
IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 54, NO. 6, JUNE 2016 3163

Identifying Absorbing Aerosols Above Clouds From
the Spinning Enhanced Visible and Infrared Imager

Coupled With NASA A-Train Multiple Sensors
Ian Chang and Sundar A. Christopher

Abstract—Geostationary satellite data from the Spinning En-
hanced Visible and Infrared Imager (SEVIRI) in conjunction
with A-Train data are used to develop an algorithm for detecting
biomass-burning smoke aerosols above closed-cell stratocumulus
(Sc) clouds. The detection relies on spectral signatures, textural
characteristics, and time-dependent spectral variation of SEVIRI
data. A-Train data including the Ozone Monitoring Instrument
(OMI) and the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) are used as reference data for the SEVIRI algorithm
development. The 15-min repeat cycle of SEVIRI provides the
capability for identifying smoke above closed-cell Sc with an OMI
aerosol index value exceeding 0.5 and a cloud optical thickness
greater than 6 at 0.81 μm. The user accuracy of this algorithm
is ∼49% when using only spectral signature and textural tests.
When incorporating the “temporal consistency” tests into the
algorithm, the user accuracy increases to ∼65%. The producer
accuracy is over ∼77%, implying that the SEVIRI algorithm gen-
erally identifies smoke above clouds when CALIOP also identifies
the same feature at the collocated pixel. However, CALIOP has
the tendency to underestimate the presence of thin smoke aerosols
above liquid clouds during daytime. This algorithm can be used
to detect and study the daytime variation of smoke above liquid
clouds.

Index Terms—Aerosols above clouds, algorithm, NASA A-
Train, Spinning Enhanced Visible and Infrared Imager (SEVIRI).

I. INTRODUCTION

THE representation of aerosols, clouds, and aerosol-cloud
radiative effects remains highly uncertain, restricting the

reconstruction of past climate and the prediction of future
climate change [1]. The radiative forcing by anthropogenic
aerosols due to scattering and absorption of shortwave (SW)
radiation is known as the aerosol direct radiative forcing [2].
The aerosol direct radiative effect is defined as the difference
between radiative fluxes in the absence and presence of aerosols
[3]. The term “forcing” emphasizes perturbations stemming
from anthropogenic sources [4]. The aerosol direct radiative
forcing in cloud-free regions generally leads to a cooling (i.e.,
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negative forcing) at top-of-atmosphere (TOA) [5], [6]. This
forcing reduces surface temperatures since aerosols reflect more
solar radiation than the surface (except for bright surfaces such
as desert and snow). However, the aerosol direct radiative forc-
ing in cloudy regions becomes more complex because aerosols
could occur either above, below, or in the vicinity of clouds,
complicating the estimation of radiative forcing. Moreover,
cloud coverage below absorbing aerosols also influences both
signs and magnitudes of the direct radiative effect at TOA [7].

The method of aerosol absorption detection using satellite
UV observations was developed by P. K. Bhartia at the NASA
Goddard Space Flight Center [8] and first documented by
Hsu et al. [9] using reflectivity differences between two
near-UV channels from the Nimbus-7 Total Ozone Mapping
Spectrometer. Quantification of aerosol absorption has been
conducted by Torres et al. [10] in a theoretical framework
using the “residual method” based on the departure of the
observed spectral differences in near-UV radiances from that
of a molecular atmosphere. Hsu et al. [11] estimated radiative
effects of smoke aerosols above clouds over southeast Asia
using UV aerosol index (AI) as an indicator of smoke presence
above cloud decks.

Inversion approaches from polarization measurements pro-
vide the capability for retrieving above-cloud aerosol optical
thicknesses (AOTs). Waquet et al. [12], [13] pioneered a novel
strategy for retrieving above-cloud fine-mode AOTs using po-
larized phase function at forward scattering angles from the
POLarization and Directionality of the Earth’s Reflectances
(POLDER). Simultaneous retrieval of AOT and cloud optical
thickness (COT) has been conducted using inversion methods
from near-UV radiances in the Ozone Monitoring Instrument
(OMI) [14] and from visible (VIS)/near-infrared (NIR) color
ratio techniques in the Moderate Resolution Imaging Spectro-
radiometer (MODIS) [15]. Such an approach has also been
applied to simultaneously retrieve the aerosol absorption optical
thickness and the underlying COT from POLDER measure-
ments [16]. Using the DISORT radiative transfer model (RTM),
Meyer et al. [17] performed corrections on low COT bias
from overlying absorbing aerosols for August and September
between 2006 and 2011 over the southeast Atlantic. They
noted that adjusting for above-cloud aerosol attenuation at
0.86 μm increases the regional mean COT by ∼6% relative
to the existing standard MODIS cloud product (i.e., MOD06
and MYD06). Most recently, Meyer et al. [18] developed a
technique to simultaneously retrieve above-cloud AOT and
underlying liquid cloud optical and microphysical properties
[i.e., COT and cloud effective radius (re)] by utilizing six
MODIS channels ranging from VIS to SW infrared (SWIR)
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wavelengths. Their look-up table (LUT) covered AOT, COT,
and re using an optimal estimation method. The Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP), an active space-
borne lidar, also provides the capability for retrieving above-
cloud AOT using 532- and 1064-nm channels. Various AOT
retrieval approaches have been introduced on CALIOP such
as the extinction to backscatter ratio technique [19], [20], the
color ratio technique [21], and the depolarization ratio approach
[22]. Intersensor comparison among these sensors has revealed
consistent above-cloud AOT retrievals. However, the CALIOP
532 nm has shown to underestimate the above-cloud AOT due
to the solar background illumination, causing a lower signal-to-
noise ratio during daytime retrieval [16], [23]–[25].

Multisensor applications have also been performed in several
studies. Alfaro-Contreras et al. [26] assessed the low COT
bias due to smoke aerosols above clouds by collocating the
OMI AI, CALIOP, and MODIS. They further compared the
standard MODIS COT, derived from the 0.86-μm channel, with
the MODIS supplementary product (derived mainly from the
SWIR 1.64-μm channel). Both products were then referenced
to COT at 0.646 μm. Since the VIS channel is more sensitive
to smoke attenuation than the NIR channel, the retrieved COT
differences between these two channels yield the bias associ-
ated with smoke above clouds. They indicated that, for OMI
AI exceeding 1, the low COT bias ranges between 10% and
20% at 0.86 μm for smoke above clouds over the south Atlantic.
A negative semidirect radiative forcing results in a thickening
of stratocumulus (Sc) clouds due to overlying smoke aerosols
based on A-Train measurements [27]. Wilcox [28] found a
net positive radiative forcing of 0.3 Wm−2 for smoke above
clouds between the direct and semidirect radiative forcing. The
direct radiative effects of absorbing aerosols above clouds are
also sensitive to the optical thickness of absorbing aerosols.
Zhang et al. [29] implemented a technique to estimate absorb-
ing (smoke and polluted dust) aerosol-above-cloud direct ra-
diative effect using CALIOP and MODIS. They found an direct
radiative effect of ∼30.9 Wm−2 after making an adjustment to
the CALIOP AOT’s low bias by a factor of 5 [24].

The aforementioned studies have improved our understand-
ing of above-cloud aerosol radiative effects. However, the tem-
poral resolution of A-Train satellites is limited to one daytime
overpass over a particular location per day, thereby inhibit-
ing aerosol-above-cloud studies on a subdaily scale. While
CALIOP has enabled a vertical viewing capability of aerosols
above clouds, one of its major shortcomings pertains to its
near-nadir viewing restrictions with a 16-day repeat cycle [19].
Such limitations hamper extensive horizontal spatial analyses
of aerosols above clouds. Given the high temporal evolution in
the properties of aerosols [30], monitoring the diurnal variation
of the presence of aerosols above clouds will advance our un-
derstanding of short-term aerosol-above-cloud characteristics.
Over the southeast Atlantic, the Spinning Enhanced Visible and
Infrared Imager (SEVIRI) aboard the Meteosat Second Gener-
ation (MSG) satellite, located at the prime meridian above the
equator, serves as the geostationary satellite platform for this
region [31].

Numerous studies have utilized SEVIRI for feature detection
that relies heavily on the high-temporal-resolution satellite data.
For example, Derrien et al. [32] implemented a temporal differ-
encing technique to identify clouds at high solar zenith angles
(during sunset and sunrise). SEVIRI’s high temporal resolution

Fig. 1. (a) RGB composite from SEVIRI with a CALIOP overpass in green
and red on August 13, 2006. Yellow arrows represent wind vectors at 850 hPa.
Filled circles along the CALIOP overpass correspond to pixel locations in
Fig. 6. (b) OMI UV AI at 1315Z on this day. The black (white) line represents
the CALIOP overpass along the green (red) line in (a). The pink lines represent
CALIOP overpasses that were used for uncertainty analysis for the selected
case days. (c) VFM feature layers from CALIOP. (d) Aerosol subtype layers
from CALIOP. In both (c) and (d), green and red transects correspond to the
CALIOP overpass in (a).

has also provided capabilities for monitoring dust storm out-
breaks in the Mediterranean region and the Arabian Peninsula
[33], detecting and tracking volcanic ash [34], [35], and devel-
oping a fire detection algorithm over Africa [36]. The present
study develops a method to identify smoke above closed-cell
Sc using SEVIRI’s multispectral, textural, and temporal char-
acteristics. The condition that mostly resembles plane-parallel
approximation in radiative transfer calculations is the extensive
coverage of closed-cell Sc, so accurately identifying this feature
is critical. The algorithm can be used to study the diurnal
variation of smoke above Sc at a high temporal resolution. To
keep the scope manageable, this study only concentrates on the
algorithm development of smoke above closed-cell Sc detec-
tion. A future study will assess their daytime variations.

II. STUDY AREA

An example of absorbing aerosols above clouds over the
southeast Atlantic from different sensors is shown in Fig. 1.
Fig. 1(a) shows a red-green-blue (RGB) three-band overlay of a
SEVIRI image on August 13, 2006 at 1330Z over the southeast
Atlantic Ocean. The central wavelengths of the red channel,
the green channel, and the blue channel are 1.64, 0.81, and
0.64 μm, respectively. Yellow arrows depict wind vectors at
850 hPa, which is the nearest pressure level from the cloud top



CHANG AND CHRISTOPHER: IDENTIFYING ABSORBING AEROSOLS ABOVE CLOUDS FROM SEVIRI 3165

pressure. The maximum wind speed (10.2 ms−1) corresponds
to the longest vector on this image, which is located at the
bottom right of this image. Pristine clouds appear as white
since they are spectrally flat given their nonselective absorbing
nature [37]. The light bluish regions are either cloud edges or
thin clouds due to lower NIR reflectance at cloud edges [38].
The tannish discoloration of clouds occurs as a result of smoke
attenuation in the green channel and the blue channel [15],
[17], [26].

The southeast Atlantic is dominated by high biomass-burning
aerosol loadings and semipermanent Sc during austral winter
(June to September) [27], [28], [39]. The algorithm in this study
is specifically designed for detecting smoke above closed-cell
Sc, where clouds are characterized with ascending motion at the
cell center and descending motion at the edge of the cell. This
cloud type mostly appears over the eastern portion of ocean
basins where a relatively cooler ocean current prevails. On the
contrary, open-cell Sc is dominated by descending motion at
the cell center and ascending motion at their edges [40], [41].
The large contrast in both reflectance and temperature proper-
ties in open-cellular convective regions results in high uncer-
tainty for their detection as opposed to a more homogenous
reflectance and temperature associated with closed-cell Sc.
While this study focuses on aerosols originating from biomass
burning in southern Africa, aerosols from South America could
be transported eastward [42], [43] to cause potential interconti-
nental aerosol mixing. However, the frequency of such a mixing
above liquid clouds in the southeast Atlantic remains uncertain
[18] and is left for future investigations. The remainder of this
study will focus on detecting smoke aerosols (originated from
southern Africa) above clouds associated with closed-cellular
convection.

III. DATA AND METHODS

The A-Train data sets are coupled with SEVIRI (3-km
nadir resolution) [31] to leverage an algorithm for detecting
smoke above closed-cell Sc. This imager consists of 11 spectral
channels (three solar channels and eight thermal channels) and
a broadband high-resolution visible channel. The algorithm
undergoes three major processes at a pixel level. We begin by
using spectral thresholds to screen for smoke above low-level
liquid clouds. Next, we perform a textural analysis to screen
for cloud center and cloud edges. Finally, we apply temporal
tests to screen for close-cell Sc. The eventual algorithm aims to
identify smoke above closed-cell Sc at a pixel level. A-Train
data including OMI AI and CALIOP lidar information will
serve as a benchmark for the algorithm development. Detecting
smoke above thin clouds or above cloud edges is beyond the
scope of this study.

The UV AI data are obtained from Version 3 of OMI/Aura
Level 2 near-UV Aerosol data product (OMAERUV_V003).
This index is calculated from the residual quantity based on the
logarithm of the ratio of the measured radiances to the model-
calculated radiances for a molecular-exclusive atmosphere. It
has a spatial resolution of 13 km × 24 km at nadir [14].
Given the high uncertainty of identifying aerosols with low AI
values [10], only AI values above 0.5 are identified as absorbing
aerosols in this study. This threshold has also been adopted in
Yu et al. [39] for above-cloud AOT assessment and in Feng and
Christopher [44] for studying radiative effects of absorbing aero-

sols above clouds. Fig. 1(b) illustrates OMI AI for August 13,
2006, over the southeast Atlantic. Strong UV absorption can
be seen at the center of this image as indicated by AI values
exceeding 4. Torres et al. [14] noted a high sensitivity between
the AI and the aerosol-cloud separation distance, particularly
for absorbing aerosols above thin clouds with high separation
distance. Another uncertainty in the interpretation of AI arises
from the wavelength-dependent absorption AOT attributed to
the aerosol single scattering albedo and the Angström absorp-
tion exponent. Note that this study merely focuses on detecting
the presence of smoke aerosols above clouds. Assessing the
strength of aerosol absorption above clouds is beyond the scope
of the present study.

We also assess vertical distributions of clouds and aerosols
via CALIOP onboard the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO). Specifically, we
use Level 2 Version 3.01 cloud layer and aerosol layer detection
products at 5-km horizontal resolution [19], [45]. Additionally,
the CALIOP Level 2 Vertical Feature Mask (VFM) and the
aerosol subtype [46] have been used to screen for columns
that exclusively contain smoke above clouds within each of the
5-km cloud and aerosol layer horizontal domain. The VFM and
the aerosol subtype have a horizontal resolution of ∼333 m
and a vertical resolution of 30 m between altitudes of −0.5 and
8.2 km. Only a high confidence of aerosol and cloud detection is
considered in this study. To eliminate possible mixings between
aerosols and clouds within a vertical column, we enforce a
300-m minimum vertical separation distance between the smoke
base and the cloud top. Since the standard VFM is generated
from the 532-nm channel, the geometrical thickness of the
smoke layer tends to be underestimated during daytime due to
solar background illumination [17], [25], [47]. The underesti-
mation of the geometrical thickness of smoke suggests that the
smoke base may be much closer to the cloud top than the smoke
base indicated by the VFM data. Using the VFM derived from
the 1064-nm channel may be an alternative solution to detecting
thin aerosols. However, the VFM at 1064 nm is unavailable
to users, and its derivation is beyond the scope of this study.
Ultimately, our goal is to confirm the presence of smoke above
clouds from SEVIRI when CALIOP identifies the same feature.
Fig. 1(c) shows the CALIOP feature layer, and Fig. 1(d) shows
the aerosol subtype along the green line and the red line in
Fig. 1(a). Since this study focuses on identifying smoke above
clouds, we only select the aerosols that consist of only smoke
aerosols within the entire 5-km aerosol feature layer.

The Aqua-MODIS Level 2 Collection 6 cloud product
(MYD06) at 1-km nadir resolution is used to obtain COT and
re [48] along the CALIOP overpass. While the OMI footprint
exceeds any given MODIS footprint, we collocated the OMI
pixel closest to the MODIS cloud pixel to obtain the aerosol
absorption strength. Thus, an OMI footprint potentially serves
as a collocation pixel for multiple SEVIRI, CALIOP, and
MODIS pixels. Note that the present study aims to develop an
algorithm for detecting smoke above closed-cell Sc on SEVIRI
rather than deriving an algorithm for detecting aerosols of
various AOTs above clouds of various COTs. However, an
LUT for simultaneous AOT and COT retrievals for smoke
above clouds is created for developing spectral thresholds (see
Section IV). Low COT biases due to overlying smoke atten-
uation in the MYD06 product means that the minimum COT



3166 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 54, NO. 6, JUNE 2016

Fig. 2. LUT showing the simultaneous AOT and COT retrievals of smoke
above clouds based on SEVIRI reflectance channels. The input parameters of
the aerosol and cloud properties are outlined in Table I. Arrows indicate the
direction to which the AOT increases in an interval of 0.0, 0.5, 1.0, 2.0, 3.0,
4.0, and 5.0. The black solid line connects various COTs in the absence of
aerosols (i.e., AOT = 0.0). Dashed lines connect AOTs of the same COTs. The
two solid lines indicate spectral thresholds for the identification of absorbing
aerosols above clouds with COT ≥ 6.

of this algorithm is likely the absolute minimum COT value
that is valid for user applications. The presence of smoke above
clouds does not cause a noticeable re retrieval bias since its
retrieval depends on the SWIR (i.e., 1.64 μm), which is mostly
transparent to submicrometer smoke aerosols [17], [18], [26].

IV. RADIATIVE TRANSFER CALCULATIONS

To guide the selection of spectral thresholds in the SEVIRI
algorithm, simultaneous retrievals of AOT and COT are per-
formed using the Santa Barbara DISORT Atmospheric Radia-
tive Transfer program [49]. This retrieval technique relies on
the reflectance ratio of the 0.64-μm (R0.64) reflectance to the
0.81-μm (R0.81) reflectance as a function of R0.81 (Fig. 2),
which was developed by Jethva et al. [15] for MODIS. Like-
wise, this approach has also been applied to simultaneously
retrieve absorption AOT and COT using radiances from OMI
[14] and POLDER [16]. We used reflectance values at 0.64 μm
instead of those at 0.47 μm as in Jethva et al. [15] since
0.64 μm is the shortest available wavelength on SEVIRI. The
details of the input parameters are outlined in Table I. Input
aerosol properties follow the AERONET Level 2.0 observations
at Mongu, Zambia, on August 13, 2006.

Spectral thresholds for smoke above clouds are identified on
the spectral decision surface in Fig. 2. The results from the RT
calculations show that smoke above clouds of COT = 2 mainly
induce scattering effect with AOT retrieval highly sensitive to
the changes in reflectance ratios. In contrast, smoke aerosol
above clouds of COT ≥ 6 clearly cause absorbing effects with
weak sensitivity to the changes in reflectance ratios during
AOT retrieval. Both R0.81 and R0.64/R0.81 decrease with an
increasing AOT, indicating that attenuation of reflectance by

smoke occurs at both wavelengths. The attenuation, however,
is greater at the 0.64 μm than at 0.81 μm. These trends are
consistent with the LUT in Jethva et al. [15].

Given the complexity of AOT and COT retrievals below
COT < 6, smoke-above-cloud detection in this study focuses
on smoke above clouds of COT ≥ 6. Spectral thresholds are
based on the region in the spectral decision surface that is
simultaneously less than the second-order polynomial along
COT = 6 (blue curve) for various above-cloud AOTs and the
second-order polynomial along AOT = 0 for COT ≥ 6 (black
curve). Note that spectral thresholds vary depending on the
model input parameters. Thus, Fig. 2 only represents an LUT
smoke above-cloud detection for a specific set of aerosol prop-
erties, solar geometry, and viewing geometry. The second-order
polynomial equations that are used for the LUT are shown
in Fig. 7.

V. SEVIRI ALGORITHM

The goal of this study is to develop an algorithm for detecting
smoke aerosols above closed-cell Sc on SEVIRI at pixel level
using spectral, textural, and temporal characteristics. The algo-
rithm development is organized as follows. Initially, we exam-
ine the spectral signatures of absorbing aerosols above clouds
from SEVIRI’s reflectance and thermal channels. A spectral
decision surface is inferred from the LUT (see Section IV) to
establish spectral thresholds. Next, we apply a textural test to
assess the heterogeneity of a pixel and its neighboring pixels
in order to remove cloud edges. When a pixel satisfies both
spectral and textural tests, it undergoes a set of temporal tests
for identifying smoke aerosols above closed-cell Sc.

Explanations on color differences are outlined with spec-
tral signatures in Fig. 3, which illustrates the means and one
standard deviation of reflectance for pristine clouds, aerosols
above clouds with 1 < AI < 2, and aerosols above clouds with
AI > 2 from all case days (Table II). The spectral signatures
are based on pixels with R0.64 > 0.2 to ensure that only thick
clouds are chosen for the statistics. Note that pixels of all
channels in Fig. 1(a) have also undergone histogram equal-
ization in order to utilize all gray level values while attaining
a quasi-uniform histogram over all reflectance values. This
image enhancement technique provides a stronger distinction
among features for better visualization since it gives the best
representation of details at all ranges of reflectance values [50].
As an example, clouds have relatively higher reflectance values
than most features in these three solar channels, so they tend to
appear the brightest on an RGB composite [Fig. 3(a)]. When
aerosols lie above clouds with 1 < AI < 2 [Fig. 3(b)], solar
attenuation reduces the reflectance of both the green (VIS) and
blue (NIR) channels by over 10% but by less than 5% in the red
channel. The RGB composite after the entire image undergoes
histogram equalization causes absorbing aerosols above clouds
to appear as light gray. For AI > 2 [Fig. 3(c)], aerosols reduce
the reflectance of both green and blue, causing the image to
appear as light brown.

The smoke outbreak on August 13, 2006 that emanated from
central Africa and transported smoke toward the southeast At-
lantic above marine Sc is chosen for the algorithm development
due to the high range of AI values during A-Train overpass on
that day. Fig. 1(b) shows that OMI AI reaches as high as 4 in the
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TABLE I
INPUT PARAMETERS IN THE RTM FOR SMOKE ABOVE CLOUDS. AEROSOL PROPERTIES ARE OBTAINED

FROM AERONET OBSERVATIONS IN MONGU, ZAMBIA, ON AUGUST 13, 2006

Fig. 3. Spectral signatures of (a) pristine clouds, (b) aerosols above clouds for
1 < AI < 2, and (c) aerosols above clouds for AI > 2 from all case days in
terms of mean and one standard deviation in each channel. The red channel
(R), the green channel (G), and the blue channel (B) have central wavelengths
at 1.64, 0.81, and 0.64 μm, respectively.

middle of this image. However, we also perform an uncertainty
analysis that includes cases where OMI AI values were less
than 2.5 in this region. In this paper, CALIOP and OMI serve
as a reference for validating aerosol and cloud presence.

A. Spectral Signatures

The initial stage of the algorithm is based on traditional
spectral signatures from both reflectance and thermal channels.
First, a pixel undergoes a temperature test at 10.8 μm (T10.8),
which separates clouds from land and ocean. T10.8 for cloud
tops tends to have a relatively lower temperature than that for
ocean or land since this window wavelength detects either the
Earth’s surface temperature under clear sky or the cloud-top
temperature when clouds are present. A pixel is required to
range between 280 and 295 K in order to isolate liquid clouds
from either land, ocean, mixed-phase clouds, or ice clouds.

The next test involves a reflectance analysis, which is based
on the spectral decision surface from the LUT in Fig. 2. As
discussed earlier, R0.64 and R0.81 serve as the primary SEVIRI
channels for separating pristine clouds from smoke above
clouds since TOA reflectance at both wavelengths is sensitive
to smoke scattering and absorption effects. Figs. 4 and 5 depict
measurements along the green line and the red line in Fig. 1(a),
respectively. These figures include information from CALIOP,
OMI, MODIS, and SEVIRI. Cloud edges between latitudes of
−23.2◦ and −22.5◦ are evidenced by re > 20 μm and COT < 2
due to the emergence of multiple solutions for simultaneous low
VIS and NIR reflection functions [38]. As shown in Fig. 1(a),
this region is dominated by broken clouds, which supports
the likelihood of cloud edges during the CALIOP overpass.
Moreover, this region consists of mainly pristine clouds since
OMI AI is below 0.5 and the VFM does not indicate any
aerosols above low-level clouds in this region. The equatorward
decrease of re and the increase of COT indicate the transition
from the cloud edge toward the optically thick cloudy areas.

The southern tip of the green transect consists of ocean. Both
R0.64 and R0.81 are less than 0.05 and R0.64 > R0.81 south of
−23.5◦ as shown in Fig. 4. At −23.5◦, R0.64 and R0.81 are
∼0.16 and ∼0.17, respectively. This reflectance combination
suggests that the retrieval would take place outside the spectral
thresholds. Fig. 5 shows a transect that consists of high aerosol
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TABLE II
NUMBER OF A-TRAIN PIXELS ALONG THE CALIOP TRACK THAT WERE USED FOR UNCERTAINTY ANALYSIS

Fig. 4. (a) Green line in Fig. 1(a) illustrating R0.64 and R0.81 in SEVIRI
(at 1330Z), COT and cloud effective radius (Cld. Eff. Rad.) from MYD06
(at 1335Z), and OMI AI (at 1315Z) grouped into four categories (< 0.5,
0.5–1.0, 1.0–2.0, and > 2.0) on August 13, 2006. (b) HM based on a group of
3 × 3 pixels from SEVIRI at the 0.64-μm channel.

absorption above clouds as indicated by AI ≥ 2 throughout the
entire transect. As an example, the reflectance ratio of ∼0.865
(R0.64/R0.81 = 0.45/0.52) and R0.81 of ∼0.52 at −18.0◦ on
this transect corresponds to the symbol “+” on the LUT in
Fig. 2, yielding AOT and COT values of ∼1.2 and ∼17,
respectively.

B. Textural Statistics

While spectral thresholds provide wavelength dependence of
reflectance and temperature for smoke-above-cloud identifica-
tion, the textural analysis reveals spatial characteristics of a
group of pixels surrounding the pixel of interest. We perform
several textural measures at 0.64 μm and find that the het-
erogeneity metric (HM) performs the best in isolating cloud
centers from cloud edges according to our uncertainty analysis
and visual inspection from all case days (Table II). The HM
of a pixel is obtained by calculating the ratio of the stan-
dard deviation of R0.64 to the mean of R0.64 for a group of

Fig. 5. As in Fig. 4, but for the red line in Fig. 1(a).

3 × 3 pixels. The HM has also been applied to distinguish cloud
edges from the center of extensive thick clouds in Liang et al.
[51]. Such a task is not well captured by spectral thresholds
alone.

Fig. 4(b) shows that the HM of the ocean is low (∼2.5×
10−4) because of its high homogeneity. Between −23.5◦ and
−22.7◦, the HM reaches as high as ∼1.2× 10−2 due to a
combination of cloud edges and open-cell Sc. From −22.7◦

equatorward, the HM drops to ∼10−3, indicating that this
region is more homogeneous than cloud edges. Fig. 5(b) reveals
that the HM values are on the order of 10−4, indicating that
reflected surfaces are fairly homogeneous throughout this do-
main. Based on our visual inspection and uncertainty analysis,
a typical cloud center has an HM ranging from 2× 10−4 to
6× 10−3. Values below this threshold are likely as homoge-
neous as ocean, while values above this threshold are likely
cloud edges.

C. Temporal Analysis

Using geostationary data allows one to assess the short-
term evolution of clouds and aerosols because of their high
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Fig. 6. Temporal variations of R0.64 (in %) for the four colored circles along the CALIOP overpass in Fig. 1(a) during five consecutive SEVIRI snapshots with
15-min interval. The values in each small rectangle represent R0.64 of a SEVIRI pixel. The four black-shaded rectangles at 1330Z represent the SEVIRI pixels
that are collocated with OMI AI, CALIOP, and MYD06 in both time and space. The boldface numbers at the center of each 3 × 3 pixels outside 1330Z are
collocated with A-Train overpass in location but not in time.

temporal (15-min) resolution. While both spectral signatures
and textural analysis are essential for detecting smoke aerosols
above cloud centers, scrutinizing a pixel over a period of time
offers another dimension of analysis. In this case, the consis-
tency of R0.64 over a time period provides the capability of
synchronously assessing cloud coverage and cloud advection.
Subsequently, one can determine pixels that have horizontally
uniform cloud distributions (i.e., closed-cell Sc). For brevity, we
refer to this set of tests as the “temporal consistency” tests.

The change in R0.64 at the four colored circles along the
CALIOP overpass in Fig. 1(a) is presented in Fig. 6. The
location of the four colored circles is selected based on similar
MYD06 COTs with increasing AI. SEVIRI at 1330Z is collo-
cated with A-Train at the nearest time and space. The white,
black, orange, and blue circles are located at OMI AI values
of 0, 1, 2, and 3.5, respectively. In the AI = 0 case (white
circle), CALIOP only detects the presence of a cloud layer,
with COT = 15 according to MYD06. At the collocated pixel,
SEVIRI detectsR0.64 of 52%. In the preceding times (i.e., T–30
and T–15) at the identical pixel location, the R0.64 values were
46% and 61% at 1300Z and 1315Z, respectively. It can be seen
that R0.64 at this pixel location was rather unstable in terms of
the change in magnitude. Moreover, the alternating change in
the sign of R0.64 in each time interval clearly suggests that this
region consists of a combination of broken clouds and cloud
edges. In the succeeding times (i.e., T+15 and T+30), R0.64

dropped to 37% and 26%, respectively. While these visible
reflectance values still warrant the presence of clouds, the cloud
distribution over this region is nonuniform. Hence, this pixel
unlikely represents a closed-cell Sc. Fig. 1(a) confirms that
cumulus clouds dominate the white circled region.

The other three circles show examples of positive AI values
above clouds. In the case of AI = 1.0 (black circle), R0.64 at
the collocated pixel was 55% at 1330Z. In the preceding times,
R0.64 increased from 41% at 1300Z to 48% at 1315Z. However,
the reflectance plummeted to 42% at 1345Z and then dropped

down to 28% by 1400Z, indicating that this pixel was under
broken cloud coverage. For AI = 2.0 (orange circle), R0.64

ranged between 47% and 54% at the collocated pixel during
the five time frames. For AI = 3.5 (blue circle), R0.64 ranged
between 39% and 46% at the collocated pixel during the five
time frames. Both the orange and blue circles are located at
an overcast closed-cell Sc region as shown in Fig. 1(a). Our
findings suggest that closed-cell Sc is well represented when
R0.64 changes by less than 25% in every 15-min interval during
the four time intervals referencing from the time of higherR0.64

between each time interval. As an example, pixels over both the
orange and blue circles satisfy the 25% criteria in all four time
intervals. For the white circle, however, R0.64 change exceeded
25% between 1330Z and 1345Z and between 1345Z and 1400Z
even though the two preceding time intervals changed by less
than 25%. In this case, the white circle area would not be
assigned as closed-cell Sc based on the temporal consistency
thresholds.

Fig. 7 illustrates a series of tests that each SEVIRI pixel must
undergo before being assigned as a smoke above closed-cell
Sc pixel. A pixel will follow the solid arrow if it satisfies the
criteria in a particular test; otherwise, it will follow the dashed
line. For a pixel to be qualified as smoke above closed-cell
Sc, it must pass the spectral, textural, and temporal consistency
tests. Italic texts within each dashed box indicate features that
a pixel may represent if a test is not satisfied. All thresholds
have undergone iterative adjustments based on the uncertainty
analysis and visual inspection over the five case days.

D. Algorithm Results

The results after applying the smoke above closed-cell Sc
algorithm are shown in Fig. 8. The original RGB image prior
to algorithm application is shown in Fig. 8(a) for readers’ ref-
erence, which is identical to Fig. 1(a) after removing all of the
labels. The results from applying only the spectral thresholds
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Fig. 7. Algorithm for detecting smoke above clouds using spectral signatures, textural analysis, and temporal consistency tests based on SEVIRI. Solid boxes are
tests that each pixel must undergo starting from the top. The boxes in white, gray, and black are the spectral signature tests, the textural test, and the temporal
consistency tests, respectively. When a pixel does not satisfy the criteria in a particular test, it will follow the dashed arrow, which shows the feature that it likely
represents.

Fig. 8. (a) RGB image as in Fig. 1(a). (b) Results of SEVIRI-derived smoke above clouds based on only spectral and textural tests. (c) Results of SEVIRI-derived
smoke above closed-cell Sc based on spectral, textural, and temporal consistency tests. Red contours denote lines of equal OMI AI values starting from 0.5. The
honeycomb-like contours along the coastlines result from row anomaly. Note that the OMI AI contours in both (b) and (c) are identical.

and textural statistics of the algorithm are presented in Fig. 8(b).
The central portion of this image is classified as smoke above
clouds, where OMI AI values exceed 0.5. However, smoke
above clouds are assigned by the algorithm in the region
bounded by 18–20◦ S and 0–4◦ W, where OMI AI values
are below 0.5. In the southwestern corner of the image, a
scattered amount of pixels is assigned as smoke above clouds,
coinciding with a few AI = 0.5 contours. Fig. 8(c) shows
results after incorporating the temporal consistency tests into
the algorithm. The classification criteria become more strin-
gent than spectral and textural tests alone since the temporal
consistency tests determine if the pixel of interest is a closed-
cell Sc. An examination of the synoptic weather map indicates
that clouds in the southwestern portion of the image are likely
associated with a cold front. Very few pixels satisfy the criteria
for smoke above closed-cell Sc in this area after applying the

temporal consistency tests, affirming the soundness of applying
the entire series of algorithm for smoke above closed-cell Sc
detection.

VI. UNCERTAINTY ANALYSIS

The uncertainty analysis is conducted using the CALIOP
cloud and aerosol layer product, the VFM, and OMI AI as the
reference data for comparison with the SEVIRI-derived smoke-
above-cloud algorithm. The criteria for smoke above-cloud de-
tection by CALIOP include the criteria discussed in Section III
and OMI AI exceeding 0.5. For the pristine cloud detection
case, the criteria of the reference data include CALIOP layers
with clouds below 5 km, aerosol-free, OMI AI below 0.5, and
SEVIRI R0.64 exceeding 0.2. The inclusion of SEVIRI in the
reference data is required to ensure that both CALIOP cloud
layers and a SEVIRI pixel agree on the cloud presence.
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Fig. 9. Bar graph depicting the accuracies of SEVIRI-derived smoke above
clouds. The “S + T” label denotes the user accuracy using only a combination
of spectral and textural tests. The “ALL” label denotes the user accuracy for all
(spectral, textural, and temporal consistency) tests. The “PROD” label denotes
the producer accuracy for all tests.

The uncertainty analysis is presented in terms of a user
accuracy and a producer accuracy. The user accuracy is defined
as the percentage of SEVIRI pixels that are correctly identified
as smoke above any cloud type rather than as pristine clouds
when compared with the reference data. The producer accuracy
is the percentage of reference data pixels that detect smoke
above clouds and is also agreed by SEVIRI. Note that, since the
cloud reference data (i.e., CALIOP) do not provide information
on cloud types (i.e., open-cell or closed-cell), our uncertainty
analysis is limited to smoke above clouds rather than smoke
above closed-cell Sc. However, we will compare the accuracy
between the inclusion and the exclusion of the temporal consis-
tency tests to assess the impact of temporal information on the
resulting accuracy.

The bar graph in Fig. 9 shows the user accuracy and the
producer accuracy converted from a traditional error matrix
(or confusion matrix). Using only the spectral signature and
textural tests, the SEVIRI algorithm has identified 219 smoke
above clouds pixels, with 108 pixels being verified by the ref-
erence data. Thus, the user accuracy for this scenario is ∼49%
(see “S + T” in Fig. 9). When adding the temporal consistency
tests in the SEVIRI algorithm, a total of 147 SEVIRI pixels
have been identified as smoke above clouds. Among these
147 pixels, 96 pixels are being verified by the reference data,
yielding a user accuracy of ∼65% (see “ALL” in Fig. 9). Hence,
the increasing user accuracy after incorporating the temporal
consistency tests suggests that the algorithm performs better at
detecting smoke above closed-cell Sc than smoke above other
cloud types.

As aforementioned, 96 pixels have been confirmed as smoke
above clouds by both the reference data and the algorithm when
the temporal consistency tests were included. In 28 collocated
pixels, the reference data indicate smoke above clouds, while
the SEVIRI algorithm detects either pristine clouds or smoke
above thin clouds. As a result, the producer accuracy is ∼77%
(see “PROD” in Fig. 9). Likewise, the producer accuracy when
excluding the temporal consistency tests (spectral and textural
only) is ∼69% (not shown). In summary, the SEVIRI algorithm
generally identifies smoke above clouds when CALIOP also
identifies the same feature at the collocated pixel. The producer
accuracy exceeds the user accuracy regardless of the inclusion

of the temporal consistency tests since CALIOP has the ten-
dency to underestimate the presence of thin smoke aerosols
above liquid clouds during daytime [17], [25], [47]. We focus
on the producer accuracy in this study since we aim to iden-
tify smoke above clouds provided that CALIOP also detects
the same feature in the collocated region. Additionally, the
temporal consistency tests also improve the accuracy because
the closed-cell Sc is characterized with a more homogeneous
background than cloud edges or cumulus clouds.

VII. SUMMARY AND CONCLUSION

An algorithm for detecting smoke above closed-cell Sc
has been developed for the SEVIRI data set, which relies
on spectral signatures, textural statistics, and high-temporal-
resolution capabilities. The southeast Atlantic is dominated by
high biomass-burning smoke aerosol loadings and semiperma-
nent Sc during austral winters, serving as a natural laboratory
for developing the smoke above closed-cell Sc algorithm. The
algorithm is generated by collocating the SEVIRI data with
A-Train satellite sensors including MODIS, CALIOP, and
OMI. CALIOP provides the vertical distributions of aerosols
and clouds, while the OMI AI provides UV aerosol absorption
above clouds.

The algorithm comprises the use of spectral signatures from
both reflectance and thermal channels with prescribed thresh-
olds. A spectral decision surface inferred from an LUT is
generated to assign spectral thresholds for identifying smoke
above clouds. This LUT relies on the reflectance ratio of
R0.64 to R0.81 and provides the capability of synchronously
retrieving AOT and COT. Importantly, this algorithm mainly
detects smoke above clouds of COT ≥ 6 since identifying
smoke above thin clouds is subject to high uncertainty. The
HM, a textural analysis used in this study, distinguishes cloud
edges from cloud center. Upon passing the spectral and tex-
tural tests, a pixel undergoes a set of temporal consistency
tests, which inspects pixel consistency and homogeneity over a
60-min period in R0.64.

The uncertainty analysis is based on the user accuracy and
the producer accuracy from the five selected case days in 2006.
The user accuracy is defined as the percentage of SEVIRI
pixels that are correctly identified as smoke above clouds rather
than as pristine clouds with respect to A-Train. The producer
accuracy is defined as the percentage of reference pixels that are
identified as smoke above clouds and is simultaneously agreed
by SEVIRI. Results indicate that the user accuracy is ∼49%
when only applying the spectral and textural tests and increases
to ∼65% when incorporating the temporal consistency tests.
The producer accuracy of the algorithm in this study is ∼69%
(∼77%) when excluding (including) the temporal consistency
tests, implying that the SEVIRI algorithm generally identifies
smoke above clouds when CALIOP also identifies the same
feature at the collocated pixel. However, when a SEVIRI pixel
is classified as smoke above cloud, CALIOP only agrees with
the collocated SEVIRI pixel ∼49% of the time. These findings
are anticipated since CALIOP has the tendency to underesti-
mate the presence of thin smoke aerosols above liquid clouds
during daytime [17], [25], [47]. The accuracy in the present
study focuses on the producer accuracy since our goal is to
validate the presence of smoke above clouds from SEVIRI
provided that CALIOP also identifies the same feature at the



3172 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 54, NO. 6, JUNE 2016

Fig. 10. Means and one standard deviation of the change in R0.64 between
T–30 min and T+30 min for high- (> 6 ms−1) and low- (< 5 ms−1) wind
events.

collocated pixel. Assessing the magnitude of CALIOP AOT
underestimation is beyond the scope of this study.

This study presents a novel approach to identifying smoke
above closed-cell Sc using spectral, textural, and temporal prop-
erties. The algorithm can be used to examine the spatiotemporal
variation of smoke above closed-cell Sc at a subdaily scale from
an observational standpoint. The upcoming field experiments
such as CLoud-Aerosol-Radiation Interactions and Forcing:
Year 2016 (CLARIFY-2016), ObseRvations of Aerosols above
CLouds and their intEractionS (ORACLES), and Layered At-
lantic Smoke Interactions with Clouds (LASIC) will improve
the understanding of radiative effects of absorbing aerosols
above and within clouds in the southeast Atlantic. Data from
these experiments will offer the validation of satellite retrievals
and the documentation of uncertainties of RTM calculations in
the field of radiative effects of absorbing aerosols above and
within clouds.

APPENDIX

In a subset study, we used the NCEP Reanalysis 850 hPa
wind data at 2.5◦ × 2.5◦ spatial resolution [52] to determine
whether the magnitude of cloud advection has any influence
on the magnitude of the change of reflectance. We hypothesize
that reflectance would change less during the 60-min period
under light-wind conditions relative to high-wind conditions
since less clouds would pass over the same pixel area under
light-wind conditions.

To examine the influence of wind speed on R0.64 change
over cloudy conditions, pixels possessing R0.64 exceeding 20%
for the 60-min period are assessed by computing the R0.64

difference between T–30 and T+30. The wind speed is cate-
gorized into two groups, namely, the high-wind (> 6 ms−1)
and the low-wind (< 5 ms−1) types. A total of 683 (568)
pixels are classified as high- (low-) wind category for the
six days. Fig. 10 shows the statistics of R0.64 change over
60 min. In the high-wind category, the mean change of R0.64

between the two periods is 9.4 ± 8.7%. In the low-wind

category this change drops to 8.1 ± 6.7%. Since the means
and the standard deviations of the two wind categories over the
60-min period are very similar, the changes in R0.64 associated
with wind speeds appear to be an insignificant factor in our
algorithm.

ACKNOWLEDGMENT

The authors would like to thank R. J. Swap for the dis-
cussions regarding intercontinental aerosol transport and the
AERONET science program and the principal investigators for
their effort in establishing and maintaining the Mongu, Zambia,
site. The CALIOP data were obtained from the NASA Langley
Research Center Atmospheric Science Data Center (https://
eosweb.larc.nasa.gov/JORDER/ceres.html). The MODIS data
were obtained from NASA Level 1 and Atmosphere Archive and
Distribution System (http://ladsweb.nascom.nasa.gov/data/).
The OMI data were obtained from NASA Goddard Earth Sci-
ences Data and Information Services Center (http://disc.sci.gsfc.
nasa.gov/Aura/data-holdings/OMI/omaeruv_v003.shtml). The
SEVIRI data were obtained from the European Organisation
for the Exploitation of Meteorological Satellites Web interface
(https://eoportal.eumetsat.int/userMgmt/protected/dataCentre.
faces). The NCEP Reanalysis data were provided by the
NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their
website at http://www.esrl.noaa.gov/psd/.

REFERENCES

[1] R. A. Kahn, “Reducing the uncertainties in direct aerosol radiative
forcing,” Surv. Geophys., vol. 33, no. 3/4, pp. 701–721, Jul. 2012.

[2] S. K. Satheesh et al., “A model for the natural and anthropogenic aerosols
over the tropical Indian Ocean derived from Indian Ocean experiment
data,” J. Geophys. Res. Atmos., vol. 104, no. D22, pp. 27 421–27 440,
Nov. 1999.

[3] N. G. Loeb and N. Manalo-Smith, “Top-of-atmosphere direct radiative
effect of aerosols over global oceans from merged CERES and MODIS
observations,” J. Clim., vol. 18, no. 17, pp. 3506–3526, Sep. 2005.

[4] R. M. Hoff and S. A. Christopher, “Remote sensing of particulate pol-
lution from space: Have we reached the promised land?” J. Air Waste
Manag. Assoc., vol. 59, no. 6, pp. 645–675, Jun. 2009.

[5] A. Keil and J. M. Haywood, “Solar radiative forcing by biomass burning
aerosol particles during SAFARI 2000: A case study based on measured
aerosol and cloud properties,” J. Geophys. Res. Atmos., vol. 108, no. D13,
p. 8467, Jul. 2003.

[6] S. A. Christopher, D. V. Kliche, J. Chou, and R. M. Welch, “First
estimates of the radiative forcing of aerosols generated from biomass
burning using satellite data,” J. Geophys. Res. Atmos., vol. 101, no. D16,
pp. 21 265–21 273, Sep. 1996.

[7] D. Chand, R. Wood, T. L. Anderson, S. K. Satheesh, and R. J. Charlson,
“Satellite-derived direct radiative effect of aerosols dependent on cloud
cover,” Nat. Geosci., vol. 2, no. 3, pp. 181–184, Mar. 2009.

[8] O. Torres and L. A. Remer, “History of passive remote sensing of aerosol
from space,” in Aerosol Remote Sensing, J. Lenoble, L. Remer, and
D. Tanre, Eds. Berlin, Germany: Springer-Verlag, 2013, pp. 159–183.

[9] N. C. Hsu et al., “Detection of biomass burning smoke from TOMS
measurements,” Geophys. Res. Lett., vol. 23, no. 7, pp. 745–748,
Apr. 1996.

[10] O. Torres, P. K. Bhartia, J. R. Herman, Z. Ahmad, and J. Gleason, “Deriva-
tion of aerosol properties from satellite measurements of backscattered
ultraviolet radiation: Theoretical basis,” J. Geophys. Res. Atmos., vol. 103,
no. D14, pp. 17 099–17 110, Jul. 1998.

[11] N. C. Hsu, J. R. Herman, and S.-C. Tsay, “Radiative impacts from biomass
burning in the presence of clouds during boreal spring in southeast Asia,”
Geophys. Res. Lett., vol. 30, no. 5, p. 1224, Mar. 2003.

[12] F. Waquet et al., “Aerosol remote sensing over clouds using A-Train
observations,” J. Atmos. Sci., vol. 66, no. 8, pp. 2468–2480, Aug. 2009.

[13] F. Waquet et al., “Retrieval of aerosol microphysical and optical proper-
ties above liquid clouds from POLDER/PARASOL polarization measure-
ments,” Atmos. Meas. Tech., vol. 6, no. 4, pp. 991–1016, Apr. 2013.

[14] O. Torres, H. Jethva, and P. K. Bhartia, “Retrieval of aerosol optical
depth above clouds from OMI observations: Sensitivity analysis and case
studies,” J. Atmos. Sci., vol. 69, no. 3, pp. 1037–1053, Sep. 2012.

[15] H. Jethva, O. Torres, L. A. Remer, and P. K. Bhartia, “A color ratio
method for simultaneous retrieval of aerosol and cloud optical thickness



CHANG AND CHRISTOPHER: IDENTIFYING ABSORBING AEROSOLS ABOVE CLOUDS FROM SEVIRI 3173

of above-cloud absorbing aerosols from passive sensors: Application to
MODIS measurements,” IEEE Trans. Geosci. Remote Sens., vol. 51, no. 7,
pp. 3862–3870, Jul. 2013.

[16] F. Peers et al., “Absorption of aerosols above clouds from POLDER/
PARASOL measurements and estimation of their direct radiative effect,”
Atmos. Chem. Phys., vol. 15, no. 8, pp. 4179–4196, Apr. 2015.

[17] K. Meyer, S. Platnick, L. Oreopoulos, and D. Lee, “Estimating the direct
radiative effect of absorbing aerosols overlying marine boundary layer
clouds in the southeast Atlantic using MODIS and CALIOP,” J. Geophys.
Res. Atmos., vol. 118, no. 10, pp. 4801–4815, May 2013.

[18] K. Meyer, S. Platnick, and Z. Zhang, “Simultaneously inferring above-
cloud absorbing aerosol optical thickness and underlying liquid phase
cloud optical and microphysical properties using MODIS,” J. Geophys.
Res. Atmos., vol. 120, no. 11, pp. 5524–5547, Jun. 2015.

[19] D. M. Winker et al., “Overview of the CALIPSO mission and CALIOP
data processing algorithms,” J. Atmos. Ocean. Technol., vol. 26, no. 11,
pp. 2310–2323, Nov. 2009.

[20] S. A. Young and M. A. Vaughan, “The retrieval of profiles of partic-
ulate extinction from Cloud-Aerosol Lidar Infrared Pathfinder Satellite
Observations (CALIPSO) Data: Algorithm description,” J. Atmos. Ocean.
Technol., vol. 26, no. 6, pp. 1105–1119, Jun. 2009.

[21] D. Chand et al., “Quantifying above-cloud aerosol using spaceborne
lidar for improved understanding of cloudy-sky direct climate forcing,”
J. Geophys. Res. Atmos., vol. 113, no. D13, Jul. 2008, Art. ID D13206.

[22] H. Yu et al., “Quantification of trans-Atlantic dust transport from seven-
year (2007–2013) record of CALIPSO lidar measurements,” Remote Sens.
Environ., vol. 159, pp. 232–249, Mar. 2015.

[23] D. M. Winker et al., “The global 3-D distribution of tropospheric aerosols
as characterized by CALIOP,” Atmos. Chem. Phys., vol. 13, no. 6,
pp. 3345–3361, Mar. 2013.

[24] H. Jethva, O. Torres, F. Waquet, D. Chand, and Y. Hu, “How do A-Train
sensors intercompare in the retrieval of above-cloud aerosol optical depth?
A case study-based assessment,” Geophys. Res. Lett., vol. 41, no. 1,
pp. 186–192, Jan. 2014.

[25] Z. Liu et al., “Evaluation of CALIOP 532 nm aerosol optical depth over
opaque water clouds,” Atmos. Chem. Phys., vol. 15, no. 3, pp. 1265–1288,
Feb. 2015.

[26] R. Alfaro-Contreras, J. Zhang, J. R. Campbell, R. E. Holz, and J. S. Reid,
“Evaluating the impact of aerosol particles above cloud on cloud optical
depth retrievals from MODIS,” J. Geophys. Res. Atmos., vol. 119, no. 9,
pp. 5410–5423, May 2014.

[27] E. M. Wilcox, “Stratocumulus cloud thickening beneath layers of
absorbing smoke aerosol,” Atmos. Chem. Phys., vol. 10, no. 23,
pp. 11 769–11 777, Dec. 2010.

[28] E. M. Wilcox, “Direct and semi-direct radiative forcing of smoke aerosols
over clouds,” Atmos. Chem. Phys., vol. 12, no. 1, pp. 139–149, Jan. 2012.

[29] Z. Zhang et al., “A novel method for estimating shortwave direct radiative
effect of above-cloud aerosols using CALIOP and MODIS data,” Atmos.
Meas. Tech., vol. 7, no. 6, pp. 1777–1789, Jun. 2014.

[30] T. Takemura, T. Nakajima, O. Dubovik, B. N. Holben, and S. Kinne,
“Single-scattering albedo and radiative forcing of various aerosol species
with a global three-dimensional model,” J. Clim., vol. 15, no. 4,
pp. 333–352, Feb. 2002.

[31] J. Schmetz et al., “An introduction to Meteosat Second Generation
(MSG),” Bull. Amer. Meteorol. Soc., vol. 83, no. 7, pp. 977–992, Jul. 2002.

[32] M. Derrien and H. L. Gléau, “Improvement of cloud detection near sunrise
and sunset by temporal-differencing and region-growing techniques with
real-time SEVIRI,” Int. J. Remote Sens., vol. 31, no. 7, pp. 1765–1780,
Apr. 2010.

[33] F. Sannazzaro et al., “Identification of dust outbreaks on infrared MSG-
SEVIRI data by using a robust satellite technique (RST),” Acta Astronaut.,
vol. 93, pp. 64–70, Jan. 2014.

[34] S. A. Christopher, N. Feng, A. Naeger, B. Johnson, and F. Marenco,
“Satellite remote sensing analysis of the 2010 Eyjafjallajökull volcanic
ash cloud over the North Sea during 4–18 May 2010,” J. Geophys. Res.
Atmos., vol. 117, no. D20, Oct. 2012, Art. ID D00U20.

[35] A. R. Naeger and S. A. Christopher, “The identification and tracking
of volcanic ash using the Meteosat Second Generation (MSG) Spinning
Enhanced Visible and Infrared Imager (SEVIRI),” Atmos. Meas. Tech.,
vol. 7, no. 2, pp. 581–597, Feb. 2014.

[36] G. J. Roberts and M. J. Wooster, “Fire detection and fire characterization
over Africa using Meteosat SEVIRI,” IEEE Trans. Geosci. Remote Sens.,
vol. 46, no. 4, pp. 1200–1218, Apr. 2008.

[37] M. Wang and W. Shi, “Cloud masking for ocean color data processing in
the coastal regions,” IEEE Trans. Geosci. Remote Sens., vol. 44, no. 11,
pp. 3196–3105, Nov. 2006.

[38] T. Nakajima and M. D. King, “Determination of the optical thickness and
effective particle radius of clouds from reflected solar radiation measure-
ments. Part I: Theory,” J. Atmos. Sci., vol. 47, no. 15, pp. 1878–1893,
Aug. 1990.

[39] H. Yu et al., “An integrated analysis of aerosol above clouds from
A-Train multi-sensor measurements,” Remote Sens. Environ., vol. 121,
pp. 125–131, Jun. 2012.

[40] B. Stevens et al., “Pockets of open cells and drizzle in marine stratocumu-
lus,” Bull. Amer. Meteorol. Soc., vol. 86, no. 1, pp. 51–57, Jan. 2005.

[41] E. M. Agee, T. S. Chen, and K. E. Dowell, “A review of mesoscale cellular
convection,” Bull. Amer. Meteorol. Soc., vol. 54, no. 10, pp. 1004–1012,
Oct. 1973.

[42] A. S. Bachmeier and H. E. Fuelberg, “A meteorological overview of
the TRACE A period,” J. Geophys. Res. Atmos., vol. 101, no. D19,
pp. 23 881–23 888, Oct. 1996.

[43] R. W. Talbot et al., “Chemical characteristics of continental outflow over
the tropical South Atlantic Ocean from Brazil and Africa,” J. Geophys.
Res. Atmos., vol. 101, no. D19, pp. 24 187–24 202, Oct. 1996.

[44] N. Feng and S. A. Christopher, “Measurement-based estimates of direct
radiative effects of absorbing aerosols above clouds,” J. Geophys. Res.
Atmos., vol. 120, no. 14, pp. 6908–6921, Jul. 2015.

[45] D. M. Winker et al., “The CALIPSO mission: A global 3D view
of aerosols and clouds,” Bull. Amer. Meteorol. Soc., vol. 91, no. 9,
pp. 1211–1229, Sep. 2010.

[46] A. H. Omar et al., “The CALIPSO automated aerosol classification and
lidar ratio selection algorithm,” J. Atmos. Ocean. Technol., vol. 26, no. 10,
pp. 1994–2014, Oct. 2009.

[47] O. Torres, C. Ahn, and Z. Chen, “Improvements to the OMI near-UV
aerosol algorithm using A-Train CALIOP and AIRS observations,” At-
mos. Meas. Tech., vol. 6, no. 11, pp. 3257–3270, Nov. 2013.

[48] S. Platnick et al., “The MODIS cloud products: Algorithms and exam-
ples from Terra,” IEEE Trans. Geosci. Remote Sens., vol. 41, no. 2,
pp. 459–473, Feb. 2003.

[49] P. Ricchiazzi, S. Yang, C. Gautier, and D. Sowle, “SBDART: A re-
search and teaching software tool for plane-parallel radiative transfer in
the Earth’s atmosphere,” Bull. Amer. Meteorol. Soc., vol. 79, no. 10,
pp. 2101–2114, Oct. 1998.

[50] “Remote Sensing Digital Image Analysis by John A Richards,”
NationalBookSeller.com, [Accessed: Oct. 30, 2014]. [Online]. Available:
http://www.nationalbookseller.com/510566/

[51] L. Liang, L. Di Girolamo, and S. Platnick, “View-angle consistency in
reflectance, optical thickness and spherical albedo of marine water-clouds
over the northeastern pacific through MISR-MODIS fusion,” Geophys.
Res. Lett., vol. 36, no. 9, pp. 1–5, May 2009.

[52] E. Kalnay et al., “The NCEP/NCAR 40-Year Reanalysis Project,” Bull.
Amer. Meteorol. Soc., vol. 77, no. 3, pp. 437–471, Mar. 1996.

Ian Chang received the B.S. degree in meteorol-
ogy and the M.S. degree in geography (with an
emphasis on satellite remote sensing and climatol-
ogy) from Northern Illinois University, DeKalb, IL,
USA, in 2010 and 2012, respectively. He is currently
working toward the Ph.D. degree in the Department
of Atmospheric Science, University of Alabama in
Huntsville, Huntsville, AL, USA.

His Ph.D. research focuses on algorithm develop-
ment, radiative forcing, diurnal cycle, and satellite
validation of absorbing aerosols above clouds. He

has taught undergraduate and graduate courses in satellite remote sensing,
radiative transfer theory, atmospheric dynamics, and synoptic meteorology.
He has published a manuscript entitled “A Global Climatology of Extreme
Rainfall Rates in the Inner Core of Tropical Cyclones.” His research areas
encompass satellite remote sensing of aerosols and clouds, radiative transfer,
tropical cyclone precipitation, and numerical modeling applications.

Mr. Chang is a member of the American Geophysical Union and the
American Meteorological Society. He is a recipient of the 2015–2016 NASA
Earth and Space Science Fellowship.

Sundar A. Christopher received the M.S. degree
in meteorology from South Dakota School of Mines
and Technology, Rapid, SD, USA, the M.S. degree in
industrial/organizational psychology from the Uni-
versity of Alabama, Huntsville, AL, USA, and the
Ph.D. degree in atmospheric sciences from Colorado
State University, Fort Collins, CO, USA, in 1995.

He is a Professor of atmospheric science and
the Dean of the College of Science, University of
Alabama. His research interests include the role of
aerosols and clouds on air pollution and climate. He

enjoys teaching and has designed a professional development course for grad-
uate students. His published book Navigating Graduate School and Beyond:
A Career Guide for Graduate Students incorporates ideas from this course. He
has published more than 100 papers in peer-reviewed journals and has presented
his work at major scientific conferences, universities, and other organizations
across the globe.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


