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Abstract. In this paper we analyse aerosol loading and itsmissing dust transport that results from too low dust emis-
direct radiative effects over the Bay of Bengal (BoB) and sion fluxes over the Thar Desert region in the model caused
Arabian Sea (AS) regions for the Integrated Campaign orthis deficiency. Thirdly, we analysed the spatio-temporal
Aerosols, gases and Radiation Budget (ICARB) undertakervariability of AOD comparing the ship-based observations
during 2006, using satellite data from the MODerate Res-to the large-scale satellite observations and simulations. It
olution Imaging Spectroradiometer (MODIS) on board the was found that most of the variability along the track was
Terra and Aqua satellites, the Aerosol Index from the Ozonefrom geographical patterns, with a minor influence by single
Monitoring Instrument (OMI) on board the Aura satellite, events. Aerosol fields were homogeneous enough to yield a
and the European-Community Hamburg (ECHAMb.5) gen-good statistical agreement between satellite data atspd-

eral circulation model extended by Hamburg Aerosol Mod- tial, but only twice-daily temporal resolution, and the ship-
ule (HAM). By statistically comparing with large-scale satel- based sunphotometer data at a much finer spatial, but daily-
lite data sets, we firstly show that the aerosol properties meaaverage temporal resolution. Examination of the satellite
sured during the ship-based ICARB campaign and simulatediata further showed that the year 2006 is representative for
by the model are representative for the BoB and AS regionghe five-year period for which satellite data were available.
and the pre-monsoon season. In a second step, the moéinally, we estimated the clear-sky solar direct aerosol ra-
elled aerosol distributions were evaluated by a comparisordiative forcing (DARF). We found that the cruise represents
with the measurements from the ship-based sunphotometewell the regional-seasonal mean forcings. Constraining sim-
and the satellite retrievals during ICARB. It is found that the ulated forcings using the observed AOD distributions yields
model broadly reproduces the observed spatial and tempaa robust estimate of regional-seasonal mean DARF &b,

ral variability in aerosol optical depth (AOD) over BoB and —21.4 and +12.9 W m? at the top of the atmosphere (TOA),
AS regions. However, AOD was systematically underesti-at the surface (SUR) and in the atmosphere (ATM), respec-
mated during high-pollution episodes, especially in the BoBtively, for the BoB region, and over the AS, 6f6.8,—12.8,

leg. We show that this underprediction of AOD is mostly be- and +6 W nT2 at TOA, SUR, and ATM, respectively.

cause of the deficiencies in the coarse mode, where the model

shows that dust is the dominant component. The analysis of

dust AOD along with the OMI Aerosol Index indicate that
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1288 R. Cherian et al.: Examination of aerosol distributions and radiative effects

1 Introduction ies, the models were found to underestimate the measured
AODs by a factor of 2 over the Indian region (Reddy et al.,
Atmospheric aerosols play a significant role in regional and2004; Verma et al., 2008) and by a factor of 1.5 when consid-
global climate by interacting with radiation (scattering and ering the entire Asian region (Adhikary et al., 2007; Kinne
absorption) and modifying cloud microphysical properties, et al., 2006). With the large spatial and temporal variability
although the magnitudes of these impacts remain uncertaiin aerosol distributions, model comparison studies with in-
(Forster et al., 2007). Aerosols exhibit a large spatial andsitu and satellite observations become valuable for studying
temporal variability, which impacts the spatial distribution aerosol climate effects over the Indian region.
of atmospheric heating (Ramanathan et al., 2001; Chung et The reported aerosol radiative forcing during ICARB was
al., 2005; Adhikary et al., 2007). Aerosol radiative effects estimated by using simultaneously ground-based measure-
have been linked to emission source categories with largenents of AOD and surface mass concentrations at point lo-
uncertainties that resulted from the lack of knowledge abouications (Moorthy et al., 2009; Kedia et al., 2010). The un-
technologies used in various emission sectors (Reddy et algertainties in such estimates could arise from the follow-
2005; Koch et al., 2007; Verma et al., 2008). In addition, theing assumptions: model atmosphere, surface albedo, gaseous
aerosol climate impacts are complex and difficult to quan-(molecular) scattering and absorption, aerosol optical and
tify and to observe (Forster et al., 2007; Reddy et al., 2005)radiative properties, location and season. It has been esti-
Therefore, investigations of aerosol distributions, along withmated these calculations exhibit about 10 % variation tak-
an understanding of emission sources, on regional scales aigg into consideration the above-mentioned causes of uncer-
needed to probe uncertainties in their atmospheric abundanaainties (e.g. Bellouin et al., 2004; Ramachandran, 2005).
and climate impacts. In addition, the mixing state of aerosols plays an important
Recent observational and modeling studies found largeole in modifying their optical properties and consequently
spatial and seasonal heterogeneities in aerosol chemical anbleir radiative forcing. In the continental outflow from In-
physical properties over the Indian region (Reddy et al.,dia mineral dust aerosols typically mix with anthropogenic
2004; Chung et al., 2005; Adhikary et al., 2007; Verma compounds (Lawrence and Lelieveld, 2010; Cherian et al.,
et al., 2008; Moorthy et al., 2008; Kedia and Ramachan-2010), which can strongly influence the radiative forcing
dran, 2008; Ramachandran and Cherian, 2008). Duringzompared to single-species, i.e. externally mixed particles
the pre-monsoon season, from March to May, the westerlye.g. Jacobson, 2001) as used in previous estimates (Moorthy
wind flow brings dry and polluted continental air masseset al., 2009; Kedia et al., 2010). Even though measurement-
over the Indian ocean along with clear-sky and minimal rain-based aerosol radiative forcing estimates substantially im-
fall conditions. This provides an ideal situation to anal- proved the understanding of aerosol radiative effects over the
yse the aerosol distributions and radiative effects. SeveraBoB and AS region, these studies are limited by their rela-
intense field campaigns have been conducted to charactetively short duration and small spatial coverage. It remains
ize the aerosol distributions and its radiative effects duringdifficult to characterize the large spatial and temporal vari-
the north-east (NE) or winter monsoon season of Januaryations of aerosol properties and hence to estimate their ra-
March (e.g. Ramanathan et al., 2001; Ramachandran and Jdiative forcing. Therefore, a constrained, spatially and tem-
yaraman, 2002). A recent observational campaign, the Inteporally resolved, regional aerosol radiative forcing estimate
grated Campaign for Aerosols, gases and Radiation Budgds needed for BoB and AS by integrating model results with
(ICARB), was conducted over the BoB and AS region during measurements.
18 March to 10 May 2006 (Moorthy et al., 2008, 2009; Ke-  In this study, we examine whether ICARB observations
dia and Ramachandran, 2008; Kedia et al., 2010), termed thare representative of impact over the entire northern In-
pre-monsoon season, which precedes the south-west (SWian Ocean during the pre-monsoon season. The colum-
or summer monsoon. The presence of significant spationar aerosol distributions are estimated using the European
temporal variations in aerosol loading (Moorthy et al., 2008; Centre for Medium-Range Weather Forecasts (ECMWF)-
Kedia and Ramachandran, 2008) resulted in large spatial heHamburg (ECHAM, version 5.5) GCM combined with the
erogeneities in the aerosol forcing and atmospheric heatingdamburg Aerosol Model (HAM). The large-scale datasets
patterns during this campaign (Moorthy et al., 2009; Kediafrom the ECHAM5.5-HAM model and the MODIS satel-
etal., 2010). lite data were used to assess the representativeness of the
General circulation models (GCM) simulate the processedCARB ship-based observations. An analysis of the model-
of emission, chemical and physical transformations, removakimulated aerosol distributions in comparison to measure-
mechanisms, transport, and radiative impact of aerosols. Thements was carried out in this study using the observations
simulated aerosol properties and their climate effects exhibifrom ships and satellites during the ICARB period. The
large uncertainties (Textor et al., 2006; Forster et al., 2007 model-simulated fine and coarse mode AODs were com-
from the often inadequate representation of aerosol-relategared to satellite retrievals (MODIS) and used to estimate
processes in climate models and inaccuracies in aerosdhe columnar aerosol type and size distributions. We also
emission estimates (Textor et al., 2006). In previous studpresent a constrained estimate of the clear-sky direct aerosol
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radiative forcing in the shortwave (SW) spectrum at the topchange in the net (downward minus upward) flux with and
of the atmosphere (TOA), at the surface (SUR) and in thewithout the presence of aerosols in the atmosphere as:
atmosphere (ATM).
AFT0A, SUR= AFwITH AEROSOL TOA SUR
—AF 1
2 Model description WITHOUT AEROSOL TOA SUR (1)
The DARF within the atmosphereA(Farm) was estimated

2.1 The aerosol-climate model ECHAMS5.5-HAM as the difference between the radiative forcing at TOA and
SUR as:

Simulations of the atmospheric circulation were carried out

using the ECHAM5.5 GCM (Roeckner, 2003) with a hor- AFatm = AFtoa— AFsur (2)

izontal resolution of T63 (about 1°8& 1.8°) and a vertical o o
resolution of 31 levels (extended from the surface to 10 hPa) '€ AFatm indicates the amount of radiative flux (energy)
combined with the aerosol module HAM (Stier et al., 2005). absorbed by the aerosols within the atmosphere.
The main components of HAM are the microphysical mod-
ule M7 (Vignati et al., 2004), an emission module, a sulfateg psta sets
chemistry scheme (Feichter et al., 1996), a deposition mod-
ule, and a radiative transfer module (Stier et al., 2006). The3.1 ICARB cruise measurements
aerosol components considered in HAM are sulfate, black
carbon (BC), organic carbon (OC), sea salt and mineral dusAOD measurements were made using a handheld sunpho-
(Stier et al., 2005). The microphysical module of HAM pre- tometer instrument during the ICARB cruise expedition,
dicts the evolution of an ensemble of seven internally mixedconducted on the Oceanographic Research Vessel Sagar
lognormal aerosol modes. The modes were composed eithdfanya during 18 March to 10 May 2006 (Kedia and Ra-
of compounds with no or low solubility, henceforth denoted machandran, 2008). The first phase of ICARB was con-
as insoluble mode, or by an internal mixture of insoluble ducted over the BoB during the period from 18 March to
and soluble compounds, henceforth denoted as soluble modE2 April 2006 and the second phase of ICARB was con-
(Stier et al., 2005). The size ranges considered are belowlucted over the AS during the period from 18 April to
0.005 um dry particle number median radiu} for the nu- 10 May 2006. About 40 observations were made each day
cleation moder between 0.005 and 0.05 um for the Aitken at 15 min interval from 08:00 Local Standard Time (LST) to
mode, between 0.05 and 0.5 um for the accumulation mode,17:00 LST in a moving frame over the ocean during clear sky
andr above 0.5 um for the coarse mode (Stier et al., 2005). conditions (Kedia and Ramachandran, 2008).

Aerosol optical properties (single scattering albedo, ex-
tinction cross section, and asymmetry factor) are precalcu3.2 MODIS and OMI data

lated explicitly from Mie theory (Toon and Ackerman, 1981) . . .
and archived in a look-up table for a wide range of aerosol! "€ daily Level 3 MODIS (collection VOOS) globaP i 1

size distributions and refractive indices (Stier et al., 2005),dridded AOD and fine mode fraction (FMF) (Remer et al,,

and for 24 solar spectral bands (ranging from 0.25pum to2005) values at 550 nm from both Terra (MODD8) and

4pm). At each time step of the simulation, the aerosol opti-Adua (MYD08D3) satellites were obtained during the ship

cal properties were extracted from the look-up table for eactfTuise period for clear-sky pixels. Where less than 20 valid
mode as a function of the Mie size parameter @z r/). retrievals (optical depth pixel counts less than 20) were avail-

wherer is the number median radius of the lognormal mode@P!€ in @ £ x 1° grid-box (i.e. where cloudy skies are preva-
andx is the wavelength) and of the real and imaginary parts/€t), AODs were weighted down (multiplied by a factor of
of the refractive index. For internally mixed particles, the 0-7) to avoid the potentially large influences of satellite re-

refractive index was calculated as a volume-weighted aVer_trieval errors such as cloud contamination, or domination by

age of the refractive indices of all components present in theé*€rosol swelling in large relative humidities around clouds.
mode, including aerosol water (Stier et al., 2005). The factor 0.7 is estimated as the average ratio of number of

valid retrievals to the median of number of valid retrievals
2.2 Estimation of radiative forcing (20) during the cruise days. When AOD values are aggre-

gated to the 1x 1° grid, these discrepancies might other-
In ECHAMbS.5-HAM, the instantaneous short wave direct wise be propagated into larger biases (Kahn et al., 2007).
aerosol radiative forcing (DARFAF), Wm~2) was com-  In order to evaluate multi-year model-simulated AODs, the
puted as the difference in the clear-sky net radiative fluxesdaily mean level 3 MODIS derived AODs at 550 nm from
with and without the radiative properties of the total aerosolsboth Terra and Aqua satellites were used for the pre-monsoon
(Stier et al., 2007). Adjustment of stratospheric tempera-season (March—May) during the 2001 to 2006 period. The
tures can be neglected in the forcing calculations (Stier edaily Level 3 global ® x 1° gridded UV aerosol index (Al)
al., 2007). The DARF at TOA and SUR was estimated as thdrom the Aura OMI sensorhftp://gdatal.sci.gsfc.nasa.gov/
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daac-bin/G3/gui.cgi?instandd=omi) were analysed during emissions were used for forest burning and crop residue
18 March-10 May 2006 to study the dust source locationsburning sectors. The spatial resolution used for the emis-
relevant to the BoB and AS regions. UV Al is the difference sion dataset matches the model’s horizontal resolution (T63).
between the observed and model estimated absorbing arthe large-scale meteorological parameters were nudged us-
non absorbing spectral radiances at 360 and 331http:(  ing the 6-hourly ECMWF reanalysis data in the multi-year
/ldisc.sci.gsfc.nasa.gov/PIP/shtml/aerasolex.shtm). Al simulation.

is a useful qualitative indicator for tracking the presence of

absorbing and elevated aerosols, such as biomass burning

plumes and dust aerosols. 5 Results and discussion

5.1 Spatio-temporal variability of AOD in model
4 Simulation setup and approach simulation and observations

In this section we briefly report the aerosol emission in- The model-simulated daily mean AODs were compared to
ventory details and the experiments performed within thiSAOD from ship-based remote sensing observations (Kedia
study. Aerosol emissions, based on the AEROCOM emis-and Ramachandran, 2008) and MODIS-derived Terra and
sion inventory (Dentener et al., 2006) of the year 2000, com-Aqua satellite combined AOD values from 18 March to
bined with regional emission inventories available over In- 10 May 2006 (Fig. 1). Model outputs were sampled along
dia (Reddy and Venkataraman, 2002; Venkataraman et althe cruise track to obtain daily-mean AOD at 550 nm match-
2005, 2006) were used for biofuel, fossil fuel, industry anding the location and time periods of the cruise observations.
wild fire emission categories. S@missions include volca- AOD values derived from MODIS Terra and Aqua com-
noes (Andres and Kasgnoc, 1998), vegetation fires, industrypined observations agree rather well in terms of variabil-
fossil fuel and biofuel (Cofala et al., 2005). In this study, ity (R = 0.85, see Tables 1 and 2) with the sun photome-
fossil fuel emissions over the Indian region were projectedter measured AOD values during ICARB period (Kedia and
from base year 1999 (Reddy and Venkataraman, 2002) t®Ramachandran, 2008). ECHAM5.5-HAM simulated AOD
the year 2006 using International Energy Agency (IEA) fuel variability agrees well with in-situ and satellite observations
consumption data. Emissions from residential cooking withover the AS legs g = 0.88 andR =0.77, see Tables 1 and
biofuels (Venkataraman et al., 2005) were projected to 200&) but the AOD was systematically underpredicted by up to a
using population data, while those from agricultural residuefactor of 3 in high pollution episodes (24 March, 1, 2, 8 and
burning were directly used from Venkataraman et al. (2006).12 April) over the BoB legs (biases f0.13 and-0.10 com-
Except for DMS, 97.5% of all sulfuric emissions are as- pared to the sunphotometer and MODIS, respectively; Ta-
sumed to be in the form of SGand 2.5 % in the form of pri-  ble 2). Variability, however, still was relatively well simu-
mary sulfate particles following Dentener et al. (2006). Thelated (R =0.68 andR = 0.75, compared to the sunphotome-
dust and sea salt emissions were calculated online (Tegen &r and MODIS, respectively; Table 2 and Fig. 1). The differ-
al., 2002; Schulz et al., 2004) using the ECHAM5.5 10 m ence in the AODs estimated by ship-based measurements and
wind speed. satellite measurements, and model-simulated AODs could
For the experiment, a model spin-up of three months wasarise from the sampling time difference between the three
performed to initialize aerosol fields, and continued with systems (Sun photometer AOD was the mean of AODs mea-
a simulation of the March—May 2006 period for analysis. sured from 08:00LST to 17:00LST and MODIS AOD was
The large scale meteorology was constrained by nudging théhe mean of 10:30 and 13:30LST AODs, while model AOD
model winds to 6-hourly ECMWF analysis meteorological was the 24-h average value). However, since MODIS re-
fields (Simmons and Gibson, 2000). The nudged simulationdrievals of AOD at a 1 x 1° resolution correspond well to
allow for a fair comparison of modelled parameters with the the single-column ship-based sunphotometer measurements,
field campaignh measurements. and since also the sparse temporal sampling of MODIS (up
Additionally, a multi-year model simulation (2001-2005) to twice daily, depending on cloudiness) agrees well with
was carried out to determine the representativeness of ththe daytime-averages of the ship-based observations, we con-
model-simulated AOD distributions and radiative forcings clude that the AOD variability for these oceanic regions and
over BoB and AS during the pre-monsoon season of a speseason was low at temporal scales of less than 1 day, and at
cific year. This simulation period covers the time frame for horizontal scales of less than 1 degree.
which most of the observation-based aerosol radiative forc- The impact of aerosol swelling in high relative humidi-
ing estimates over the BoB and AS regions were reported irties during cloudy conditions, or of cloud contamination for
literature (e.g. Satheesh et al., 2006; Vinoj et al., 2004). Theboth MODIS and sunphotometer observations, was exam-
anthropogenic emissions were kept constant (at 2000 levelined with the help of the model by comparing the AOD val-
in the multi-year simulation. The fossil fuel and biofuel ues sampled at cloud-free days to the ones averaged over all
emissions are annual-mean values (Ggtyrwhile monthly ~ days. Grid points with MODIS optical depth pixel counts
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Fig. 1. Comparison of model derived aerosol optical depth (AOD) at 550 nm (aitlship-based remote sensing measurementsland
MODIS satellite retrievals during the ICARB cruise period from 18 March to 10 May 2006.

Table 1. Comparison between the ship-based remote sensing mef/€restimates the AOD derived from MODIS data relatively
surements, MODIS observations and model-simulated mean Aop&ligher during cloudy days compared to cloud-free days (2
over the Bay of Bengal and Arabian Sea legs during ICARB cruiseVS. 1.44). The ratio of modelled AOD to MODIS AOD

period.
Mean Aerosol Optical
Depth (AOD) @ 550 nm References
Bay of Arabian
Bengal (# 23) Sea (# 17)
HAM 0.19 0.21 Present study
Sunphotometer 0.31 0.25 Kediaand
Ramachandran (2008)
MODIS 0.29 0.26 Present study

amounts to 0.5 and 0.69 for cloudy days and cloud-free
days, respectively (Table S1). Tfmgstrbm Exponent (AE)

is relatively well simulated by the model (slightly higher
compared to MODIS, on average by 5%; see Table S1) on
clear days compared to MODIS derived AE values. How-
ever, model-simulated AE overestimates the AE derived
from MODIS data by a factor of 1.28 (0.78 vs. 0.61) dur-
ing cloudy days (Table S1). This indicates that particles are
too small in the model on cloudy days, leading to the conclu-
sion that the simulated swelling of aerosol particles through
water uptake near cloudy areas is deficient, consistent with
the low-bias in model-simulated AOD compared to MODIS
observations during cloudy days (15%). The fact that the

greater than 20 are treated as cloud-free days. Seven daygCHAMS5.5-HAM model and MODIS AOD compare better

(25 March, 30 March, 2 April, 12 April, 21 April, 7 May and

in cloud-free situations corroborated this conclusion. Similar

10 May) were identified as cloud contaminated days sinceconclusions were found for the comparison between MODIS
they show less than 20 valid MODIS AOD retrievals. The data and the sunphotometer, as well as when comparing the
model-simulated AOD agrees better with ship-based obsersimulation to MODIS satellite retrievals. This indicates that
vations on cloud-free days compared to all days during theswelling due to high relative humidity in cloudy situations
ICARB cruise period in terms of error (Root mean square and/or cloud contamination introduces additional variability,
error, RMSE of 0.13 vs. 0.16; Table 3) and in terms of vari- so that the single-column ship-based observations represent
ability (R =0.78 vs. 0.69). However, the modelled AOD un- the large-scale MODIS retrievals only to a lesser extent.

www.atmos-chem-phys.net/12/1287/2012/
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Table 2. Linear regression statistics between the ship-based remote sensing measurements, MODIS observations and model-simulated AOD

over the Bay of Bengal and Arabian Sea legs during ICARB cruise period.

Sunphotometer  Sunphotometer MODIS vs. HAM

Region Statistics vs. MODIS vs. HAM Total Fine Coarse

Number of observations 40 40 40 40 40
Correlation coefficientR) 0.85 0.69 0.70 0.62 0.42
Slope 0.82+0.08 0.36:0.06 0.38:-0.06 0.3A40.08 0.140.06

Total Root mean square error (RMSE) 0.09 0.16 0.15 0.09 0.09
Mean bias (MB) —o0.01 —0.10 —0.09 —0.04 —0.0%
Correlation coefficientR) 0.92 0.68 0.75 0.65 0.24
Slope 0.89+-0.08 0.2%4-0.07 0.33:0.06 0.294-0.07 0.0%0.08

Bay of Bengal Rot mean square error (RMSE) 0.07 0.19 0.17 0.11 0.09
Mean bias (MB) —0.03 —0.13 —0.1¢% —0.07 —0.0%
Correlation coefficientR) 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

Arabian Sea  gqot mean square error (RMSE) 0.11 0.10 0.11 0.05 0.09

Mean bias (MB) 0.0% —0.04 —0.0% —0.012 —0.0%

1 Mean bias is calculated relative to sunphotometer vaftiddean bias is calculated relative to MODIS values.

Table 3. Linear regression statistics between the ship-based remote sensing measurements, MODIS observations and model-simulated AOD

during Bay of Bengal and Arabian Sea cruise period.

Sunphotometer Sunphotometer MODIS
vs. MODIS vs. HAM vs. HAM
Statistics Alldays Cloud free days Alldays Cloud free days Alldays Cloud free days
Correlation coefficientR) 0.85 0.92 0.69 0.78 0.70 0.72
Slope 0.82£0.08 0.92+0.07 0.36+0.06 0.48+0.07 0.38+0.06 0.44+0.06
RMSE 0.09 0.06 0.16 0.13 0.15 0.13
BIAS —0.01 —0.02 —0.10 —0.09 —0.09 —0.07

In summary, the inconsistency between model and re- The impact of the temporal vs. geographical evolution on
mote sensing estimates mainly arises from the uncertainthe AOD values along the ship track was investigated to
ties associated with satellite retrievals (e.g. uncertainties witjudge whether the AOD variability for the oceanic regions
cloud contamination or surface albedo) and from the inac-and season as observed during ICARB was representative of
curacies in the model representation of aerosol and cloudhe entire region and season. This analysis was carried out
processes. Other reasons are associated with relative husing the two observational data sets (ship-based sunpho-
midity (RH). In this regard, though, a recent comparison of tometer single-column measurements and MODIS satellite
aerosol swelling in terms of the statistical relationship be-large-scale observations). Table 4 shows two ways of corre-
tween cloud cover and AOD found a good global agreementating ship-based sunphotometer data to large-scale MODIS
between ECHAMS5.5-HAM and MODIS satellite retrievals retrievals: (i) sampling the MODIS data along the ship track
(Quaas et al., 2010). In the model, aerosol water uptake- this was sampling the full spatio-temporal variability avail-
is treated by using a single humidity value rather than aable from ICARB; and (ii) sampling MODIS data along the
distribution (Quaas et al., 2010). This treatment may non-track, but from the seasonal mean AOD distribution — this
linearly increase the water uptake in regions where RH iswas sampling only the geographical variability along the
greater than 80% (e.g. near cloud edges or oceans), as r&ack. As expected, the spatial-only, seasonal-mean sam-
ported in previous studies (e.g. Haywood et al., 1997; Bianpling from MODIS does not agree as well to the sunpho-
et al., 2009). This would likely underestimate the real effecttometer data in any of the statistical measures — particularly
of water uptake over these regions. the large slope of the regression gets much worse. Still, we

found that a large part of the variability was explained by the
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geographical variability, and the temporal variability (that is, distributions of individual aerosol species showed that sul-
specific pollution events) contribute only to a minor extent fate plumes extending from south-east India to the AS and
to the overall variability along the ICARB track (correlation dust plumes extending from west Asia and western India to
coefficientR = 0.71 for the seasonal-mean sampling vs. 0.85the AS resulted in high AODs near the Mangalore coast dur-
for the full spatio-temporal sampling along the track). Split- ing ICARB period. Receptor modelling analysis also showed
ting this up, we found that in the BoB, individual events were that this period was associated with an increased outflow
more important than in the AS region, where even the correfrom west Asia and western coast of India (Cherian et al.,
lation coefficient was slightly larger for seasonal-mean sam-2010), more subject to dust emissions. The spatial distribu-
pling (a result probably just showing a statistical uncertaintytion of simulated AOD agrees welR(= 0.8, see Table 2)
in the correlation coefficient). with MODIS observations in most of the AS regions. Over
In this study, the climatology of aerosol properties from the BoB region, it was systematically underestimated by a
remote sensing estimates is used to examine how represefactor of 1.5, specifically near coastal regions (Fig. 2), but
tative are the simulated aerosol properties for the multiyeawariability still was relatively well captured®=0.75).
period during the pre-monsoon season over BoB and AS The spatial representativeness of model-simulated AOD
regions. For this, a 6yr (2001-2006) MODIS mean andduring the pre-monsoon 2006 was examined using the
the reported 9yr (2000-2008) Multiangle Imaging spectro-multi-year (2001 to 2006) MODIS derived AOD distri-
radiometer (MISR) values (Dey and Di Girolamo, 2010) butions. The normalized anomaly of model-simulated
are used. Similar seasonal-mean AOD values (&.835) 2006 pre-monsoon mean AOD [(MEAMODEL2gps —
were reported from MISR climatology (Dey and Di Giro- MEAN_MODIS,001-2006)/STDEV_MODIS,001-200¢ from
lamo, 2010) and MODIS climatology (0.290.02) dur-  the multi-year pre-monsoon mean MODIS AOD (2001 to
ing pre-monsoon season over both BoB and AS region$2006) was used to examine the regional representativeness
(Table S2). Model simulations also show similar AOD of model-simulated AOD during ICARB period (Fig. 3).
values (0.240.06) over BoB and AS (0.260.09) re-  Negative (0.5 to—1) anomalies were found over BoB re-
gions during the pre-monsoon season (March—May) of 2006gion. This indicates a significant underestimation of AOD
which is slightly less in magnitude compared to MISR and in the model compared to satellite retrievals during this pe-
MODIS multi-year mean AOD values. Similarly, the model- riod, whereas less positive/negative phas@.25 to +0.25)
simulated AE values also capture the reported MISR clima-anomalies were found in the Arabian Sea region (Fig. 3c).
tology values over both BoB and AS regions (Table S2).The deviations of the year 2006 AOD distribution as retrieved
Agreement between simulated aerosol properties with MISRoy MODIS from the multi-year mean value are insignificant
and MODIS climatology (slightly less in AOD magnitude) in most of the BoB and AS regions (Fig. 3d). This suggests
implying that the AOD and AE simulated by the model well a very low interannual variations occurred in both these lo-
represent the pre-monsoon climatology of aerosol propertiegations in the time period analysed. It also proves that the
over BoB and AS regions. year 2006 in which the ICARB campaign took place was
For evaluating the spatial distribution of model-simulated representative for typical aerosol distributions during pre-
aerosol optical properties, the mean (averaged frommonsoon seasons inthe early to mid 2000s. For understand-
18 March to 10 May) of the model derived AOD at ing the model discrepancies in aerosol representation, the
550 nm was compared to mean MODIS satellite observationsimulated AOD was examined for the different modes which
(Fig. 2). Both simulated and satellite-retrieved AODs were are discussed in the following sections.
found to be high close to the coast and near populated ur-
ban locations. Over the BoB, a clear gradient was seen, witt.2 Fine and coarse mode AOD
AOD decreasing from north-west to south-east (Fig. 2) and
the high AOD values were mainly attributed to continental To understand the model underprediction in more detail, the
outflow from the Indo-Gangetic Plain (IGP) and east Asia, modelled AODs at 550 nm were compared with satellite ob-
as well as long-range transport of mineral dust aerosols fronservations (MODIS, Terra & Aqua combined) in fine and
the west Asian regions. This gradient was captured well bycoarse modes (see Fig. 4). MODIS fine and coarse mode
the model, which, however, shows an overall underestimaAOD was derived using the MODIS AOD and fine mode
tion quantitatively. The high values of simulated AODs along fraction (FMF) values. HAM fine mode AOD was estimated
the Mangalore coast appear to be a consistent feature over thegy adding the Aitken and accumulation mode (both soluble
AS region along with ICARB observations (Moorthy et al., and insoluble modes) AODs. Both simulated fine and coarse
2008), and were reported during several earlier cruise studmode AODs agree rather welkR(=0.79 andR = 0.58, Ta-
ies (Parameswaran et al., 1999; Moorthy and Saha, 200(le 2) with MODIS fine and coarse mode AODs over the
Ramachandran, 2004), which was also captured in satellitéd\S legs in terms of variability, but showed a certain under-
observations (Fig. 2). However, the simulated plume doesestimation quantitatively, especially for a few days, where
not extend far enough to the North, but, on the other handin particular the coarse mode was substantially underesti-
extends too far off shore. The analysis of simulated spatiamated (Fig. 4). During the BoB leg, most of the fine mode
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Table 4. Comparison of linear regression statistics between the ship-based remote sensing measured and MODIS retrieved AODs for the
temporal (sampled at the right days along the track) and seasonal mean (ICARB period mean geographical distribution sampled along the
ship track) during ICARB cruise period.

Sunphotometer vs. MODIS Total Bay of Bengal Arabian Sea

Temporal Seasonal mean Temporal Seasonal mean Temporal Seasonal mean
Correlation coefficientR) 0.85 0.71 0.92 0.61 0.77 0.80
Slope 0.82+0.08 0.34+0.05 0.89+0.08 0.25+0.07 0.76+:0.16 0.43+0.08
RMSE 0.09 0.12 0.07 0.13 0.11 0.11
BIAS —0.01 —0.03 —0.03 —0.04 0.01 —0.02

b) MODIS

I [ [
015 02 025 03 0.4

0 0.025 0.05 0.1

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

AODs were underpredicted by up to a factor of 2 to 3, while plain or central India (anthropogenic aerosols) and the west-
coarse mode AODs were occasionally significantly under-ern India or Arabia (dust emissions) (Cherian et al., 2010).
predicted by a factor of 3 to 6 with a regression slope as lowHowever, the impact of the continental advection decreased
as 0.09 (Table 2). The reasons for the underestimation o€ontinuously as the ship moved southwards. In the model,
both fine and coarse AODs are discussed later. The variabilthe emission of mineral dust depends on the online prognos-
ity in the fine mode was acceptably well simulated also fortic wind speed at 10 m above the surface and the prescribed
the BoB leg R = 0.65), but severely wrong for the coarse surface feature of soils (Stier et al., 2005). Some of the ob-
mode R =0.24). served coarse mode AOD may stem from dust emissions,
The significant underestimation of fine and, particularly, which were not well represented, or not included at all, in
coarse mode AODs during BoB leg may result from incor- the model. This may also contribute to the underestimation
rect aerosol emissions, or aerosol transport. To examine thisf coarse mode AODs during the BoB legs. Deficiencies in
further, the chemical composition for fine and coarse modethe simulation of aerosol transport and processing may also
column burden was analysed (see Fig. S1). It was found thatontribute. The limited number of in-situ observations might
the anthropogenic aerosols (sulfate and, to a lesser extenteduce the quality of ECMWEF reanalysis data over the In-
organic carbon), dominate (50—80 %) the fine mode columndian Ocean region (Bonazzola et al., 2001), potentially bi-
burden, with the remaining parts mostly from aerosol waterasing the wind fields used for nudging in the ECHAMb5.5-
uptake, and negligible contributions from dust, black carbonHAM simulations. This reduces the fidelity of the transport
and sea salt. Natural aerosols (dust and, to a much lesser egf continental anthropogenic aerosols to the BoB regions,
tent, sea salt) were dominant (90 %) to the coarse mode colthus contributing to the underestimation of the fine AODs
umn burden during these periods (see Fig. S1). Especiallpver these regions.
over the AS leg, water was found to be a large contributorto Huneeus et al. (2011), using multiple model inter-
the coarse-mode column burden as well. Back trajectory angdomparison study, suggested that the underestimation of
receptor model analysis showed that air mass during this peAOD and overestimation of AE indicate whether a model is
riod was associated with an outflow from the Indo-Gangeticunderestimating dust emissions in particular regions. In this
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Fig. 3. AOD distributions at 550 nm waveleng(h) as simulated by ECHAM5.5-HAM angb) as retrieved by the MODIS satellite sensors
(Terra and Aqua combined), averaged for 6 yr (2001 to 2006) during 18 March to 10 May. Normalized anofeiinoéiel-simulated
2006 mean AOD [(MEANMODEL 00 — MEAN_MODIS>001_2009/STDEV_MODIS»q001_200d and (d) MODIS retrieved 2006 mean
AOD [(MEAN _MODIS00s— MEAN_MODIS»001_2008/STDEV_-MODIS>g01_2004d from the 6 yr averaged satellite retrieved AOD during
18 March to 10 May.

study, the model-simulated AOD is underestimated by a fac-AOD underestimation further, the simulated dust AOD was
tor of 3 during 24 March, 1, 2, 8 and 12 April days over the compared with the satellite derived UV Al during 18 March,
BoB leg (Table 5). On the other hand, the model-simulated19 March, 28 March, and 2 April periods (Fig. 5). It was
AE is overestimated, compared to the sunphotometer-basebund that the missing of Thar Desert dust plumes during
AE during these days. The simultaneous underestimation ofhese days resulted in very low AODs during 24 March, 1, 2,
the AOD and overestimation of the AE points to an under-and 8 April days over the BoB leg (Fig. 1). A too small
estimation of the coarse dust emissions if a too small con-dust emission flux over the Thar Desert was found on 18
tribution from other coarse mode aerosol components can band 19 of March 2006 that lead to AOD underestimation on
excluded (Huneeus et al., 2011). 24 March in model-simulated aerosol fields. At the same
time, UV Al values over the Thar Desert region confirm the

Model inter-comparison studies showed that the simulatedexistence of significant dust outbreak events (Fig. 5). The
lifetime of dust aerosols is 4.6 days on average (Huneeug\l indeed exceeds a value of 1.0 in the region of the Thar
et al.,, 2011). We performed a five day air mass back tra-Desert, signifying the existence of aerosols absorbing UV
jectory analysis (from starting altitudes of 100 m, 500 m, radiation. Such approaches were previously used to identify
1000 m and 2500 m), which shows an air mass outflow frommissing dust source episodes (Flaounas et al., 2009). Sim-
western Indian regions during these days (see Fig. S2) thatarly, the underestimated dust source over the Thar Desert
is consistent with previous analysis (Kedia et al., 2010).during 28 and 29 March lead to too low AODs during 1 and
This analysis shows that 4 to 5days are needed for dus? April. However, low AOD on 12 April mainly stems from
aerosols to reach the observation point. To examine dust
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Fig. 4. Comparison of modelled fin@(upper panel) and coarse modbe lpwer panel) AODs at 550 nm against satellite observations during
the ICARB 2006 cruise period.

Table 5. Comparison of modelled AOD anbingstom Exponent (AE) with sunphotometer measured during missing dust source days and
entire BoB leg.

AOD @ 550 nm Angstiom Exponent (AE)
Sunphotometer HAM Sunphotometer HAM
AOD underestimated days
(24 March, 1, 2, 8, 0.45 0.15 1.16 1.28
and 12 April)
BoB mean 0.31 0.19 1.12 1.11

the missing dust source regions from west Asian regions Finally, there might be a mis-representation of aerosol wet
(Fig. S2). The fact that the model compares better in averscavenging and sedimentation. To examine this further, the
age situations compared to missing-dust source days pointset and dry deposition flux of dust aerosols were analysed
to the inaccuracies in simulating enough dust emission fluxduring the entire BoB cruise period and separately for the
during these days. Even if in general, the model-simulateddays where the model failed to capture large values of coarse-
dust AOD in the same locations where the UV Aerosol Indexmode AODs. It was found that the fraction of dust removed
(Al) indicates dust source regions (Arabian peninsula, Tharfrom the atmosphere by both dry and wet deposition is com-
Desert), relatively little dust was transported to the ship loca-parable during the days where the model lacks dust and the
tion from the northern Indian subcontinent. This anomalousaverage over the BoB period (Fig. S3). Also the aging of
transport results in rather low coarse mode AOD in most ofdust result from microphysical processing is not very differ-
the BoB cruise days (Fig. 5). ent in the four days with the low-bias in dust. However, a
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Fig. 5. Comparison of modelled dust AOD at 550 nm to Aura-OMI satellite derived UV Aerosol Index (Al) for the entire BoB periods
(18 March—11 April;a andc) and for the average of 4 days when dust from source regions was missing in ECHAM5.5-HAM (18 March,
19 March, 28 March, and 2 Aprih andd).

particularly low model dust emission flux was found during of the soil moisture effect into the ECHAM5.5-HAM dust
these 4 days (18 March, 19 March, 28 March, and 2 April) emission scheme (Cheng et al., 2008), which show improved
over the Thar Desert (north-west India) region (Fig. S4). dust emission in east Asia, might improve the dust emission
The primary factors governing the magnitude and geo_qux over Thar Desert region. Wind speed is another key
variable that influences desert dust lifting and transport. The

graphical location of dust emissions are the soil erodibil- : . )
> . . model-simulated surface wind speed over the Thar Desert is
ity factor and wetness of the surface (soil moisture) treat- T ) S
: N .. found to be similar during missing dust source days com-
ment in dust parameterisations. In the current dust emission o2 :
. pared to normal days suggesting little evidence of anoma-
scheme of ECHAMS.5-HAM, global soil textures were pre- lously low wind speed influencing suppressed dust activit
scribed for preferential source regions (Tegen et al., 2002) y P 9 supp Y

which results in a significant underestimate of the dust emis-(F'g' 4). Other approaches (Grini et al,, 2005), which rep-

sion flux over Asian regions (Cheng et al., 2008). Alter- resgnt sub grld wind speed yarlablllty as a probability distri-

L . L bution function (PDF), predict dust better over dust source-
nate approaches, e.g. reflectivity-based soil erodibility factorre ions. but show anomalous increases in dust emissions in
(Grini et al., 2005), which show better agreement of dust flux 9 '

. C . “r'non-desert regions at low mean wind speeds (Grini et al.,
with measurements, might improve dust parameterization "5005) In the current scheme super-coarse mode dust parti-
ECHAMS5.5-HAM. Over arid regions, dust flux is sensitive to ’

. . I re negl in the emission calculation n the as-
wetness of the surface (soil moisture), which is influenced bycesae eglected in the emission calculation based on the as

the amount of regional rainfall. The time required by the soil sumption that they settle down very quickly because of large

: . masses. This assumption also possibly contributes to the
to dry after a small rainfall depends on air temperature, hu- Lo o . .

- : : !~ underestimation of dust emission when gusty wind prevails
midity, surface winds, and soil texture. Currently prescribed

soil textures (Tegen et al., 2002) would not accurately reflecC these regions (Cheng et al., 2008).
these processes. Other approaches, e.g. the parameterization
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In summary, the underestimation of AOD (mainly coarse 5.4 Aerosol absorption and radiative forcing

AOD) in high AOD periods mainly stem from missing
aerosol sources (most probably was coarse mode dust Aerosol absorption determines the amount of solar heating
mainly in Thar Desert areas — but also fine mode sulfate andby atmospheric aerosol and may be quantified by the aerosol
OC). Though ECHAM5.5-HAM AOD estimates were un- absorption optical depth (AAOD), which is defined as the
derestimated in high pollution episodes (especially over theproduct of the AOD and aerosol single scattering co-albedo.
BoB regions), the model still is a valuable tool to understandFor evaluating the spatial distribution of aerosol absorption,
the mean pre-monsoon aerosol size distribution, atmospherithe mean (averaged over the 18 March to 10 May period)
absorption, and radiative effects during the ICARB period. simulated AAOD at 550 nm was compared to OMI (aboard

. EOS-Aura) retrieved AAOD at 500 nm (Fig. 6). High AAOD
5.3 Angstrom Exponent values were found over the biomass regions of India and east

) S ) . Asia regions (Fig. 6). Good agreement for the geographi-

The spatial distribution of the simulateingstom Expo-  ¢a) distribution of absorption was found for large AOD re-
nent (AE,«, 550 nm/825 nm) was evaluated using the satel-gjons over land between OMI and simulated AAOD values,
lite retrieved AE from the MODIS sensor (550 nm/865 nm, \yhile OMI AAOD was found to be very low over most of
Terra and Aqua combined) during the ICARB cruise period the oceanic regions (Fig. 6). However, OMI retrievals carry a
(Fig. S5). Some features of the geographical distribution ofsjgnjficant uncertainty with likely underestimation of AAOD
the simulatedy agrees well with satellite observations over 5t |ow AOD values as those observed over the ocean. The
the AS regions. Loww value (large particle sizes) were sim- yncertainty in satellite retrieval was mainly associated with
ulated in the northern AS region, in close agreement with thethe assumed aerosol layer height, aerosol type misidentifica-
satellite retrievals. Also the pattern of the north-east to southyjgp, (3 basic types such as dust, carbonaceous aerosols and
west decreasing gradienta{increasing particle sizes) mov- \yeakly absorbing sulfates) and cloud contamination (Tor-
ing away from the coast was well represented. Howeveryes et al., 2007). The model showed that absorption of so-
the model consistently overestimates or underestimates |5y radiation by aerosols was mostly result from BC (about

aerosol particle size, consistent with the above finding of toogg o4 to 90 %) over the oceans and continent regions, with re-
little simulated dust concentrations. Over the BoB, the modelyaining portion accounted for by mineral dust and OC (see

showed far too little variability, and — as for the AS region — rig 6c—d).

particle sizes were underestimated. The overall gradient of summary of SSA measurements carried out in the recent
decreasing particle sizes moving away from the Indian coastyearS over BoB and AS regions is given in Table 6 along with
though, was simulated. High valueso{1-1.5) were found  mogel-simulated SSA values. The mean value of model-
over the BoB leg indicating a relatively large fraction of fine gjmyjated SSA value over BoB is found to be 0:90.02,
mode particles (Fig. S2), while large heterogeneities foundyhich is consistent with the finding from ICARB measure-
over AS leg with relatively small values<Q) of « (Fig. S2).  ments (Nair et al., 2008; Kedia et al., 2010) and from previ-
The southern AS (south of 1) was characterized by high ;5 INDOEX measurements (Ramanathan et al., 2001). The
values ofu vv_ith _vall_Jes iq the range 0.6t00.8(0.85t0 1in mean SSA (0.940.01) value (see Table 6) over AS is also
the model), indicating high relative abundance of accumu-oynd to be within the range of uncertainties of the measured
lation mode (sulfate) aerosols (Fig. 85).. Compared to thisgga values (Kedia et al., 2010). The mean SSA value over
the northern AS (north of TSN) was dominated by coarser ag s higher than BoB region indicate that the dominance
mode aerosols (dust) andvalue in the range 0.45 10 0.75, 4t ahsorbing (BC) aerosols over BoB regions. SSA values
consistent in both model and satellite retrievals (Fig. S5).from previous studies (Ramanathan et al., 2001; Ramachan-
The coarse mode a_erosols were mainly associated with mingran and Jayaraman, 2002) were found to be slightly lower
eral dust (see previous section and Fig. S1). The percenisyer BoB and AS regions (Table 6) because all these studies
age contribution of fine mode (accumglatmn +A|tken)' parti- \vere conducted in the winter monsoon season (December—
cles to total AODs was found to be high (68 %) — this also pmarch) during which the absorbing aerosols from the south
shows the dominance of fine mode aerosols (sulfate and OGjan region get transported to these regions. The close cor-
aerosols in accumulation soluble mode) over the BoB leggespondence between the model-simulated and the measured
in the model, indicating the transport from IGP and cen- \jajr et al., 2008; Kedia et al., 2010) SSA value indicate that
tral India regions (see Table S3). This was consistent Withepresentation of chemical composition and mixing state in
findings based on measurements (Kedia and Ramachandraghe model is likely to be valid over BoB and AS regions.
2008), which showed larger AODs and FMFs, and receptor The model-simulated short-wave (SW) clear-sky direct
modeling (Cherian et al., 2010), which showed the predom-z¢qc01 radiative forcing (DARF) at the TOAAFTon),
inance of anthropogenic factors, during the cruise over thesurface A Fsur) and, within the atmosphereAFEarv =
BoB when the ship was mainly influenced by air masses fromAFTOA — AFsur) was analysed to determine the aerosol di-
the IGP or central India. rect radiative effects during ICARB period. The simulated
mean DARF sampled along the ship track over BoB leg was
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Fig. 6. Comparison ofa) modelled absorption optical depth (AAOD) at 550 nm ghjl Aura-OMI satellite derived AAOD at 500 hm
averaged over the ICARB 2006 period. The simulated contributiois)&@C and(d) Dust plus OC, to total AAOD, respectively, are also

shown.

Table 6. Mean single scattering albedo (SSA) over the Bay of Bengal and Arabian Sea region obtained from present study in comparison

with earlier studies.

Region and source Period SSA
Bay of Bengal
Present study March—April 2006  0.910.02

Nair et al. (2008)
Kedia et al. (2010)
Ramanathan et al. (2001)

March—April 2006  0.980.02
March—April 2006  0.930.01
January—March 2001 £.681

Arabian Sea

Present study
Kedia et al. (2010)
Ramanathan et al. (2001)

Ramachandran and Jayaraman (2002)

April-May 2006  0.940.01
April-May 2006 0.950.01
January—March 1999 £.692
January—March 1999 +0.83

found to be—4.7,—11.3, and +6.6 W m? at TOA, SUR, and
ATM, while that over AS was-6.1,—10.7, and +4.6 W m?

at TOA, SUR, and ATM (Table S4). The model-simulated monsoon season.

sampled along the ship track to analyse to which extent the
ICARB cruise was representative of the entire region/pre-
The regional-seasonal mean simulated

regional-seasonal mean DARF was compared to the DARARF over the BoB was-4.2WnT?2, —9.8Wn1?2, and
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Table 7. Mean clear-sky short-wave direct aerosol radiative forcing (DARF, Vé)rat the top of the atmosphere (TOA), at the surface
(SUR), and within the atmosphere (ATM) over the Bay of Bengal and Arabian Sea regions during ICARB obtained from present study in
comparison with earlier studies.

HAM DARF Sunphotometer tied Satellite tied DARF ICARB DARF (V\fr'ﬁ)
Region (Wm=2) DARF (W m~—2) (Wm=2) from Kedia et al. (2010)
TOA SUR ATM TOA SUR ATM TOA SUR ATM TOA SUR ATM
Total -55 -121 6.6 -8.7 -199 111 -78 -17.8 9.9
Bay ofBengal -5 -12.6 7.6 —-9.8 -243 145 -86 -—-214 129 —-12 -224 104
Arabian Sea —-6.2 -115 5.4 —-7.4 -139 6.6 -6.8 -12.8 6 —-10.5 -15.8 53

+5.6 WnT2at TOA, SUR, and ATM, respectively; ardb.0, sunphotometer-tied values were much closer - within about
—10.7, and +4.7Wm? over the AS leg. On average, +2W m2, except for the ATM forcing over the BoB, where
thus, the forcings sampled along the ship track were conthe discrepancy was 4 WTA — to the Kedia et al. (2010)
sistent with the ones obtained for the entire region and preobtained than the model-only estimates.
monsoon season to withig0.5W nT2, £1.5WnT?2 and The spatial variations of the seasonal-mean DARF, as ob-
+1Wm-2at TOA, SUR, and ATM, respectively, with much tained by the satellite-tied computation, at TOA, SUR and
less discrepancy over the AS than over the BoB. Since the\TM during the ICARB period are shown in Fig. 7. Large
regional-seasonal mean DARF sampled along the ICARBspatial heterogeneity in DARF was observed in both BoB
ship track corresponds so well to the temporal and seasonaind AS regions consistent with AOD patterns over both re-
mean DARF over the BoB and, even more so, AS regionsgions. Over the BoB region, the atmospheric forcing was
we conclude that the ICARB cruise track was well chosen tofound to be high when the ship was moving near the north-
be representative of the entire region and the season. ern BoB, while over AS the forcing was high when the ship
Above, we showed that the model was underestimatwas moving near the southern Indian peninsula. This was
ing AOD values, especially for dust and in high pollution consistent with the ICARB cruise observations (Kedia et al.,
episodes. Thus, the simulated DARF was likely to be un-2010; Moorthy et al., 2009). The TOA forcing was negative
derestimated as well. We thus use the observations to obover most of oceanic regions except over regions with bright
tain constrained, improved DARF estimates. A satellite-tiedsurfaces (desert and ice regions). Significant cooling was
DARF was calculated by multiplying model-simulated sea- Simulated at the TOA42 to —10W n7 %) and at the SUR
sonal mean forcing efficiency (DARF per unit AOD) with (=5 to —25Wm~2) over the BoB and AS regions, which
MODIS AOD. A sunphotometer-tied DARF was calculated compares well with previous GCM estimates (Reddy et al.,
also, by multiplying the simulated seasonal mean forcing2004). The ATM forcing decreased continuously with lati-
efficiency with the ICARB ship-based AOD along the ship tude from>15W n2to 5 W 2 as was reported in ICARB
track (Table 7). As expected, the forcing increases in absocruise studies (Moorthy et al., 2009).
lute terms, particularly over the BoB, where observed AODs The aerosol radiative forcing efficiency (ARFE,
were larger than the simulated ones. Sunphotometer-tieV m—27—1) is defined as the direct ARF (WTA) per
forcings along the cruise track were somewhat larger tharunit AOD at 550 nm. It isolates the influences of aerosol
satellite-tied ones, consistent with what we found earlierparticle properties on radiation from AOD and indicates
from the model. This forcing estimate, revised using thethe sensitivity of direct ARF to AOD. The ARFE value
observations, yields a seasonal mean forcing-6f8 and  determines the efficiency of the aerosols to interact with the
—24.3Wn1? at the TOA and at the surface (Table 7). The radiation and indicates the aerosol type and its absorption
unconstrained model estimated forcing underestimated thefficiency (Moorthy et al., 2009). In this study, the spatial
TOA and surface forcing by a factor of 1.4. This indicates distribution of ARFE within the atmosphere was examined
that the magnitude of model uncertainty in the estimation ofto understand the efficiency of BoB and AS aerosols in forc-
aerosol radiative forcing. As a best estimate, the regionaling the atmosphere during pre-monsoon season (Fig. 7d).
mean seasonal-mean forcing, as obtained by the satellitéFhe aerosols capable of imparting higher ATM forcing were
tied computation, in the BoB region is8.6, —21.4, and located in the IGP, central India, eastern India and east Asia
+12.9Wn1?2 at TOA, SUR, and ATM, respectively, and in regions (Fig. 7d). Interestingly over coastal regions which
the AS region—6.8,—12.8, and +6.0 W m? at TOA, SUR,  are rich in aerosols, only northern BoB, northwestern AS
and ATM, respectively (Table 7). The forcing along the track and southern BoB regions were found to have high atmo-
can be compared to the published values for the ICARB camspheric absorption efficiency indicating that the presence of
paign from Kedia et al. (2010), which we list in Table 7. The more absorbing type (BC and dust) aerosols. High AOD
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Fig. 7. Spatial distribution of clear-sky shortwave (SW) DARF (W) at the(a) top of the atmosphere (TOAJb) surface (SUR)(c)
within the atmosphere (ATM) an@) atmospheric forcing efficiency (ARFE, wmr 1.

regions such as off the coast of Mangalore show low forcingthe values reported (50 Wz 1) during INDOEX (Ra-
efficiency implying the presence of more scattering typemanathan et al., 2001) indicate that the significant changes
aerosols (mainly sulfates). in dust aerosols (atmospheric absorption, see Fig. 7) during

pre-monsoon season.
The seasonal mean ARFE at TOA, surface and atmo-

sphere was compared against the measurement based ARFE! N€ ratio (fs) of the surface forcing to the TOA forcing
reported by Moorthy et al. (2009). The model-simulated 91V€S an indication to the aerosol type (scattering or ab_sorb—
ARFE agrees reasonably well with reported mean forcing'Nd)- Generally the values ofs >~ 3 represent strong in-
efficiency at TOA and surface (Moorthy et al., 2009) over fluence of absorbing aerosols while fqr scattering aerosols
BoB and AS during ICARB (Table 8). The significantly s <2 (Podgomy etal., 2000). The ratio ranges from 2 to 3
smaller <8 W m~2z~1) atmospheric forcing efficiency over OVer the B_oB and 1 t(_) 2 over_the AS, which compares well
the AS compared to BoB seen in our study can be attributed? t©© 3) with the previous estimates (Moorthy et al., 2009)
to the large decrease in the BC aerosols over AS during thé‘nd reveals the dominance qf the surface forcing and scatter-
pre-monsoon season. The model-simulated ARFE over AS id19 aerosols (sulfates, organic carbon, and sea salt) over most
significantly higher €11 W m2z-1) than the reported val- of the oceanic regions. Higlfs valugs &5) found over thg

ues during ICARB cruise period (Moorthy et al., 2009). This pol!uted regions _(northeastern |HQIa and east AS|_a reglqns)
is attributed to the high abundance of mineral dust trans/ndicate the dominance of absorbing aerosols, which mainly
ported in the model from arid regions lying to the west Asian "eSulted from biomass burning and forest burning.

regions. The net atmospheric forcing efficiency is found to In this study, we examined how representative are the
increase significantly when there were dust transports fromDARF estimates simulated by the model for the multiyear
west Asian regions. The mean atmospheric forcing efficiencypre-monsoon season over the BoB and AS regions. The
(294 4Wm~2¢~1) over the AS is considerably lower than five year (2001-2005) model-simulated clear-sky short-wave
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Table 8. Inter comparison of mean aerosol radiative forcing efficiency (ARFE) at the top-of-the-atmosphere (TOA), surface (SUR) and
within the atmosphere (ATM) during ICARB campaign.

Aerosol radiative forcing efficiency (ARFE (WTT? 1)

Region TOA SUR ATM
Present Moorthy et Present Moorthy et Present Moorthy et
study al. (2009) study al. (2009) study al. (2009)
Bay of Bengal —31.95+4 —30+3 —68+6 —61+5 37+3 31+6
Arabian Sea —347+4 —35+3 —64+8 —53+5 29+4 18+ 7

Table 9. Comparison of model-simulated multi-year mean all-sky aerosol radiative forcing and reported all-sky forcing from Satheesh et
al. (2006) over northern and southern BoB and AS regions.

. Surface Atmosphere
Region
Present study Satheesh et al. Present study Satheesh et al.
(Mar—May (2006) (Mar-May (2006)
2001-2006) (2000-2004) 2001-2006) (2000-2004)

Northern BoB —16.4+6 —91t0—-30 18.3+-3.4 610 20
Southern BoB —-9.6+2 —3t0-12 7+£3 1to6
Northern AS —15+5 —12to-18 9+4 6to 15
Southern AS —-10+3 —3t0—6 5+2 1t03

satellite-tied DARF is used for this analysis. The model- to —15W m~2) were larger compared to that over southern
simulated multiyear (2001-2005) seasonal-mean satelliteBoB and AS (10W nm2). The mean all-sky forcing sim-
tied DARF is compared with satellite-tied DARF during ulated by the model is consistent with the reported all-sky
ICARB over the BoB and AS regions (Table S5). The DARF forcing values over the northern and southern BoB. A larger
during ICARB captured statistically well with the multiyear difference in surface cooling over southern AS was found
satellite-tied DARF values and with the available radiative between modelled and reported all-sky forcings. This dif-
forcing estimates from previous studies (Table S5) indicateference can be attributed to the differences in cloud fraction
that the regional forcing estimates from this study well rep-used in both the estimations.

resents the multiyear pre-monsoon season. The importance

of the findings from this study are that (1) more robust (mea- ,

surement constrained) estimates of regionally and seasonal@/ Conclusions

representative aerosol radiative forcing over BoB and ASThis study analyses ship-based sun-photometer measure-

from climate models, and (2) the mean forcing efficiency of ments of aerosol optical properties and their direct radiative
the BoB and AS broadly agree the regional/seasonal mean P prop

) . o . effects from the ICARB field campaign over the BoB and the
values reported from previous multiyear studies, implying . . . .
L D . -2 AS region together with a hudged simulation of the large-
that aerosol forcing inter-annual variability for this oceanic

. .~ scale aerosol-climate model ECHAM5.5-HAM and several
region and season was low at temporal scales, and at horizon-_, . . )
satellite data sets. The regional-seasonal representativeness

tal space scales of less than 1 degree. However, the observé . . .
. ) . .. __.0of the aerosol properties was investigated through observa-

large spatial and temporal (episode wise) heterogeneities in

aerosol properties and their radiative effects needs to bt|ons and model predictions at point locations along the ship

better understood over BoB and AS regions by integrating rack and over Fhe. entire region during the pre-monsoon sea-
. . son. The statistical comparison of the model predictions
measurements with climate models.

) ) with the ship-based observations and large-scale climatology
Multiyear (2001-2006) mean model-simulated all-sky (o satellite observations shows that aerosol properties sim-

aerosol radiative forcing values were compared with reporteq, a1aq by the model is reasonably well representative of the
multi-year (2000-2004) forcing estimates (Satheesh et al.po 450 climatology over the northern Indian Ocean and the
2006) to understand the regional differences within the BOBpre-monsoon SEason.

and AS regions (Table 9). The mean all-sky aerosol sur-
face radiative forcing over northern BoB and AS16.4
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The large spatial and temporal heterogeneities of AOD ob-the AAOD. This study provides a robust (measurement con-
served from ships and satellites (MODIS and OMI) measure-strained) knowledge of the regionally and seasonally repre-
ments during ICARB are reasonably well simulated by thesentative clear-sky aerosol radiative forcing over BoB and
model. Simulated AOD variability agrees rather well with AS region.
both in-situ and satellite observation®g£ 0.77 to 0.88) dur-
ing AS legs. However, the model grossly underestimates (bySupplementary material related to this
a factor of 3) the large AODs observed during high pollution article is available online at:
days, especially over the BoB legs. Since MODIS retrievalshttp://www.atmos-chem-phys.net/12/1287/2012/
of AOD correspond well to the ship-based sunphotometeracp-12-1287-2012-supplement.pdf
measurements, and since also the sparse sampling of MODIS

(up to twice daily, depending on cloudiness) agrees wellacknowledgementsThis work was supported through the At-

with the diurnal averages of the ship-based observations, Wehospheric Trace Gases-Chemistry, Transport and Modeling
conclude that the AOD variability for this oceanic region (AT-CTM) project of the Indian Space Research Organisation’s
and season was low at temporal scales of less than 1 dageosphere Biosphere Programme (ISRO-GBP), Bengaluru, In-
and at horizontal space scales of less than 1 degree. Thdia. The satellite data used in this study are downloaded from
HAM simulated AOD agrees better with the ship-based sun-GES-DISC, NASA. Computing time was provided by the German
photometer measurements and satellite measurements durifigh Performance Computing Centre for Climate and Earth
cloud-free days when compared to all days indicating en-System Research (Deutsches Klimarechenzentrum, DKRZ). We

hanced spatio-temporal AOD variability because of aeroso hank Kai Zhang (Max Planck Institute for Meteorology) for

. - - carefully reviewing the manuscript. J. Quaas was supported by
swelling resulted from larger humidity and/or retrieval errors an Emmy Noether grant of the German Research Foundation

in cloudy _Situations._ (DFG). Ribu Cherian acknowledges the funding support from
HAM simulated fine and coarse mode AODs at 550 NM the Guest-Exchange program of the International Max Planck

were evaluated with MODIS retrievals to better understandresearch School on Earth System Modelling (IMPRS-ESM) for

the model performance over the BoB and AS legs. The HAMhis visit to MPI-M (Hamburg, Germany).

fine mode AODs were underpredicted by a factor of 2 as

compared to satellite observations, while coarse mode AOD3 he service charges for this open access publication

were strongly underestimated by a factor of 3 to 6 over thehave been covered by the Max Planck Society.

BoB region. The analysis of dust AOD along with the UV

Al from OMI sensor found that the model is unable to cap-

ture high AODs, traced back to dust transport, which we con-

cluded to result from the too low model-simulated dust emis-References
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