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Quantifying above-cloud aerosol can help improve the assessment of aerosol intercontinental transport and
climate impacts. In this study we conduct an integrated analysis of aerosols above clouds by using multi-
sensor A-Train measurements, including above-cloud aerosol optical depth at 532 nm (AOD532) from CALIPSO
lidar, the UV aerosol index (AI) from OMI, and cloud fraction and cloud optical depth (COD) from MODIS. The
analysis of Saharan dust outflow and Southwest African smoke outflow regions shows that the above-cloud
AOD correlates positively with AI in an approximately linear manner, and that the AOD532/AI ratio decreases
with increasing COD. The dependence of AOD532/AI ratio on COD doesn't depend on aerosol type when potential
biases in the CALIOP AODmeasurements are empirically accounted for. Our results may suggest the potential of
combining OMI AI and MODIS cloud measurements to empirically derive above-cloud AOD with a spatial
coverage much more extensive than CALIPSO measurements, which needs to be further explored in the future.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Quantifying above-cloud aerosol can help improve the assessment
of aerosol intercontinental transport and climate impacts (Schulz et
al., 2006; Yu et al., 2008). Aerosol intercontinental transport is often
associated with cloud systems. Aerosols produced from source re-
gions in the atmospheric boundary layer are pumped up to the free
troposphere by convection systems. Such elevated aerosol layers
can be transported above low clouds from one continent to others.
Absorbing aerosols, such as those from biomass burning, dust out-
breaks, industrial activities, and volcanic eruptions, when lifted
above clouds could exert a positive direct radiative forcing at the
top of atmosphere (Abel et al., 2005; Chand et al., 2009). The increase
of radiative heating or atmospheric stratification resulting from the
above-cloud aerosol absorption could also influence the formation
and evolution of clouds (Johnson et al., 2004; Wilcox, 2010). Howev-
er, assessing these aerosol impacts remains challenging because of
the scarcity of measurements and the large uncertainties in model

simulations of above-cloud aerosols (Schulz et al., 2006; Textor et
al., 2006; Yu et al., 2006).

Large-scale measurements of aerosol above clouds had been gen-
erally unexplored until very recently when the A-Train, a constella-
tion of several satellites carrying a suite of active and passive
sensors with enhanced capabilities emerged (Stephens et al., 2002).
Although the majority of aerosol satellite remote sensing has been
confined to cloud-free scenes (Kahn et al., 2005; Remer et al., 2005),
there are now some capabilities of observing aerosols above clouds.
Active sensors such as the Cloud-Aerosol Lidar with Orthogonal Polar-
ization (CALIOP) onboard the Cloud-Aerosol Lidar and Infrared Path-
finder Satellite Observation (CALIPSO) satellite can measure aerosol
backscatter and infer extinction profiles in both cloud-free and cloudy
conditions (Chand et al., 2008; Winker et al., 2010). Several passive
sensors also can measure columnar properties of aerosols above
clouds, because the presence of aerosols can significantly modify
some attributes of radiances reflected by underlying clouds. For ex-
ample, smoke and dust that are absorptive in ultraviolet (UV) wave-
lengths interact with scattered radiation by air molecules and cloud
droplets, altering the spectral contrast of the backscattered UV
(BUV) radiation. Several sensors, such as the Ozone Monitoring In-
strument (OMI), the Total Ozone Mapping Spectrometer (TOMS),
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the Global Ozone Monitoring Experiment (GOME), and the Scanning
Imaging Absorption Spectrometer for Atmospheric Chartography
(SCIAMACHY), have been measuring UV-absorbing aerosols in both
cloud-free and cloud-contaminated scenes using an aerosol index
(AI) (Ahn et al., 2008; de Graaf et al., 2005, 2007; Herman et al.,
1997; Hsu et al., 1999, 2003; Torres et al., 2007). A positive value of
AI indicates the presence of an elevated dust or smoke layer, while
zero or small negative AI indicates scattering aerosol and/or clouds.
Most recently, an algorithm of retrieving above-cloud AOD and
cloud optical depth from OMI has been developed (Torres et al., in
press). Aerosols can also significantly affect the polarized light reflected
by underlying clouds in certain scattering-angle ranges, which consti-
tutes a basis for retrieving above-cloud aerosol properties using
multiangle polarizationmeasurements from the Polarization and Direc-
tionality of Earth Reflectances (POLDER) (Waquet et al., 2009). These
developments provide an unprecedented opportunity for quantifying
aerosol above clouds and advancing the understanding of aerosol
long-range transport and climate forcing.

The objective of this study is to examine howmeasurements of aero-
sol above clouds from different sensors correlate and/or agree. We char-
acterize smoke and dust aerosols above clouds over the Atlantic Ocean
by integrating observables of aerosol and clouds from CALIOP, OMI, and
the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard
three A-Train satellites (CALIPSO, Aura, and Aqua, respectively). The
three satellites overpass the equatorwithin 15 min of each other,making
it feasible for multi-sensor analysis. Such analysis is appealing because
individual sensors are complementary to each other. While CALIOP is
unique in providing retrieved profiles of aerosol backscattering and in-
ferred extinction above clouds, such observations are substantially limit-
ed in spatial coverage because CALIOP is a nadir-view active sensor with
near-zero swath (Winker et al., 2009). On the other hand, OMI with its
wide swath of ~2600 km has an advantage of detecting aerosols above
clouds with near-daily global coverage by means of AI (Torres et al.,
2007). However, AI is not an exclusive measure of aerosol loading such
as AOD because it is dependent on the strength of aerosol absorption
(i.e., single-scattering albedo), the height of the aerosol layer, the bright-
ness of the surface and clouds, and the satellite observation geometry
(Torres et al., 1998).MODIS high-resolutionmeasurements of cloud frac-
tion and cloud optical depth (Platnick et al., 2003) also complement OMI
andCALIOP observations in quantifying cloudiness and cloud reflectance.
Given these complementary roles of different sensors, the AOD–AI rela-
tionship would constitute a basis for potentially developing an empirical
approach to deriving above-cloud AOD from OMI and MODIS measure-
ments with more extensive coverage than CALIOP observations.

The rest of paper is organized as follows. Section 2 describes satel-
lite datasets, domains and analysis methodology. In Section 3, we first
describe major characteristics of aerosol and clouds and then exam-
ine relationships between CALIOP above-cloud AOD and OMI AI re-
spectively for Saharan dust outflow and Southwest African biomass
burning smoke outflow over the Atlantic Ocean. Section 4 summa-
rizes major results and discusses implications from the integrated
analysis.

2. Data and methods

2.1. Datasets and domains

The datasets used in the analysis include: (1) CALIOP Level 2 Version
3.01 aerosol and cloud layer products; (2) OMI Level 2 (orbital swath,
~2600 km wide) Collection 3 UV aerosol index; and (3) MODIS/Aqua
Level 2 Collection 5 cloud fraction and cloud optical depth. We focus
on two regions, namely “dust outflow” and “smoke outflow” over the
Atlantic Ocean, as illustrated in Fig. 1. The two regions are among
those with the highest occurrence frequency of aerosol–liquid water
cloud overlap (Devasthale & Thomas, 2011). Two four-month periods
(from June to September, 2006 and 2007) are selected, which covers

the peak season of Saharan dust and Southwest African smoke in the
dust and smoke outflow region, respectively. Smoke in the Sahel region
occurs and affects the dust outflow region primarily during November–
February. It is very rare that Saharan dust is transported to the smoke
outflow region or Southwest African smoke is transported to the dust
outflow region in the season of our investigation because the two out-
flow regions are separated by the inter-tropical convergence zone
(ITCZ). Data after 2007 are not included in the analysis because of the
unfortunate occurrence of row anomalies affecting several of OMI
cross-track scenes that are co-located with CALIPSO tracks.

The CALIOP aerosol and cloud layer products report separately cloud
and aerosol detection information on a 5 km horizontal grid with a ver-
tical resolution of 30 m from the surface to about 8 km in the mid-
troposphere (Winker et al., 2009, 2010). Uncertainties in CALIOP AOD
are generally associated with incorrect choice of aerosol type, complete
attenuation of the lidar signal when traversing thick aerosol layer, low
sensitivity to the vertically dispersed layers, interference of sunlight
with laser during daytime, and misclassification of cloud as aerosol or
vice versa (e.g., Kittaka et al., 2011;Winker et al., 2009; Yu et al., 2010).

The OMI product has a spatial resolution varying from 13×24 km
at nadir to 40×135 km at the edges of the swath (Torres et al., 2007).
Uncertainties associated with AI come mainly from background noise
and ground signal (Herman et al., 1997). In particular, uncorrected
spectral variations in surface reflectance, particularly due to sun-
glint are an important source of uncertainty in positive AI (Torres et
al., 2007). The single-pixel AI detection limit varies between 0.3 and
0.6 in a variety of mineral dust and smoke regions (Hsu, et al., 1999b).

The MODIS cloud optical depth is retrieved at 1 km resolution and
cloud fraction is calculated at 5×5 km grid by counting the number of
1 km pixels identified as ‘cloudy’ by the cloud mask and dividing by 25,
the total number of pixels in the 1 km grid box (Platnick et al., 2003).
The MODIS cloud optical depth over ocean is derived primarily from the
0.86 μmradiances (Platnick et al., 2003). Thus in cases of biomass burning
smoke overlying clouds, the retrieved cloud optical depth should bias low
because smoke aerosol is strongly absorbing at 0.86 μm. The low bias be-
comes greater as smoke AOD increases. Wilcox et al. (2009) found that
only for scenes with OMI AI>2 the estimated bias due to smoke absorp-
tion exceeds the instantaneous uncertainty of the retrieval. Haywood et
al. (2004) suggest that the MODIS cloud optical depth in the smoke out-
flow region can bias low by up to 30%. On the other hand, the MODIS
cloud optical depth beneath dust layerswould haveno significant bias be-
cause mineral dust is only weakly absorbing at 0.86 μm.

2.2. Methodology

The following steps are taken to collocate and extract data from
CALIOP, OMI, and MODIS. First, we identify all aerosol layers above
low-level cloud (with cloud tops lower than 3 km) based on CALIOP
level 2 5-km aerosol and cloud layer products.

Fig. 1. Selected “dust” and “smoke” outflow regions in this analysis, which is overlaid in
a map of mean OMI aerosol index averaged over June to September for 2006 and 2007.
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Total AOD (at 532 nm) above cloud is calculated by adding up
the identified individual layer AODs, and the aerosol centroid height
(or the center of AOD) is calculated from the layer AODs such that
half of the AOD value is below or above that height. For convenience
we use AOD to denote aerosol optical depth in the mid-visible (at
532 nm for CALIOP or at 550 nm for MODIS) throughout the
paper, unless otherwise specified. Second, for the identified CALIOP
above-cloud AOD, we obtain the corresponding OMI AI and viewing
geometrical parameters (solar zenith angle or SZA, viewing zenith
angle or VZA, relative azimuth angle, and scattering angle) from
the nearest OMI pixel that is within 20 km of the CALIOP pixel.
Third, we calculate mean cloud fraction, mean cloud optical depth
and its inhomogeneity over the OMI pixel from the MODIS Level 2
cloud products.

Several data screening criteria are applied. We focus on elevated
UV-absorbing aerosols that produce positive AI values. Only OMI AI
greater than 0.5 are selected because small AI values generally indi-
cate large retrieval uncertainties (Torres et al., 2007). We also (1) se-
lect the path length index, which is defined as 1/cos (SZA)+2/cos
(VZA), in a range of 3–7 to retain the best viewing conditions; and
(2) eliminate sun glint contamination using the OMI algorithm flag
(Ahn et al., 2008). For CALIOP detected aerosol layers, only those
with medium and high confidence in the aerosol identification are
considered, similar to Yu et al. (2010). In this study, we focus on
cloudy scenes of OMI observations by selecting the average cloud
fraction greater than 0.9 and cloud optical depth greater than 2 in
the OMI pixels. We also focus on highly homogeneous clouds by
selecting cloud inhomogeneity parameter (χ) of greater than 0.7. χ,
the ratio of the logarithmic and linear average of cloud optical
depth (Cahalan et al., 1994), is calculated from MODIS. It has a
value between 0 and 1; the larger the value of χ, the more homoge-
neous the cloud. Overall these screening processes exclude about
52% and 42% of original data points in the smoke outflow and dust
outflow regions, respectively.

3. Results

3.1. Aerosol and cloud characteristics in the two regions

Table 1 lists the statistics of OMI observation geometry and aerosol
and cloud properties in the dust and smoke outflow regions. The
mean distance between the centers of CALIOP and OMI pixels is about
10 km, which is smaller than the characteristic scale of aerosol meso-
scale variations (Anderson et al., 2003). In each region, variations of

satellite observation geometry during the period are small, as character-
ized by small standard deviations of solar zenith angle, viewing zenith
angle, and scattering angle. It is unlikely that the dependences of AI
on the observation geometry (e.g., de Graaf et al., 2005) would signifi-
cantly influence the interpretation of observed AOD–AI relationships
as a function of cloud optical depth in each of the regions. However
the solar zenith angle of 38.5° in the smoke outflow region is higher
than the 25.3° in the dust outflow region, which may contribute to
regional differences of AOD and AI relationships (to be discussed in
Section 3.2).

The top of low-level clouds is situated at about 1.2 km in both re-
gions. However, the cloud is optically thicker by about 30% in the
smoke outflow than in the dust outflow region. The regional difference
in cloud optical depth could be even larger becauseMODIS cloud optical
depth retrieved in the visible would have been underestimated in the
smoke outflow region by strong smoke absorption (Haywood et al.,
2004; Wilcox et al., 2009). The stratocumulus clouds in the smoke out-
flow region are more homogeneous (χ=0.91) than the trade-cumulus
clouds in the dust outflow region (χ=0.86), as anticipated. The high
homogeneity of clouds considered in this study suggests that the re-
gional mean of cloud optical depth can be used to calculate cloud albe-
do, a parameter that influences AI values, with good accuracy. The
statistics show that the aerosol–cloud vertical separation (defined as
difference between aerosol centroid height and cloud top height in
this study) is quite similar for smoke and dust, although the dust layer
on average is ~600 m thicker than the smoke layer.

While OMI observes similar AI values in the dust and smoke out-
flow regions (Table 1 and Fig. 1), the CALIOP above-cloud AOD532 dif-
fers substantially. On average, AOD532 is 130% higher in the dust
outflow region (i.e., 0.32) than in the smoke outflow region (i.e.,
0.14), which is consistent with CALIOP cloud-free daytime measure-
ments. The regional and seasonal average AOD from CALIOP cloud-
free observation (derived by following the data screening described
in Yu et al., 2010) is 0.33 and 0.13 in the dust outflow and smoke out-
flow region, respectively. On the other hand, co-located MODIS/Aqua
measurements (Remer et al., 2005) show AOD of about 0.31 in both
regions. Note that MODIS over-ocean AOD measurements may bias
high because of cloud effects and inappropriate assumptions of
wind speed and aerosol microphysical properties (Zhang & Reid,
2006). Here we assess potential bias in the above values of MODIS
AOD by comparing the operational MODIS AOD product with the
bias-reduced MODIS AOD product in which quality check and quality
assurance procedures have been implemented (Shi et al., 2011; Zhang
& Reid, 2006). We found that the bias-reduced MODIS AOD is lower
than the operational MODIS AOD by 19% and 30% in the dust outflow
region and the smoke outflow region, respectively. By using these dif-
ferences to approximate the bias associated with MODIS AOD mea-
surements, we estimate that MODIS AOD in the dust outflow region
is no more than 12% higher than that in the smoke outflow region.
This regional difference is substantially lower than what CALIOP ob-
servation suggests. Our results of region-dependent CALIOP–MODIS
AOD difference are generally consistent with that from an indepen-
dent analysis (Kittaka et al., 2011). Although sampling introduced
bias between the two sensors (due to differences in instrument reso-
lution and sensitivity, and cloud-screening scheme, among others)
could partially explain this discrepancy (Kahn et al., 2011; Zhang &
Reid, 2009), much lower CALIOP AOD in the smoke region than in
the dust region could be associated with underlying causes in algo-
rithms and calibration (Kittaka et al., 2011). For example, a possible
misclassification of smoke as marine aerosol in some occasions (Yu
et al., 2010) would introduce substantially low bias for smoke AOD
because the lidar ratio at 532 nm for smoke is more than 3 times larg-
er than that for marine aerosol. A misclassification of heavy smoke as
cloud will also bias the smoke AOD low. The regional AOD difference
as seen by CALIOP will be accounted for in interpreting regional dif-
ferences of AOD and AI relationship in Section 3.2.

Table 1
Statistics (mean±standard deviation) of OMI observation geometry, and properties of
aerosols and clouds in the dust and smoke outflow regions.

Parameters Dust outflow
region

Smoke outflow
region

Observation
geometry

OMI solar zenith angle (SZA) 25.3±1.9° 38.5±4.6°
OMI viewing zenith angle (VZA) 31.4±0.9° 32.7±0.9°
OMI scattering angle 124.2±2.0° 114.3±1.6°
OMI–CALIOP distance 9.8±4.1 km 9.0±4.2 km

Cloud
properties

Cloud optical depth (COD) from
MODIS

6.9±3.7 9.1±4.2

Cloud top height (CTOP) from
CALIOP

1.2±0.4 km 1.2±0.3 km

Cloud inhomogeneity (χ) from
MODIS

0.86±0.08 0.91±0.07

Aerosol
properties

Aerosol Index (AI) from OMI 1.51±0.63 1.50±0.66
Above-cloud AOD532 from CALIOP 0.32±0.22 0.14±0.12
Aerosol centroid height (ACH)
from CALIOP

3.5±0.6 km 3.4±0.9 km

Aerosol layer depth from CALIOP 1.6±0.8 km 1.0±0.5 km
Aerosol–cloud separation
(=ACH−CTOP) from CALIOP

2.2±0.7 km 2.2±0.9 km
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3.2. Above-cloud AOD–AI relationships and their dependence on cloud
optical depth

Previous studies have examined relationships between AI and
AOD from the Aerosol Robotic Network and satellites in cloud free
conditions (Christopher et al., 2008; Hsu, et al., 1999b). Here we ex-
amine relationships between OMI AI and CALIOP above-cloud AOD.
In our analysis, all the screened data are grouped into 5 cloud optical
depth (COD) ranges: COD=2–4, 4–6, 6–8, 8–12, and 12–20. In each
COD group, the data are sorted by AI and arranged into 10 AI bins
with equal number of data points. Fig. 2 shows the empirical relation-
ships between CALIOP above-cloud AOD and OMI AI and their change
with cloud optical depth in the 5-COD groups over the dust and
smoke outflow regions. Note that AI values depend on the amount
of intercepted radiation by the aerosol layer and hence the distance
between the cloud and aerosol layer (de Graaf et al., 2005). This de-
pendence is strong in cloud-free scenes but is weakened when clouds
or bright surfaces are below the aerosol layer (de Graaf et al., 2005;
Torres et al., 1998, in press). As shown in Fig. 3, the aerosol–cloud dis-
tance generally increases with AI from about 1.5 km to 2.5 km when
AI increases from 0.5 to 3. This change would not yield significant
change of AI, as can be inferred from a sensitivity study (de Graaf et
al., 2005). Thus what is shown in Fig. 2 largely reflects the influences
of AOD, COD, and aerosol absorption strength on AI. For the observed
ranges of AOD and AI, CALIOP above-cloud AOD correlates positively
with OMI AI in approximately linear manner, with the relationship
depending on COD values. For a specific AOD a larger cloud optical
depth generally corresponds to a higher aerosol index, except in
some largest AI bins. The observed dependence of AI on COD is con-
sistent with theoretical calculations that the multiple scattering of
underlying cloud decks increases the amount of radiation intercepted
by aerosol absorption, yielding a larger aerosol index (de Graaf et al.,
2005; Torres et al., in press, 2007).

Also clearly shown in Fig. 2 is that AOD and AI relationships depend
strongly on aerosol type. For a specific cloud optical depth range, the
AOD/AI ratio in the dust outflow region is much higher than that in
the smoke outflow region. Fig. 4a shows the AOD532/AI ratio as a func-
tion of LN (COD), a proxy for cloud albedo. For both smoke and dust,
the AOD532/AI ratio correlates with cloud albedo nearly linearly (with
correlation coefficient R2 of more than 0.98). The regression equations
are also denoted in the figure. It appears that the dependence of
AOD532/AI ratio on COD for dust is about a factor of 2 larger than that
for smoke. As discussed in Section 3.1, CALIOP AOD is lower than
MODIS AOD by different magnitudes in the smoke and dust outflow
regions. After potential MODIS AOD bias is reduced, MODIS AOD is
67% higher than CALIOP AOD in the smoke outflow region (i.e.,
MODIS/CALIOP AOD ratio=1.67). While in the dust outflow region,
MODIS AOD is 23% lower than CALIOP AOD (i.e., MODIS/CALIOP AOD
ratio=0.77). A simple scaling of CALIOP AOD using the above MODIS/
CALIOP ratios yields that the COD-dependence of AOD532/AI ratio differs
by no more than 10% for smoke and dust, as illustrated in Fig. 4b.

To better understand factors determining the ratio between AOD
and AI, we further account for the wavelength difference between
CALIOP AOD (at 532 nm) and OMI AI (using the 352–388 nm pair)
measurements. Dust and smoke differ substantially in size distribu-
tions and hence the wavelength-dependence of extinction. If an Ang-
strom exponent of 1.5 and 0.3 over the 388–532 nm spectral range is
assumed for smoke and dust respectively (Eck et al., 1999), we can
get AOD388/AI ratio as function of ln(COD) by scaling Fig. 4b with a re-
spective scaling factor of 1.56 and 1.10, as shown in Fig. 4c. For a given
COD, the AOD388/AI ratio for the smoke turns out to be 35–55% higher
than that for the dust. This difference in the AOD388/AI ratio between
smoke and dust is qualitatively consistent with observed differences
between smoke and dust in both the magnitude and spectral varia-
tion of absorption in the UV range. While the single-scattering albedo
for smoke aerosol remains a nearly constant value of 0.89 in the UV

range, the dust single-scattering albedo increases from about 0.80 at
352 nm to about 0.83 at 388 nm (Bergstrom et al., 2007; Russell et
al., 2010). Aerosol index increases with increasing absorption or de-
creasing aerosol single-scattering albedo (Torres et al., 1998). An in-
crease of aerosol single-scattering albedo with wavelength in the
UV (i.e., stronger absorption in shorter wavelength, such as for
dust) can also raise the AI value (de Graaf et al., 2005). Therefore,
the differences in single-scattering albedo between dust and smoke
would yield a higher AI value and hence smaller AOD388/AI ratio in
the dust outflow region than in the smoke outflow region.

Several other factors would also contribute to the AOD–AI relation-
ships. As shown in Fig. 3 and Table 1, the aerosol-cloud distance is
more or less the same in the dust and smoke outflow region and should
not be a reason for the observed regional difference in AOD/AI ratio. AI
values also depend on observation geometry. While the viewing zenith
angle for OMI is about 32° in both regions, the mean solar zenith angle
of 38.5° in the smoke outflow region is larger than 25.3° in the dust

Fig. 2. Relationships between above-cloud AOD and aerosol index as a function of cloud
optical depth (COD) for (a) dust over North Atlantic and (b) smoke over South Atlantic.
Five COD groups are indicated by colors. In each COD group, the number of data entries
is N (as listed in the legend) and all the data points are sorted by AI and arranged into
10 AI bins with equal data entries. Vertical and horizontal bar indicates standard error
of AOD and aerosol index, respectively. Dotted lines represent a linear fit of data points
for individual COD ranges. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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outflow region (Table 1). Such difference in the solar zenith angle would
result in a higher AI value (de Graaf et al., 2005) and hence a lower AOD/
AI ratio in the smoke outflow region than in the dust outflow region. In
addition, the presence of smoke above clouds could bias the MODIS
cloud optical depth low because strong smoke absorption in the visible
darkens the cloud (Haywood et al., 2004; Wilcox et al., 2009). The low
bias in COD increases with increasing AOD. Therefore, the AOD/AI ratio
for smoke has been biased low, especially at high AI range.

4. Concluding remarks

We have conducted an integrated analysis of above-cloud AOD and
AI relationships as a function of cloud optical depth by using 8-months
of A-Train measurements of aerosol and cloud properties in the Saharan
dust outflow and Southwest African smoke outflow regions. The analysis
shows that the above-cloud AOD532 from CALIPSO lidar correlates posi-
tively with OMI AI in approximately a linear manner, with the AOD532/
AI ratio decreasing with increasing cloud optical depth. The dependence
of AOD–AI relationship on cloud optical depth is consistent with

theoretical calculations that the multiple scattering by cloud decks
enhances the interactions of aerosol absorption with UV radiation and
raises the value of AI. The derived AOD532/AI ratio doesn't depend on
aerosol typewhen thepotential biases in the CALIOPAODmeasurements
are empirically accounted for. However, the COD-dependence of
AOD388/AI ratio is different for smoke and dust, which is in general con-
sistent with their differences in single-scattering albedo in the UV range.

The findings of our integrated analysis imply that the OMI aerosol
index may be potentially used in conjunction with MODIS measure-
ments of cloud optical depth and fraction to empirically derive the

Fig. 3. Change of the aerosol–cloud distance (=aerosol centroid height CH−cloud top
height) with aerosol index in 5 cloud optical depth (COD) groups for (a) dust over
North Atlantic and (b) smoke over South Atlantic. The data are grouped into COD
and AI bins. Vertical and horizontal bar indicates standard error of the aerosol–cloud
distance and aerosol index, respectively. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Relationships between the AOD/AI ratio and ln(COD) for dust (orange) and smoke
(red): (a) using original AOD (at 532 nm) from CALIOP, (b) correcting CALIOP AOD (at
532 nm) bias, and (c) correcting CALIOP AOD bias and extrapolating AOD from 532 nm to
388 nm (assuming an Angstrom exponent of 1.5 and 0.3 for smoke and dust, respectively).
The average and range of AOD/AI ratio is represented as dot and vertical line, respectively.
Linear fit to the average AOD/AI ratio is shown as dotted line, with the regression equation
denoted. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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above-cloud AOD for absorbing aerosols, such as dust and smoke,
with a spatial coverage much more extensive than the CALIOP obser-
vations. A great deal of effort is needed to further explore the feasibil-
ity of this empirical approach. Current analysis deals only with cloudy
OMI pixels (with cloud fraction greater than 0.9). For partially cloudy
OMI pixels, the analysis should also factor in clear-sky AOD measure-
ments from MODIS (Remer et al., 2008) and MISR (Kahn et al., 2005).
A suite of radiative transfer modeling is also needed to both interpret
and extrapolate the observed empirical relationships between above-
cloud AOD and AI and their dependence on cloud optical depth. Last
but not the least, it is essential to reduce biases and uncertainties asso-
ciated with CALIOPmeasurements because such an empirical approach
will naturally inherit CALIOP AOD biases and uncertainties. Correcting
theMODIS CODbias in the smoke outflow region also needs to be inves-
tigated, although the resultant uncertainties may be partially canceled
out through a consistent use of MODIS COD in the empirical approach.
This empirical approach without assuming aerosol optical properties
would complement the most recent effort of more robust retrieval of
above-cloud AOD from OMI AI and radiance measurements (Torres et
al., 2012).
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