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ABSTRACT. Ocean colour sensors are equipped with atmospheric correction bands operating in the near infrared
region of the spectrum. At these wavelengths, the ocean surface, because of high infrared absorption by water, acts as a
dark background and the sensor detected radiance is due to solar radiation backscattered by the atmospheric air molecules
and aerosols called Rayleigh and aerosol path radiances respectively. From the radiances in the atmospheric correction
bands, after accounting for Rayleigh path radiance, it is possible to determine aerosol parameters like aerosol optical
depth (AOD) and particle size distribution index.

While sensors like IRS P3 MOS-B, IRS P4 OCM, NOAA-AVHRR, etc detect AOD in the total atmospheric
column, IRS P3 MOS-A sensor can detect AOD in two atmospheric layers by exploiting the differential absorption
property of oxygen at four narrow band channels at the O, A band around 760nm. The method of determination from
ocean colour sensors and the results from IRS P3 MOS-B, IRS P4-OCM and IRS P3 MOS-A radiance data are presented
and discussed.

Key words — IRS P3 MOS-A & B, IRS P4 OCM, Atmospheric correction bands, Aerosol optical depth, Particle
size distribution, Aerosol plumes, O, A absorption bands, Layer wise optical depth.
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Study of aerosols has gained greater importance in
recent years with the increasing awareness of their
radiative influence on the earth’s atmosphere (Charlson et
al., 1987). Aerosols are solid or liquid partic£es suspended

in the air. Their sizes range from ~10 ’ to 10 pm with the
number density decreasing towards larger size. Large
quantities of aerosols are continually being put into the
atmosphere by natural and man made activities. Dust
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industrially produced sulphuric acid droplets, volcanic
ash, etc. are some examples of aerosols (WCP, 1984).
Aerosols have a wide range of chemical compositions
resulting from the different mechanisms of their
generation, e.g. wind blowing over deserts (silicate,
mineral and clay particles), forest and man made fires
(soot particles), volcanic eruptions (sulphate particles),
vegetation (organic particles resulting from the photo
chemical reaction of aromatic gases), industrial activities
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(sulphates, nitrates, metallic particles), ocean waves (NaCl
particles), oceanic phytoplankton (sulphate particles
produced through the oxidation of dimethyl sulphide
released during blooms, Kaufman et al., 1997), marine
algae (photochemical reactions of iodine emissions from
marine algae, Kolb, 2002) etc. Once released into the
atmosphere, aerosols can remain in suspension for long
periods of time: days to weeks in the case of tropospheric
aerosols and months to years in the case of volcanic
aerosols injected into the stratosphere by strong volcanic
eruptions.

Aerosols are responsible for a variety of atmospheric
effects: from causing reduced visibility, air pollution,
acting as condensation nuclei in cloud formation, to
modifying the weather and climate on a regional and
global scales by affecting atmospheric radiation balance.
Aerosols also interfere with the remote sensing activities
requiring their effects to be eliminated from the radiance
data of a sensor for the correct estimation of geophysical
parameters. The most important among all the aerosol
effects, however, is their role in the atmospheric radiation
budget (Coakley et al., 1983) through scattering and
absorption of the incident solar radiation. While they cool
the earth’s surface through scattering of solar radiation,
the radiation absorbed by them warms the atmosphere.

In recent years, a number of attempts have been made
to assess the impact of aerosols on the earth’s weather and
climate using numerical prediction models. Some studies
have indicated on a global scale, their scattering effect can
offset the greenhouse forcing by about 20-40% (WMO,
1996). Whereas on a regional scale, the numerical
experiments show the aerosols to cause reduced vertical
mixing in the tropics (through modification of the
temperature profile), narrowing of the ITCZ (Inter
Tropical Convergence Zone) and a slowing of the trade
winds, cooling of the north Atlantic atmosphere and
weakening the monsoon by reducing the land - sea
temperature contrast. The results of such numerical
experiments, though quantitatively uncertain, have
provided important insights into aerosol effects in the
atmospheric circulation dynamics. One major cause of the
uncertainty is the lack of large scale information on
aerosol parameters like their complex refractive indices,
their seasonal variations, generation sources and sinks,
vertical profile, residence time, etc. All the information
currently available on aerosols are obtained mostly
through land based observations (sun photometers, lidars,
Anderson impactors, etc.) complemented by very rare
observations on balloon borne, ship borne (Satheesh et
al.,, 2001), aircraft borne and rocket borne platforms.
These observations are of limited spatial and temporal
extents highly inadequate for using as inputs into
numerical prediction models.

Satellites, on the other hand, with their capability for
large area coverage and short term repeativity, are the
most ideal means for acquiring global information on
aerosols. The satellite sensors SAM-I&II (Stratospheric
Aerosol Measurement) and SAGE-I&II (Stratospheric
Aerosol and Gas Experiment) have for several years (from
late 70’s to early 90’s), monitored stratospheric aerosols
through limb viewing sun occultation technique.
However, these instruments did not have continuous
spatial and temporal coverage and the measurements were
confined to stratospheric altitudes.

The currently orbiting ocean colour sensors like IRS
P3-MOS-B (Modular Optoelectronic Scanner), IRS P4-
OCM (Ocean Colour Monitor) and SeaWiFS (Sea viewing
Wide Field Sensor), though primarily meant for ocean
colour sensing, can detect aerosols with large area
coverage at frequent intervals. The prime mission of these
sensors is to detect ocean water constituents (€.g.
chlorophyll pigments, suspended particulate matter,
yellow substance, etc.) from the solar radiation reflected
by the upper layer of ocean in the spectral region ~ 400-
700nm. But the radiation from seawater - called water
leaving radiance - before reaching the space borne sensor,
gets heavily contaminated by the solar backscatter from
the atmospheric air molecules and aerosols.  This
atmospheric interference has to be removed from the
sensor recorded radiances before they can be used for the
estimation of ocean constituents. For this, every ocean
colour sensor is additionally equipped with a few (a
minimum of two) atmospheric correction channels or
bands, which measure radiances in wavelengths greater
than 700 nm. In these wavelengths, ocean surface acts as a
dark background - because of high infrared absorption by
water — and the detected radiances are just due to the solar
backscatter produced in the atmosphere. Using the wave
length dependence of this atmospheric radiance
determined from the atmospheric correction bands, their
values in the ocean colour wave lengths (below 700nm)
are computed through an extrapolation and removed from
the sensor measured radiances to obtain the water leaving
radiances. The water leaving radiances are subsequently
introduced into bio-geo-chemical algorithms for the
estimation of ocean water constituents.

The atmospheric correction bands of the ocean colour
sensors, while detecting atmospheric radiance, are also
indirectly acquiring information on the atmospheric
aerosols (Gordon, 1997) since part of the atmospheric
radiance is produced by aerosol scattering. Therefore the
radiances in the atmospheric correction channels become a
means for detecting atmospheric aerosols over the oceans.
The determination marine aerosol optical depth (AOD)
and the index of their particle size distribution from the
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TABLE 1

Main specifications of some currently operational ocean colour sensors for aerosol detection

Sensor parameters IRS P3-MOS-B  IRS P4-OCM Sea WiFS MODIS
Spatial resolution (km) 0.52 0.360 1.1 1.0
Swath (km) 200 1420 2801 2330
Repeativity (days) 24 2 2 1
Local time at equatorial crossing 10:45 AM 12 noon 12 noon 10:30
Spectral bands (nm) (1) 408+5 (1) 41210 (1)412+10 (1) 412.5+7.5

(2) 443%5 (2) 443£10 (2) 443£10 (2) 44345

(3) 48545 (3) 490+10 (3) 490+10 (3) 488+5

(4) 52045 (4) 51010 (4) 520£10 (4) 53145

(5) 570+£5 (5) 555£10 (5) 550£10 (5)551+£5

(6) 615£5 (6) 670+10 (6) 670+10 (6) 667£5

(7) 65045 (7) 765+20* (7) 765£20* (7) 67845

(8) 685%5 (8) 865+20* (8) 865£20* (8) 748£5*

(9) 750+5* (9) 869.5+7.5*

(10) 815+5

(11) 870+5*

(12) 94545

(13) 1010£5*
Radiometric quantisation 16 bits 12 bits 10 bits 12 bits
Signal to Noise Ratio (SNR) ~400 ~350 ~500 ~1000

* indicates the bands used for aerosol detection

radiance data of atmospheric correction bands are
described in section 2.

Based on the same principle, channels 1 and
2 of NOAA - AVHRR (550-680nm and 725-1100nm
respectively) are currently being used for the detection
and operational mapping of marine AOD. But unlike the
bandwidths of ocean colour sensors (typically, 0-20nm),
these channels are very broad and so, the aerosol
information is likely to be contaminated by atmospheric
water vapour absorption and scattering from suspended
particulates in turbid coastal waters.

The MOS-A sensor on board the IRS P3 satellite has
the capability to detect aerosols in two or three
atmospheric layers through the differential absorption of
solar radiation in four narrow band channels in the O,A
(Oxygen) absorption band around 760 nm (Ding and
Gordon, 1995). The basic technique of AOD detection by
this sensor is described in section 3.

Results of AOD retrieval from IRS P4-OCM, IRS P3
MOS-A and B are presented in section 4 and the
conclusions are discussed in section 5.

2. Aerosol parameters from ocean colour sensors

The main specifications of some of the currently
operational ocean colour sensors MOS, OCM, SeaWiFS§,
MODIS  (Moderate resolution Imaging  Spectro
radiometer) are given in Table 1

2.1.  Determination of aerosol optical depth (AOD)

As stated section 1, water acts as a dark background
for wavelengths A >700nm because of high infrared
absorption and so, the sensor detected radiance at the top
of the atmosphere (TOA) will be just the sum of the
radiances due to the scattering by air molecules (Rayleigh
scattering) and aerosols (aerosols scattering) in the
atmosphere. These radiances are also called the Rayleigh
path radiance and the aerosol path radiance respectively.
One can write,

LM =Lp(M) +Lg(b) (1)
where

Lt = sensor detected TOA radiance in wave length 2
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Lr’a: FOWOr’a.Tr’a.pr’a / (47[0059\/)
= Rayleigh/aerosol path radiance

Fo, = extra terrestrial solar flux

0y = satellite viewing zenith angle

W = Rayleigh single scattering albedo (~1.0)
Wg = aerosol single scattering albedo

Tra= total column Rayleigh /aerosol optical depth

Pra=a function related to the Rayleigh/aerosol

scattering phase function

The function Pr.a is related to the scattering phase
function as

Pa,r(Y) = Pa r(y )HR(®y) + R(es)]Pa,r(Y+) (2)

where R is the Fresnel reflectance of the water
surface, Og is the solar zenith angle and yris the
forward/backward scattering angle defined by

cos Y= = +cosBy cosOs - sinby sinds cos(¢) 3)

where Og is the sun zenith angle and ¢ is the azimuth
difference between the sun illumination and satellite
viewing directions. The Rayleigh optical depth at any
wave length is determined by

1y = 0.008735 A% (5,/1013.25) 4)

where A is expressed in microns and o, is the
atmospheric pressure. The Rayleigh scattering phase
function appearing in Eqn. (2) is given by

Pr(y®) = B3/4)[1 + cos2(y)] (5)

The scattering phase function for aerosol Pa(yi) is

approximated by a two term Heyney-Greenstein function
(Das et al., 2002, Doerffer, 1992) defined by

Pa(v) = Af(yE, gp) + (1-A) (5, gp) (6)
where
f(rF, 9) = (1 - g2)/[(1 + g2 - 29 cosy™)3/2] (7

TABLE 2

Main specifications of IRS P3 MOS-A

Sensor parameters IRS P3-MOS-A

Spatial resolution (km) 1.52

Swath (km) 200

Repeativity (days) 24

Local time at equatorial crossing 10:45 AM

Spectral bands (nm) (1) 757.0£0.7
(2) 760.6£0.7
(3) 763.5+0.5
(4) 766.5+0.5

Radiometric quantisation 16 bits

Signal to Noise Ratio (SNR) ~ 400

with A = 0.985, g; = 0.8 and g, = 0.5 for marine
aerosols (Sturm, 1980).

The relations (1) - (5) are used to determine the
aerosol optical depth in an atmospheric correction band as

T3 = [(Lt - Lp/Fq] . 4mcosdy, /pg ()

in which wpg is assumed to be 1.0 for marine
aerosols.

2.2.  Aerosol particle size distribution
The aerosol optical depths derived using Eqn.(8) is
related to the wavelengths of the atmospheric correction

bands through the Angstrom’s turbidity formula (Doerffer,
1992):

Tq =const. (A)* 9)

where a is called the Angstrom exponent and can be
determined as

o = Jog(r) ~log(r) (10
log(7.,) ~ log(,)

The suffixes 1 and 2 correspond to the two
atmospheric correction bands.

Based on large amount of observational data, Junge
(1958) has proposed an aerosol particle size distribution in
the form of a power law

dN/d(logr) = C rV (11)



1.0

Transmittance

Upper
troposphere

L oweer
troposphere

Ky

DAS & MOHAN : DETECTION OF MARINE AEROSOLS

O , A Transmittance in MOS-A channels 1- 4

%%3‘3 ttd
{35&%‘5‘
P RERY a4 &

sifiad haiaun:

*

e

Al

e <
baditt S8 VESE ¥
s e
s

& u arwo AR
g g

3805 g
sl

[E——

756

758

M

762 764

A

766 768

Fig. 1. Atmospheric transmittances in IRS P3 MOS-A channels 1-4

Layer wise aerosol detection by MOS-A

—
=

Total atmospheric
0,A transmittance

Fig. 2. The mechanism of layer wise detection of aerosols by MOS-A

L

LY

570

Ti0.6

T63.5  T6.5

Atmospheric transmittance, Tiz)

(nm)

{nm}

331



332 MAUSAM, 54, 1 (January 2003)

OCM detected AOD near Trivandrum
on October 15, 1999

Fig. 3. Aecrosol optical depth detected by
IRS P4-OCM on 15 October,
1999, south of Trivandrum

Monthly averaged OCM detected aerosol plume off Mumbai
(January, 2000)
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Fig. 4. Monthly averaged OCM detected AOD aerosol
plume off Mumbai coast for January, 2000

where dN is the number of particles per unit volume
with radii between r and r + dr, v is the power law index
and C is a constant. The index v is related to the Angstrom
exponent as,

v=o+2 (12)

One can see from relation (11) that as the value of v
(or a) increases, the particle size distribution becomes
steeper and the number of smaller particles increases in
comparison with larger particles making the average
particle size smaller. Thus, larger values of Angstrom
exponent can be taken to indicate a predominance of
smaller particles and vice versa.

MO3S detected AQD (750 nm), January 6, 1998

Mumbai

.
0.0 08

Fig. 5. Aerosols detected by IRS P3-MOS on 6 January 1998
seen giving rise to cloud formation acting as condensation
nuclei

TABLE 2

Main specifications of IRS P3 MOS-A

Sensor parameters IRS P3-MOS-A

Spatial resolution (km) 1.52

Swath (km) 200

Repeativity (days) 24

Local time at equatorial crossing 10:45 AM

Spectral bands (nm) (1) 757.0£0.7
(2) 760.6£0.7
(3) 763.5+0.5
(4) 766.5+0.5

Radiometric quantisation 16 bits

Signal to Noise Ratio (SNR) ~400

3. Detection of AOD in two atmospheric layers by
MOS-A

The main specifications of the MOS-A sensor on
board IRS P3 are given in Table 2. It has the capability for
layer wise detection of aerosols by utilising the
differential nature of the 0,A absorption of atmospheric

oxygen in four narrow band channels (Fig. 1).
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IRS-P3 MOS-A, Gujarat Coast, October 11, 1997

Figs. 6 (a-c). Aerosol distribution in two layers detected by IRS P3-MOS. (a) Aerosol optical depth in the
top (3-9 km) layer (enhanced by a factor of 10) (b) Aerosol optical depth in the boundary
layer (0-3 km) and (c) Total columnar aerosol optical depth

The basic idea involved here, as depicted in Fig. 2, is
that the light backscattered by aerosols in the upper and
the lower layers travel different distances in the
atmosphere decided by the strength of absorption in the
different MOS-A channels. Consequently, the channel
with maximum absorption will contain radiation scattered
by aerosols predominantly in the upper layer while the
channels with weak absorption will contain radiation
scattered by aerosols in the upper as well as lower layers.
Therefore, from the radiances measured in a few channels
(say, three or four) with varying degrees of absorption, it
is possible to separate out acrosols in two or three layers
through an inversion procedure after accounting for the
reflectance from the ocean surface.

3.1. Formulation of the inversion problem

The radiance detected in the ith MOS-A channel is
given by the following integral:

Ltj = [Foi/(4mcosby)] J. K02( Ai2)-Xj(z)dz + 8L (13)
0
where

K02 (Aj,2) kernel representing the O,A

transmittance

Xj = {[dtj(2)/dz]wgripritldTai(2)/dz]Wo4iPai} -
exp {-S[trj(2)+7ai(2)] } forz>0

=47 R(Og, 0y) cosOg.exp{-s[1j(0)+14i(0)]}
forz=0

R(0s, 0y)= ocean surface reflectance
s = 1/cosby, + 1/cosbg

SLj = noise in the ith channel

Taking a simple, two layer model for the atmosphere
with one layer between 0 and 3 km (boundary layer) and a
second layer between 3 and 9 km (upper tropospheric
layer) with aerosol optical depths 151 and t5y for the
upper and the lower layers respectively, one can use
Eqn.(13) to write the aerosol path radiance as,

Lai = Ajta1 Ti(1) + BjtaTi(1.2) + R Tgi(1.2) + Ly (14)

where i=1,2 correspond to the least and the maximum
absorption channels, Aj and Bj are functions of the extra

terrestrial flux, viewing angle, aerosol scattering phase
functions and the aerosol single scattering albedo, Tj(1) is
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a function of 141, Tj(1,2) and Tsj(1,2) are functions of t5]
and t47 and L is the Rayleigh path radiance.

4. Results

Fig. 3 is an IRS P4-OCM image showing the total
column AOD distribution near Trivandrum in the month
on 15 October, 1999. One can notice in this image streaks
of aerosols caused by the extending from the land to the
oceans in various directions caused by the prevailing
winds at the time of satellite pass. The dark patches are
areas the masked for highly reflecting land and cloud
surfaces. While land surface has sharp edges, the clouds
have optically thin parts near the edges which are not
masked.

The monthly averaged AOD derived from OCM for
January 2000 is shown in Fig. 4. A intense plume of
aerosols from Mumbai coast, probably generated by the
industrial activities, is found to extend deep into the
ocean under the influence of the northwesterly winds of
the season.

Fig. 5 is MOS-B AOD image of aerosol plume from
Mumbai coast on 6 January, 1998 seen connected to a
large patch of cloud. This is a typical example of aerosols
acting as condensation nuclei giving rise to cloud
formation.

Figs. 6 (a-c) show the layer wise distribution of
aerosols detected by IRS P3 MOS-A sensor off the
Gujarat coast on 11 October, 1997. Fig. 5(a) shows the
AOD (scaled up by a factor 10) in the top (or 3-9km)
layer, (b) represents the boundary (0-3km) layer and (c) is
the total columnar aerosol optical depth.

5. Summary and conclusions

Satellites are one of the most effective means for
global monitoring of aerosols at frequent intervals. The
atmospheric correction bands of space borne ocean colour
sensors can provide quantitative information aerosol
parameters such as aerosol optical depth and size
distribution index. Results from the ocean colour sensors
IRS P3 MOS-B and IRS P4-OCM are presented. It was
seen that these sensors can detect the aerosol origins near
the coast and the extent of their dispersal into the oceanic
atmosphere.

The differential absorption property of IRS P3
MOS-A channels near the O,A band was used to estimate
AOD in two atmospheric layers. This can be an effective
tool in studying the transport of aerosols governed by the
winds in the upper and lower tropospheric altitudes.
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