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Extensive measurements of columnar aerosol optical
depth (AOD), composite (M) and black carbon aero-
sol mass (Mg) concentrations were made over the
tropical Indian and Southern Oceans as a part of the
Pilot Expedition to the Southern Ocean during the
boreal winter. The AOD, Mt and Mg show large lati-
tudinal gradient towards south up to ITCZ. Beyond
ITCZ, up to 56°S, AOD and Mg show very low and
steady values. However Mt shows large variations in
the Southern Ocean due to the enhanced production
of sea salt aerosols associated with high sea surface
winds. The short wave aerosol radiative forcing at the
surface over north of equator is in the range —10 to
—-23W m™, whereas that over the Southern Ocean
was in the range —4 to —5W m™. The corresponding
atmospheric forcing wasin the range of 6-13W m™ and
0.8-1.4 W m™. This large north-south change in the
aerosol radiative forcing has important implications
to the meridional circulation and henceto climate.
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Introduction

STuDIES of atmospheric aerosols over oceanic regions
have significance from the perspective of understanding
marine aerosols, estimating their direct and indirect roles
in regional and global radiative forcing, and in delineating
the effects of long-range transport of continental aerosols
on marine environments. Several field campaigns during
the last decade have specifically focused on this over dis-
tinct regions. Examples are ACE | and |1, TARFOX?,
SCAR-A”, INDOEX® and the ACE-Asia’. Earlier studies
revealed a decrease in the aerosol concentration with in-
crease in distance from the mainland”°. However, most
of these studies were restricted to 20°S and limited to
either columnar aerosol optical depth (AOD) or compos-
ite aerosol. None of them had observations of absorbing
aerosols such as black carbon and observations south of
20°S.
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In view of the above, a thematic experiment to charac-
terize aerosols was planned onboard the ORV Sagar
Kanya during January—March 2004, during its first expe-
dition to the Southern Ocean (SO). Here we present data
on columnar AOD along with total and black carbon
aerosol mass concentrations over the Indian Ocean and
SO. The estimates of aerosol radiative forcing over dif-
ferent latitude sectors are also presented.

Experimental setup and data collection

The three-month long expedition was conducted in three
phases; (i) the initial phase (SK199) from 1 to 19 January
2004 from Kochi to Mauritius (MRU) surveyed the Ara-
bian Sea and the tropical Indian Ocean, (ii) the main
phase (SK200) from 24 January to 4 March focused on
the SO and (iii) the final phase (SK201) from 11 to 30
March pertained almost the same region as the initial
phase, but after about two months. The cruise tracks are
shown in Figure 1. The aerosol measurements comprised
of ambient mass concentrations of composite and BC
aerosols, made respectively using a single stage high
volume sampler (HVS model GHV2000P1 of Thermo-
Anderson) and a dual beam Aethalometer (AE-21 of
Magee Scientific, USA), and columnar spectral optical
depths made using a Microtops sunphotometer.

The Aethalometer was kept inside the ship’s cabin and
ambient air was taken through an inlet pipe from the bow
side (sampling into the wind) of the ship. The air intake
was from a height of about 12 m from the sea level. The
flow rate was kept at 5 litres per minute (Ipm) during the
first phase and increased to the maximum value (6.8 Ipm)
permissible for the instrument in SO. The time base also
was increased from 5 min in the tropical ocean to 60 min
in SO in view of the extremely low concentration encoun-
tered there. Following the error budget, discussed
earlier™*?, the maximum uncertainty in the measured BC
was 15% in SO, and was 10% and 8% in the tropical
Indian Ocean and SO respectively.

The high volume sampler, for estimating the mass con-
centration of composite aerosol, was operated from the
front deck of the ship and sampling was done facing the
wind flow. Quartz fibre discs of 4-inch diameter were
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used as the collection substrates. The mean flow rate was
0.6 m*min™ and the calibration was ensured before and
after the campaign period using a calibration setup. The
quartz fibre substrates were preheated in an oven to
100°C and then desiccated for 24 h. These substrates
were then tare weighed using a microbalance (Model AT
120, Metler) with a precision of £2 ug and sealed in
separate numbered self-locking envelopes. Tare weighed
substrate from the envelope is mounted on the impactor
and aerosols samples were collected by operating it for
3-10 h. After sampling, substrates were sealed in the re-
spective envelopes. In the laboratory these were on for
24 h and then were weighed using the same balance in the
same room conditions. The difference between the final
and tare weights gave the aerosol mass loading. Knowing
the volume of air sampled (the flow rate times sampling
duration), the mass concentration was estimated.

Spectral AOD measurements were made onboard using
a hand-held Microtops (MTOPS) sunphotometer at four
wavelengths 380, 500, 675 and 870 nm primarily due to
the ease of handling and also because of its capability to
yield AOD from each measurement, which is of great
advantage on cruise platforms. Adequate care was taken
in collecting this data onboard the ship following the nec-

essary precautions and considerations>*.

Results and discussion
Spectral aerosol optical depths
The AOD at 500 nm measured using MTOPS, averaged

over aday, are plotted against the corresponding latitude
in Figure 2. The AOD values during SK199 (January),
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Figurel. Cruisetracksfor SK199, SK200 and SK201.
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SK 200 (February) and SK201 (March) are represented by
solid triangle, circle and star, respectively. Between 10°N
and 20°S, the cruise tracks in SK199 (January) and
SK201 (March) are very close and hence the longitudinal
differences in AOD can be neglected. However there is a
time gap of ~2 months between SK199 and SK201, hence
data obtained from each cruise are treated separately.
AQOD shows significant latitudinal gradient to the north of
20°S, bhoth during January and March. The prevailing
winds over the study area during the three cruise periods
are shown in Figure 3. Examination of these winds and
outgoing long wave radiation (OLR) from the National
Centre for Environmental Prediction (NCEP) data shows
that in January the mean position of ITCZ (region of con-
vergence of northerly and southerly circulations) was
around 7°S in the longitude sector 60°-75°E (where the
cruise track lies) whereas during March the ITCZ moved
further south and located around 12°S in the above longi-
tude sector. Interestingly, the latitude gradient in AOD
persisted up to ITCZ; thereafter the AOD values in both
periods are comparable to the SO values. To the north of
the equator, the latitudinaly averaged (10°N to 0°) value
of columnar AOD during January was 0.32 + 0.01, which
slightly increased to 0.38 + 0.07 during March. The cor-
responding values to the south of the equator (0° to 10°S)
are 0.12+£0.02 and 0.17 £ 0.04. In SO (20°S to 56°S)
AOD values varied between 0.10 and 0.15 (with a mean
value of 0.11 + 0.003) without any latitude dependence.
Spectral variation of AOD provides information on its
size characteristics and can be expressed by using the
Angstrom power law given by,
Tag = ,5/1_0(, (1)
where « is the wavelength exponent indicating the size
distribution, £the turbidity parameter indicating the aerosol
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Figure 2. Latitudinal variation in AOD over the tropical and the
Southern Oceans.
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Winds at 850 hPa (January 2004)

Winds at 850 hPa (February 2004)

Winds at 850 hPa (March 2004}
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indicate relatively larger abundance of super micron
aerosols. Using a least squares fit between 7, and 4 on a
log-og scale « and S were evaluated. The latitudinal
variations of « values are shown in Figure 4. In the tropi-
cal oceanic regions, « values show steep gradient with
|atitude during January. During March the gradient in o
becomes weaker. The latitude gradient in «is found to be
0.03 during January, which reduces to 0.01 during March.
This may be due to the change in the direction of winds
to the south of equator during March (Figure 3), where
the wind changes its direction from northeasterlies to
westerlies bringing aerosols of continental origin (con-
tains smaller particles) from the adjacent African conti-
nent. These aerosols may be responsible for the weaker
gradients in « during March. Over the SO, the « values
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Figure5. Spatial variation of BC mass concentration.

fell in a wide range of values between 0.2 and 0.8 (with a
mean value of 0.45 * 0.04) over different latitudes with-
out any latitude dependence.

Aerosol black carbon

The spatial variation of BC mass concentration (Mg)
measured using Aethalometer is shown in Figure 5, con-
sidering the entire data as samples drawn from a popula-
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tion. It clearly shows: (i) high concentrations of BC
(>1000 ng m™) over the oceanic regions north of the
equator; (ii) a rapid decrease in the concentrations to-
wards south, reaching values below 200 ng m™ at Mauri-
tius; (iii) extremely low concentrations (<~50ngm™) in
SO; (iv) the decrease in Mg with latitude is conspicuous
up to the ITCZ; beyond ITCZ, values remained more or
less the same.

To parameterize the latitudinal variation of Mg, the
datais grouped into latitudinal bins of 1° width and aver-
aged. In this case also, in view of the ~3 months time
span over which the measurements were made, the data
in each phase were considered separately. The results
shown in the bottom panel of Figure 6 reveal that: (i) Mg
is very low and shows insignificant latitude variation to
the south of ~10°S, with a mean value of 30 £ 10 ng m=
for SO; (ii) north of 10°S, the concentration increases
rapidly. The rate of increase is higher during January than
in March.

The latitudinal variation of Mg due north of MRU was
parameterized using an exponential growth function of
the form

Ma(A)=Aep(A/A,), e

where Mg(A) is the BC concentration at a latitude A,
A the amplitude of the growth (numerically equal to the
concentration at the equator) and As is the scaling dis-
tance (in degrees of latitude) for which the Mg grows
e-fold. The scaling distance during January is 7.5°, which
increases to 9.25° during March showing a weaker latitu-
dinal gradient during the latter period. The amplitude also
decreases from ~640 ng m™ in winter to ~290 ng m™ in
inter-monsoon.

Composite aerosol

Not only BC, but the composite aerosol also showed lati-
tudinal variations. The latitudinal variation of composite
aerosol mass concentration (My) is shown in the top panel
of Figure 6. Similar to AOD and Mg, My also decreases
with latitude up to ITCZ. This latitudinal variation also
can be parameterized using eq. (2) by replacing Mg with
M. The scaling distance in this case is found to be 9.48°
with amplitude of 1640 ngm™>. The scaling distance
obtained in the case of My is comparable to that of Mg
during the same period. However in SO, the Mt values
are highly variable, with high values being associated
with gusty conditions encountered during the cruise. Ex-
amination of the wind speed dependency of the My values
showed that an exponential increase with an index of
0.13, indicating the role of increased sea-spray produc-
tion by the high winds.

Using the collocated measurements of BC and compos-
ite aerosols, the mass mixing ratio of BC (Fgc) was esti-
mated, and its latitudinal variation is examined in Figure
7, where the points are experimentally determined mixing
ratio and the dotted line is the best fit curve. It is interest-
ing to note that Fgc shows a sharp peak at ~1°N, with an
amplitude of ~3%, and falls off on either side to low val-
ues. As Fgc, rather than Mg, is important in radiative
forcing, this observation indicates increased forcing at
locations far away from potential sources of BC. Interest-
ingly in SO, Fgc isfound to be very low, ~0.2%.

Aerosol radiative forcing

The above characteristics of aerosols were used to esti-
mate the direct short wave radiative forcing over the
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Figure6. Latitudinal variation in My (top panel) and Mg (bottom panel) over the tropical and Southern Oceans.
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Figure 7. Latitudinal variation in Fgc over the tropical and the Southern Oceans where the
points represent the Fgc values at each latitude and the continuous line through the points repre-

sents the best fit.

Tablel. Aerosol forcing estimated for various latitude sectors

TOA forcing Surface forcing Atmospheric forcing
L atitude sector o (500 nm) (W m?) (W m?) (W m?
10°N to 0° 0.91 -10.14+ 4.9 —229+11.8 128+ 6.9
0° to 10°S 0.92 -5.0£0.81 -11.4+20 6.4+12
10°Sto 20°S 0.98 -3.81£0.35 -52+0.6 14+021
Southern Ocean 0.99 -3.9+£07 -4.7+0.7 0.8+ 0.05

different sectors of the tropical Indian Ocean and SO. For
this we used the available observations as anchoring
points in appropriate marine aerosol models™, which is
fine-tuned to match the optical properties with the meas-
urements. Based on our observations of AOD, o, Mt, Mg
and Fgc we have divided the study region into four latitu-
dinal sectors, viz. 10°N to equator, equator to 10°S,
10°-20°S and SO (20°-56°S) and adopted the maritime
polluted model for the northern tropical ocean, southern
tropical ocean and the maritime background model in SO
and used the Fgc values, spectral AODs and « values as
anchoring points. The relative abundance of non-measured
components was varied such that the spectral AODs esti-
mated for the composite aerosol model in each sector
agreed with the corresponding observed mean values of
spectral AODs for each sector in general. Using these
aerosol models, the single scattering albedo (w) and
phase function were estimated for each sector as a func-
tion of wavelength. The value of w estimated for each
sector at 500 nmisgivenin Table 1.

To compute the aerosol radiative forcing we have used
the Santa Barbara DISORT Atmospheric Radiative Trans-
fer (SBDART)™. The experimental values of spectra-
IAOD and « along with the estimated values of @ and
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phase function were incorporated into SBDART to esti-
mate the diurnally averaged clear sky short wave radia-
tive forcing. The short wave radiative forcing thus
estimated at TOA, surface and in the atmosphere for each
sector is given in Table 1. The short-wave aerosol radia-
tive forcing at TOA in the latitude sector 10°N to O°N
was in the range of —15.3 to -5.5 W m™ and correspond-
ing forcing at the surface was in the range —35.4 to
-11.9 W m™. Beyond equator, up to 10°S the magnitude
of forcing reduces drastically maintaining the surface to
TOA forcing ratio amost same. These estimates are made
for the latitude sectors north of ITCZ where the influ-
ences of anthropogenic aerosols from adjacent continen-
tal areas are significant. South of ITCZ, the magnitude of
forcing is low and more or less the same without any lati-
tude dependence.

Conclusions

Collocated measurements of columnar AOD, composite
aerosol mass concentration and black carbon mass con-
centration were made during the trans-continental cruise
experiment during January—March 2004 over the Indian
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Ocean and the SO. All the aerosol parameters show lati-
tudinal gradient towards south up to ITCZ. The latitu-
dinal gradient is found to be steeper during January and
weaker in March. The mean value of columnar AOD over
the north of the equator was in the range 0.32-0.38,
which reduces to ~0.11 over the SO. Similarly the BC
mass concentration in the range 2 (in January) to
0.7ugm® (in March), north of equator reduces to
<50ng m™ over SO. Both AOD and Mg show rather
steady values over SO. Even though My shows latitudinal
variations similar to that of AOD and Mz to the north of
ITCZ, it shows large variations in SO due to the enhanced
production of sea salt aerosols associated with the high
sea surface winds. The short wave aerosol radiative
forcing at the surface over north of the equator is in the
range —10 to —30 W m™, whereas that over SO it was in
the range —4 to —5W m™. The corresponding atmo-
spheric forcing was in the range of 6 to 13 W m™ and 0.8
to 1.0W m™,
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