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The mass loading of aerosols in the coastal and marine
environments is studied using a high volume sampler
(HVS) and a low pressure impactor (LPI) during the
first field phase of the Indian Ocean Experiment
{(INDOEX). These studies show that aerosol loading at
Thiruvananthapuram is in the range 20-130 pg/ma,
depending on the wind direction. During the sea
breeze period, the concentration is low, and during the
land breeze period, it is rather high. The mean size
distribution obtained using the LPI, in general, shows
a trimodal distribution. The measurements conducted
on the cruise show that the mass loading over the
ocean, near to the Thiruvananthapuram coast, is ~ 25—
40 pg/m° which is comparable to that observed on the
coast during the day. At Male a significant reduction
in aerosol loading is observed when the prevailing flow
pattern from north changed to south. This indicates an
increased concentration of aerosols in the northern
hemispheric air. A sharp decrease in aerosol loading is
observed at the Inter-Tropical Convergence Zone
(ITCZ), ~ 15°S during the southward voyage of the
ship. South of ITCZ, aerosol loading is less than that
in the north. A significant reduction in aerosol concen-
tration is observed deuring the return voyage in the
latitude region 12°S to the equator. An enhancement
in aerosol loading is observed in the central Arabian
Sea (lat. 10-15°N), which is higher than near the
Indian coast. The cruise data also showed a significant
positive correlation between the columnar aerosol
optical depth (at 0.5 um wavelength) and the surface

mass loading.
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THE INDOEX intensive scientific campaign was planned
for January 1999, with the first field phase (FFP) of this
experiment conducted in February—March 1998. The sci-
entific cruise started on 18 February 1998 and ended on
30 March 1998. In this cruise, a number of aerosol, radia-
tion and boundary layer experiments were performed. In
connection with this programme, intense aerosol char-
actseristics were measured over the continent from Janu-
ary to May 1998. Two types of aerosol samplers were
operated on the surface as well as on the cruise to study
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the mass loading and size distribution of aerosol particles.
As already mentioned, a single stage high volume sampler
(HANDI-VOL G2000) monitored the mass loading of
total suspended particles (TSP). The sampling rate of this
equipment is ~ 20 cubic feet per minute. The aerosol
sample is collected on a quartz fibre collection substrate.
The blank substrate is preheated and desiccated before
hand to eliminate the effect of condensed water vapour.
The tare weight is taken using a microbalance. After sam-
ple collection, the substrate is again desiccated before
weighing. From the mass of the substrate before and after
the sample collection, the mass of particles collected for a
fixed time period is obtained. Thus, along with a known
flow rate, the mass concentration is estimated.

Also during the cruise period, a 14-stage Andersen low
nresoure mpactos (LR is operated on the surface (©
study size distribution of aerosol particles. The LPI
provided information on 12 stze bins in the ringe
0.08-25 um of aerodynamic diameter. To determine the
aerosol size distribution, the aerodynamic diameters are
converted to appropriate Stock’s diameters (which are
close to the geometrical diameter of the particle) taking
into account the particle density, which depends on the
atmospheric relative humidity. The dry density is assumed
to be 2.5 g/cm’. Using an appropriate model' for the
variation of density with relative humidity, the density
corresponding to the prevailed atmospheric humidity
condition was estimated. The details of the sample col-
lection and method analysis are presented elsewhere®”.
The LPI is operated regularly at Thiruvananthapuram to
study the mass-distribution of near surface aerosols. Data
obtained during winter of 1998 are used for the present

study.

Aerosol measurements at the Thiruvanantha-
puram coast

During this campaign period the HVS and LPl were oper-
ated at Thiruvananthapuram to study the mass loading of
total suspended particles (TSP) and their size distribution.
Observations taken on different days show that the TSP
concentration is in the range 24 to 44 ng/m’, whea the
prevailing surface wind is onshore. During night when
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land breeze sets in, the TSP concentration (m) increases
significantly and is in the range 50 to 107 pg/m’. Hourly
values of m for a 24-h period measured on 8 January 1998
are presented in Figure 1. During the period from
1100 IST to 1900 IST, a sea breeze prevailed. For rest of
the penods, the wind was directed from the land. A sharp
increase in m was seen during the wind transition phase.
Around 2000 IST, m increases up to ~ 120 pg/m’. The
night-time concentrations are larger than the day-time
concentrations. The size distribution of near surface aero-
sols measured using the LPI is shown in Figure 2. Figure
2 a shows the mass distribution and Figure 2 b, the num-
ber-size distribution. Both present a trimodal type distri-
bution with mode radii around 0.05, 0.6 and 4.4 um of
particle radius. Except for this fine structure, the gross
form of the size distribution can be approximated to a
power law with size index® (the number of particles in the
radius range r and r + dr is proportional to r—, v being the
size index) ~ 4.0 + 0.07. The size distribution obtained
using LPI i1s representative of the average distribution
covering a time period of ~ 40 h which includes both day-
time and night-time conditions. The average mass con-
centration Of aerosol particles obtained from LPI meas-
urements in January 1998 was 113 pe/m’. During the FFP
of INDOEX, the HVS was installed on board the ship,
and the LPI was operated on land at the Thiruvananthapu-
ram coast. The LPI was operated during the starting phase
of the cruise from 18 February 1998 to 23 Febrnary 1998
when the ship was sailing along the Indian coast. The
mass distribution and number size distribution obtained in
this measurement are presented in Figures 2 ¢ and d. The
shape of the size distribution is almost similar to that in
Figures 2 a and & except that the mode radii shifted to-
wards the larger size regime. The modes are observed
around 0.2, 0.9 and 6.2 um of particle radius. Aerosol
mass loading obtained in this measurement is 133 pg/m’.
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Figure 1. Diurnal variation of aerosol mass concentration observed at
Thiruvananthapuram on 8 January 1998.
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The size index of the number-size distribution shown in
Figure 2d is 4.03 £ 0.05, which 1s comparable to that
obtained for January 1988.

Aerosol measurements on cruise

In connection with FEFP 98, the scientific cruise #133 of
ORV Sagar Kanya started from Goa on 18 February 1998.
The HVS was one of the aerosol measuring instruments
on this cruise. The sampler was located on the ship deck
{(~ 10 m above the sea level) towards the front end of the
ship, since its position is selected such that it always sam-
ples the martne air from the front end of the ship uncon-
taminated by ship exhaust. In this voyage, the cruise
covered a latitude region of 15°N to 20°S and a longitude
region of 37°E to 76°E (refer to Figure 1 of Introductory
Note). The HVS was operated almost every day (during
the day-time), except during the port call at Male and
Mauritius. The estimated mass concentration of aerosols
from these measurements is presented 1n Table 1.

Figure 3 a shows a plot of aerosol mass concentrations
along the cruise track. The length of the vertical bar is a
measure of the mass concentration, and the associated dot
indicates the mean position of the ship. Figure 3 b shows
the variation of m with latitude, solid squares representing
the data obtained during the southward voyage (up leg)
and open circles during the return trip (down leg). From
Figure 3 and Table 1, we see that the average concentra-
tion of aerosols near the Indian coast, during the up leg is
~ 29 pg/m°. This is comparable to the observed day-time
mass concentration at the Thiruvananthapuram coast,
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Figure 2. Mass distribution and number-size distribution for January
and February 1998 at Thiruvananthapuram obtained using a LPL
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during the sea breeze period. South of Male, m remains
more or less steady till the ship reaches close to ~ 10°S. It
then sharply decreases (8 wg/m’) around 13°S on 9 March
1998. On 11 March 1998 when the ship was positioned at
17.6°S, the mass concentration increased to 17 pg/m’.
Again in the return voyage when the observation started
on 17 March 1998, m 1s ~ 15 ug/mS. This decreased to
7 pg/m®> on the next day when the ship was around
14°S. From this latitude till the ship crossed the equator,
the aerosol mass concentration was significantly low
(2-5 pg/m°). This is lower than that observed during the
up leg in the same latitude region. North of equator, the
aerosol concentration increases with increase in latitude.
The maximum in m is observed around 10 to 15°N (long.
69°E). This is significantly higher than that observed near
the continent during the up leg (20-24 Iebruary 1998).
For further interpretation of this data, it is required to
know the details of the prevailing atmospheric dynamics

such as flow pattern, location of ITCZ, wind speed, etc.,
during the cruise period.

Association between surface streamlines and
aerosol concentration

Jha and Krishnamoorthi’ have computed the surface
streamlines and air trajectories on different days during
the cruise period. These flow patterns are used to interpret
the observed variations in m. The tlow pattern during the
starting phase of the cruise when the ship was sailing near
the Indian coast is shown in Figure 4 along with mass
loading on these days. As the flow pattern near the Indian
coast 1s almost similar for the period 20—24 January 1998,
a typical plot for 22 January 1998 1s presented in this fig-
ure. The numerals in Figure 4 b represent the mass con-
centration (ug/m’) at different mean positions of the ship.

Table 1. Aerosol mass concentrations measured at different locations during FFP 98 of INDOEX

Mass Position
Longitude concentration of ITCZ Remarks as noted

Date Latitude* (°E) (Hg/m’) °S)" from ship
Feb. 1998 10.8 71.7 25.9
20 9.2 73.6 20.7
21 8.3 76.0 25.8 Thiruvananthapuram
22 B.4 76.0 23.7 Thiruvananthapuram
22 8.0 74.0 38.4 Minicoy
23 8.0 74.0 46.2 Minicoy
gi 4.6 73.6 20.5 Male
March 1998

1 4.5 73.5 18.6 5 Male

5 1.0 74.0 27.4 10

3 ~1.6 72.6 31.0 10

p ~3.2 71.3 33.8 13

s ~6.0 6.2 26.4 {5

p -8.2 67.5 31.1 12

7 -9.5 66.2 21.0 10

Q ~11.1 64.9 19.3 12

9 ~-12.9 63.4 8.4 - ITCZ
10 —_ - - — Rain®
11 —-17.6 59.9 16.8 - -
19 - — - - Mauritius
17 ~15.9 61.1 14.5 5¢
8 ~13.3 62.4 6.9 54
15 -10.9 63.6 1.6 5 ITCZ
0 8.2 64.9 4.7 4 ITCZ
21 ~5.7 66.2 4.8 10}
22 -3.2 67.4 8.7 s:
23 —0.6 68.0 4.8 9‘
24 2.8 69. 14.) 10
25 5.5 69.0 18.7 i
2% 8.8 69.0 30.3
7 11.6 68.3 1.0
27 12.6 68.3 43.5
23 14.4 68.7 49.6

14.5

69.5

53.4

28 e e

*Negative sign indicates south of equator,

Y As provided by IMD (Brij Bhushan, personul communication).

bindicates week ITCZ,
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The anti-clockwise flow pattern originating from the
southern hemisphere extends up to 10°S. The flow
pattern south of 10°8 latitude, in general, is southerly. In
the northern hemisphere the surface winds are north-
easterly. Air from the adjoining continent flows south
up to ~ 10°S over the oceanic environment. In this period
the Inter Tropical Convergence Cell (ITCC) in the Indian
sector is located around this latitude. The hatches rep-
resent the area of precipitation in the convergence zone.
The location of ITCZ as provided by the India
Meteorological Department (IMD) on different days 1S
given in Tablel. From Figure 4 we can see that no signi-
ficant precipitation occurred on the cruise track on these
days. The aerosol-laden air from the continent conti-
nuously intercepts the cruise track, with aerosol mass
concentrations of different days ranging from 20 to
40 pg/m’. A small increase in m is observed near the
Minicoy coast.
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Fipure 3. a, An illustrative plot of aerosol mass concentration (meas-
ured along the cruise track. b, A plot of aerosol mass concentratiof
with latitude for the up leg and down leg of the cruise.
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Figure 5 shows the streamlines’ and aerosol loading
along the cruise track from 24 February 1998 to 2 March
1998 which includes the halt period at Male also. When
the ship was near Male, two observations taken on 24
February 1998 and 1 March 1998 showed significant
deviations: the value of m observed on 24 February 1998
was 28 pg/m’ and that on 1 March 1998 was 19 pg/m’.
Surface streamlines in Figure 5 show that the air usually
encountered in the Male region originates from the north-
ern parts. However, on 1 March 1998, the flow pattern
changes drastically. On this day Male received stream-
lines originating from the southern hemisphere. This is
associated with a significant decrease in m, indicating a
decreased concentration of aerosols in the southern hemi-
spheric air compared to that in the northern hemisphere.
On 2 March 1998, when the flow restores its original pattern,
the mass concentration increases to 28 ug/m°, which is com-
parable to that observed near the Indian coast.
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Figure 4. A typical surface streamline pattern during the start of the
cruise along with mass concensration measured near the Indian coast.
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Figure 6 shows the surface streamlines from 4 to 7
arch 1998 along with the measured mass concentrations
ien the ship was sailing south of equator. During this
riod, the air from north-easterly parts of the Indian
ntinent after flowing over the Bay of Bengal reaches the
rse track. The aerosol loading shows an almost uniform
ttern (around 30 pg/m’). The convergence zone (1ITCZ)
still south of the ship position, however, on 7 March
98 as the ship approaches ITCZ, the mass concentration
creases. Figure 7 shows the surface streamlines and
18§ concentrations as the ship crossed the ITCZ. During
> period up to 9 March 1998, no significant precipita-
n occurred near the cruise track, though the sky was
rtially cloudy associated with strong winds. On 9 March
98 the ship is well within ITCZ (i.e. ~ 12°S) and the
sasured mass concentration (~ 8 pg/m’) was signifi-
ntly lower than that on the previous day. On 9 March
98 when the ship sailed through ITCZ, a heavy shower

Surfoce Streamlines and Precip 24 Feb 1298 12UTC

Longitude

drenched the equipment, resulting in the loss of collected
sample. The next observation on 11 March 1998, when
the ship ts south of ITCZ and approaching Port Louis,
shows a value of m~ 17 pg/m’, which is significantly
lower than that observed in the north of ITCZ on 2 to 7
March 1998. An observation on 17 March 1998 during
the return trip showed a mass concentration of 15 ug/m”,
which is comparable with that observed on 11 March
1998. By this time the ITCZ moved north and weakened
(Table 1).

Figure 8 shows the surface streamlines and mass con-
centration from 19 to 23 March 1998. When the cruise
started from Mauritius, ITCZ was located around 5°S.
During the course of the voyage it moved towards south
up to 10°S (on 24 March 1998) and returned to 1°S (on
25 March 1998). This region encountered a strong con-
vective system during this period. The surface streamlines
influenced by this convective system and the associated
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movements of 1TC/Z are seen n this figure. Divergent
streambines are observed on the <¢rutse path, as the
streamiines from north and south iptercept on the cruise
irack in this regron. This s assooated with a sharp
decrease in acrosol loading (2-8 pg/mY). It may be noted
that these values of m are signtticantly lower than the
values concentrated during the up leg (20-30 pg/m™),
atmost i the same geographic region. For a direct com-
paricon the values of m encountered in this [atitude region
during the up leg are also shown in Figure 8 along with
those 1n the down leg (enclosed 1n a quadrilateral frame).
The mavement of ITCZ from 578 to 10°S and back might
have resulted a significant scavenging ot aerosols by way
ot the associated updraft, to distrnibute them globally
through higher altitudes in stratosphere.

North ot the equator the aerosol loading steadily
increases with the latitude. Figure 9 shows the surface
streamlines and mass loading towards the end of the

Latitude

Latitude

Longitude

cruise. The cruise track receives air from the north west-
erly part of central India, Pakistan and Gulf regions. Dry
land mass {(or desert) dominates these regions. The air
originating from this region is rich in mineral dust, and
these arid aerosols can travel long distances along the
oceanic environment. For example, based on satellite
imagery Ott et al.® have shown similar transport of dust
outbreaks from the coast of Africa to the Caribbean
crossing the North Atlantic Ocean. However, as the main
transport occurs at higher altitudes’®, the effect will be
less pronounced in the marine boundary layer. The pres-
ent observation shows that even this small perturbation is
observable in deck-level mass loading. The aerosol opti-
cal depth obtained using a multi-wavelength solar radi-
ometer aboard the present cruise also showed a similar
effect in this region’. In addition to arid aerosols, the
submicron particles of anthropogenic origin also can
contaminate this region (12° to 15°N). The observed mass

Latitude

Geographic Latitide

}
|
. 0

s 70 15 80 as
Geographic Longitude

Figure 6. Surface streamlines (4—7 March 1998) and aerosol mass concentration in the far oceanic regions of Indian Ocean.
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lating ITCZ.
WRRENT SCIENCE, VOL. 76, NO. 7, 10 APRIL 1999

CAR



SPECIAL SECTION: INDIAN OCEAN EXPERIMENT

— b

(R —

- - —_—————— ——

concentration s stemiticantiy higher than that near the
Thiruy ananthapuram oast duriny the starting phase of the
crurse throure 43

Comparison of columnar optical depth and mass
loading

In additton to the HVS, a 10-channet solar radiometer
helped study the spectral aerosol optical depths n the
vecanic environment. Fhe details of these studies are pre-
ented 1n by Krishna Moorthy o7 al.”. These results along
indicated an increased
domnance ot submicron particles near the coast. The
rerosol opticat depth in the shorter wavelengths showed a
Jeorease with inereasing distance from the coast. It 18 use-
tul tn this contest to examine the association ot the deck-
level aerosol mass loading with aerosol optical depth.
Frgure 10 shows o mass plot of the aerosol optical depth
T at 0.5 um wavelength (in which the contribution from
submicron particles s gutte significant) versus the deck-
level mass Toading at that location tor different days for

' }
with the carlier measurements’

Surface Streamiines and Precip 26 Morch 19388 12UTC
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the cruise period. The mass plot shows a stgnificant
positive correlation {0.74), which is significant above
99% level of significance. The columnar optical depth
can be estimated to be proportional to the mass
loading (T, = bm), the constant of proportionality being
0.005 m'/ug, when m is expressed in pg/m’. All along the
cruise track the columnar aerosol optical depth is almost
proportional to the deck-level mass loading (except for
the deviations indicated by the scatter of points in
Figure 10). This shows that the overall features and the
assocration of deck-level mass loading with surface
streamlines and dynamics are applicable for the aerosols
in the entire column of the atmosphere. This is expected
because significant contribution of 7, comes from the first few
kilometres of the atmosphere, and the surface mass loading is
related to the integrated content in this region (as the active
dispersion mechanism is the vertical convective diffusion).

Results and discussion

[n connection with FFP 98 of the INDOEX programme a
high volume sampler and a LPI have been operated on the

Surfoce Streamlines ond Precip 27 Morch 1998 12UTC
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Figure 3. Surface streamlines and aerosol mass concentration in the middle Arabian Sea towards the end of the cruise.
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Figure 10. A mass plot of aerosol optical depth (at 0.5 pm) versus
mass concentration measured during the cruise period.

surface at the coastal station Thiruvananthapuram as well
as on the cruise. These measurements were conducted
during the winter (January-February 1998) when the pre-
vailing wind over the continent is north-easterly. Surface
measurements showed that the mass concentration varies
in the range 20130 ie/m°> depending on the wind direc-
tion. Average concentration which is ~ 35 ug/m’ during
the sea-breeze period increases by a factor of 2 to 3
during the land breeze period. Long-term averages
including both day-time and night-time conditions,
(obtained using the LPI) indicated a value of m 1n the
range 110-130 pg/m’.

Over the ocean, near the coast aerosol loading is ~ 25—
40 ug/m3 . This is in agreement with the observed day-time
concentrations at Thirnvananthapuram during the sea
breeze period. Increased night-time concentrations
observed over the coast can be confined to regions very
close to the shore. The observations at Male from two
different days having different wind directions have
shown that the mass loading in 28 pg/m’ when the
prevailing surface wind is directed from the Indian coast
(N-E). This decreases to 19 pg/m’ when the wind direc-
tion changes to S—E. This indicates an increased concen-
tration of aerosols in the northern hemispheric air
compared to that in the southern hemispheric air. A
decrease in aerosol concentration was observed near the
ITCZ. A sharp decrease in m was observed within ITCZ.
This can be mostly attributed to the increased vertical
convection at the ITCC. The aerosol concentration south
of ITCZ was less than that in the north, During the return

voyage, the aerosol loading was significantly low 1n the
latitude region 12°S to equator. This is attributed to the

sweeping of a convective system and associated oscilla-
tion in ITCZ. North of equator the mass concentralion
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steadily increases with increase in latitude. An increased
concentration of aerosols observed in the central Arabian
Sea (12-15°N) can be attributed to advection of arid
aerosols from north. A signtficant positive correlation was
observed between m and 7,, indicating that these features
are valid to a greater extent for the aerosol loading in the
entire column of the atmosphere.

Ten-day back trajectories of air reaching the cruise
track at different pressure levels in the far oceanic regions
of the Indian Ocean, provided by Jha and Krishnamoor-
thi>, show that near the surface (990 mb) the continental
air from north advects up to ~ 12°S along the cruise track.
South of this the southern hemispheric air from south and
south-east {open sea) intercepts the cruise track. At higher
altitudes (~ 850 mb) the air from east also intercepts the
cruise track at both sides of the ITCZ. As a significant
contribution of aerosol optical depth comes from lower
altitudes, the spatial pattern seen in m and 7, north of
ITCZ is mainly contributed by air from north and north-
east continents. During the down leg, south of Male, up to
ITCZ (~ 5°S) advection of continental air from north and
north-east is significant. South of ITCZ, the air reaching
the cruise track mostly originates from open sea in the
south-eastern parts. The aerosol loading in the southern
hemispheric air (~ 15 ne/m’) is ~ 50% less than that in
the northern hemispheric air (~ 30 pg/m’) advecting
towards ITCZ. This extra amount of aerosols in the
marine environment north of ITCZ would have been con-

tributed by continental emissions.

1. Hanel, G., Adv. Geophys., 1976, 19, 73.

2. Parameswaran, K. and Vijayakumar, G., Indian J. Radio Space
Phys., 1993, 22, 42-49.

3. Parameswaran, K. and Vijayakumar, G., Indian J. Radio Space
Phys., 1994, 23, 175-188. |

4. Parameswaran. K., Rose, K. Q. and Krishna Murthy, B. V_, Appl
Opt., 1991, 30, 3059-3071.

5..Jha, B. and Krishnamoorthi.,, T. N., Real-time Meteorological
Reanalysis Atlus Diering Pre-INDOEX [Field Phase-1998, FSU
Report #98-08, Departiment of Meteorology, Florida State Univer-
sity, Tallahassee, FL 32306-4520, USA, August 1998.

6. Ott, S. T., Ott, A., Martin, D.W. and Young, J. A, Monthly
Weather Rev., 1991, 119, 1832-1850.

7. Karyampudi, V. M. and Carlson, T. N,, J. Atmos. Sci., 1988, 45,
3102-3136.

8. Westphal, D. L., Toon, O. B. and Carison, T. N., /. Anmos. Sci.,
1988, 45, 2145-2175,

9. Krishna Moorthy, K., Saha, A., Niranjan, K., Preeta S. Piilat,
Curr. Sci., 1999, 76, (this issue).

10. Krishna Moorthy, K., Satheesh, $. K. and Krishna Murthy, B. V.,
Resulis on acrosol characteristics over tropical Indian ocean during
the INDOEX Campaign ~ Cruise #109 of Sagar Kanya, INDOEX-i
SR-97-02. INDOEX Programme OQOffice, Department of Space,

Bangalore, 1997,

ACKNOWLEDGEMENTS. We thank K. Krishnamoeorthy for the map
of the cruise track and the acrosol eptical depth data. We also thank
T. N. Krishnamoorthi for the surface streamlines and air trafectones.

953



