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Abstract - Single scattering albedo (SSA) represents a unique identification of aerosol type and 6 

can be a determinant factor in the estimation of aerosol radiative forcing. However, SSA 7 

retrievals are highly uncertain due to cloud contamination and aerosol composition. The recent 8 

improvement in the SSA retrieval algorithm has combined the superior cloud-masking technique 9 

of the Moderate Resolution Imaging Spectroradiometer (MODIS) and the better sensitivity of the 10 

Ozone Monitoring Instrument (OMI) to aerosol absorption. The combined OMI-MODIS 11 

algorithm has been validated over a small spatial and temporal scale only. The present study 12 

validates the algorithm over global oceans for the period 2008-2012. The geographical 13 

heterogeneity in the aerosol type and concentration over the Atlantic Ocean, the Arabian Sea and 14 

the Bay of Bengal was useful to delineate the effect of aerosol type on the retrieval algorithm. 15 

We also noted that OMI overestimated SSA when absorbing aerosols were present closer to the 16 

surface. We attribute this overestimation to data discontinuity in the aerosol height climatology 17 

derived from Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) 18 

satellite. OMI uses pre-defined aerosol heights over regions where CALIPSO climatology is not 19 

present leading to overestimation of SSA. The importance of aerosol height was also studied 20 

using the Santa Barbara DISORT radiative transfer (SBDART) model.  The results from the joint 21 

retrieval were validated with cruise-based measurements. It was seen that OMI-MODIS SSA 22 

retrievals performed better than OMI only retrieval over the Bay of Bengal during winter when 23 
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the aerosols are present closer to the surface. Discrepancy between satellite retrievals and cruise 24 

measurements was seen when elevated aerosols are present which might not be detected by the 25 

cruise instruments. 26 

1. Introduction  27 

Aerosols of different types are spatially distributed heterogeneously and at different altitudes in 28 

the atmosphere. Depending upon their properties, certain aerosols types such as carbonaceous 29 

aerosols emitted from biomass burning warm the atmosphere by absorbing radiation, while other 30 

aerosol types such as sea salt emitted from the oceans cool the atmosphere by scattering radiation 31 

(Ramanathan et al., 2001). Due to the opposing effects on the atmosphere aerosols can have 32 

either net warming or cooling effect on the global climate depending upon the aerosol type, 33 

concentration and vertical distribution. Effect of natural and anthropogenic aerosols on the global 34 

climate is measured by 'aerosol radiative forcing' (the perturbation to the earth’s radiation budget 35 

caused by the presence of aerosols). Positive forcing implies atmospheric warming and vice-36 

versa. (Liao and Seinfeld, 1998; Podgorny and Ramanathan, 2001; Satheesh, 2002; Johnson et 37 

al., 2003; Kim et al., 2004; Moorthy et al., 2004; Meloni et al., 2005; Satheesh and Moorthy, 38 

2005; Seinfeld and Pandis, 2006; Satheesh et al., 2008; Chand et al., 2009; Mishra et al., 2015).  39 

According to the climate assessment report, the estimation of aerosol radiative forcing (due to 40 

anthropogenic aerosols) is a major cause of uncertainty in the estimation of climate sensitivity 41 

and therefore presents a significant impediment to climate modelling (IPCC, 2013). The 42 

uncertainty is mostly due to the lack of accurate measurement of the scattering and absorbing 43 

properties of the aerosols (Cooke and Wilson, 1996; Menon et al., 2002; Chung and Seinfeld, 44 

2002; Bond and Sun, 2005). 45 

The Single Scattering Albedo (SSA), (the fraction of the total extinction of radiation 46 
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attributed to scattering) is used to distinguish the scattering and absorbing properties of aerosols. 47 

SSA represents a unique fingerprint of the type of aerosol and its radiative forcing (Hansen et al., 48 

1997; Haywood et al., 1997; Myhre et al., 1998). In general, purely scattering aerosols have SSA 49 

value of approximately 1 while highly absorbing aerosols have SSA less than 0.7.  However, 50 

SSA retrievals lack high certainty (Bond and Bergstrom, 2006; Bond et al., 2013). Uncertainties 51 

in SSA retrievals are due to factors such as cloud contamination, instrumentation error and 52 

aerosol modification due to atmospheric processes. A small change in SSA can cause the aerosol 53 

radiative forcing to change from negative to positive (Hansen et al., 1997; Seinfeld and Pandis, 54 

2006). Loeb and Su (2010) performed a radiative perturbation analysis and found that direct 55 

aerosol radiative forcing was highly sensitive to small perturbations in SSA under clear-sky and 56 

cloudy-sky conditions. A simulation study using Santa Barbara DISORT Radiative Transfer 57 

(SBDART) model in the present work (Section 5.3) shows that a change in SSA from 0.8 to 1 58 

can induce a change of 4 Wm-2 in the top-of-atmosphere (TOA) flux depending on the aerosol 59 

type and aerosol layer height (Figure 8). Better SSA retrievals (both in-situ and satellite-based) 60 

are required to reduce the uncertainty in SSA for a more accurate estimation of aerosol forcing; 61 

particularly over regions influenced by a variety of air masses. There is also a need for accurate 62 

spectral aerosol absorption measurements, which is required to validate SSA derived from 63 

satellites (Bergstrom et al., 2007).  64 

Studies on the various measurements of aerosol light absorption using instruments and their 65 

uncertainty evaluation have been performed previously (Horvath, 1993, Heintzenberg et al., 66 

1997; Moosmuller et al., 2009). The different methods of retrieval of SSA, both ground-based 67 

and using satellites, are provided in Table 1. Unlike aerosol absorption coefficient, SSA is not 68 

measured directly by an instrument. Instead, it is retrieved using lookup tables or estimated using 69 
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other parameters which are measured or calculated using models.    70 

Though these previous studies on ground-based retrievals have brought a fundamental 71 

understanding of the estimation of amounts of aerosols / aerosol chemistry, their restricted spatial 72 

and temporal extent is a significant limitation. Moreover, these studies have reduced availability 73 

of scenes for indirect retrievals. Some techniques are limited due to cloud contamination while 74 

others operate only under specific conditions (e.g. presence of sun glint). This presents a need for 75 

better SSA retrieval algorithms that overcome the present technical limitations, and that can be 76 

applied on a global scale. The global extent of observations from satellites has increased the 77 

spatial extent of the observations (Kaufman et al., 2002a). Though the satellite-based SSA 78 

retrievals have been shown to be extremely successful over the majority of ocean and land 79 

regions, they still have a limited success over deserts and ice sheets. Over deserts and ice-sheets, 80 

high surface reflectance affects the satellite retrievals in the visible spectrum. To counter this, 81 

SSA is retrieved in the UV spectrum (330 nm to 400 nm) over these regions (Torres et al., 1998, 82 

2007). In the UV spectrum, the upwelling radiances are highly sensitive to the aerosol absorption 83 

and also have a lower influence of surface albedo (Torres et al., 2007). SSA retrieval in UV 84 

spectrum hence avoids difficulties encountered over surfaces with high albedo.  85 

The quality of OMI SSA retrievals is affected by sub-pixel cloud contamination (due to the 86 

larger footprint of size 13km x 24km) and uncertainty in the assumption of spectral surface 87 

albedo (Torres et al., 2007). To counter the problems and uncertainties in the OMI SSA retrieval 88 

(Table 2), Satheesh et al. 2009 used retrievals from multiple satellites. They used combined 89 

retrievals from OMI-MODIS since each of these sensors have their own strengths and both fly 90 

within ~7-8 minutes of each other in the A-train constellation (Stephens et al., 2002). The better 91 

cloud-screened retrieval of AOD from MODIS (Levy et al., 2003; 2013) and the high sensitivity 92 
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of OMI to aerosol absorption was used to develop a hybrid algorithm to retrieve SSA (Satheesh 93 

et al., 2009). The algorithm uses the MODIS AOD as a reference to infer the aerosol layer height 94 

and SSA from OMI. This removes any a priori assumption made by the OMI algorithm to 95 

retrieve ALH along with SSA. The study by Satheesh et al. 2009 was performed over the East 96 

tropical Atlantic Ocean, the Central tropical Atlantic Ocean and the Arabian Sea for the year 97 

2006. A comparison of the retrieved aerosol height with aircraft measurements showed that OMI-98 

MODIS was more accurate than OMI. Gassó and Torres (2016) performed a detailed analysis of 99 

the OMI UV product retrievals over oceans and island sites. They compared the OMI retrieved 100 

AOD with MODIS and AERONET (Aerosol Robotic Network) AODs. They also used the OMI-101 

MODIS algorithm for only two particular cases over and near Africa to understand how the 102 

assumption of aerosol height and shape affected AOD and SSA retrievals. When the actual height 103 

from satellite Lidar was used instead of climatological values, and when the shape of dust 104 

aerosols was assumed to be non-spherical, the retrievals by OMI agreed better with other 105 

observations including the original OMI-MODIS method. The OMI-MODIS algorithm has been 106 

used in calculating aerosol radiative forcing (Satheesh et al., 2010) over oceanic regions 107 

surrounding India and used in retrieving SSA over land (Narasimhan and Satheesh, 2013) as well 108 

as used to understand the retrievals of OMI UV products for two particular cases (Gassó and 109 

Torres, 2016). However, a detailed analysis of the algorithm on a larger spatial and temporal 110 

scale has not been done so far.  111 

The current work applies the OMI-MODIS algorithm to retrieve SSA on a global scale. It is 112 

applied over the global oceans from 2008-2012. Regional analysis over the Atlantic, the Arabian 113 

Sea and the Bay of Bengal are done by incorporating the aerosol layer height and the type of 114 

aerosols. After estimating SSA values using the OMI-MODIS algorithm, the present study then 115 
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uses cruise measurements of SSA from the Integrated Campaign for Aerosols, Gases and 116 

Radiation Budget (ICARB) and winter ICARB campaigns over Arabian Sea and Bay of Bengal 117 

in 2006 and 2009 to validate the same (Moorthy et al., 2008, 2010). 118 

2. Data 119 

2.1. OMI 120 

The Ozone Monitoring Instrument (OMI) onboard the Aura satellite was launched in 2004. For 121 

OMI measurements two aerosol inversion schemes are used- OMI near UV (OMAERUV) 122 

algorithm and the multi-wavelength (OMAERO) algorithm (Torres et al., 2007). The OMAERO 123 

algorithm uses 19 wavelengths in the range of 330-500 nm to retrieve corresponding aerosol 124 

characteristics. For the present study, we have used the OMAERUV algorithm which uses 125 

measurements at two wavelengths 354 nm and 388 nm. The reason behind choosing these 126 

wavelengths is the high sensitivity of upwelling radiances to aerosol absorption and the lower 127 

influence of surface in measurements due to low reflectance values in the UV region. In addition 128 

to this, the wavelengths also have negligible interference from trace gases. This gives a unique 129 

advantage of retrieving aerosol properties over ocean and land including arid and semi-arid 130 

regions (Torres et al., 1998; 2007).  131 

The products derived from the algorithm include AOD, absorption aerosol optical depth 132 

(AAOD) and single scattering albedo (SSA). These are derived from pre-computed reflectance 133 

values for different aerosol models. Three major types of aerosols have been used - Desert dust, 134 

carbonaceous aerosols from biomass burning and background and urban-industrial aerosols. 135 

Each type has seven models of SSA.  The retrieved products of OMAERUV are sensitive to the 136 

aerosol layer height (Torres et al., 1998) and are reported for five discrete aerosol layer heights, 137 

i.e., surface (exponential profile), 1.5, 3.0, 6.0, and 10.0 km with latter four following a Gaussian 138 
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distribution.  139 

Due to the high sensitivity of SSA retrieval to the assumption of aerosol height and aerosol 140 

type (Torres et al., 2002), the OMI algorithm was improved (Collection 003-PGE V1.4.2, Torres 141 

et al., 2013). The climatology of aerosol layer height from CALIPSO (Cloud-Aerosol Lidar and 142 

Infrared Pathfinder Satellite Observations) along with carbon monoxide (CO) measurements 143 

from AIRS (Atmospheric Infrared Sounder) have helped distinguish carbonaceous aerosols from 144 

dust particles. Torres et al. (2013) showed that the combined use of AIRS CO measurements and 145 

OMI Aerosol Index (AI) retrievals, helped in identifying the type of absorbing aerosol. Thus, 146 

smoke layers were identified when values of AI and CO measurements were high, and during 147 

events of high AI and low CO values, the aerosols were identified as dust. The AIRS CO 148 

measurements were also used to identify large aerosol loading which was otherwise represented 149 

as clouds by the OMAERUV algorithm. Using collocated observations of OMI and Cloud-150 

Aerosol Lidar with Orthogonal Polarization (CALIOP), Torres et al. (2013) estimated the height 151 

of elevated absorbing aerosols for a 30-month period from July 2006 to December 2008. An 152 

effective aerosol layer height was calculated using the CALIOP 1064 nm attenuated backscatter 153 

weighted by corresponding altitudes. The 30-month climatology of aerosol height was used in 154 

the OMAERUV retrievals which then validated against the AERONET observations (Torres et 155 

al., 2013). The results showed that there was an improvement in the retrievals.  156 

Since 2007, observations have been affected by an instrumental issue called the row 157 

anomaly which reduces the quality of radiance at all wavelengths (Jethva et al., 2014). Torres et 158 

al. (2018) studied the impact of row anomaly on the OMAERUV retrievals by comparing 159 

monthly values AOD, SSA and UV aerosol index (UVAI) of two different sets of scattering 160 

angles. Over regions dominated by carbonaceous and sulphate aerosols, the agreement between 161 
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the sets was better than over arid regions dominated by dust aerosols. Differences were also 162 

found over cloudy regions. The discrepancies were attributed to the inaccurate representation of 163 

scattering effects of dust aerosols and cloud droplets. Better representation of scattering by 164 

clouds and the non-spherical (spheroidal) shape assumption of dust aerosols was found to reduce 165 

the inconsistencies in aerosol products due to row anomaly. These improvements have been 166 

incorporated in the latest version of OMAERUV product (version 1.8.9) which has been used in 167 

the present study. Along with the aerosol products retrieved at different heights, the final set of 168 

AOD/SSA/AAOD retrievals in the OMAERUV product is reported at the mean ALH provided 169 

by the 30-month long averaged climatology developed using OMI-CALIOP combined 170 

observations (Torres et al., 2013). The original aerosol height assumptions were used in the 171 

algorithm over regions where the climatology was unavailable. 172 

2.2. MODIS 173 

The Moderate Resolution Imaging Spectrometer (MODIS) instrument on the Aqua satellite 174 

was launched in 2002. This instrument, with 36 spectral channels has a unique ability to retrieve 175 

aerosol properties with better accuracy over both land and ocean (Remer et al., 2005; Levy et al., 176 

2003). Of these, seven channels (0.47-2.13 μm) are used to retrieve aerosol properties over the 177 

ocean (Tanré et al., 1997).  178 

As described in Remer et al., (2005), before the retrieval algorithm, masking of sediments, 179 

clouds and ocean glint is performed to separate valid pixels from bad ones. The retrieval 180 

algorithm of MODIS (also called the inversion procedure) has been described in detail 181 

previously (Tanré et al., 1997; Levy et al., 2003; Remer et al., 2005). The algorithm uses a ‘look-182 

up table’ (LUT) approach, i.e., for a set of aerosol and surface parameters, radiative transfer 183 

calculations are performed. Spectral reflectance derived from the LUT is compared with 184 
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MODIS-measured spectral reflectance to find the ‘best’ (least-squares) fit. The resulting 185 

combination of modes provides the aerosol model from which size distribution, properties 186 

including spectral optical depth, effective radius are derived. The product used from MODIS is 187 

the Level 2 aerosol (MYD04, Collection 5.1) product. The parameter chosen is 188 

'Effective_Optical_Depth_Average_Ocean' which provides the aerosol optical depth over the 189 

ocean at seven wavelengths. The value is the average of all the solutions in the inversion 190 

procedure with the least-square error < 3%.  191 

A combination of OMI and MODIS helps indirectly in counteracting the cloud 192 

contamination problem and also uses the strength of the individual sensors – OMI's sensitivity to 193 

aerosol absorption combined with the better cloud screening of MODIS and accurate retrieval of 194 

AOD, and aerosol size (Satheesh et al., 2009; Narasimhan and Satheesh, 2013). 195 

3. Algorithm 196 

MODIS aerosol product reports retrievals at 10 x 10 km spatial resolution at nadir (and a cloud 197 

mask at 500m and 1km resolution) whereas OMI reports at 13 km x 24 km. This results in an 198 

OMI pixel being prone to cloud contamination which may result in an overestimation in AOD 199 

and SSA (Torres et al., 1998). However, AAOD can be retrieved in the presence of small cloud 200 

contamination since there is cancellation of errors (Torres et al., 2007). 201 

The high accuracy of size-resolved aerosol retrievals with MODIS is because the over-ocean 202 

algorithm employs all seven channels (0.47-2.13 micron) in the inversion enabling better 203 

characterization of fine and coarse particles. (Tanré et al., 1997; Remer et al., 2005; Levy et al., 204 

2003). While OMI is highly sensitive to aerosol absorption in the near-UV region, the accuracy 205 

in the retrieval of AAOD depends on the aerosol layer height assumption. OMI provides AOD 206 

and AAOD at different heights as prescribed by various aerosol types (Torres et al., 2007).  207 
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The assumption of aerosol layer height in the OMI algorithm constraints the retrievals of 208 

AOD and SSA. The approach proposed in Satheesh et al. (2009) used MODIS AOD as an input 209 

to the OMI retrieval algorithm so that the MODIS AOD constraints the OMI inversion so that the 210 

OMI inversion is free to infer the aerosol layer height and SSA. Satheesh et al. (2009) 211 

extrapolated MODIS AOD from the visible to 388nm and compared the estimated UV AOD with 212 

high quality ground-based AERONET observations. The deviation between linearly-extrapolated 213 

MODIS AOD and AERONET AOD was more significant at higher AERONET AOD values. 214 

This was attributed to the presence of a large number of fine-mode aerosols which caused a 215 

nonlinear curvature to the AOD spectral dependence and affected AOD at UV wavelengths. 216 

Hence to improve the linear extrapolation, information on the aerosol spectral curvature was also 217 

included. This was achieved by using an average regression equation to correct the MODIS AOD 218 

(Satheesh et al., 2009; Equation 3). They showed that MODIS AOD could be first linearly 219 

extrapolated to 388 nm and then corrected for curvature before being used as input to the OMI 220 

retrieval algorithm. The present work uses the same algorithm as proposed by Satheesh et al. 221 

(2009) to retrieve SSA over the oceans for the region 60S-60N and 180W-180E from December 222 

2007-November 2012. The methodology is described in detail in the following section. 223 

4. Methodology 224 

The AOD for ocean obtained from the Level 2 aerosol product of Aqua-MODIS (MYD04) was 225 

used. Using linear extrapolation with spectral curvature correction (Satheesh et al., 2009), AOD 226 

at 388 nm (hereafter, AOD388) was calculated from AOD at seven wavelengths ranging from 227 

0.47-2.13 μm. OMI provides AOD and SSA for five different aerosol layer heights starting from 228 

the surface and at 1.5, 3.0, 6.0 and 10.0km (AODOMI and SSA388). It also provides the best 229 

estimate of SSA calculated based on the CALIOP aerosol layer height climatology (SSAOMI).  230 
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For the present study, polar regions are not included. Hence pixels from both OMI and 231 

MODIS that are outside the 60S-60N and 180W-180E region are excluded. Pixels with invalid or 232 

missing values are also excluded. The various parameters extracted from the data were re-233 

gridded onto a uniform grid of 0.5˚ x 0.5˚ within the region of study to reduce computation time. 234 

For both the satellites, this procedure was repeated for each swath data which were then 235 

combined to calculate the daily means.  236 

The daily data from collocated MODIS and OMI were utilised in the final algorithm. As 237 

mentioned before OMI provides AOD and SSA for five different aerosol layer heights. Using 238 

AOD388 as the reference, the corresponding aerosol layer height was calculated from the five 239 

AODOMI values through linear interpolation. This height is then used as a reference to find the 240 

SSA using interpolation from the set of SSA388 values. Finally, this SSA (SSAOMI-MODIS), and the 241 

best estimate of SSA (SSAOMI) were compared with each other.    242 

5. Results 243 

The spatial distribution of SSA retrieved using OMI is shown in Fig. 1a. The values are averaged 244 

over five years and plotted seasonally. 245 

The SSA retrieved using OMI-MODIS algorithm is shown in Fig. 1b. 246 

SSA over open oceans is close to 1 due to the presence of a large amount of sea-salt and 247 

sulphate. Closer to land, a variety of aerosols are present which results in SSA varying from 0.85 248 

to ~1. Over the oceans, separation of ocean colour effects and aerosol concentrations is difficult. 249 

Hence the OMI algorithm retrieves when enough absorbing aerosols are present, i.e.AI >=0.8 250 

(Torres et al., 2013). Only pixels whose quality has been assigned as 0 or the highest quality by 251 

OMI have been used. The points flagged for row anomaly are also not used in this study. Thus, 252 

the retrievals did not cover the entire globe. From Fig.1a it can be seen that majority of the valid 253 
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SSA retrievals were over major aerosol sources in the world and not over remote oceanic regions 254 

like central equatorial Pacific or Antarctic ocean. The major sources include the vast biomass 255 

outflow over the Atlantic Ocean from the west coast of Africa, the dust over the Arabian Sea 256 

from the arid areas of Arabia & Africa and the dust blown over the Atlantic Ocean from the 257 

Sahara. Other regions like the east coast of China, the Bay of Bengal are influenced by a variety 258 

of anthropogenic aerosols during different seasons. In the OMI-MODIS algorithm, the aerosol 259 

layer height is retrieved through linear interpolation of AODOMI at five different heights and 260 

AOD388 as a reference. Linear interpolation was not performed for OMI retrievals which had a 261 

missing value at any particular height or if the OMI retrieval was the same at all heights. Such 262 

OMI-MODIS values were considered to be invalid. Similarly, if the MODIS AOD was found to 263 

be missing or invalid, the corresponding OMI-MODIS retrieval was also considered invalid. This 264 

resulted in a reduction in the total number of valid points in OMI-MODIS algorithm when 265 

compared to OMI algorithm (Fig. 1b). However, both the algorithms capture the major oceanic 266 

regions which are influenced by a large number of aerosols. Gassó and Torres (2016) for a 267 

particular day over the North Central Atlantic compared the AOD values retrieved by OMI and 268 

MODIS. They compared the difference with the aerosol cloud mask retrieved by MODIS. It was 269 

found that while most of the retrievals of OMI screened the cloudy pixels, some of the best 270 

quality (flag=0) pixels were found to be cloud contaminated. They attributed the contamination 271 

to the coarser pixel size of OMI compared to the smaller pixel size of MODIS cloud product. At 272 

higher cloud fraction, OMI retrieved values implying that they can detect aerosol above clouds 273 

or the pixels are prone to cloud contamination. Gassó and Torres concluded that only MODIS 274 

cloud fraction could not be used to screen out OMI pixels. A larger spatiotemporal scale of such 275 

an analysis is required but is beyond the scope of this manuscript and will be addressed in the 276 
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future. However, OMI retrievals at higher cloud fraction could be the reason for more points in 277 

Fig. 1a than OMI MODIS in Fig. 1b. 278 

Two important regions over oceans influenced by a variety of aerosols are the tropical 279 

Atlantic Ocean and the oceans around the Indian subcontinent.  The new approach was used over 280 

these regions- Atlantic (5N-30N; 60W-20W) (ATL) and Arabian Sea and Bay of Bengal (0-25N; 281 

55E-100E) (ARBOB).  282 

5.1. Difference in SSA retrieval algorithms during different seasons 283 

To understand how the OMI-MODIS algorithm compares with the retrieval using the existing 284 

OMI algorithm, the difference between SSAOMI-MODIS and SSAOMI (ΔSSA) averaged over five 285 

years for different seasons is shown in Fig. 2. 286 

During March-April May (MAM) and June-July-August (JJA), there is a longitudinal 287 

gradient in ΔSSA from the coast of Sahara towards the open Atlantic Ocean. Kaufman et al. 288 

(2002a) showed that close to the coast of Africa, aerosols are more absorbing than those away 289 

from the coast. The difference in the type of aerosols as we move away from the coast could be 290 

one of the reasons for the gradient in ΔSSA. The difference can also be attributed to the shape of 291 

dust aerosols which are present in large numbers near the coast of Africa (Torres et al., 2018). 292 

The ΔSSA changes sign with season. This was attributed to the change in aerosol layer height 293 

and (or) aerosol physical and optical properties.  294 

Both ATL and ARBOB regions are influenced by the type of aerosols which result in a 295 

complex mixture and eventually resulting in the variation in SSA distribution over each season. 296 

While the spatial plot of ΔSSA in Fig. 2 represents the regions where maximum and minimum 297 

differences are located around the globe, a distribution plot provides the ranges of ΔSSA which 298 

dominate and which do not. The distribution of ΔSSA for different seasons averaged over five 299 
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years (2008-2012) is plotted in Fig. 3a and 3b for the regions- ATL and ARBOB respectively.  300 

Over the tropical Atlantic Ocean, ΔSSA was found within ±0.03 >80% of the time during 301 

all the seasons. Over Arabian Sea and Bay of Bengal, the values of SSA matched within ±0.03 302 

during MAM when dust is present in large quantity over the region. However, ΔSSA has values 303 

lower than <-0.03 especially during the seasons of JJA and SON.  Satheesh et al. (2009) showed 304 

in their analysis that the reason for the discrepancies during non-dust seasons could be due to the 305 

wrong assumption of aerosol layer height (ALH) or due to the wrong assumption of aerosol 306 

model. Before understanding the role of ALH in SSA retrieval, the meteorological conditions of 307 

the ARBOB region (Arabian Sea and Bay of Bengal separately), for different seasons are studied 308 

and trajectory analysis is done. This helps in identifying major sources of aerosols during each 309 

season. 310 

5.2. Trajectory analysis 311 

Arabian Sea and Bay of Bengal (ARBOB) 312 

The Arabian Sea and the Bay of Bengal are oceanic regions on the west and east coast of 313 

India respectively. Both regions are influenced by various types of aerosols during different 314 

seasons. The Arabian Sea has been dominated by dust aerosols and is influenced by high levels 315 

of dust during certain seasons as seen from satellite images (Sirocko and Sarnthein, 1989). Pease 316 

et al. (1998) studied the geochemistry and the transport of various dust samples during different 317 

cruises in different seasons. During winter and summer, the pattern of aerosol transport was 318 

similar to that of the Indian monsoon pattern – northeasterly (winter) and southwesterly 319 

(summer). Thus, the major sources of aerosols were the Arabian Peninsula (including Saharan 320 

dust and the Middle East) and Indian sub-continent in summer and winter respectively. The mean 321 

7-day back trajectory using HYSPLIT model from a point over the Arabian Sea (15N; 65E) was 322 
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performed for each season of 2010 and at three different heights (500m, 1500m and 2500m 323 

above MSL). The Arabian Sea region was divided into four quadrants – 1) Arabian Peninsula and 324 

North Africa, 2) Central Africa, 3) Indian sub-continent and 4) Indian Ocean and Southeast Asia 325 

(Fig. 4). The influence of different aerosol source regions over the Arabian Sea is given in Table 326 

2. 327 

Similar to Pease et al. (1998), Tindale and Pease (1999) found that transport of aerosols near 328 

the surface followed the surface wind currents. The dust content was low near the surface during 329 

summer due to the presence of Findlater jet, but the general dust concentrations were higher than 330 

other oceanic regions. During winter, the winds are predominantly north and northeasterly and 331 

hence results in transport of aerosols from India/Pakistan/Afghanistan onto the Arabian Sea. 332 

However, the presence of anticyclonic circulation over Arabia (20N; 60E) results in 333 

northwesterly winds transporting dust over the Arabian Sea (Rajeev et al., 2000). The springtime 334 

(March-April-May) is the transition between northeast and southwest monsoon. The winds 335 

become south westerlies which result in the advection of aerosols from the open Indian Ocean or 336 

near Somalia. At higher altitudes (above the Findlater jet) dust transport occurs from Arabia. 337 

During summer, the southwest monsoon wind patterns carry aerosols from southeast/east Indian 338 

Ocean (mainly sea-salt). As the altitude increases, the wind patterns change a little due to 339 

aerosols coming from southwest Indian Ocean/Somalia. Above the Findlater jet, as explained by 340 

Tindale and Pease (1999), dust transport occurs from Arabian Peninsula (Table 2).  341 

Being an integral part of the Indian Summer Monsoon, studies over the Bay of Bengal is 342 

important especially the role of aerosols in the local climate change. While the Arabian Sea is 343 

dominated by dust and oceanic aerosols, studies have shown that the Bay of Bengal is influenced 344 

by various air masses associated with Asian monsoon system including those of anthropogenic 345 
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origin (Krishnamurti et al., 1998). The synoptic meteorological conditions over the Bay of 346 

Bengal have been studied in detail by Moorthy et al. (2003) and Satheesh et al. (2006). Similar to 347 

the other two regions, mean 7-day back trajectory analysis from a point over (15N; 90N) was 348 

performed for each season of 2010 and at three different heights (500m, 1500m and 2500m 349 

above MSL). The four quadrants representing the various aerosol source regions are 1) 350 

India/Arabian Peninsula, 2) Indian Ocean, 3) North/Northeast India and East Asia and 4) 351 

Southeast Asia (Fig. 5). Table 3 represents the influence of aerosol source regions over the Bay 352 

of Bengal.  353 

The northwesterly winds occur from west to east in the Indo-Gangetic Plain (IGP), and due 354 

to subsidence, the aerosols are trapped in the east during winter (Dey and Di Girolamo, 2010; Di 355 

Girolamo et al., 2004). The IGP with its dense population and a large number of industries acts 356 

as a source for anthropogenic aerosols which are transported to Bay of Bengal during winter 357 

(Kumar et al., 2013). Along with mineral dust from the Arabian Peninsula, biomass aerosols 358 

from Southeast Asia are also transported to the bay. Field experiments like ICARB (Moorthy et 359 

al., 2008) during the springtime (pre-monsoon) showed transports of aerosols from the Arabian 360 

Peninsula and also the presence of elevated aerosols (anthropogenic and natural) over Bay of 361 

Bengal (Satheesh et al., 2008). The post-monsoon season acts as a transition from the summer to 362 

winter monsoon. The winds during September are still south westerlies and during October weak 363 

westerlies are present (Lawrence and Lelieveld, 2010). This results in transportation of aerosols 364 

from the Indian Ocean and the Arabian Sea. Thus, from Table 3 it can be seen that both 365 

anthropogenic aerosols (from IGP, Southeast Asia) and natural aerosols (marine and dust) are 366 

present over the Bay of Bengal during different seasons.  367 

5.3. Role of Aerosol Layer Height in SSA retrieval 368 
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Satheesh et al. (2009) devised a new algorithm to improve the retrieval of SSA using 369 

combined OMI and MODIS data. They used MODIS-predicted UV AOD as the input to improve 370 

the original OMI algorithm, which was constrained by the assumption of aerosol layer height. 371 

Over the Atlantic, they found that on an average the AOD values retrieved from both algorithms 372 

agreed within ±0.1. However, over the Arabian Sea only when there was considerable loading of 373 

dust (especially during the March-April-May season), the OMI AOD and MODIS AOD had 374 

agreement suggesting that during other seasons, the assumption of aerosol height could be 375 

wrong. Satheesh et al. (2009) also found that over the Arabian Sea the aerosol layer height 376 

(ALH) derived from OMI-MODIS algorithm agreed well with aircraft measurements when 377 

compared to OMI SSA retrieval. In the current work, the aerosol layer height (ALH) provide by 378 

OMI, is the mean climatological height (section 2.1). For OMI-MODIS the ALH is estimated 379 

from OMI AOD values (at five different heights) by linear interpolation using AOD388 as a 380 

reference (section 4). The difference in aerosol layer height (ALH) between OMI-MODIS and 381 

OMI was plotted against the difference in SSA over the Arabian Sea and Bay of Bengal (Fig. 6a). 382 

The colorbar represents ALH estimated by OMI-MODIS algorithm. The most important 383 

observation from this analysis was that OMI overestimated SSA when it overestimated ALH 384 

(compared to OMI-MODIS) and vice versa. It has been shown by Gassó and Torres (2016) that 385 

when the actual aerosol height measured by Satellite Lidar was 1.5km more than the 386 

climatological or assumed height, OMI retrieved higher SSA. It can be seen from Fig. 6a, the 387 

blue coloured circles represent height estimated by OMI-MODIS between the surface to ~ 2km. 388 

In this range, it was seen that the height assumed by OMI is > 1.5km compared to the one 389 

estimated by OMI-MODIS. Thus, OMI overestimated SSA compared to OMI-MODIS retrieval.   390 

Gassó and Torres (2016), in their detailed analysis of the OMI UV aerosol product (version 391 
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1.4.2), studied the OMI-MODIS method for two specific cases. They have mentioned that when 392 

the extrapolated MODIS 388nm AOD was not within the OMI LUT values, the OMI-MODIS 393 

algorithm retrieves unrealistic height and SSA. For the ARBOB region, the difference in AOD 394 

(AODMODIS – AODOMI) has been plotted with the difference in SSA (SSAOMI-MODIS – SSAOMI) 395 

(Fig. 6b). The colorbar represents the difference in ALH (ALHOMI-MODIS – ALHOMI) retrieved by 396 

both the algorithms. An inverse relation was seen implying that when OMI underestimated AOD 397 

compared to MODIS, OMI overestimated SSA compared to OMI-MODIS. The difference in 398 

AOD was mainly within the ±0.5 range. However, there are a few points where the AOD 399 

difference was >3. Mostly in such cases, the difference between the ALH and SSA estimates of 400 

both the algorithms was high. However, there are points when the AOD difference was high and 401 

the ALH and SSA differences were within ±1 km and ±0.03 respectively. Similarly, the 402 

difference between ALH and SSA values of both the algorithms was high when the AOD 403 

difference was within ±0.5. These discrepancies could be attributed to the AOD spectral 404 

curvature of an aerosol type assumed by MODIS which is different from the aerosol model 405 

assumed by OMI UV aerosol product (Gassó and Torres, 2016). Whether any other property 406 

apart from AOD and shape (for dust aerosols) can affect the ALH and SSA retrievals have to be 407 

studied in the future.    408 

The importance of ALH and SSA in the calculation of TOA flux was studied using the Santa 409 

Barbara DISORT (SBDART) model (Ricchiazzi et al., 1998). For the same tropical environment 410 

variables and surface albedo of 0.06, the SSA was varied from 0.8 to 1 and aerosol height from 0 411 

to 10 km at 1 km interval. The simulations were done for a narrow band in UV (300-400nm). For 412 

a constant AOD, AE (Angstrom Exponent) and asymmetry factor (0.4, 1 and 0.7 respectively), 413 

TOA flux was calculated (Fig. 7a). It can be seen that at any ALH, TOA flux varied with SSA. 414 
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The role of ALH is important in the UV region due to the phenomena of Rayleigh scattering (van 415 

de Hulst, 1981). The importance of Rayleigh scattering on the role of ALH is further shown in 416 

Fig. 7b. In this particular set of simulations, the Rayleigh scattering is completely removed and 417 

all other parameters are kept the same as in Fig. 7a. It can be seen that once molecular scattering 418 

is removed, the effect of ALH is also removed and TOA flux depends only on SSA and other 419 

aerosol properties. The basis of many aerosol retrievals by satellites in the UV spectrum is the 420 

sensitivity of aerosol absorption to Rayleigh scattering which acts as a bright background and 421 

contributes to the TOA radiance (Torres et al., 1998; 2002). Change in ALH can affect the TOA 422 

radiance since the aerosol layer will interact with the Rayleigh scattering due to molecules 423 

present in the atmosphere. However, this effect is smaller compared to the effect due to the 424 

change in AOD and SSA (Kim et al., 2018). Kim et al. (2018) also showed how the 425 

misclassification of aerosol type and size could affect ALH retrieval. OMI SSA retrievals which 426 

are based on LUT depend on the ALH assumed along with aerosol type. The SBDART 427 

simulations in the current work show how for a particular TOA flux, SSA varies with ALH when 428 

the other aerosol properties are kept constant.        429 

5.4. Comparison between SSA retrievals from OMI and OMI-MODIS with ship-borne 430 

estimates. 431 

To validate the new retrieval method of SSA using OMI and MODIS, both SSA values from 432 

OMI and OMI-MODIS were compared with ground-based measurements (SSA at 450nm) 433 

during cruises in the period 2006 and 2009 in the Arabian Sea and Bay of Bengal. These cruises 434 

were part of the Integrated Campaign for Aerosols, gases and Radiation Budget (ICARB) 435 

performed during March to May 2006 and once during winter (W-ICARB) from 27 December 436 

2008 to 30 January 2009 (Moorthy et al., 2008 and 2010). During both the cruises the aerosol 437 
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sampling was done onboard the Oceanic Research Vessel Sagar Kanya. While the 2006 cruise 438 

covered both the Arabian Sea and the Bay of Bengal, the winter cruise of 2009 covered the Bay 439 

of Bengal. The cruise tracks are provided in detail in Moorthy et al., 2008 and 2010, respectively. 440 

The SSA values at different wavelengths were estimated from spectral values of the absorption 441 

coefficient and scattering coefficient measured using the instruments Aethalometer (Magee 442 

Scientific AE-31, USA) and an integrating nephelometer (TSI 3563, USA) respectively. More 443 

details about the instrument and measuring techniques including the uncertainties are provided in 444 

Nair et al. (2008). However, both the cruise did not estimate SSA values in the UV spectrum. The 445 

closest wavelength at which SSA is calculated is 450nm which has been used to compare with 446 

the satellite retrievals of SSA (388nm). Ground-based SSA estimates based on in-situ 447 

measurements are seldom consistent with columnar satellite retrievals especially when elevated 448 

aerosols are present. This uncertainty along with the uncertainty in the assumption of SSA being 449 

uniform between 388nm and 450nm implies that the current comparison of study cannot be used 450 

as a validation study. Instead, it is used to understand the consistency of SSA retrievals from 451 

satellites with ground-based observations. Since the cruise measurements had little coverage 452 

spatially, for better coverage, a 2° box was used around each location within which the mean 453 

SSA was calculated for the respective cruise period. These values are plotted in Fig. 8. Circle and 454 

square markers represent OMI and OMI-MODIS comparison respectively. It can be seen that 455 

despite using a 2° box, the number of points having valid SSA values for the cruise and the 456 

satellite retrievals was only 21. This number increased as the size of the box around each cruise 457 

location was increased. The low number is due to the sparse nature of the OMI-MODIS retrieval 458 

over the region (Fig. 1b). The colour scale represents the cruise and the region where the aerosol 459 

sampling was taken.  460 
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During the ICARB, the presence of elevated aerosols at a height of ~1km-3km have been 461 

shown in earlier studies (Satheesh et al., 2008; Nair et al., 2009). In such cases comparison 462 

between a ship-based aerosol retrieval which detects aerosols close to the surface and the SSA 463 

retrieval from satellites which detects these elevated aerosols cannot be considered appropriate. 464 

This discrepancy was seen in Fig. 8 especially over the Arabian Sea (Blue colour) and some 465 

points over Bay of Bengal (Red). In some cases, OMI was able to retrieve SSA consistent with 466 

the cruise estimated, unlike OMI-MODIS. This could be due to the improvement of dust model 467 

assumption in the new version of OMI aerosol product and (or) due to the wrong spectral AOD 468 

dependence assumed by MODIS. During the winter most of the aerosols influencing the Bay of 469 

Bengal is present closer to the surface. In such cases comparing the SSA estimates can be valid. 470 

It was observed that during winter when aerosols are generally present close to the surface, OMI-471 

MODIS retrieved SSA which is a bit more consistent with the ship estimates compared to OMI. 472 

In such cases, OMI still overestimated SSA despite the improvement in the algorithm. The 473 

respective RMSEs for OMI and OMI-MODIS comparison with the cruise estimates were 0.05 474 

and 0.06. Due to the lack of common points, the correlation was also poor (OMI-MODIS: 0.11 475 

and OMI: -0.35). 476 

  477 

The OMI-MODIS approach in SSA retrieval is one of the many combinations of sensors that 478 

can be used in retrieving aerosol properties. A better approach involving the vertical distribution 479 

of aerosols either from space or ground-based observations is required to reduce the uncertainty 480 

further. However, with few ground-based measurements in the UV regime especially over the 481 

oceans and fewer retrievals of the vertical aerosol absorption, validation of new algorithms is 482 

still in the nascent stage. 483 
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6. Summary and Conclusions 484 

Aerosol forcing depends on aerosol properties such as aerosol optical depth (AOD) and 485 

single scattering albedo (SSA). SSA is highly sensitive to the aerosol composition, size and the 486 

wavelength at which the aerosol interacts with radiation. A slight change in SSA value can alter 487 

the sign of the forcing. Hence it is important to have an accurate measurement of SSA globally. 488 

The Ozone Monitoring Instrument (OMI) retrieves SSA in the UV spectrum. However, these 489 

retrievals might be affected by the cloud contamination due to the coarser pixel resolution of 13 490 

x 24 km2 and are sensitive to the assumption of aerosol layer height in the inversion procedure. 491 

In addition to these problems, uncertainty in the surface albedo is a source of error for SSA 492 

retrieval. To resolve the issue of sub-pixel cloud contamination, Satheesh et al. (2009) developed 493 

a method using the combination of OMI and the Moderate Resolution Imaging 494 

Spectroradiometer (MODIS) at a local scale. In the present study, we used the method developed 495 

by Satheesh et al. (2009) to retrieve SSA at a much larger spatial and temporal scales. The main 496 

findings from our study are listed below: 497 

1. Both OMI and OMI-MODIS algorithms retrieved SSA over regions influenced by large 498 

amounts of aerosols with moderate to high absorption capacity (e.g. Atlantic Ocean – 499 

ATL; Arabian Sea and Bay of Bengal – ARBOB) 500 

2. The difference in SSA retrievals of both the algorithms (ΔSSA) was found to be within 501 

±0.03 over ATL for more than 80% of the time during all the seasons. Over the Arabian 502 

Sea, as seen in Satheesh et al. (2009), ΔSSA was within the ±0.03 range during MAM 503 

when the region was influenced by dust. The discrepancy during other season was due to 504 

the wrong assumption of aerosol layer height by OMI. The discrepancy in SSA could 505 

also be partly attributed to the sub-pixel cloud contamination during the summer 506 
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monsoon season. 507 

3. From Fig. 6a it was seen that OMI overestimated SSA when it overestimated ALH and 508 

vice versa. This could be attributed to the wrong assumption of aerosol height. Fig. 6b 509 

showed that difference in AOD and difference in SSA had an inverse relationship. 510 

Further analysis on whether any other factor apart from ALH and aerosol shape can affect 511 

SSA retrieval has to be studied. 512 

4. Both SSA retrievals were compared with cruise data from the ICARB and W-ICARB 513 

campaigns in the Arabian Sea and Bay of Bengal.  514 

5. While both the algorithms did not match the cruise estimate during most of the dust 515 

season due to the presence of elevated aerosols not sampled by surface instrument, in few 516 

cases during ICARB, OMI performed better than OMI-MODIS. This could be due to the 517 

better assumption of dust model in the algorithm and/or wrong model assumption by 518 

MODIS. During winter, when the aerosols were present closer to the surface, OMI-519 

MODIS was a bit more consistent compared to OMI. This may be due to scenarios where 520 

the CALIPSO climatology was absent and OMI used its previous aerosol model 521 

assumptions. This could also be due to uncertainties in ALH value even after the 522 

improvement in the OMI algorithm with the addition of CALIPSO climatology.   523 

OMI retrieves aerosol properties at high cloud fraction (Gassó and Torres, 2016) implying 524 

two things, either OMI is able to detect aerosols present above clouds or the OMI pixel was 525 

prone to cloud contamination. In their study, Gassó and Torres (2016), observed that while 526 

MODIS cloud fraction could be used to screen out cloudy pixels in OMI, it could not be the lone 527 

criterion. While they performed for a single case, an analysis of a larger spatial and temporal 528 

scale is required. Aerosol type and aerosol layer height play a vital role in the retrieval of aerosol 529 
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properties. Without the assumption of aerosol type or height, OMI-MODIS provided SSA 530 

retrievals which were consistent with cruise estimates during the winter when the Bay of Bengal 531 

was influenced by anthropogenic aerosols present close to the surface. This was not the case 532 

when dust aerosols were present. This discrepancy can be attributed to the difference in the 533 

aerosol model assumption by MODIS and OMI. This comparison study had very few points for a 534 

detailed analysis. Hence, an accurate comparison and validation of such retrieval algorithms can 535 

be possible only when there are more ground-based observations available in the UV spectrum 536 

on a larger spatial and temporal scale along with vertical profiles of aerosol absorption. 537 
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 797 

Figure 1. Spatial distribution of SSA at 388nm retrieved by a) OMI and b) OMI-MODIS. In the 798 

present study, points which had the same SSA value at the 5 discrete heights provided by OMI or 799 

an invalid value at any one height were considered invalid for the OMI-MODIS retrieval since 800 

interpolation was not possible. This resulted in the reduction of the number of valid points for 801 

OMI-MODIS when compared to OMI.   802 

 803 

(b) 
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Figure 2. Spatial distribution of difference in SSA retrieved by OMI-MODIS and SSA retrieved 804 

by OMI, both at 388nm. When the OMI-MODIS SSA value was found invalid, the difference 805 

was also considered to be invalid. 806 

 807 

 808 

 809 

(a) 
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 810 

Figure 3. Distribution of difference in SSA for all seasons averaged over 2008-2012 over a) 811 

Atlantic and b) Arabian Sea and Bay of Bengal. It can be seen that over the Atlantic Ocean, 80% 812 

of the difference in SSA retrievals was within the ±0.03 range. Over the Arabian Sea and Bay of 813 

Bengal, the retrievals agreed well during the MAM season when the region was influenced by 814 

dust.  815 

 816 

(b) 
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 817 

Figure 4. Regions representing the various aerosol sources for a point over the Arabian Sea. 1) 818 

Arabian Peninsula and North Africa, 2) Central Africa, 3) Indian sub-continent and 4) Indian 819 

Ocean and Southeast Asia.  820 

 821 

Figure 5. Regions representing the various aerosol sources for a point over the Bay of Bengal. 1) 822 

India/Arabian Peninsula, 2) Indian Ocean, 3) North/Northeast India and East Asia and 4) 823 

Southeast Asia.  824 
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 825 

 826 

 827 

Figure 6. a) Difference in aerosol layer height (ALH - km) between OMI-MODIS and OMI vs. 828 

difference in SSA over Arabian Sea and Bay of Bengal. The colorbar represents ALH estimated 829 

by OMI-MODIS algorithm (km). At lower height (dark blue circles) estimated by OMI-MODIS 830 

(a) 

(b) 
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OMI overestimated SSA when the ALH was overestimated and vice versa at higher heights 831 

estimated by OMI-MODIS b) Difference in AOD (AODMODIS – AODOMI) has been plotted with 832 

difference in SSA (SSAOMI-MODIS – SSAOMI). An inverse relationship was observed. The colorbar 833 

represents the difference in aerosol layer height (ALH - km) between OMI-MODIS and OMI.  834 

 835 

 836 

 837 

(b) 

(a) 
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Figure 7. TOA flux calculated from SBDART for different SSA and ALH a) with Rayleigh 838 

scattering and b) without Rayleigh scattering for UV (300-400nm) 839 

 840 

Figure 8. Comparison of SSAOMI (circles), SSAOMI-MODIS (squares) with cruise measurements. 841 

Each point represents the mean SSA in a 2° box surrounding each cruise location averaged over 842 

the respective cruise time period. Due to the sparse nature of OMI-MODIS retrieval, the total 843 

number of points common to both the cruise and satellite estimates is only 21. The solid black 844 

line is the y=x line. The dotted lines represent ±0.03 range. The colorbar represents the cruise 845 

name and the region where the measurements are taken. ICARB (Integrated Campaign for 846 

Aerosols, Gases and Radiation Budget) during March-April-May (MAM) 2006 season; W-847 

ICARB (Winter ICARB) during December-January (2008-2009); ARA (Arabian Sea); BOB 848 

(Bay of Bengal). Discrepancies between the satellite retrievals and cruise measurements were 849 

seen during the ICARB cruise when elevated aerosols were predominantly present over both the 850 

regions which might not be detected by the cruise measurements.  851 
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References Method Technique Limitation 

Herman et al., 

1975; King, 

1979; Eck et al., 

1998; Dubovik 

and King, 2000; 

Torres et al., 

2005 

Ground-based 

observations 

Inverse methods 

measurements of solar 

radiances and/or aerosol 

properties along with 

radiative transfer 

calculations 

Measurements are 

spatially and 

temporally 

constrained 

Dubovik et al., 

2002 

Global network – 

Aerosols Robotic 

Network (AERONET) 

Inverse technique using 

near-real time measured 

direct and diffuse 

radiation 

Only land-based, low 

coverage over remote 

oceanic regions 

Kaufman, 1987; 

Zhu et al., 2011; 

Wells et al., 2012 

Critical surface 

reflectance - where the 

net role of aerosol 

absorption and 

scattering becomes 

independent of aerosol 

optical thickness and is 

affected only by SSA 

Over varying surface 

reflectance, the 

radiance difference 

between clear and hazy 

skies is measured using 

satellite images 

Limited spatial 

variability of surface 

reflectance. Works 

only for few cases 

where there are large 

amount absorbing 

aerosols present 
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Kaufman et al., 

2002b 

Retrieve SSA in visible 

wavelengths 

Sun-glint is used as a 

bright background to 

differentiate role of 

scattering from aerosol 

absorption 

Only limited scenarios 

present and does not 

work on land when 

absorbing aerosols are 

present (Torres et al., 

2005). 

Diner et al., 

1998; Remer et 

al., 2005 

Multi Angle Imaging 

Spectroradiometer 

(MISR) and Moderate 

Resolution Imaging 

Spectroradiometer 

(MODIS) 

Retrieves AOD and 

SSA in the visible and 

infrared region of solar 

spectrum 

Surface reflectance 

influences the 

retrievals 

Herman et al., 

1997; Torres et 

al., 1998 

Total Ozone Mapping 

Spectrometer (TOMS) 

Aerosol index 

parameter is highly 

sensitive to the 

Rayleigh scattering thus 

acting as a bright 

background in the UV 

regime 

Large pixel size prone 

to cloud 

contamination 

Torres et al., 

2002 

Ozone Monitoring 

Instrument (OMI) 

Similar technique as 

TOMS. Pre-defined 

aerosol models used. 

Sensitive to aerosol 

layer height and still 

prone to cloud 

contamination 
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 852 

Table 1. Ground-based and Satellite-based indirect methods to retrieve SSA 853 

 854 

 855 

 

Seasons      Regions 

 

1 2 3 4 

DJF 

500m 57% 0% 38% 5% 

1500m 62% 10% 19% 9% 

2500m 81% 14% 0% 5% 

MAM 

500m 19% 43% 19% 19% 

1500m 29% 29% 23% 19% 

2500m 57% 14% 24% 5% 

JJA 

500m 0% 24% 0% 76% 

1500m 19% 67% 0% 14% 

2500m 62% 33% 5% 0% 

SON 

500m 5% 24% 47% 24% 

1500m 14% 19% 48% 19% 

2500m 38% 10% 19% 33% 

 856 

Table 2. Influence of various aerosol sources over Arabian Sea given as percentage of 857 

trajectories originating from each source respectively. The maximum influence is given in black 858 

bold. The different source regions are explained in text and Fig. 4.  859 
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 860 

 

Seasons      Regions 

 

1 2 3 4 

DJF 

500m 72% 0% 14% 14% 

1500m 48% 14% 10% 28% 

2500m 29% 33% 0% 38% 

MAM 

500m 19% 48% 0% 33% 

1500m 57% 29% 20% 14% 

2500m 71% 24% 0% 5% 

JJA 

500m 0% 100% 0% 0% 

1500m 5% 95% 0% 0% 

2500m 14% 81% 0% 5% 

SON 

500m 5% 52% 33% 10% 

1500m 5% 43% 43% 9% 

2500m 5% 33% 29% 33% 

 861 

Table 3. Influence of various aerosol sources over Bay of Bengal given as percentage of 862 

trajectories originating from each source respectively. The maximum influence is given in black 863 

bold. The different source regions are explained in text and Fig. 5.  864 

 865 


