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The vertical distribution of ozone over the Indian
Ocean has been measured during the First Field Phase
(FFP) of Indian Ocean Experiment (INDOEX) from
15°N to 20°S in February and March 1998. Using vari-
ous ozonesondes during onward (18 February through
13 March) and return (18-28 March) journeys. A lati-
tudinal pradient in ozone mixing ratio from southern
(pristine air) to northern (pollutant air) hemisphere is
observed in the troposphere. In the northern hemi-
sphere, ozone mixing ratio of the order of 50 ppbyv is
observed except within the region of 5-8°N, where
ozone mixing ratio shoots to 120 ppbv. These large
values are likely attributable to continental flow with
the advection of photochemically produced ozone. In
addition, a layered structure was observed during
both onward and return journeys. A pocket of low
ozone values (<10 ppbv) is observed simultaneously in
the upper troposphere and near the surface. Total
ozone maps obtained from total ‘ozone mapping
spectrometer-Earth Probe (TOMS-EP) over this
region (30°N-=-30°S, 30°E-150°E) remained around
25025 DU, except during 26-28 March 1998 when
total ozone reached 270 DU. Marine and continental
ozone profiles of Indian, East Asian, and South Afri-
can stations are compared.

TROPOSPHERIC ozone is an important trace gas both
because of its role in gas and aqueous-phase chemical
reaction as well as its ability to act as a greenhouse gas.
Tropospheric concentrations of ozone are influenced by
photochemical production/destruction'?, multiphase proc-
esses’, downward transport from the stratosphere® and
deposition to surfaces’. Ozone is also intimately involved
in the cycles of NO,, OH, and non-methane hydrocarbons.
Photodissociation of ozone molecules by solar UV radia-
tion (<320 nm) produces O'D radicals which in turn,
through its reaction with water vapour, give rise to OH
radicals which are the main oxidizing agents. These radi-
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cals react with CO, CH,, light non-methane hydrocarbons,
and NO; to produce ozone in the free troposphere. Since
many of these radicals have both anthropogenic and natu-
ral sources, the transport and production/destruction of
tropospheric ozone 1s influenced by anthropogenic emis-
sions’. Long-term continental observations both in the
northern and southern hemispheres confirmed an increase

in tropospheric ozone with a simultaneous decrease of

stratospheric ozone.

There is a vast body of information available on vertical
ozone profiles measured from ground stations, which are
primarily localized in the continental region. However,
data concerning the spatial (1.e. vertical and horizontal)
distribution in the remote marine atmosphere are still rare.
Several reports regarding field observations either by air-
craft or balloon-borne ozone soundings over the Atlantic
and Pacific Ocean’'? are available. However, no such
report regarding measurements of ozone over the Indian
Ocean exists.

We report the meridional cross-section of vertical dis-
tribution of ozone and humidity measured during onward
and return journeys over the Indian Ocean. In addition, we
will address the comparative study of marine and conti-
nental ozone profiles with an emphasis on the objectives

of INDOEX while assessing the role of movement of

ITCZ 1n the formation and transport of trace species over

the Indian Ocean and its surroundings during winter dry
season.

Field experiments

The ozone soundings were performed on-board the ORV
Sagar Kanya from 15°N to 20°S during First Field Phase
experiment (INDOEX) in February/March 1998. During
onward and return journeys a total of 26 ozonesodes, out
of which 15 electrochemical concentration cells (ECC
ozonesondes) and 11 modified Brewer Mast (MBM)
ozonesondes, were flown on board alternately. We used
ECC ozonesondes together with modified RS 80 radio-
sondes (Vaisala) and prepared according to the detailed
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instrumentation given by Komhyr'>., With the equipment,
we measured stmultaneously the ECC current, which cor-
responds to Oj; partial pressure, the temperature of the
inlet air, and with the meteorological RS 80 sonde,
atmospheric temperature and relative humidity. However,
MBM ozonesondes, which were also flown following the
ground preparation”, gave only O; partial pressure and
atmospheric temperature. In case of MBM ozonesondes,
the humidity sensor was detached due to a technical
problem. However, atmospheric temperature as well as
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Figure 1. Comparison of two type ozonesondes: electro-chemicai cell

(ECC) and modified brewer mast (MBM) on 2 March 1998.
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humidity data obtained from radiosondes, which were flown
at 00 and 12 GMT everyday, appear in the present analysis.

Betore launching, the ECC types ozonesondes were
intercompared with a ground-based Dasibi ozonemeter.
Generally, the normalization factor of MBM, taken from
three Indian stations with respect to ground-based Dobson
spectrometers remains within 0.8—1.2. The normalization
factor of MBM soundings with respect to the column den-
sities (measured by total ozone mapping spectrometer—
Earth probe or TOMS-EP typically falls within 0.8-1.2,
which gives a margin for the accuracy of our data. How-
ever, these data have not been corrected in such way in
the present analysis. The quality of ECC and MBM had
been assessed through several international intercompari-
sons'? and found reasonably reliable. Recent JOSIE
intercomparison'” has established a complete picture of
the quality of ECC and MBM ozonesondes, and First
Field Phase of INDOEX allowed us also to verify the
quality of the ECC and MBM ozonesondes. Figure 1 rep-
resents the vertical distribution of ECC and MBM ozone-
sondes flown on 2 March 1998. In spite of the time as well
as position differences between the two flights, a coherent
pattern is observed between two data sets at all levels.

Results and discussion

Vertical distribution of ozone and relative humidity

Figures 2 a, b and 3 a, b represent the meridional cross-
section of the vertical distribution of ozone and relative
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Figure 2. Contour diagram of the ozone mixing ratio (ppbv) and relative humidity (%) in the troposphere, evaluated from the im_lividual sound-
ings performed during the onward journey of first ficld phase INDOEX-98. The white putch in the relative humidity contour Juring the onward

journey indicaics the absence of data.
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Figure 3. Contour diagram of the ozone mixing ratio (ppbv) and relative humidity (%) in the troposphere, evaluated from the individual sound-

ings performed during the onward journey of first field phase INDOEX-98.
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Figure 4. Ozone mixing ratio (ppbv) and relative humidity (%) pro-
file at 168, launched during the onward journey. The arrows show the
anticorrelation between ozone relative humidity.

humidity over the Indian Ocean during onward (18 Febru-
ary to 13 March 1998) and return (18 to 28 March 1998)
journeys of First Field Phase of INDOEX respectively.
During both parts of the journey the broad feature of
ozone meridional cross-section of ozone is quite similar to
the structure as observed over the Atlantic and
Pacific Oceans’™% These are (i) positive latitudinal gradi-
ent from south to north in ozone concentration from near
surface to below tropopause, (ii) low ozone value
(<10 ppbv) around equator near surface as well as in the
upper troposphere, and (iii) several finer structures obser-
ved in few profiles. A layered structure of ozone mixing
ratio of the order of 20-40 ppbv is observed between 5

940

and 8 km. Extremely low ozone concentration (1-5 ppbv)
near the surface 1s observed in the boundary layer of the
Pacific Ocean®! . During the onward journey, a low value
within the range 4-8°S i1s observed at the upper tropo-
sphere, which 1s similar to the result of CEPEX. This Iow
ozone concentration is caused by transport of ozone
toward the ITCZ in conjunction with photolytic destruc-
tion of ozone in the presence of water vapour’2. In addi-
tion, a large value of the ozone concentration of the order
of 120 ppbv is observed near surface in the northern side
of equator during the onward journey. This bears the sig-
nature of biomass burning”. However, during this period
no large scale biomass burning was noticed during south-
ern side of India (Badrinath, pers. commun.). This may be
correlated to the ozone precursors observed near the sur-
face as well with the low humidity (~ 20%) as observed in
the relative humidity structure. In addition, during the on-
ward journey, a patch of high ozone value of the order of
60-80 ppbv is observed within the region of 16~20°S.
This high value of ozone concentration may signal strato-
sphere—troposphere exchange. The low relative humidity
observed with the particular flight at 16°S (Figure 4), may
support this hypothesis. During the return journey, in the
southern side of equator less ozone concentration is
observed.

Ozone stratification in the troposphere

The presence of ozone laminae has recently attracted con-
siderable interest’**’. Reid and Vaughan®’, for example,
found the laminar structure at lower stratosphere near the
polar vortex break during winter and spring. However,
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Grant er al.?® discovered that these layers also exist at the
tropical and subtropical troposphere.

In addition to these land observations, the same types
of layered structure are observed over the Pacific Ocean''.
Several finer structures of the order of 50 m are observed
within the ozone profiles; however, the layered structure
of ozone mixing ratio of 30-60 ppbv at 5-8 km is
observed during the onward as well as the return journey
during the First Field Phase of INDOEX. Figures 5 a, b
represent the latitudinal distribution of ozone mixing ratto
and relative humidity (%) averaged between 5 and 8 km.
The layer defined by ozone mixing ratio shows a close
chemical relationship between ozone and water vapour
except within 4-14°S during onward journey. However,
Newell ef al.'' have shown that these layers are closely
related to other chemical species at that particular levels.
Due to absence of observation of other chemical species
(CO, CH,; NO,) at those particular levels, the chemical
and physical relation of these layers observed during
INDOEX-FFP-98 is not yet clear.

Reid and Vaughan24 have related the lower strato-
spheric laminae structure near polar vortex and mid-
latitude to the exported air from the vortex. Teitelbaum
et al.®® found a close correspondence between a stationary
class of laminae and lee waves. Pierce and Fairlie® argued
that a large-scale quasi-isentropic motion may lead to the
generation of thin filaments of matenal through chaotic
advection. The resulting interweaving of air masses with
different trace gas concentrations, coupled with vertical
shear, can lead to the formation of laminae 1n trace gas
concentration®, Internal gravity waves’® and Rossby
waves>> are correlated to the potential temperature may
form laminae structure in ozone profiles. Stoller et al.™
focused on the chemical signature with conventional
ozone chemistry in laminae structure of tropospheric
ozone profiles, but due to a nonlinear relation between
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Figure § a~b. Latiludinal distribution of ozone mixing ratio {(ppbv)
and relative humidity (%) averaged between S and 8 km during onward
{(a) and return (B) journey,
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the dynamics and chemical processes, analysis is not
conclusive.

Ozone column densities

The latitudinal dependence of ozone column densities
evaluated from the individual soundings is consistent with
the corresponding TOMS—EP data. Total ozone during
the cruise pertod remained around 250 £ 5 DU during the
whole journey except during 24-28 March 1998
(Figure 6), when a tongue of high ozone of the order
270 DU is observed over the northern part of equator. It
has enhanced total ozone by 20 DU over normal value.
During PEM-West A Campaigns, observations indicate
the continental influence over north-western Pacific due
to easterly motion of wind flow®"*2, The enhanced ozone
observed here may either be transported from East Asia or
may be of photochemical production.
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Figure 74, b. Comparison between the marine and continental ozone profiles during the onward
and return journey. a, Comparison between the marine profiles at the northern side of 1TCZ, and

continental profiles for the two stations: Naha {26°N,

136°E) and Thiruvananthapuram (8.9°N,

77°E). The continental profiles have been averaged for the period of FFP-INDOEX-98; b, Compari-
son between the marine profiles at the southern side of ITCZ, and continental profiles for the two
stations: Nairobi (1.2°S, 36°W) and Ascension (8°S, 36°E). The continental profiles have been aver-

aged for the penod of FFP-INDOEX-98.

Comparison between marine and continental ozone
profiles

Figure 7 a represents the comparison between the marine
profiles, taken northern side of the ITCZ during the
onward and ozone profiles over Naha (26°S, 127.68°E)
and Thiruvananthapuram (9°N, 77°E) averaged during the
cruise period. The averaged profile over Naha resembles
marine ozone profiles. However, ozone profiles over
Thiruvananthapuram show higher concentration in the
upper troposphere. In addition, the position of I'TCZ has
varied between 10 and 15°S during onward journey and
between 3 and 10°S during the return journey. The high
tropospheric ozone observed in the marine ozone profiles
at the northern side of ITCZ might have been affected by
the continental outflow.

Figure 7 b represents the comparison among the ozone
profiles at the southern side of ITCZ and averaged pro-
files at Ascension (85°S, 14°W) and Natrobi (1.2°S,
36°E). Except for the two profiles, other profiles show
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higher concentration than the two continental profiles by
50 ppbv in the middle troposphere. This high ozone may
be attributed to the stratosphere—troposphere exchange as
low relative humidity represents the stratospheric air.

Conclusion

This paper provides vertical distribution of ozone and
relattve humidity during the onward and return journey of
First Field Phase of INDOEX. Several features emerge:

(1) The positive latitudinal gradient of tropospheric
ozone from southern to northern hemisphere is clear
during both journeys. A pocket of low ozone value
(< 10 ppbv) 1s observed near the surface as well as at the
upper troposphere. In addition, the high tropospheric
ozone at the northern side of equator is accompanied by
low humidity as well as the continental outflow, as obser-
ved from the two continental stations, Naha and Thiru-
vananthapuram.
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(2) The tongue shape of total ozone observed during 24—
28 March has enhanced total ozone by 20 DU, which may
be due to either local production of pollutants carried out
from East Asian region or sudden drop of humidity within
this region.

(3) Layered structures are observed at 5-8 km during
both onward and return journey. These resemble observa-
tion over the Paciiic and Atlantic Oceans. The layers
defined by ozone mixing ratio of the order of 30-60 ppbv
show a close relationship between ozone and water
vapour. However, other chemical species (CO, CH,, NO,)
at those particular levels may have contribution in forma-
tion of layered structure. Since upward transport of lower
tropospheric ozone (< 10 ppbv) may not enrich this high
value, these layers may represent the transfer of strato-
spheric air into the troposphere.

(4) The comparison between marine and continental
ozone profiles suggests that the northern side of ITCZ
resembles more the continental profiles as observed over
Naha and Thiruvananthapuram, whereas the tropospheric
ozone of marine profiles at the southern side of ITCZ has
a higher value than the averaged ozone profiles observed
at Ascension and Nairobi. The high tropospheric ozone at
the middle troposphere may be the signature of strato-
spheric intrusion as well as of continental flow.

Finally, better meteorological analysis is required to
know the source of layered structure at 5-8 km and low
ozone value (< 10 ppbv) and the contribution of conti-
nental ozone to tropospheric ozone budget over Indian

Ocean.
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