-60 days11,12.
2.2 Measurement techniques

Surface ozone was measured using an onboard
online UV absorption based analyzer (Dasibi USA,
model RS-1008) and averaged data were collected at
1 to 5 minutes interval during all the cruises. This
technique is standard and well known. More
descriptions of the system used in this study including
its calibration, zero checking, maintenance and other
details have been given elsewhere4,13-15, only brief
information is being provided here in Table 2.
Air samples were also collected (approximately two

Geographic. Position
o

o

15 N – 5 S
15oN – 14oS
15oN – 20oS
18oN – 20oS
20oN – 3oS

Position of ITCZ

0-10oS
5oS-11oS
3oN-8oS
5o S

Fig. 2Depiction of wind flow from Indian subcontinent to the
pristine Indian Ocean via two major channels.

samples per day) in pre-evacuated glass bottles at a
pressure of about 2.0 bar using a metal bellow pump
for CH4, CO and SF6 analyses. These air samples
were analyzed by gas chromatographic techniques.
Details about the system, analysis procedure and
calibration are provided in Lal et al.13,14 and Chand16
and brief information is shown in Table 3. In situ
measurements of CO and NO have also been made
using the analyzers based on the standard techniques
of IR absorption (NDIR) and chemiluminescence
respectively. Nitric oxide (NO) was measured using a
high
sensitivity
chemi-luminescent
analyzer
(Eco Physics CLD 780 TR)16. More details on these
analyzers and calibrations have been provided
elsewhere14,16-18 and brief information is given in
Table 2.
3 Results and Discussion
3.1 Trace gases in different zones

In general, mixing ratio of ozone decreases on
moving from the coastal zone to the South Indian
Ocean, except in case of BOBEX (Fig. 3). Ozone
mixing ratios are considerably low at east coast of
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Table 2Details of different online analyzers, which were used for the measurements
Gas

Method

Make and model

MDL

Response
time

Ozone

UV absorption

Dasibi, USA;
Model 1008-RS

1 ppbv

10 sec

CO

Non-Dispersive IR (NDIR)
gas filter correlation

Monitor Labs, USA;
Model ML 9830

50 ppbv

60 sec

NO

Chemiluminescence

Eco Physics, Switzerland;
Model CLD 780TR

~ 5 pptv

13 sec

Table 3Details of gas chromatography analyses of different gases
Gas

Detector

Column

Carrier Gas

Uncertainty

Calibration Standard

CH4

Flame Ionization
Detector (FID)

Molecular sieve 13X
packed SS column

Nitrogen

2-3%

NIST (1.19±0.01 ppmv)
Linde (0.98±0.05 ppmv)

CO

FID, CO converted to
CH4 by Methanizer
(heated Ni catalyst)

Molecular sieve 13X
packed SS column

Nitrogen

6-10%

Linde (1000±7.5 ppbv)

SF6

Electron Capture
Detector (ECD)

Molecular sieve 5A
packed SS column

Nitrogen

2%

From Institut fur
Umweltphysik, Uni of
Heidelberg

Fig. 3Ozone mixing ratios in five different marine zones over South Asia during five different ship borne observations. In the box plot,
inside solid and thick dash lines are median and mean respectively. Box boundaries are 25th-75th percentiles, whiskers are 10th-90th
percentiles and tilt square represents 5th-95th percentiles. Measurements in the Coastal India during BOBEX 2001 are in the east coast
whereas rest of the data in the Coastal India are from west coast.
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India (observed during BOBEX), when compared to
west coast of India (observed during all INDOEX
cruises). Average ozone at east coast is about
20 ppbv, which is even lower than mean value for the
Arabian Sea, that is due to flow of cleaner marine air
from the Indian Ocean towards the east coast of India
during the BOBEX 2001. Ozone mixing ratios in the
Coastal India are quite higher during INDOEX 1996
and higher values are followed by INDOEX 1999.
Both these cruises moved along the west coast of
India at relatively closer distance (Figure 1). Mixing
ratios of more than 100 ppbv were observed during
INDOEX 1996 when the ship was approaching to its
final destination, i.e. Goa port. Ozone mixing ratios
during INDOEX 1998 were lower in the coastal India
zone. This is because the ship had only one instance
to come closer to coast (apart from leaving and
coming to Goa port). Therefore average ozone mixing
ratios at the Coastal India and Arabian Sea were
nearly similar during INDOEX 1998.
Mean mixing ratio of ozone over the Bay of Bengal
is higher by about 8 ppbv when compared to the mean
mixing ratios over the Arabian Sea during
BOBEX 2001. Variability in ozone is also larger over
the Bay of Bengal. This is in-contrast to its east coast
ozone values showing much lower values than the
west coast. It has been suggested that central region of
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the Bay of Bengal might be receiving the polluted air
masses from northeast India5,6,19. However, average
ozone values over the Bay of Bengal during
BOBEX 2001 are approximately similar to the
average ozone values over the Arabian Sea during
other years (INDOEX 1997 and INDOEX 1999).
Similar to the ozone values over the Bay of Bengal,
mean ozone value over the north Indian Ocean during
BOBEX 2001 is higher by more than 5 ppbv when
compared with mean ozone in this region during
INDOEX 1996, 1997, 1998. This is possibly due to
the measurements in eastern side of the defined region
of the north Indian Ocean during BOBEX 2001 and
also this region might have received polluted air-mass
from the eastern flank of the Indian subcontinent. The
Southern Indian Ocean region, which is generally
considered a pristine region, shows lowest ozone
mixing ratio (mean value 10-15 ppbv).
Figure 4 shows average CO values in five regions.
CO mixing ratios from the gas chromatographic (GC)
analysis of air samples are also shown for some years.
CO mixing ratios from online analyzer and GC
analysis compares well over the North Indian Ocean
and South Indian Ocean. The Coastal India and the
Arabian Sea show differences of about 50 ppbv
between these two sets of analyses. Online analyzer
was running 24 hours whereas air samples were

Fig. 4Same as in Figure 3, but for CO. This figure also shows the CO mixing ratio obtained from the GC analysis of air samples, which
were collected on-board the ship.
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collected only 1-2 samples per day, which could have
collected specific air-mass and therefore possibly this
could be the reason for this difference. The shorter
lived trace gases (like O3 and CO) show much
variation over the Coastal India and Arabian Sea in
short time interval. Basically, CO variations in the
five regions are similar to those observed in ozone in
these regions. Mean CO mixing ratios over the
Arabian Sea and North Indian Ocean were lower
during INDOEX 1996, however CO mixing ratios
over the Arabian Sea were also lower during
BOBEX 2001.
Figure 5 shows latitudinal variations in the ratios of
O3 and CO. Basically higher ratios are indication of
transport of ozone rich and CO poor air and also
indicate efficient ozone production. The mean ratios
are 0.16 to 0.28 in the Coastal India and little lower
over the Arabian Sea. These ratios are only 0.1 to 0.16
over the North and South Indian Ocean. Ratios show
higher variability (ranging from 0.07 to 0.8) during
INDOEX 1999, as compared to INDOEX 1997 and
INDOEX 1998. However, mean ratios show relatively
smaller differences between them. It has been shown
that there were many anticyclones and strong
inversion during INDOEX 1999, which could have
lead to transport of higher levels of ozone (and low
levels of CO) from higher heights. However, it is not
possible to distinguish and confirm the vertical or
horizontal transport in the present case. Ozone and
CO ratio was estimated to be 0.16 at an Island site

(Kaashidhoo; 5oN, 73.5oE) in the Indian Ocean.
Onboard measurements at the R/V Ronald H. Brown
during INDOEX 1999, which had different cruise
track, gave 0.14 for ozone to CO ratio20. All these
measurements show lower values of ratios over South
Asia than the values in mid latitude (0.3-0.4). This
could be due to rapid removal of ozone in the MBL or
could be due to less efficient ozone production over
South Asia. Recently, smaller value of O3/CO slope
has been reported over Asia compared to North
America21. Further, photochemical ozone production
per NOx molecule is also much lower (3.3 O3 per unit
of NOx) over India than other estimates over mid
latitude (6-7 O3 per unit of NOx)22.
Average mixing ratios of CH4 in five regions are
shown in Fig. 6. The gradient in CH4 from the Coastal
India to the South Indian Ocean is lower than
observed in other gases. The Coastal India zone
shows larger variations in mean mixing ratio of CH4
during cruises in different years. Mean CH4 mixing
ratio from all cruises is about 1.79±0.08 ppmv in the
Coastal India and it becomes about 1.71±0.05 ppmv
over Arabian Sea. Its value remains same over the
North Indian Ocean (1.71±0.05 ppmv) but decreases
in the South Indian Ocean (1.65±0.06 ppmv).
In contrast to CH4 levels, O3 mixing ratios were lower
on east coast (Bay of Bengal side) than at west coast
(Arabian Sea side).
Mean mixing ratios of sulfur hexafluoride (SF6) in
five regions during INDOEX 1998, INDOEX 1999

Fig. 5Same as in Figure 3, but shows ratio of O3 and CO. Ratios from individual measurements are also shown by small symbols.
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Fig. 6Same as in Figure 3, but shows CH4 mixing ratios.

Fig. 7Same as in Figure 3, but shows SF6 mixing ratios.

and BOBEX 2001 are shown in Fig. 7. SF6, which is
used as a tracer also, shows very clear gradient from
the Costal India (source region) to South Indian
Ocean (almost no source). SF6 data are only for three
years but never the less there is very rapid increase
from the year 1998 to 2001 in all regions. The
observed growth rate in different regions varies from
0.12 pptv/year to 0.15 pptv/year. It was reported that
its growth rate was very high over the Indian region23.
Measurements of short lived gas, NO, which were
made only during INDOEX 1998 and INDOEX 1999,

are shown in Fig. 8. During INDOEX 1999
measurements were made in onward journey only due
to technical problems in NO analyzer in return
journey. Figure 8 shows NO mixing ratio during
1000-1600 hours. Mean mixing ratio of NO over the
South Indian Ocean was only 21.9±11.5 pptv where
as it was 53.6±24.1 and 72.7±38.1 pptv over the
Coastal India and the Arabian Sea respectively. NO
levels are very critical in deciding the ozone
production and loss processes in different
environments. Basically NO, NO2 and O3 are in
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Fig. 8Same as in Figure 3, but shows NO mixing ratios. Data of 1000-1600 hrs are used in this figure.

steady state during daytime in pristine regions with
their inter-conversion time of about 100 seconds.
Nighttime NO mixing ratios are expected to be very
low (almost zero) in very pristine air, since there is no
activation of photochemistry. Figure 9 shows diurnal
variation of NO during INDOEX 1998 and
INDOEX 1999. Increase in its values during the noon
hours is a typical feature of cleaner environment and
it is basically due to photodissociation of NO2. The
diurnal variations during both the cruises are similar,
however daytime values during INDOEX 1999 are
relatively higher. It has been shown that mixing ratios
of ozone are also higher during INDOEX 1999, than
during INDOEX 1998.
3.2 Diurnal variations in Ozone

Diurnal variations in ozone over different marine
regions have been discussed by many groups13,15,24-26.
Ozone shows gradual decrease after sunrise and it
increases gradually after sunset over the pristine
marine regions, however the diurnal pattern is
different over continental cleaner and polluted regions
with relatively sharp lower and higher values in
noontime respectively. Daily mean ozone mixing
ratios could also have differences of 2 to 3 folds
between marine and continental regions. There were
several attempts using halogen chemistry25,
entrainment27 and advection28 to explain the large
diurnal amplitudes in ozone over marine boundary
layer (MBL). It has also been shown that the diurnal
amplitude over the Indian Ocean was much larger

Fig. 9Diurnal variations of NO during INDOEX 1998
and 1999.

than observed over the Pacific and the Atlantic
Oceans13,24. Figure 10 shows diurnal patterns in ozone
over four different marine regions. These are
discussed in detail below.
3.2.1. Arabian Sea and Bay of Bengal

Generally there are not many instants of a clear
diurnal pattern over the Arabia Sea or over the
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Fig. 10Diurnal variations in ozone over four marine regions for individual days during INDOEX 1998, INDOEX 1999, and BOBEX
2001. Circles are for onward journey and titled squares are for return journey. Days of year (DOY) are mentioned during respective
cruise. Note the differences in scaling of ozone values among these four figures.

Bay of Bengal mainly due to large variabilities in
ozone as well as in other precursor gases in these two
regions. However, only few days show very clear
diurnal variations. Figure 10a shows such a single day
examples of clear diurnal pattern over the Arabian Sea
during INDOEX 1999 (Day of year, DOY 69) and
BOBEX 2001 (DOY 74). Average ozone mixing ratio
was about 26 ppbv during BOBEX 2001 and diurnal
patterns show nearly marine type variations.

However, in contrast, the average ozone mixing ratios
are much higher during INDOEX 1999 and show a
clear marine type of diurnal pattern (peak-to-peak
amplitude 13 ppbv) with no ozone production in day
time. Further, Fig. 10b shows diurnal pattern in ozone
for two consecutive days (DOY 62 and 63) over the
Bay of Bengal during BOBEX 2001. Ozone levels are
lower on first day (DOY 62) but increased by two
fold on next day (DOY 63). Diurnal pattern remains
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to be marine type and does not show in-situ
photochemical ozone production. Therefore, both
these individual events (69th day in the Arabian Sea
and 63rd day in the Bay of Bengal) of much higher
ozone levels are clear indication of transport of ozone
rich air and not in-situ photochemical ozone
production over the respective regions. Dramatic
increase in ozone of about 15 ppbv in 24 hours from
DOY 62 to DOY 63 is an ideal example of the large
amount of ozone transport in short time. Other trace
gases19 also showed large increase on the day 63.
3.2.2. North and South Indian Ocean

Figure 10c shows diurnal variations over the North
Indian Ocean. Ozone levels were higher on DOY 67
during BOBEX 2001 and showed no explicit
signature of ozone photochemical production. Ozone
levels decreased after some days (see DOY 72) and
showed clear marine type diurnal pattern with very
large peak-to-peak amplitude (about 10 ppbv). During
INDOEX 1999, mean mixing ratio of ozone was
about 30 ppbv on DOY 27 and showed marine type of
diurnal pattern. Ozone levels decreased to about
15 ppbv during return journey (DOY 55 and 56) in
this region and diurnal pattern remained to be marine
type (peak-to-peak amplitude about 10 ppbv). Ozone
levels were about 20 ppbv in this region during
INDOEX 1998 with marine type of diurnal pattern.
The South Indian Ocean, which is assumed to be
more pristine, also showed changes in means ozone
levels from about 8 ppbv to about 20 ppbv (Fig. 10d).
However ozone diurnal patterns remained to be of
marine type in all cases in this region. Mean ozone
mixing ratio changed by about 5 ppbv in two
consecutive days (DOY 66 and 67) during INDOEX
1998. Peak-to-peak amplitude over this region was
also observed to be quite high (6-7 ppbv).
3.2.3. Role of chemistry and dynamics

It has been suggested, as mentioned earlier that
diurnal variation of ozone in the MBL is controlled by
chemistry, advection and entrainment. The ozone
chemistry is mainly of photochemical destruction due
to generally lower levels of NO in the MBL.
However, simple NO chemistry is insufficient to
explain the large diurnal amplitude in this region13.
Halogen chemistry has been proposed to explain the
observed diurnal variations24,29,30. These proposed
mechanisms of halogen chemistry, which consider the
conventional release of Br29,30 and inclusion of
entrainment27 and advection28 are still inadequate to

explain the diurnal amplitude of about 10 ppbv or
more as observed over the Indian Ocean13,15.
Therefore, in recent years there have been different
efforts to overcome these limitations. Toyota et al.31
have suggested a size segregated sea-salt aerosols
chemistry, which explicitly accounts for sizedependent chemical properties of sea-salt particles.
This assumption leads to decrease in gas phase
bromine mixing ratio but does not show significant
effect on diurnal amplitude of ozone. Measurements
over the Indian Ocean show additional source of Br
from continental air pollution (mainly 1,2dibromoethane and Pb, Br, Cl from fuels) but this also
did not affect the ozone diurnal amplitude32. There
has been another suggestion that marine algae
(phytoplankton) could be additional source of volatile
halocarbons33, which were not considered by earlier
studies. The additional amount of halocarbons
(CHBr3, CH2Br2, CHBr2Cl, CH2I2, CH2ClI) and hence
additional Cl, Br and I released from the phytoplankton could trigger large ozone loss and hence
larger amplitude. Measurements made over the Bay of
Bengal show existence of significant amount of these
halocarbons in the seawater samples34. Recently,
existence of iodine monoxide IO (as high as 4 pptv)
has been reported in MBL35 and it was shown that
iodine catalyzed ozone destruction could be up to
13% of available ozone per day36. It is important to
note that previous studies did not include iodine
chemistry as it was considered to be of non-existence
in MBL. Nevertheless, apart from gas phase and
aqueous phase chemistry, the role of dynamical
processes like entrainment and advection also appear
to be important. Dramatic changes in ozone levels on
consecutive days without affecting the marine type of
diurnal pattern as shown over the Bay of Bengal and
Indian Ocean indicate the importance of dynamical
processes.
4. Summary and Conclusion
The measurements of ozone and other trace gases
during the four INDOEX cruises and one BOBEX
cruise showed very clear decrease in their mixing
ratio from the Coastal India to the South Indian
Ocean. The Coastal India shows much larger
variability, as expected, mainly due to variabilities in
source strengths of precursors and due to changes in
meteorology. Generally, there is no photochemical
production of ozone over the remote Indian Ocean as
it is a region of ozone destruction and coastal area
could be of photochemical ozone productive regions
due to higher levels of NO. Ozone levels were

NAJA et al.: TRACE GASES OVER MARINE REGIONS

reasonably higher over the Arabian Sea and the Indian
Ocean during INDOEX 1999, as compared to other
years. NO levels were also higher during
INDOEX 1999. It has been reported that diurnal
patterns were clearer and showed large amplitude
during INDOEX 1999. Radiative forcing at surface
derived from NOAA-AVHRR show higher forcing
during INDOEX 1999. The forcing is as high as 3.4
Wm-2 higher over Arabian Sea37.
It was shown during BOBEX that O3, CO, and CH4
were higher over the Bay of Bengal, as compared to
over the Arabian Sea. Aerosol forcing, aerosol optical
depth, soot and water-soluble aerosols were also very
high over the Bay of Bengal as compared to the
Arabian Sea and Indian Ocean38.
Estimate of O3/CO ratio indicates rapid removal of
ozone in the MBL or less efficient ozone production
over South Asia. It has been reported that ozone
production over South Asia is lesser efficient, when
compared to North America. There have been events,
when ozone levels changed dramatically but did not
show any signature of in-situ photochemical ozone
production and showed very clear marine type of
diurnal patterns. Such events indicate the important
role of dynamical processes. There have been events
with very large diurnal amplitude in ozone variation
(more than 10 ppbv), which are difficult to explain
with present existing chemical and dynamical
schemes. The emissions of halocarbons from
phytoplankton and existence of IO in MBL could help
in understanding these features in MBL.
Acknowledgement
We are thankful to the INDOEX programme office,
Delhi and Bangalore, National Centre for Antarctic
and Ocean Research, Goa, ISRO-GBP, Bangalore,
and the crew members of the ORV Sagar Kanya for
their support during the cruises, and also K S Modh,
S Ventaramani, T K Sunil and S. Desai for their help
in conducting these cruises and in data analysis.
References
1

2

3

Logan J A, Trends in the vertical distribution of ozone: An
analysis of ozonesonde data, J. Geophys. Res., 99 (1994)
25553-25585.
Naja M, Akimoto H, & Staehelin J, Ozone in background
and photochemically aged air over central Europe: Analysis
of long-term ozonesonde data from Hohenpeissenberg and
Payerne, J. Geophys. Res. 108(D2) (2003) 4063, ACH-5-1 –
ACH-5-11 [doi:10.1029/2002JD002477].
Hauglustaine D A, Brasseur G P, Walter S, Rasch P J,
Muller J F, Emmons L K & Carroll M A, MOZART: A
global chemical-transport model for ozone and related

4

5

6

7

8

9

10

11

12

13

14

15

16
17
18

19

20

105

tracers, 2. Model results and evaluation, J. Geophys. Res. 103
(1998) 28291-28336.
Naja M & Lal S, Changes in surface ozone amount and its
diurnal and seasonal patterns, from 1954-55 to 1991-93,
measured at Ahmedabad (23oN), India, Geophys. Res. Lett.,
23 (1996) 81-84.
Lelieveld J & 26 others, The India Ocean Experiment:
Widespread air pollution from South and Southeast Asia,
Science, 291 (2001) 1031-1036.
Lal S & Lawrence M G, Elevated mixing ratios of surface
ozone over the Arabian Sea, Geophys. Res. Lett., 28 (2001)
1487-1490.
Reiner T, Sprung D, Jost C, Gabriel R, Mayol-Bracero O L,
Andreae M O, Campos T L & Shetter R E, Chemical
characterization of pollution layers over the tropical Indian
Ocean: Signatures of emissions from biomass and fossil fuel
burning, J. Geophys. Res., 106 (2001) 28497-28510.
Jha B & Krishnamurti T N, Real-time meteorological atlas
during the INDOEX 1998, FSU Report # 98-08 (Department
of Meteorology, Florida State University, Tallahassee,
USA).1998.
Jha B & Krishnamurti T N, Real-time meteorological atlas
during the INDOEX-1999, FSU Report # 99-09
(Department of Meteorology, Florida State University,
Tallahassee, USA) 1999.
Verver G H L, Sikka D R, Lobert J M, Stossmeister G &
Zachariasse M, Overview of the meteorological conditions and
anthropogenic transport processes during INDOEX 1999,
J. Geophys. Res., 206 (2001) 28399-28414.
Madden R & Julian P, Description of global-scale circulation
cells in the tropics with a 40-50 days period, J. Atmos. Sci.,
28 (1972) 1109-1123.
Rasch P J, Collin W D & Eaton B E, Understanding the
Indian Ocean Experiment (INDOEX) aerosol distribution
with an aerosol assimilation, J. Geophys. Res., 106 (2001)
7337-7355.
Lal S, Naja M, & Jayaraman A, Ozone in the marine boundary layer over the tropical Indian Ocean, J. Geophys. Res.,
103 (1998) 18907-18917.
Lal S, Naja M, & Subbaraya B H, Seasonal variations in
surface ozone and its precursors over an urban site in India,
Atmos. Environ., 34 (2000) 2713-2724.
Chand D, Lal S & Naja M, Variations of ozone in the
marine boundary layer over the Arabian Sea and the Indian
Ocean during the 1998 and 1999 INDOEX campaigns,
J. Geophys. Res., 108(D6) (2003) ACH-9-1 – ACH-9-13;
[doi:10.1029/2001JD001589].
Chand D., Study of trace gases in the tropical troposphere,
Ph. D. thesis, M. L. Sukhadia University, India, 2002.
Naja M, Tropospheric chemistry in the tropics, Ph. D. thesis,
Gujarat University, India, 1997.
Naja M, Lal S, Venkataramani S, Modh K S, & Chand D,
Variabilities in O3, NO, CO, and CH4 over the Indian Ocean
during winter season, Curr. Sci. 76 (1999) 931-937.
Lal S, Chand D., Sahu L. K., Venkataramani S., Brasseur G.,
Schultz M. G., High levels of ozone and related gases over
the Bay of Bengal, (paper under preparation).
Stehr J W, Ball W P, Dickerson R R, Doddridge B G, Piety
C A & Johnson J E, Latitudinal gradient in O3 and CO during
INDOEX 1999, J. Geophys. Res., 107(D19) (2002) INX215-1 – INX2-15-8 [doi:10.1029/2001JD000446].

106

INDIAN J. MAR. SCI., VOL. 33, NO. 1, MARCH 2004

21 Naja M, Lal S & Chand D, Diurnal and seasonal variabilities
in surface ozone at a high altitude site Mt Abu (24.6oN,
72.7oE, 1680 msl) in India, Atmos. Environ., 37 (2003)
4205-4215.
22 Naja M & Lal S, Surface ozone and precursor gases at
Gadanki (13.5oN, 79.2oE), a tropical site in India,
J. Geophys. Res., 107(D14) (2002) ACH-8-1 - ACH-8-13
[doi:10.1029/2001JD000357].
23 Lal S, Chand D, Venkataramani S, Appu K S, Naja M &
Patra P K, Trends in methane and sulfur hexafluoride at
tropical coastal site Thumba (8.6oN, 77oE) in India,
Atmos. Environ., 38 (2004) 1145-1151.
24 Johnson J E, Gammon R H, Larsen J, Bates T S, Oltmans S J
& Farmer J C, Ozone in the marine boundary layer over the
Pacific and Indain Ocean: Latitudinal gradients and diurnal
cycles, J. Geophys. Res. 95 (1990) 11847-11856.
25 Dickerson R R, Rhoads K P, Carsey T P, Oltmans S J,
Burrows J P & Crutzen P J, Ozone in the remote marine
boundary layer: A possible role of halogens, J. Geophys.
Res., 104 (1999) 21385-21395.
26 Galbally I E, Bentley S T, Meyer C P, Mid-latitude marine
boundary-layer ozone destruction at visible sunrise
observed at Cape Grim, Tasmania, 41oS, Geophys. Res. Lett.,
27 (2000) 3841-3844.
27 Bremaud P J, Taupin F, Thompson A M, & Chaumerliac N,
Ozone nighttime recovery in the marine boundary layer:
Measurement and simulation of the ozone diurnal cycle at
Reunion Island, J. Geophys. Res. 103 (1998) 3463-3473.
28 de Laat A T J & Lelieveld J, Diurnal ozone cycle in the
tropical and subtropical marine boundary layer, J. Geophys.
Res. 105 (2000) 11547-11559.
29 Vogt R, Crutzen P J & Sander R, A mechanism for halogen
release from sea-salt aerosol in the remote marine boundary
layer, Nature, 383 (1996) 327-330.

30 Sander R & Crutzen P J, Model study indicating halogen
activation and ozone destruction in polluted air masses
transported to the sea, J. Geophys. Res. 101 (1996)
9121-9138.
31 Toyota K, Takahashi M, & Akimoto H, Modeling multiphase halogen chemistry in the marine boundary layer with
size-segregated aerosol module: Implications for quasi-sizedependent approach, Geophys. Res. Lett. 28 (2001)
2899-2902.
32 Gabriel R R, Glasow von, Sander R, Andreae M O &
Crutzen P J, Bromide content of sea-salt aerosol particles
collected over the Indian Ocean during INDOEX 1999,
J. Geophys. Res., 107 D19, (2002) INX2-31-1 – INX2-31-9
[doi:10.1029/2001JD001133].
33 Tokarczyk R, & Moore R M, Production of volatile organohalogens by phytoplankton cultures, Geophys. Res. Lett.,
21 (1994) 285-288.
34 Yamamoto H, Yokouchi Y, Otsuki A & Itoh H, Depth
profiles of volatile halogenated hydrocarbons in seawater in
the Bay of Bengal, Chemosphere, 45 (2001) 371-377.
35 Allan B J, Mcfiggans G J, Plane M C, & Coe H, Observation
of iodine monoxide in the remote marine boundary layer,
J. Geophys. Res., 105 (2000) 14363-14369.
36 McFiggans G, Plane J M D, Allan B J, Carpenter L J, Coe H,
& O' Dowd C, A modeling study of iodine chemistry in the
marine boundary layer, J. Geophys. Res., 105 (2000) 1437114385.
37 Tahnk W R, & Coakley Jr. J A, Aerosol optical depth and
direct radiative forcing for INDOEX derived from AVHRR,
observations, January–March 1996–2000, J. Geophys. Res.
107 (D19) (2002) INX2-9-1 – INX2-9-19 [doi:10.1029/
2000JD000183].
38 Satheesh S K, Radiative forcing by aerosols over Bay of
Bengal Region, Geophys. Res. Lett., 29 (2002) 40-1 – 40-4
[doi:10.1029/2002GL015334].

