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Abstract

In this paper we analyse aerosol loading and its direct radiative effects over the Bay of
Bengal (BoB) and Arabian Sea (AS) regions for the Integrated Campaign on Aerosols,
gases and Radiation Budget (ICARB) undertaken during 2006, using satellite data from
the MODerate Resolution Imaging Spectroradiometer (MODIS) on board the Terra and5

Aqua satellites, the Aerosol Index from the Ozone Monitoring Instrument (OMI) on
board the Aura satellite, and the European-Community Hamburg (ECHAM5.5) general
circulation model extended by Hamburg Aerosol Module (HAM). By statistical com-
parison with large-scale satellite data sets, we firstly show that the ship-based ICARB
observations are representative for the entire northern Indian Ocean during the pre-10

monsoon season. In a second step, the modelled aerosol distributions were evaluated
by a comparison with the measurements from the ship-based sunphotometer, and the
satellites. It was found that the model reproduces the observed spatial and tempo-
ral variability in aerosol optical depth (AOD) and simulated AODs to a large extent.
However, AOD was systematically underestimated during high-pollution episodes, es-15

pecially in the BoB leg. We show that this underprediction of AOD is mostly due to
deficiencies in the coarse mode, where the model showed that dust was the dominant
component. The analysis of simulated dust AOD along with the OMI Aerosol Index
showed that the too low dust emissions from the Thar Desert in the model are the
main cause for this deficiency. Thirdly, we analysed the spatio-temporal variability of20

AOD comparing the ship-based observations to the large-scale satellite observations
and simulations. It was found that most of the variability along the track was due to
geographical patterns, with minor influence by single events. Aerosol fields were ho-
mogeneous enough to yield a good statistical agreement between satellite data at a
1◦ spatial, but only twice-daily temporal resolution, and the ship-based sunphotometer25

data at a much finer spatial, but daily-average temporal resolution. Finally, we esti-
mated the shortwave aerosol radiative forcing. We found that the cruise represents
well the regional-seasonal mean forcings. Constraining simulated forcings using the
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observed AOD distributions yields a regional-seasonal mean aerosol forcing of −8.6,
−21.4 and +12.9 W m−2 at the top of the atmosphere (TOA), at the surface (SUR) and
in the atmosphere (ATM), respectively, for the BoB region, and over the AS, of, −6.8,
−12.8, and +6 W m−2 at TOA, SUR, and ATM, respectively.

1 Introduction5

Atmospheric aerosols play a significant role in regional and global climate by interacting
with radiation (scattering and absorption) and modifying cloud microphysical proper-
ties, although the magnitudes of these impacts remain uncertain (Forster et al., 2007).
Aerosols exhibit a large spatial and temporal variability, which impacts the spatial distri-
bution of atmospheric heating (Ramanathan et al., 2001; Chung et al., 2005; Adhikary10

et al., 2007). Aerosol radiative effects have been linked to emission source categories
with large uncertainties that resulted from the lack of knowledge about technologies
used in various emission sectors (Reddy et al., 2005; Koch et al., 2007; Verma et al.,
2008). In addition, the aerosol climate impacts are complex and difficult to quantify
and to observe (Forster et al., 2007; Reddy et al., 2005). Therefore, investigations15

of aerosol distributions, along with an understanding of emission sources, on regional
scales are needed to probe uncertainties in their atmospheric abundance and climate
impacts.

Recent observational and modeling studies found large spatial and seasonal hetero-
geneities in aerosol chemical and physical properties over the Indian region (Reddy et20

al., 2004; Chung et al., 2005; Adhikary et al., 2007; Verma et al., 2008; Moorthy et
al., 2008; Kedia and Ramachandran, 2008; Ramachandran and Cherian, 2008). Dur-
ing the pre-monsoon season, from March to May, the westerly wind flow brings dry
and polluted continental air masses over the Indian ocean along with clear-sky and
minimal rainfall conditions. This provides an ideal situation to analyse the aerosol dis-25

tributions and radiative effects. Several intense field campaigns have been conducted
to characterize the aerosol distributions and its radiative effects during the north east
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(NE) or winter monsoon season of January–March (e.g., Ramanathan et al., 2001; Ra-
machandran and Jayaraman, 2002). A recent observational campaign, the Integrated
Campaign for Aerosols, gases and Radiation Budget (ICARB), was conducted over
the BoB and AS region during 18 March to 10 May 2006 (Moorthy et al., 2008; Ke-
dia and Ramachandran, 2008; Moorthy et al., 2009; Kedia et al., 2010), termed the5

pre-monsoon season, which precedes the south west (SW) or summer monsoon. The
presence of significant spatio-temporal variations in aerosol loading (Moorthy et al.,
2008; Kedia and Ramachandran, 2008) resulted in large spatial heterogeneities in the
aerosol forcing and atmospheric heating patterns during this campaign (Moorthy et al.,
2009; Kedia et al., 2010). Therefore, an understanding of the causes of the distinct10

spatio-temporal patterns in aerosols and associated radiative forcing during the ICARB
period is needed.

General circulation models (GCM) simulate the processes of emission, chemical
and physical transformations, removal mechanisms, transport, and radiative impact
of aerosols. The simulated aerosol properties and their climate effects exhibit large15

uncertainties (Textor et al., 2006; Forster et al., 2007) due to the often inadequate rep-
resentation of aerosol-related processes in climate models and inaccuracies in aerosol
emission estimates (Textor et al., 2006). The aerosol optical depth as simulated by
large-scale models was found to be underestimated by a factor of 2 over the Indian
region (Reddy et al., 2004; Verma et al., 2008) and by a factor of 1.4 over the Asian20

region (Adhikary et al., 2007; Kinne et al., 2006). With the large spatial and temporal
variability in aerosol distributions, model comparison studies with in situ and satellite
observations become a valuable tool for studying aerosol climate effects over the Indian
region.

In this study, we examined whether ICARB observations are representative of impact25

over the entire northern Indian Ocean during the pre-monsoon season. The colum-
nar aerosol distributions are estimated using the European Centre for Medium-Range
Weather Forecasts (ECMWF)-Hamburg (ECHAM, version 5.5) GCM combined with the
Hamburg Aerosol Model (HAM). The current version of the model includes as aerosol
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species sulfate, black carbon (BC), organic carbon (OC), dust, and sea salt. The large-
scale datasets from the ECHAM5.5-HAM model and the MODIS satellite data were
used to assess the representativeness of the ICARB ship-based observations. An
analysis of the model-simulated aerosol distributions in comparison to measurements
was carried out in this study using the observations from ships and satellites during the5

ICARB period. The model-simulated fine and coarse mode AODs were compared to
satellite retrievals (MODIS) and used to estimate the columnar aerosol type and size
distributions. We also present a constrained estimate of the direct aerosol radiative
forcing in the shortwave (SW) spectrum at the top of the atmosphere (TOA), at the
surface (SUR) and in the atmosphere (ATM).10

2 Model description

2.1 The aerosol-climate model ECHAM5.5-HAM

Atmospheric simulations were made in the ECHAM5.5 GCM (Roeckner, 2003) with
a horizontal resolution of T63 (about 1.8◦×1.8◦) and a vertical resolution of 31 levels
(extended from the surface to 10 hPa) combined with the aerosol module HAM (Stier15

et al., 2005). The main components of HAM are the microphysical module M7 (Vignati
et al., 2004), an emission module, a sulfate chemistry scheme (Feichter et al., 1996),
a deposition module, and a radiative transfer module (Stier et al., 2006). The aerosol
components considered in HAM are sulfate, BC, OC, sea salt and mineral dust (Stier
et al., 2005). The microphysical module of HAM predicts the evolution of an ensemble20

of seven internally mixed lognormal aerosol modes. The modes were composed either
of compounds with no or low solubility, henceforth denoted as insoluble mode, or by
an internal mixture of insoluble and soluble compounds, henceforth denoted as soluble
mode (Stier et al., 2005). The size ranges considered are below 0.005 µm dry particle
number median radius (r) for the nucleation mode, r between 0.005 and 0.05 µm for25

the Aitken mode, r between 0.05 and 0.5 µm for the accumulation mode, and r above
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0.5 µm for the coarse mode (Stier et al., 2005).
Aerosol optical properties (single scattering albedo, extinction cross section, and

asymmetry factor) are precalculated explicitly from Mie theory (Toon and Ackerman,
1981) and archived in a look-up table for a wide range of aerosol size distributions
and refractive indices (Stier et al., 2005), and for 24 solar spectral bands (ranging from5

0.25 µm to 4 µm). At each time step of the simulation, the aerosol optical properties
were extracted from the look-up table for each mode as a function of the Mie size pa-
rameter (x=2πr /λ, where r is the number median radius of the lognormal mode and λ
is the wavelength) and of the real and imaginary parts of the refractive index. For inter-
nally mixed particles, the refractive index was calculated as a volume-weighted average10

of the refractive indices of all components present in the mode, including aerosol water
(Stier et al., 2005).

2.2 Estimation of radiative forcing and heating rate

In ECHAM5.5-HAM, the instantaneous short wave direct aerosol radiative forcing
(DARF (∆F ), W m−2) was computed as the difference in the clear-sky net radiative15

fluxes, with and without the radiative properties of the total aerosols (Stier et al., 2007).
Adjustment of stratospheric temperatures can be neglected in the forcing calculations
(Stier et al., 2007). The DARF at TOA and SUR was estimated as the change in the
net (downward minus upward) flux with and without the presence of aerosols in the
atmosphere as:20

∆F TOA,SUR =∆Fwith aerosol TOA, SUR−∆F without aerosol TOA, SUR (1)

The DARF within the atmosphere (∆FATM) was estimated as the difference between the
radiative forcing at TOA and SUR as:

∆FATM =∆FTOA−∆FSUR (2)

The ∆FATM indicates the amount of radiative flux (energy) absorbed by the aerosols.25

The heating rate (K day−1) resulting from the radiative flux (energy), which is converted
13916
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into heat, was estimated following Liou, 1980:

∂T
∂t

=
g
Cp

∆FATM

∆p
(3)

where ∂T/∂t is the heating rate (K day−1), g is the acceleration due to gravity, Cp
is the specific heat capacity of air at constant pressure, ∆FATM is the DARF within
the atmosphere and p is the atmospheric pressure (Liou, 1980). In this study ∆p is5

considered as 300 hPa which is approximately equal to the pressure difference over the
planetary boundary layer height (between the surface and 4 km), in which the dominant
part of atmospheric aerosol concentrations were found (e.g., Ramanathan et al., 2001;
Forster et al., 2007; Kedia et al., 2010).

3 Data sets10

3.1 ICARB cruise measurements

AOD measurements were made using a handheld sunphotometer instrument during
the ICARB cruise expedition, conducted on the Oceanographic Research Vessel Sagar
Kanya during 18 March to 10 May 2006 (Kedia and Ramachandran, 2008). The first
phase of ICARB was conducted over the BoB during the period from 18 March to 1215

April 2006 and the second phase of ICARB was conducted over the AS during the
period from 18 April to 10 May 2006. About 40 observations were made each day at
15 min interval from 08:00 Local Standard Time (LST) to 17:00 LST in a moving frame
over the ocean during clear sky conditions (Kedia and Ramachandran, 2008).

3.2 MODIS and OMI data20

In this study, satellite observations were compared to the model outputs and to ICARB
ship-based remote sensing. The daily Level 3 MODIS (collection V005) global 1◦×1◦
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gridded AOD and fine mode fraction (FMF) (Remer et al., 2005) values at 550 nm
from both Terra and Aqua satellites were obtained during the ship cruise period for
clear-sky pixels.Where less than 20 valid retrievals (optical depth pixel counts less
than 20) were available in a 1◦×1◦ grid-box (i.e., where cloudy skies are prevalent),
AODs were weighted down (multiplied by a factor of 0.7) to avoid the potentially large5

influences of satellite retrieval errors such as cloud contamination, or domination by
aerosol swelling in large relative humidities around clouds. When AOD values are
aggregated to the 1◦×1◦ grid, these discrepancies might otherwise be propagated into
larger biases (Kahn et al., 2007). The daily Level 3 global 1◦×1◦ gridded UV aerosol
index (AI) from the Aura OMI sensor (http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.10

cgi?instance id=omi) were analysed during 18 March–10 May 2006 to study the dust
source locations relevant to the BoB and AS regions. UV AI is the difference between
the observed and model estimated absorbing and non absorbing spectral radiances
at 360 and 331 nm (http://disc.sci.gsfc.nasa.gov/PIP/shtml/aerosol index.shtml). AI is
a particularly useful parameter for tracking regional transport of dust aerosols, which15

have strong absorption in the UV spectral region.

4 Simulation setup and approach

In this section we briefly report the aerosol emission inventory details and the experi-
ments performed within this study. Aerosol emissions, based on the AEROCOM emis-
sion inventory (Dentener et al., 2006) of the year 2000, combined with regional emis-20

sion inventories available over India (Reddy and Venkataraman, 2002; Venkataraman
et al., 2005; Venkataraman et al., 2006) were used for biofuel, fossil fuel, industry and
wild fire emission categories. SO2 emissions include volcanoes (Andres and Kasg-
noc, 1998), vegetation fires, industry, fossil fuel and biofuel (Cofala et al., 2005). In
this study, fossil fuel emissions over the Indian region were projected from base year25

1999 (Reddy and Venkataraman, 2002) to the year 2006 using International Energy
Agency (IEA) fuel consumption data. Emissions from residential cooking with biofuels
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(Venkataraman et al., 2005) were projected to 2006 using population data, while those
from agricultural residue burning were directly used from Venkataraman et al. (2006).
Except for DMS, 97.5 % of all sulfuric emissions are assumed to be in the form of SO2
and 2.5 % in the form of primary sulfate particles following Dentener et al. (2006). The
dust and sea salt emissions were calculated online (Tegen et al., 2002; Schulz et al.,5

2004) using the ECHAM5.5 10 m wind speed.
For the experiment, a model spin-up of three months was performed to initialize

aerosol fields, and continued with a simulation of the March–May 2006 period for anal-
ysis. The large scale meteorology was constrained by nudging the model winds to
6-hourly ECMWF analysis meteorological fields (Simmons and Gibson, 2000). The10

nudged simulations allow for a fair comparison of modeled parameters with the field
campaign measurements.

5 Results and discussion

5.1 Spatio-temporal variability of AOD in model simulation and observations

The model-simulated daily mean AODs were compared to AOD from ship-based re-15

mote sensing observations (Kedia and Ramachandran, 2008) and MODIS-derived
Terra and Aqua satellite combined AOD values from 18 March to 10 May 2006 (Fig. 1).
Model outputs were sampled along the cruise track to obtain daily-mean AOD at
550 nm matching the location and time periods of the cruise observations. AOD val-
ues derived from MODIS Terra and Aqua combined observations agree rather well in20

terms of variability (R =0.85, see Table 1) with the sun photometer measured AOD
values during ICARB period (Kedia and Ramachandran, 2008). ECHAM5.5-HAM sim-
ulated AOD variability agrees well with in-situ and satellite observations over the AS
legs (R =0.88 and R =0.77, see Table 1) but the AOD was systematically underpre-
dicted by up to a factor of 3 in high pollution episodes (18 March, 23 March, 24 March,25

1 April, 2 April and 12 April) over the BoB legs (biases of −0.15 and −0.12 compared

13919

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/13911/2011/acpd-11-13911-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/13911/2011/acpd-11-13911-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 13911–13946, 2011

Examination of
aerosol distributions
and radiative effects

R. Cherian et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

to the sunphotometer and MODIS, respectively; Table 1). Variability, however, still was
relatively well simulated (R =0.68 and R =0.75, compared to the sunphotometer and
MODIS, respectively; Table1 and Fig. 1). The difference in the AODs estimated by ship-
based measurements and satellite measurements and model simulated AODs could
arise due to the sampling time difference between the three systems (Sun photome-5

ter AOD was the mean AOD derived from 08:00 LST to 17:00 LST and MODIS AOD
was the mean of 10:30 and 13:30 LST AODs, while model AOD was the 24-h aver-
age value). However, since MODIS retrievals of AOD at a 1◦×1◦ resolution correspond
well to the single-column ship-based sunphotometer measurements, and since also
the sparse temporal sampling of MODIS (up to twice daily, depending on cloudiness)10

agrees well with the daytime-averages of the ship-based observations, we conclude
that the AOD variability for this oceanic regions and season was low at temporal scales
of less than 1 day, and at horizontal space scales of less than 1 degree.

The impact of aerosol swelling in high relative humidities during cloudy conditions,
or of cloud contamination for both MODIS and sunphotometer observations, was ex-15

amined with the help of the model by comparing the AOD values sampled at cloud-free
days to the ones averaged over all days. Grid points with MODIS optical depth pixel
counts greater than 20 are treated as cloud-free days. Seven days (25 March, 30
March, 2 April, 12 April, 21 April, 7 May and 10 May) were identified as cloud con-
taminated days since they show less than 20 valid MODIS AOD retrievals. The model20

simulated AOD agrees better with ship-based observations on cloud-free days com-
pared to all days during the ICARB cruise period in terms of error (Root mean square
error, RMSE of 0.13 vs. 0.16; Table S1) and in terms of variability (R =0.78 vs. 0.69).
The modelled total AOD was found to be underestimated by a factor of 1.92 (by 0.52)
during cloudy days, compared to a small factor of 1.4 during cloud-free days. The25

Ångström exponent is relatively well simulated by the model (slightly overestimated
compared to MODIS, on average by 5 %; see Table S5) on clear days. However, it was
found to be over estimated by a factor of 1.28 (0.78 vs. 0.61) to 1.05 (0.99 vs. 0.94)
during cloudy days compared to MODIS derived values. This indicates that particles
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are too small in the model on cloudy days, leading to the conclusion that the simulated
swelling of aerosol particles due to hygroscopic growth near cloudy areas is deficient,
consistent with the low-bias were highly biased in model simulated AOD compared to
MODIS observations during cloudy days (15 %). The fact that the ECHAM5.5-HAM
model and MODIS AOD compare better in cloud-free situations corroborated this con-5

clusion. Similar conclusions were found for the comparison between MODIS data and
the sunphotometer, as well as when comparing the simulation to MODIS satellite re-
trievals. This indicates that swelling due to high relative humidity in cloudy situations
and/or cloud contamination introduces additional variability, so that the single-column
ship-based observations represent the large-scale MODIS retrievals only to a lesser10

extent.
The impact of the temporal vs. geographical evolution on the AOD values along

the ship track was investigated to judge whether the AOD variability for the oceanic
regions and season as observed during ICARB was representative of the entire region
and season. This analysis was carried out using the two observational data sets (ship-15

based sunphotometer single-column measurements and MODIS satellite large-scale
observations). Table S2 shows two ways of correlating ship-based sunphotometer
data to large-scale MODIS retrievals: (i) sampling the MODIS data along the ship track
– this was sampling the full spatio-temporal variability available from ICARB; and (ii)
sampling MODIS data along the track, but from the seasonal mean AOD distribution20

– this was sampling only the geographical variability along the track. As expected,
the spatial-only, seasonal-mean sampling from MODIS does not agree as well to the
sunphotometer data in any of the statistical measures – particularly the large slope of
the regression gets much worse. Still, we found that a large part of the variability was
explained by the geographical variability, and the temporal variability (that is, specific25

pollution events) contribute only to a minor extent to the overall variability along the
ICARB track (correlation coefficient R =0.50 for the seasonal-mean sampling vs. 0.72
for the full spatio-temporal sampling along the track). Splitting this up, we found that in
the BoB, individual events were more important than in the AS region, where even the
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correlation coefficient was slightly larger for seasonal-mean sampling (a result probably
just showing a statistical uncertainty in the correlation coefficient).

For evaluating the spatial distribution of model simulated aerosol optical properties,
the mean (averaged from 18 March to 10 May) of the model derived AOD at 550 nm
was compared to mean MODIS satellite observations (Fig. 2). Both simulated and5

satellite-retrieved AODs were found to be high close to the coast and near populated
urban locations. Over the BoB, a clear gradient was seen, with AOD decreasing from
northeast to southwest (Fig. 2) and the high AOD values were mainly attributed to
continental outflow from the Indo-Gangetic Plain (IGP) and east Asia, as well as long-
range transport of mineral dust aerosols from the west Asian regions. This gradient10

was captured well by the model, which, however, shows an overall underestimation
quantitatively. The high values of simulated AODs along the Mangalore coast appear
to be a consistent feature over the AS region along with ICARB observations (Moorthy
et al., 2008), and were reported during several earlier cruise studies (Parameswaran et
al., 1999; Moorthy and Saha, 2000; Ramachandran, 2004), which was also captured15

in satellite observations (Fig. 2). However, the simulated plume does not extend far
enough to the North, but, on the other hand, extends too far off shore. The analysis of
simulated spatial distributions of individual aerosol species showed that a sulfate plume
extending from south east India to the AS and dust plumes extending from west Asia
and western India to the AS resulted in high AODs near the Mangalore coast during20

ICARB period. Receptor modelling analysis also showed that this period was asso-
ciated with an increased outflow from west Asia and western coast of India (Cherian
et al., 2010), more subject to dust emissions. The spatial distribution of simulated
AOD agrees well (R =0.8, see Table 1) with MODIS observations in most of the AS
regions. Over the BoB region, it was systematically underestimated by a factor of 1.5,25

specifically near coastal regions (Fig. 2), but variability still was relatively well captured
(R =0.75). For understanding the model discrepancies in aerosol representation, the
simulated AOD was examined for the different modes which were discussed in the
following sections.
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5.2 Fine and coarse mode AOD

To understand the model underprediction in more detail, the modelled AODs at 550 nm
were compared with satellite observations (MODIS, Terra & Aqua combined) in fine
and coarse modes (see Fig. 3). MODIS fine and coarse mode AOD was derived using
the MODIS AOD and fine mode fraction (FMF) values. HAM fine mode AOD was5

estimated by adding the Aitken and accumulation mode (both soluble and insoluble
modes) AODs. Both simulated fine and coarse mode AODs agree rather well (R =0.8
and R =0.6, Table1) with MODIS fine and coarse mode AODs over the AS legs in terms
of variability, but showed a certain underestimation quantitatively, especially for a few
days, where in particular the coarse mode was substantially underestimated (Fig. 3).10

During the BoB leg, most of the fine mode AODs were underpredicted by up to a factor
of 2 to 3, while coarse mode AODs were occasionally significantly underpredicted by a
factor of 3 to 6 (Fig. 3) with a regression slope as low as 0.09 (Table 1). The reasons for
the underestimation of both fine and coarse AODs are discussed later. The variability
in the fine mode was acceptably well simulated also for the BoB leg (R =0.65), but15

severely wrong for the coarse mode (R =0.24).
The significant underestimation of fine and, particularly, coarse mode AODs during

BoB leg may result from incorrect aerosol emissions, or aerosol transport. To examine
this further, the chemical composition for fine and coarse mode column burden was
analysed (see Fig. S1). It was found that the anthropogenic aerosols (sulfate and, to a20

lesser extent, organic carbon), dominate (50–80 %) the fine mode column burden, with
the remaining parts mostly due to aerosol water uptake, and negligible contributions
from dust, black carbon and sea salt. Natural aerosols (dust and, to a much lesser
extent, sea salt) were dominant (90 %) to the coarse mode column burden during these
periods (see Fig. S1). Especially over the AS leg, water was found to be a large25

contributor to the coarse-mode column burden as well. Back trajectory and receptor
model analysis showed that air mass during this period was associated with an outflow
from the Indo-Gangetic plain or central India (anthropogenic aerosols) and the western
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India or Arabia (dust emissions) (Cherian et al., 2010). However, the impact of the
continental advection decreased continuously as the ship moved southwards. In the
model, the emission of mineral dust depends on the online prognostic wind speed at
10 m above the surface and the prescribed surface feature of soils (Stier et al., 2005).
Some of the observed coarse mode AOD may stem from dust emissions, which were5

not well represented, or not included at all, in the model. This may also contribute
to the underestimation of coarse mode AODs during the BoB legs. Deficiencies in
the simulation of aerosol transport and processing may also contribute. The limited
number of in-situ observations might reduce the quality of ECMWF reanalysis data over
the Indian Ocean region (Bonazzola et al., 2001), potentially biasing the wind fields10

used for nudging in the ECHAM5.5-HAM simulations. This reduces the fidelity of the
transport of continental anthropogenic aerosols to the BoB regions, thus contributing
to the underestimation of the fine AODs over these regions.

To examine dust AOD underestimation further, the simulated dust AOD was com-
pared with the satellite derived UV AI during the BoB leg (Fig. 4). It was found that15

the missing of Thar desert dust plumes during 18 March, 19 March, 1 April and 2 April
periods resulted in very low dust coarse mode AODs (∼0.03), with an underprediction
by a factor of 5 during these days (Fig. 3). The missing dust source, affected the AOD
values along cruise prediction on 4 out of 23 days during the BoB cruise (a fraction of
17 %). During these four days the modelled total AOD was found to be underestimated20

by a factor of 2.27, compared to a smaller bias (under estimation by a factor of 1.42)
when analyzing the entire period (Table S6). At the same time, UV AI values over the
Thar desert region confirm the existence of significant dust outbreak events (Fig. 4).
The AI indeed exceeds a value of 1.0 in the region of the Thar desert, signifying the ex-
istence of aerosols absorbing UV radiation. Such approaches were previously used to25

identify missing dust source episodes (Flaounas et al., 2009). The fact that the model
compares better in average situations compared to missing-dust source days points to
the inaccuracies in simulating enough dust emission flux during these days. Even if in
general, the model simulated dust AOD in the same locations where the UV Aerosol
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Index (AI) indicates dust source regions (Arabian peninsula, Thar desert), relatively
little dust was transported to the ship location from the northern Indian subcontinent.
This anomalous transport results in rather low coarse mode AOD in most of the BoB
cruise days (Fig. 4). Finally, there might be a mis-representation of aerosol wet scav-
enging and sedimentation. To examine this further, the wet and dry deposition flux of5

dust aerosols were analysed during the entire BoB cruise period and separately for
the average of 4 days where the model failed to capture large values of coarse-mode
AODs. It was found that the fraction of dust removed from the atmosphere by both dry
and wet deposition is comparable during the days where the model lacks dust and the
average over the BoB period (Fig. S4). Also the aging of dust due to microphysical10

processing is not very different in the four days with the low-bias in dust. However, a
particularly low model dust emission flux was found during these 4 days over the Thar
desert (north west India) region (Fig. S3). This points to possible inaccuracies in sur-
face wind fields in this region. The lack of precise maps of surface features in Asian
regions, especially the soil clay content and erodible fraction of the surface, and not15

well resolved secondary dust sources and regional topography may also result in the
underestimation of coarse mode dust AODs (Cheng et al., 2008). Therefore underes-
timation of AOD (mainly coarse AOD) in high AOD periods mainly stem from missing
aerosol sources (most probably was coarse mode dust – mainly in Thar Desert ar-
eas – but also fine mode sulfate and OC) and incorrect aerosol transport. Though20

ECHAM5.5-HAM AOD estimates were underestimated in high pollution episodes (es-
pecially over the BoB regions), the model still is a valuable tool to understand the mean
pre-monsoon aerosol size distribution, atmospheric absorption, and radiative effects
during the ICARB period.

5.3 Ångström exponent25

The spatial distribution of the simulated Ångström exponent (α, 550 nm/825 nm) was
evaluated using the satellite retrieved Ångström exponent from the MODIS sensor
(550 nm/865 nm, Terra and Aqua combined) during the ICARB cruise period (Fig. S2).
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Some features of the geographical distribution of the simulated α agrees well with satel-
lite observations over the AS regions. Low Ångström exponent values (large particle
sizes) were simulated in the northern AS region, in close agreement with the satellite
retrievals. Also the pattern of the north-east to south-west decreasing gradient α (in-
creasing particle sizes) moving away from the coast was well represented. However,5

the model consistently overestimates α, or underestimates aerosol particle size, con-
sistent with the above finding of too little simulated dust concentrations. Over the BoB,
the model showed far too little variability, and – as for the AS region – particle sizes
were underestimated. The overall gradient of increasing particle sizes moving away
from the Indian coast, though, was simulated. High values of α (1–1.5) were found over10

the BoB leg indicating a relatively large fraction of fine mode particles (Fig. S2), while
large heterogeneities found over AS leg with relatively small values (<1) of α (Fig. S2).
The southern AS (south of 14◦ N) was characterized by high values of α with values
in the range 0.6 to 0.8 (0.85 to 1 in the model), indicating high relative abundance of
accumulation mode (sulfate) aerosols (Fig. S2). Compared to this, the northern AS15

(north of 15◦ N) was dominated by coarser mode aerosols (dust) and α value in the
range 0.45 to 0.75, consistent in both model and satellite retrievals (Fig. S2). The
coarse mode aerosols were mainly associated with mineral dust (see previous sec-
tion and Fig. S1). The percentage contribution of fine mode (accumulation + Aitken)
particles to total AODs was found to be high (68 %) – this also shows the dominance20

of fine mode aerosols (sulfate and OC aerosols in accumulation soluble mode) over
the BoB legs in the model, indicating the transport from IGP and central India regions
(see Table S3). This was consistent with findings based on measurements (Kedia and
Ramachandran, 2008), which showed larger AODs and FMFs, and receptor modeling
(Cherian et al., 2010), which showed the predominance of anthropogenic factors, dur-25

ing the cruise over the BoB when the ship was mainly influenced by air masses from
the IGP or central India.
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5.4 Aerosol absorption and radiative forcing

Aerosol absorption determines the amount of solar heating by atmospheric aerosol and
may be quantified by the aerosol absorption optical depth (AAOD), which is defined as
the product of the AOD and aerosol single scattering co-albedo. For evaluating the
spatial distribution of aerosol absorption, the mean (averaged over the 18 March to5

10 May period) simulated AAOD at 550 nm was compared to OMI (aboard EOS-Aura)
retrieved AAOD at 500 nm (Fig. 5). High AAOD values were found over the biomass
regions of India and east Asia regions (Fig. 5). Good agreement for the geographical
distribution of absorption was found for large AOD regions over land between OMI and
simulated AAOD values, while OMI AAOD was found to be very low over most of the10

oceanic regions (Fig. 5). However, OMI retrievals carry a significant uncertainty with
likely underestimation of AAOD at low AOD values as those observed over the ocean.
The uncertainty in satellite retrieval was mainly associated with the assumed aerosol
layer height (Torres et al., 2007), aerosol type misidentification (3 basic types such as
dust, carbonaceous aerosols and weakly absorbing sulfates, Torres et al., 2007) and15

cloud contamination (Torres et al., 2007). The model showed that absorption of solar
radiation by aerosols was mostly due to BC (about 80 % to 90 %) over the oceans and
continent regions, with remaining portion accounted for by mineral dust and OC (see
Fig. 5c–d).

The model simulated short-wave (SW) clear-sky direct aerosol radiative forcing20

(DARF) at the TOA (∆FTOA), surface (∆FSUR) and, within the atmosphere (∆FATM =
∆FTOA−∆FSUR) was analysed to determine the aerosol direct radiative effects during
ICARB period. The simulated mean DARF sampled along the ship track over BoB leg
was found to be −4.7, −11.3, and 6.6 W m−2 at TOA, SUR, and ATM, while that over AS
was −6.1, −10.7, and 4.6 W m−2 at TOA, SUR, and ATM (Table S4). The model sim-25

ulated regional-seasonal mean DARF was compared to the DARF sampled along the
ship track to analyse to which extent the ICARB cruise was representative of the entire
region/pre-monsoon season. The regional-seasonal mean simulated DARF over the
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BoB was −4.2 W m−2, −9.8 W m−2, and +5.6 W m−2 at TOA, SUR, and ATM, respec-
tively; and −6.0, -10.7, and +4.7 W m−2 over the AS leg. On average, thus, the forcings
sampled along the ship track were consistent with the ones obtained for the entire
region and pre-monsoon season to within ±0.5 W m−2, ±1.5 W m−2 and ±1 W m−2 at
TOA, SUR, and ATM, respectively, with much less discrepancy over the AS than over5

the BoB. Since the regional-seasonal mean DARF sampled along the ICARB ship track
corresponds so well to the temporal and seasonal mean DARF over both the BoB and,
even more so, AS regions, we conclude that the ICARB cruise track was well chosen
to be representative of the entire region and the season.

Above, we showed that the model was underestimating AOD values, especially for10

dust and in high pollution episodes. Thus, the simulated DARF was likely to be un-
derestimated as well. We thus use the observations to obtain constrained, improved
DARF estimates. A satellite-tied DARF was calculated by multiplying model simu-
lated seasonal mean forcing efficiency (DARF per unit AOD) with MODIS AOD. A
sunphotometer-tied DARF was calculated also, by multiplying the simulated seasonal15

mean forcing efficiency with the ICARB ship-based AOD along the ship track (Table 2).
As expected, the forcing increases in absolute terms, particularly over the BoB, where
observed AODs were larger than the simulated ones. Sunphotometer-tied forcings
along the cruise track were somewhat larger than satellite-tied ones, consistent with
what we found earlier from the model (Table S2). This forcing estimate, revised us-20

ing the observations, yields a regional-seasonal mean anthropogenic forcing of −5.6
and −2.3 W m−2 at the TOA and at the surface. The unconstrained model underesti-
mated the TOA and surface forcing by a factor of 1.4. This indicates the magnitude of
model uncertainty in the estimation of aerosol radiative forcing. As a best estimate, the
regional-mean seasonal-mean forcing, as obtained by the satellite-tied computation, in25

the BoB region −8.6, −21.4, and +12.9 W m−2 at TOA, SUR, and ATM, respectively,
and in the AS region is , −6.8, −12.8, and +6.0 W m−2 at TOA, SUR, and ATM, re-
spectively. The forcing along the track can be compared to the published values for the
ICARB campaign from Kedia et al. (2010), which we list in Table 2. The sunphotometer-
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tied values were much closer – within about ±2 W m−2, except for the ATM forcing over
the BoB, where the discrepancy was 4 W m−2 – to the one Kedia et al. (2010) obtained
than the model-only estimates.

The spatial variations of the seasonal-mean DARF, as obtained by the satellite-tied
computation, at TOA, SUR and ATM during the ICARB period are shown in Fig. 6.5

Large spatial heterogeneity in DARF was observed in both BoB and AS regions con-
sistent with AOD patterns over both regions. Over the BoB region, the atmospheric
forcing was found to be high when the ship was moving near the northern BoB, while
over AS the forcing was high when the ship was moving near the southern Indian
peninsula. This was consistent with the ICARB cruise observations (Kedia et al., 2010;10

Moorthy et al., 2009). The TOA forcing was negative over most of oceanic regions
except over regions with bright surfaces (desert and ice regions). Significant cooling
was simulated at the TOA (−2 to −10 W m−2) and at the SUR (−5 to −25 W m−2) over
the BoB and AS regions, which compares well with previous GCM estimates (Reddy
et al., 2004). The ATM forcing decreased continuously with latitude from ≥15 W m−2 to15

5 W m−2 as was reported in ICARB cruise studies (Moorthy et al., 2009).
The normalized direct radiative forcing or direct radiative forcing efficiency

(ARFE, W m−2τ−1) determines the efficiency of the aerosols to interact with the radia-
tion and indicates the aerosol type and its absorption efficiency (Moorthy et al., 2009).
It is defined as the ATM forcing (W m−2) per unit AOD at 550 nm. The aerosols capable20

of imparting higher ATM forcing were located in the IGP, central India, eastern India
and east Asia regions (Fig. 6d). Interestingly over coastal regions which are rich in
aerosols, only northern BoB, northwestern AS and southern BoB regions were found
to have high atmospheric absorption efficiency indicating that the presence of more
absorbing type (BC and dust) aerosols. While high AOD regions such as off the coast25

of Mangalore show low forcing efficiency indicating the presence of more scattering
type aerosols (mainly sulfates).

The ratio (fs) of the surface forcing to the TOA forcing gives an indication to the
aerosol type (scattering or absorbing). Generally the values of fs>∼3 represent strong
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influence of absorbing aerosols while for scattering aerosols fs<2 (Podgorny et al.,
2000). The ratio ranges from 2 to 3 over the BoB and 1 to 2 over the AS, which
compares well (2 to 3) with the previous estimates (Moorthy et al., 2009) and reveals
the dominance of the surface forcing and scattering aerosols (sulfates, organic carbon,
and sea salt) over most of the oceanic regions. High fs values (>5) found over the5

polluted regions (northeastern India and east Asia regions) indicate the dominance of
absorbing aerosols, which mainly resulted from biomass burning and forest burning.

Studies from the ICARB campaign have showed large abundances of aerosols over
the BoB and AS regions. However, studies addressing the distribution of atmospheric
heating rates are still sparse. The spatial distribution of solar heating rate (K/day) was10

examined to provide a better understanding of the aerosol influence on atmospheric
heating patterns, sampled here for the ICARB period (Fig. 7). There is a high south-
north gradient in BC absorption optical depth during this period over the BoB (Fig. 5)
pointing to greater columnar abundance of absorbing aerosols in the northern BoB.
In addition, there is presence of an elevated aerosol layer, both of BC and dust in15

the northern BoB (Fig. S5). It was found that the simulated BC aerosol concentration
showed an elevated layer peaking at around 3 km in the northern BoB region (Re-
action R1), while only a small peak at 1 km was found in the southern BoB region
(Reaction R2) (Fig. S5). It is known that elevated absorbing aerosols, especially where
located above low-level clouds, lead to particularly large heating rates due to the addi-20

tional absorption of back scattered radiation. An uncertainty associated with previous
heating rate estimates was due to the assumption that the dominant part of the atmo-
spheric aerosol concentrations was found in surface up to 4 km. This assumption is
justified by the model simulated regional-mean concentrations where 85–90 % of the
total aerosol concentrations were found below 4 km. The mean solar heating rate was25

found to be larger over the BoB region (0.29 K/d, see Table 2) than over the AS region
(0.17 K/d), which was comparable with the value obtained in ICARB cruise studies (Ke-
dia et al., 2010; Moorthy et al., 2009).
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6 Conclusions

This study analyses ship-based sun-photometer measurements of aerosol optical
depth from the ICARB field campaign over the BoB and the AS region together with
a nudged simulation of the large-scale aerosol-climate model ECHAM5.5-HAM and
several satellite data sets. The model has been evaluated by a comparison with in5

situ measurements from ships, and with satellites (MODIS and OMI). The model re-
produces the large spatial and temporal heterogeneities in the aerosol optical depth
during ICARB period. Simulated variability agrees rather well with both in-situ and
satellite observations (R =0.8) during AS legs. However, the model cannot repro-
duce (underprediction by a factor of 3) the large AODs observed during high pollution10

days, especially over the BoB legs. Since MODIS retrievals of AOD correspond well
to the ship-based sunphotometer measurements, and since also the sparse sampling
of MODIS (up to twice daily, depending on cloudiness) agrees well with the diurnal
averages of the ship-based observations, we conclude that the AOD variability for this
oceanic region and season was low at temporal scales of less than 1 day, and at hor-15

izontal space scales of less than 1 degree. The HAM simulated AOD agrees better
with the ship-based sunphotometer measurements and satellite measurements during
cloud-free days when compared to all days indicating enhanced spatio-temporal AOD
variability due to aerosol swelling resulted from larger humidity and/or retrieval errors
in cloudy situations.20

HAM simulated fine and coarse mode AODs at 550 nm were evaluated with MODIS
retrievals to better understand the model performance over the BoB and AS legs. The
HAM fine mode AODs were underpredicted by a factor of 2 as compared to satellite
observations, while coarse mode AODs were strongly underestimated by a factor of 3
to 6 over the BoB region. The analysis of dust AOD along with the UV AI from OMI25

sensor showed deficiencies of dust source regions (Thar Desert) and the model dust
transport from northern India, potentially due to uncertainties in ECMWF wind fields.
This caused an underestimation of coarse mode AODs over BoB regions. The fine
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and coarse mode AODs were predicted better over the AS region except for a few days
where the model wind fields transported fine and coarse mode aerosols from west Asia
and central and southern India to the surrounding oceanic regions. In these cases, a
significant underestimation of super-micron dust AODs resulted in the underestimation
of AODs in high pollution days over the BoB legs.5

Aerosol radiative forcing and atmospheric heating rates exhibit large spatial hetero-
geneities over the BoB and AS regions. The regional-seasonal mean shortwave DARF
was found to correspond well to DARF sampled along the BoB and AS region ship
cruise. In conclusion, the ICARB cruise was well chosen to be representative of di-
rect aerosol radiative effects for the entire region and the season. Taking into account10

the model deficiencies (underprediction of AOD) by constraining radiative effect com-
putations with observations, the mean DARF over the BoB was estimated as −8.6,
−21.4 and +12.9 W m−2 at TOA, SUR, and ATM, and over the AS, −6.8, −12.8, and
+6 at TOA, SUR, and ATM, respectively. The spatial heterogeneity of aerosol radiative
forcing resembles that of the AOD; while the spatial variability of atmospheric forcing15

efficiency was similar to that of the AAOD. The average solar heating rate was found to
be larger over the BoB region (0.3 K/d) when compared to AS region (0.17 K/d).

Supplement related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/13911/2011/
acpd-11-13911-2011-supplement.pdf.20
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Table 1. Linear regression statistics between the ship-based remote sensing measurements,
MODIS observations and model simulated AODs over the Bay of Bengal and Arabian Sea legs
during ICARB cruise period.

Region Statistics Sunphotometer Sunphotometer MODIS vs. HAM
vs. MODIS vs. HAM

Total Fine Coarse

Total Correlation coefficient (R) 0.85 0.69 0.70 0.62 0.42
Slope 0.82±0.08 0.36±0.06 0.38±0.06 0.37±0.08 0.17±0.06
Root mean square error (RMSE) 0.09 0.16 0.15 0.09 0.09
Mean bias (MB) −0.01 −0.10 −0.09 −0.04 −0.05

Bay of Bengal Correlation coefficient (R) 0.92 0.68 0.75 0.65 0.24
Slope 0.89±0.08 0.29±0.07 0.33±0.06 0.29±0.07 0.09±0.08
Root mean square error (RMSE) 0.07 0.19 0.17 0.11 0.09
Mean bias (MB) −0.03 −0.15 −0.12 −0.07 −0.05

Arabian Sea Correlation coefficient (R) 0.77 0.88 0.77 0.79 0.58
Slope 0.76±0.16 0.55±0.08 0.49±0.1 0.68±0.14 0.22±0.08
Root mean square error (RMSE) 0.11 0.10 0.11 0.05 0.09
Mean bias (MB) 0.01 −0.04 −0.05 −0.01 −0.05
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Table 2. The direct aerosol radiative forcing (DARF, W m−2) at the top of the atmosphere (TOA),
at the surface (SUR), and within the atmosphere (ATM), and the atmospheric heating rate
(K/day) over the Bay of Bengal and Arabian Sea legs during ICARB.

Region HAM DARF Sunphotometer tied DARF Satellite tied DARF ICARB DARF (W m−2) Heating rate
(W m−2 ) (W m−2) (W m−2) from Kedia et al. (2010) (K/day)

TOA SUR ATM TOA SUR ATM TOA SUR ATM TOA SUR ATM
Total −5.5 −12.1 6.6 −8.7 −19.9 11.1 −7.8 −17.8 9.9 0.26
Bay of Bengal −5 −12.6 7.6 −9.8 −24.3 14.5 −8.6 −21.4 12.9 −12 −22.4 10.4 0.3
Arabian Sea −6.2 −11.5 5.4 −7.4 −13.9 6.6 −6.8 −12.8 6 −10.5 −15.8 5.3 0.17
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 1 

Fig. 1. Comparison of model derived aerosol optical depth (AOD) at 550 nm with (a) MODIS 2 

satellite retrievals and (b) ship-based remote sensing measurements during the ICARB cruise 3 

period from 18th March to 10th May 2006. See text for details. 4 

 5 

Fig. 2. AOD distributions at 550 nm wavelength (a) as simulated by ECHAM5.5-HAM and (b) 6 

as retrieved by the MODIS satellite sensors (Terra and Aqua combined), averaged over the 7 

ICARB cruise period. 8 

Fig. 1. Comparison of model derived aerosol optical depth (AOD) at 550 nm with (a) MODIS
satellite retrievals and (b) ship-based remote sensing measurements during the ICARB cruise
period from 18 March to 10 May 2006. See text for details.
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Fig. 1. Comparison of model derived aerosol optical depth (AOD) at 550 nm with (a) MODIS 2 

satellite retrievals and (b) ship-based remote sensing measurements during the ICARB cruise 3 

period from 18th March to 10th May 2006. See text for details. 4 

 5 

Fig. 2. AOD distributions at 550 nm wavelength (a) as simulated by ECHAM5.5-HAM and (b) 6 

as retrieved by the MODIS satellite sensors (Terra and Aqua combined), averaged over the 7 

ICARB cruise period. 8 

Fig. 2. AOD distributions at 550 nm wavelength (a) as simulated by ECHAM5.5-HAM and (b)
as retrieved by the MODIS satellite sensors (Terra and Aqua combined), averaged over the
ICARB cruise period.
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 1 

Fig. 3. Comparison of modelled fine (a; upper panel) and coarse mode (b; lower panel) AODs at 2 

550 nm against satellite observations during the ICARB 2006 cruise period. 3 Fig. 3. Comparison of modelled fine (a; upper panel) and coarse mode (b; lower panel) AODs
at 550 nm against satellite observations during the ICARB 2006 cruise period.
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 1 

Fig. 4. Comparison of modelled dust AOD at 550 nm to Aura-OMI satellite derived UV Aerosol 2 

Index (AI) for the entire BoB periods (18 March – 11 April; a & c) and for the average of 4 days 3 

where ECHAM5.5-HAM failed to capture large values of coarse-mode AOD (18th March, 19th 4 

March, 1st April and 2nd April, b & d). 5 

 6 

 7 

Fig. 4. Comparison of modelled dust AOD at 550 nm to Aura-OMI satellite derived UV Aerosol
Index (AI) for the entire BoB periods (18 March–11 April; a and c) and for the average of 4 days
where ECHAM5.5-HAM failed to capture large values of coarse-mode AOD (18 and 19 March,
1 and 2 April, b and d).
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Fig. 5. Comparison of (a) modelled absorption optical depth (AAOD) at 550 nm and (b) Aura-2 

OMI satellite derived AAOD at 500 nm averaged over the ICARB 2006 period. The simulated 3 

contributions of (c) BC and (d) Dust plus OC, to total AAOD, respectively, are also shown. 4 
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 9 

Fig. 5. Comparison of (a) modelled absorption optical depth (AAOD) at 550 nm and (b) Aura-
OMI satellite derived AAOD at 500 nm averaged over the ICARB 2006 period. The simulated
contributions of (c) BC and (d) Dust plus OC, to total AAOD, respectively, are also shown.
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 1 

Fig. 6. Spatial distribution of clear-sky shortwave (SW) DARF (W/m2) at the (a) top of the 2 

atmosphere (TOA), (b) surface (SUR), (c) within the atmosphere (ATM) and (d) atmospheric 3 

forcing efficiency (ARFE, Wm-2 � -1). 4 

Fig. 6. Spatial distribution of clear-sky shortwave (SW) DARF (W/m2) at the (a) top of the
atmosphere (TOA), (b) surface (SUR), (c) within the atmosphere (ATM) and (d) atmospheric
forcing efficiency (ARFE, W m−2 τ−1).
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Fig. 7. Spatial distribution of mean solar heating rate (K day-1) during ICARB 2006 period. 2 

 3 

 4 

Fig. 7. Spatial distribution of mean solar heating rate (K day−1) during ICARB 2006 period.
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