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Abstract: Above-low-level-cloud aerosols (ACAs) have gradually gained more interest in recent years;
however, the combined aerosol–cloud radiation effects are not well understood. The uncertainty about
the radiative effects of aerosols above cloud mainly stems from the lack of comprehensive and accurate
retrieval of aerosols and clouds for ACA scenes. In this study, an improved ACA identification
and retrieval methodology was developed to provide a new global view of the ACA distribution
by combining three-channel CALIOP (The Cloud–Aerosol Lidar with Orthogonal Polarization)
observations. The new method can reliably identify and retrieve both thin and dense ACA layers,
providing consistent results between the day- and night-time retrieval of ACAs. Then, new four-year
(2007 to 2010) global ACA datasets were built, and new seasonal mean views of global ACA occurrence,
optical depth, and geometrical thickness were presented and analyzed. Further discussion on the
relative position of ACAs to low clouds showed that the mean distance between the ACA layer and
the low cloud deck over the tropical Atlantic region is less than 0.2 km. This indicates that the ACAs
over this region are more likely to be mixed with low-level clouds, thereby possibly influencing the
cloud microphysics over this region, contrary to findings reported from previous studies. The results
not only help us better understand global aerosol transportation and aerosol–cloud interactions but
also provide useful information for model evaluation and improvements.
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1. Introduction

The long-range transport of aerosols plays an important role in several regions of the world,
having a potential impact on aerosol–cloud interactions, atmospheric chemistry, and air quality [1–8].
In particular, aerosols often overlay lower level clouds [9], for example, biomass burning aerosols and
wind-blown dust overlay low-level cloud deck over the Atlantic. The above-low-level cloud aerosols
(ACAs) occupy about 25% of the mean aerosol optical depth (fine mode) at a global scale [9], and this
fraction could be much higher regionally and seasonally [10]. Current models experience significant
inter-model discrepancies in aerosol forcing assessments, especially over the aerosol–cloud overlap
regions [11], that result from inter-model differences in both aerosol and cloud properties [11,12].
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A recent evaluation showed that most models cannot reproduce the observed large aerosol load
episodes [13]. Therefore, improved observations are needed to better understand ACA–cloud
interactions and to constrain the aerosol–cloud radiative processes in models.

The ACA has gained increasing attention in recent years because of its important, but not
well-understood, radiative and microphysical effects on clouds [14–19]. Different from clear-sky
aerosols, which are usually associated with a negative (cooling) direct radiative effect [15,19–23],
the absorption effect of the ACA is significantly amplified due to the strong reflection light of low
clouds, resulting in a less negative or even positive (warming) direct radiative effect. By warming the
free troposphere and cooling the surface below, the ACA can increase the low cloud cover by enhancing
atmospheric stability [24]. However, if the ACA mixes directly with the cloud layer, warming of
the ACA could reduce the relative humidity, dissipating the cloud [24]. Therefore, the radiative and
microphysical effects of ACAs on clouds depend on both their loadings and their positions relative to
the clouds [25].

Despite its importance, quantifying the effect of the ACA on the clouds from satellite observations
is still challenging. For passive remote sensing, the ACA has usually been neglected, and only clear-sky
aerosol concentrations can be derived from passive satellites [26,27]. This is because passive satellites
employ the reflection of natural sunlight to retrieve aerosol and cloud properties separately. The neglect
of the ACA in passive remote sensing can result in uncertainties in the retrieval of cloud micro- and
macro-properties, such as the liquid water path, cloud optical thickness, and effective radius of cloud
droplets [26,27]. Until recently, based on different absorption effects of the ACA in the visible and
near-infrared channels, a “color ratio” (CR) method was used to retrieve the ACA optical depth (ACAOD)
and aerosol-corrected cloud optical depth (COD) [26] and this was further improved to a multi-channel
method to simultaneously retrieve ACAOD, COD, and cloud effective radius data [27]. The CR between
a pair of wavelengths is a function of both the aerosol and cloud optical thicknesses, and the measured
reflectance can be related to pairs of aerosol and cloud optical thicknesses. The results indicate that the
mean liquid cloud optical thickness can be increased by roughly 6%, and the mean liquid effective radius
can be increased by roughly 2.6% after correcting for the effect of the ACA [22,28–32]. An inter-satellite
comparison of the ACAOD retrieved from NASA’s A-train sensors revealed a good level of agreement
between the passive sensors over homogeneous cloud fields [33]. However, passive satellites can only
provide daytime ACAOD and are unable to determine the spatial position of aerosols with respect to
the clouds.

Other than passive sensors, the active lidar Cloud–Aerosol Lidar with Orthogonal Polarization
(CALIOP) onboard the Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO)
can provide valuable vertically resolved information about aerosols and clouds. CALIPSO Level-2
data have already been employed in studies of ACA climate effects [19,22,23,34–36]. It was shown
that the vertical structure of ACA and clouds was critical in determining the aerosol–cloud radiative
forcing. However, inter-satellite comparisons of ACAOD [33,37,38] showed that the CALIPSO-derived
ACAOD data was consistently lower than those derived from other satellite sensors in the A-Train,
by a factor of four to six, as compared with passive retrieval. The main reason for this is that the current
CALIPSO Level-2 aerosol retrieval algorithm employs the 532 nm channel, which cannot detect the true
aerosol layer base because of the strong attenuation by the ACA in this channel [33,38]. Based on the
CALIPSO Level-2 product, most of the ACA resides above the cloud deck at a distance of about 1 km
over the tropical Atlantic region where both the ACA and low cloud frequently occur, indicating that
weak cloud microphysical effects occur due to the aerosols not mixing with the cloud [24]. However,
this could be misleading because the detected ACA layer base in the CALIPSO Level-2 product has
been suggested to be higher than the real position [33,38]. Some other issues also limit the use of
CALIPSO Level-2 data in ACA studies, such as the poor consistency between day- and night-time
retrieval due to the poor signal-to-noise-ratio (SNR) performance of CALIPSO daytime observations.

This paper aims to provide a new global view of the ACA distribution based on an improved
ACA detection method by combining the CALIPSO 532 and 1064 nm channels. Furthermore, efforts to
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address the low SNR issue in CALIPSO daytime observations were made to minimize the difference
between day- and night-time retrieval. The data sources used in this study are introduced in Section 2.
The new ACA identification and retrieval method is detailed in Section 3. Section 4 presents the results
and discussions, and the conclusions are summarized in Section 5.

2. Data

CALIPSO, CloudSat and operational meteorology datasets were used to perform the study.
CloudSat has not been able to operate at night-time and has operated in daylight-only mode since
a spacecraft battery anomaly occurred in 2011. Therefore, the 2007–2010 observations were employed
in this study to build both day- and night-time ACA datasets.

The CALIPSO Level-1B Version 4 product provides 532 nm total attenuated backscatter (β′532),
a perpendicular polarization component (β′532p), and 1064 nm total attenuated backscatter (β′1064) [39],
with a 30 m vertical resolution below 8.2 km and a 1/3 km resolution in the horizontal direction along
the ground track. The photomultiplier tube exhibited a nonideal recovery at 532 nm after encountering
a strong backscattering objective, which was corrected following Li et al. [40]. The CALIPSO Level-2
Vertical Feature Mask (VFM) and Aerosol Profile Products (APro) files were used for comparison in
this study.

The cloud type, cloud top height, and cloud bottom height were provided by the 2B-CLDCLASS-Lidar
product [41]. The 2B-CLDCLASS-Lidar product used combines the CloudSat Cloud Profiling Radar
(CPR), which is a 94 GHz microwave radar, and CALIPSO lidar measurements and thus can provide
more accurate and complete cloud mask information than radar-only or lidar-only measurements [42].

The meteorological reanalysis data MERRA2 (The Modern Era Retrospective-analysis for Research
and Application, Version 2 [43]) assimilated the meteorological data using a modern satellite database,
which was released by the Global Modelling and Assimilation Systems of Goddard Space Flight Centre
of NASA. It was used to provide temperature and pressure profiles for molecular backscattering
estimation in this study.

3. Methodology

Previous studies have shown that the CALIPSO operational aerosol product tends to miss the
bottom of dense ACA layers and underestimates the 532 nm aerosol optical depth because of the
relatively strong aerosol attenuation in the 532 nm channel [33,37,44]. In contrast, both the aerosol
attenuation and molecular backscattering in the 1064 nm channel are smaller than those in the 532 nm
channel. Therefore, CALIPSO 532 and 1064 nm channel lidar observations were combined to develop
an ACA retrieval methodology in this study, as detailed below. A flow chart of the methodology is
shown in Figure 1.Remote Sens. 2019, 11, x FOR PEER REVIEW 4 of 16 
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Firstly, daytime CALIPSO observations experience lower SNRs than night-time observations,
resulting in a strong apparent day- and night-time difference in the ACA global distribution (refer to
Figure 3 in Alfaro-Contreras et al. [45]). To overcome the poor SNR issue in daytime CALIOP signals,
different smoothing scales were selected for day- and night-time observations to provide consistent
retrieval. For the β′532 and β′1064 night-time observations, 20 km horizontal averaging was adopted.
For the β′532 and β′1064 daytime observations, multiscale averaging in different signal-strength bins was
selected according to the night-time noise level. As shown in Figure 2, daytime noise was calculated
with horizontal averaging of 20, 40, 60, 80, and 100 km and compared to the 20 km night-time results.
According to Figure 2, β′532 daytime signals of higher than 2.3 × 10−2 km−1sr−1, between 2.3 × 10−2

and 2.8 × 10−3 km−1sr−1, and lower than 2.8 × 10−3 km−1sr−1 were exhibited at 20, 40, and 60 km,
respectively. The maximum averaging scale was selected to be 60 km, after which the SNR performance
improved a little. To avoid involving cloud signals in the moving-smoothed aerosol signals, only
non-cloud data were smoothed using the cloud mask from the CloudSat 2B-CLDCLASS-Lidar product.
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Secondly, after multiscale smoothing, ACA profiles were screened out using the CloudSat
2B-CLDCLASS-Lidar product and the estimated two-way transmittance at 1064 nm. Low cloud was
defined as a cloud top lower than 3 km above ground level (AGL). Only single-layer low cloud or
multi-layer thin cirrus cloud above the low cloud cases were considered in this study. Low-level cloud
sample quantity is presented for each 2.5◦ × 2.5◦ grid box and averaged for winter (DJF, i.e., December,
January, and February), spring (MAM, i.e., March, April, and May), summer (JJA, i.e., June, July, and
August), and autumn (SON, i.e., September, October and November) in Figure 3. For each low cloud
profile, the two-way transmittance at 1064 nm within 6 km above the cloud top was estimated by
ignoring the molecular backscattering, as

x = e−2ζ = 1− 2S
∫

β′1064dr (1)

Here, x is the two-way transmittance, and
∫
β′ dr is the integrated attenuated backscatter at 1064 nm

within 6 km above the cloud top, and S is the lidar ratio at 1064 nm. For cirrus cloud, S was chosen to
be 19 sr. For aerosol, the S at 1064 nm has a smaller range than that in the 532 nm channel [46] and was
assumed to be 40 sr in this step. By considering the noise, e−2∗0.015 = 0.97 was chosen as the threshold,
and values smaller than that were identified as possible ACA cases.
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Figure 3. Low cloud samples quantity in (a) winter (DJF, i.e., December, January, and February),
(b) spring (MAM, i.e., March, April, and May), (c) summer (JJA, i.e., June, July, and August), and (d)
autumn (SON, i.e., September, October, and November).

Thirdly, following the screening-out of possible ACA cases, the first-guess ACA extinction at
1064 nm was retrieved with the forward integration scheme [47] to build the ACA mask. In this step,
the 1064 nm S was chosen to be 40 sr. The first-guess ACA mask was set to unity when the first-estimate
ACA extinctions were larger than four times the measured noise, indicating the possible presence of
aerosols. Then, the first-guess ACA top and bottom were identified as the highest and lowest points
above the cloud top where the ACA mask equals 1.

Finally, using the first-guess ACA top and bottom from the last step, the ACA extinctions from
the 532 nm channel were retrieved, with the lidar ratio determined according to the aerosol type
classification, identical to the method used by Omar et al. [46]. The ACA mask was thus further refined
according to the 532 nm extinctions using a threshold of four times of the measured noise.

Figure 4 presents comparisons of an ACA case derived from the new method and the CALIPSO
level-2 V4 aerosol and cloud product. This is an outflowed smoke case immediately above the top of
low marine clouds, as can be seen from the smoothed β′532 and data in Figures 4b and 4c, respectively.
It should be noted that the same case was demonstrated in Jethva et al. [33]. The retrieval from the new
method (Figure 4e) was close to that from passive methods and the CALIOSP “DR” and “CR” methods
(refer to Figure 2 in Jethva et al. [33]). In contrast, the ACAOD from the CALIPSO Level-2 product
was much smaller than that from the new method, with a strong underestimation by a factor of up to
about 2. This is because the standard CALIOP Level-2 aerosol and cloud products use the 532 nm
signal to detect respective layers, which, in the presence of thick smoke layers, can be incorrectly
assigned due to strong attenuation at 532 nm. Figure 4h shows that only the upper portion of the layer
with dense aerosols was detected, while most of the lower portion of the ACA was missed. We tested
the projection of a new extinction (Figure 4f) to the CALIOP Level-2 aerosol mask in Figure 4h, and
this produced a similar ACAOD to L2. Benefitting from the aid of the 1064 nm extinction coefficient,
the new method was shown to provide a complete aerosol mask. Therefore, the new method can
provide more accurate ACA detection and retrieval results than the CALIPSO Level-2 product.
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Figure 4. ACA case on 2 August 2007, 13:12:11 UTC: (a) geo-location; (b) β′532; (c) β′1064; (d) ACA
mask from the new method in this study; (e) aerosol optical depth at 532 nm determined using the new
method (red) and CALIPSO Level-2 V4 APro files (blue); (f) extinction coefficient of ACA at 532 nm;
(g) extinction coefficient of ACA at 1064 nm; (h) ACA and cloud layer from the CALIPSO Level-2
VFM product.

4. Results

The new methodology was applied to the 2007–2010 observations to build a new global ACA
dataset. Statistical results are also presented for each 2.5◦ × 2.5◦ grid box and averaged for DJF, MAM,
JJA, and SON. Section 4.1 presents a comparison of day- and night-time cloudy-sky ACA occurrences
(ACAOC) and ACAOD, and Section 4.2 analyses the global distribution of the seasonal-mean ACAOC

and ACAOD with different aerosol types. The ACAOC is defined as the number of ACA profiles
divided by the number of low cloud profiles in each 2.5◦ grid box.

4.1. Day- and Night-Time Comparison of the New ACA Dataset

Figure 5 presents a comparison between night- and day-time global annual mean distributions of
low-level cloud fractions (left column), ACAOC (middle column), and ACAOD (right column) derived
from the new method using new four-year global ACA datasets. Table 1 summarizes the night- and
day-time statistics of the annual mean ACAOC and ACAOD in different seasons globally and over the
dust region (5–30◦ N, 60–16◦ W), smoke region (22◦S–5◦ N, 18◦ W–15◦ E), and Eastern Asia (19–40◦ N,
100–140◦ W), respectively. These places have also been documented in previous studies [28,48–51].

As shown in Figure 5 and Table 1, the ACAOC and ACAOD show very similar patterns and values
between day- and night-time retrieval. The global mean day- and night-time ACAOC are 0.125 and
0.108 respectively, and the global mean ACAOD values are 0.146 and 0.143. The correlation coefficient
between day- and night-time is 0.938 for ACAOC and 0.796 for ACAOD. This shows that the new
method developed in this study can produce reasonable day- and night- time results, better than the
prior results derived from the CALIPSO level-2 product (refer to Figure 3 in Alfaro-Contreras et al. [45]).
The night-time results from the CALIPSO level-2 product are quite similar to the results produced in
this study. However, in the day-time, the CALIPSO level-2 products missed lots of weak aerosol layers
due to their poor SNRs and thus gave quite different global distributions of ACAOC and ACAOD
from those of night-time CALIPSO level-2 product and our method. The new method described in
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this study can detect more ACA cases over both source regions and long-range transport regions.
Furthermore, the ACAOD values derived by the new method are larger than those from the CALIPSO
Level-2 product. The CALIPSO Level-2 product retrieves ACAOD values that are too low over the
tropical Atlantic region, a region where other passive methods suggest that high above-cloud aerosol
loading could exist (i.e., refer to Figure 2 in Devasthale et al. [52]).Remote Sens. 2019, 11, x FOR PEER REVIEW 8 of 16 

 

 
Figure 5. Day- and night- time comparison of the global annual mean distribution of low-level cloud 
fractions (a(1)-(2)), cloudy-sky ACA occurrences (ACAOC, b(1)-(2)), ACA optical depth (ACA optical 
depth (ACAOD), c(1)-(2)), and (d) is the global annual mean distribution of OMI daytime ACAOD. 

Table 1. ACAOC and ACAOD data from different regions in the night- and day-time. 

   Global Eastern 
Asia 

Smoke 
region 

Dust region 

ACAOC 

Day 

DJF 0.098 0.326 0.496 0.237 
MAM 0.148 0.581 0.412 0.395 

JJA 0.147 0.299 0.575 0.646 
SON 0.116 0.233 0.516 0.349 

Night 

DJF 0.117 0.377 0.520 0.240 
MAM 0.174 0.650 0.471 0.413 

JJA 0.173 0.350 0.588 0.677 
SON 0.139 0.275 0.583 0.407 

ACAOD 

Day 

DJF 0.118 0.218 0.238 0.185 
MAM 0.143 0.311 0.199 0.264 

JJA 0.149 0.234 0.244 0.353 
SON 0.140 0.212 0.255 0.237 

Night 

DJF 0.117 0.211 0.242 0.178 
MAM 0.140 0.308 0.212 0.260 

JJA 0.151 0.234 0.219 0.357 
SON 0.139 0.212 0.236 0.220 

4.2. Global Distribution of the Seasonal Mean ACA Properties 

Figures 6 and 7 illustrate the global distribution of the seasonal mean ACAOC and ACAOD data 
for all aerosol types (left column), dust aerosols (pure and pollute dust, middle column), and smoke 
and polluted continental aerosols (right column). Smoke and polluted continental aerosols were 
analyzed together in these figures, because these two types of aerosol have similar optical properties 
and are quite difficult to discriminate each other for the ACA case [46]. Furthermore, the existing 
classification algorithm is not suitable for the detection of above-cloud marine aerosols. As can be 
seen in those figures, above-cloud marine aerosol occurs over the western tropical Pacific region but 
is misclassified as smoke or polluted continental aerosols. The global mean ACAOC in each season 

Figure 5. Day- and night- time comparison of the global annual mean distribution of low-level cloud
fractions (a(1)-(2)), cloudy-sky ACA occurrences (ACAOC, b(1)-(2)), ACA optical depth (ACA optical
depth (ACAOD), c(1)-(2)), and (d) is the global annual mean distribution of OMI daytime ACAOD.

Table 1. ACAOC and ACAOD data from different regions in the night- and day-time.

Global Eastern Asia Smoke Region Dust Region

ACAOC

Day

DJF 0.098 0.326 0.496 0.237
MAM 0.148 0.581 0.412 0.395

JJA 0.147 0.299 0.575 0.646
SON 0.116 0.233 0.516 0.349

Night

DJF 0.117 0.377 0.520 0.240
MAM 0.174 0.650 0.471 0.413

JJA 0.173 0.350 0.588 0.677
SON 0.139 0.275 0.583 0.407

ACAOD

Day

DJF 0.118 0.218 0.238 0.185
MAM 0.143 0.311 0.199 0.264

JJA 0.149 0.234 0.244 0.353
SON 0.140 0.212 0.255 0.237

Night

DJF 0.117 0.211 0.242 0.178
MAM 0.140 0.308 0.212 0.260

JJA 0.151 0.234 0.219 0.357
SON 0.139 0.212 0.236 0.220

A preliminary comparison between our ACA dataset and passive satellite product was also
done. Figure 5d shows the global distribution of annual-mean daytime 500 nm ACAOD derived from
OMACA product version 3, which retrieves ACAOD from OMI’s two near-UV observations (354 and
388 nm) [17]. The data processing of Figure 5d follows the same way as Figure 8 in Jethva et al. [10],
except that only 2007–2010 data were used in this paper. Comparing to the daytime ACAOD result of
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this paper (Figure 5c(1)), it shows that both products have quite similar pattern of global distribution
to each other, while with regional differences in values. Our ACA dataset retrieves larger ACAOD
than OMACA product over some major aerosol source regions, such the main dust band region
including Sahara and Middle-Eastern dust regions and related long-range transport regions (tropic
Atlantic, Arabian Sea, and Southern Asia), central Africa wildfire region and eastern Asia region except
southernmost part of China. In contrast, OMACA product retrieves larger ACAOD than our ACA
dataset over some weak aerosol source regions, such as Siberia, Alaska and Southern Oceans. Further
detailed evaluation of the ACA dataset developed in this paper with passive satellite products and its
possible implements in improving passive ACA and cloud retrievals will be our study interest in the
near future.

4.2. Global Distribution of the Seasonal Mean ACA Properties

Figures 6 and 7 illustrate the global distribution of the seasonal mean ACAOC and ACAOD
data for all aerosol types (left column), dust aerosols (pure and pollute dust, middle column), and
smoke and polluted continental aerosols (right column). Smoke and polluted continental aerosols were
analyzed together in these figures, because these two types of aerosol have similar optical properties
and are quite difficult to discriminate each other for the ACA case [46]. Furthermore, the existing
classification algorithm is not suitable for the detection of above-cloud marine aerosols. As can be
seen in those figures, above-cloud marine aerosol occurs over the western tropical Pacific region but is
misclassified as smoke or polluted continental aerosols. The global mean ACAOC in each season was
found to be 13% (DJF), 20% (MAM), 18% (JJA), and 15% (SON), and the global mean ACAOD was
0.12 (DJF), 0.14 (MAM), 0.15 (JJA), and 0.14 (SON), respectively.

As shown in Figures 6 and 7, ACA frequently occurs near the source regions, such as over the
Sahara and Middle-Eastern dust regions (main dust band region), the Africa smoke region, and the
Eastern Asia region. Those aerosols are mobilized far from the sources and travel along transoceanic
pathways, such as dust transport over the tropical Atlantic, region and smoke transport over the
southeast Atlantic region, resulting high ACAOc values there. For convenience, the ACA and its
long-distance transport are discussed with regard to its main source as in the following text.

(1) Main dust band region: Above-cloud dust aerosols frequently occur along the main dust band,
including in the Saharan to Middle-Eastern dust source regions and transport regions such as the
Atlantic and Indian Oceans and India. Over these source regions, dust activity is strongest in
MAM and JJA, resulting in more than 80% of low cloud having dust above it (Figure 6). This dust
transports furthest, from the west to north Atlantic, in JJA, and it transports most widely in MAM.
The above-cloud dust AOD values over the northern Atlantic were found to be 0.26 (MAM) and
0.35 (JJA) (Figure 7b2,b3). The easterly long-range transport of Saharan and Middle-Eastern dust
can result in an above cloud occurrence of 65% with an AOD of 0.5 over the Indian Ocean and
India in JJA, as shown in Figures 6b3 and 7b3. In SON, the period associated with the weakest
dust activities, the above-cloud dust occurrence was found to decrease to ~60% over the source
region and ~20–50% over the long-range transport regions. Correspondingly, the above-cloud
dust AOD reduced to ~0.15–0.3 over these regions.

(2) Africa smoke region: Smoke aerosol frequently occurs as a result of biomass events in central
Africa and is transported across the cloud deck over southeastern the Atlantic Ocean. As shown
in Figure 6c(1)–c(4), the above-cloud smoke aerosol occurs most in JJA (about 52%), second-most
in SON (about 49%) and third-most in DJF (about 33%), whereas little ACA occurs in MAM.
The mean above-cloud smoke AOD values in each season were found to be 0.28 (DJF), 0.17 (MAM),
0.23 (JJA), and 0.24 (SON).

(3) Eastern Asia region: In MAM, the period when Asian dust activity is strongest, above-cloud dust
aerosol is present for most of the year (about 29%), and this period is associated with the strongest
AOD value of about 0.31. The dust from Asia will be transported long-range across the Pacific
to northern America, resulting in about 20% of ACA occurrences and an ACAOD value of 0.25
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over the Pacific Ocean. The above-cloud smoke and polluted continental aerosols over Eastern
Asia are also most active in MAM, representing ~32% of occurrences and having an AOD of 0.31
above low clouds. These aerosols can also be transported over the Pacific and contribute to the
ACA presence there. The occurrence of above-cloud smoke and polluted continental aerosols is
~25% and the ACAOD value is 0.23 over the Pacific. In other seasons, the ACA occurrence is
about 7–25%, and this is associated with very weak long-range transport.
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Other than these major aerosol source regions, our results also indicate some weak aerosol source
regions, such as South America, Central America, and Timor Sea, where ACA frequently occurs in
some seasons, but this has rarely been studied in previous studies. South America and the Timor Sea
can be considered to be anthropogenic source regions due to the biomass burning emissions [53,54].
During SON, the above-cloud smoke aerosol occurrence over South America is about 24% with an AOD
value of about 0.16. Trade winds will carry the smoke aerosol produced from Northern Australian
savannah fires and agricultural/peat burning fires in Indonesia over the Timor Sea [54], resulting in
an above-cloud smoke aerosol occurrence of 57% with an ACAOD value of 0.20. The ACA over Central
America mostly occurs in MAM as a result of both anthropogenic sources due to human activity and
biomass burning activities [55]. The occurrence of above-cloud polluted continental and above-cloud
smoke aerosol in Central America is about 35% with an AOD value of about 0.21 in MAM. Our results
also indicate that smoke from southeastern Africa transports in an easterly direction across the Indian
Ocean in SON, and may reach the west coast of Australia.

5. Discussion

The relative positions of the ACA and low clouds determine the response of low clouds to the
ACA [24]. Figure 8 shows the 4-year zonal mean ACAOC (Figure 8a), ACAOD (Figure 8b), vertical
distance between the ACA and cloud (VDAC, Figure 8c), and ACA geometrical thickness (AGT, Figure 8d).
The ACAOC and ACAOD values have quite large inter-season variations at low latitudes, which are
related to the dust and smoke activity. At low latitudes (between –40◦ and 40◦N), the ACAOC can reach
about 40%, and the ACAOD can reach 0.2–0.4 during high ACA activity seasons (i.e., MAM in the
northern tropical region and SON in the southern tropical region). Additionally, the VDAC is smaller
than about 0.5 km and the AGT can reach 1–2 km, because of the ACA being close to the main source
region (Saharan dust and African smoke). When transported away from the source to high latitudes
(<–40◦ and >40◦), the ACAOC decreases as the latitude increases. However, the VDAC increases from
0.5 to about 1–1.5 km during long-range transport, associated with the decrease in AGT, except in MAM.
In MAM, the AGT in the northern hemisphere is generally about 2 km, as a result of the long-range
transport of Asian dust at mid-latitudes [56]. The different behaviors that occur at low and high latitudes
indicate different cloud responses to the ACA. The stabilization effect of the ACA dominates the cloud
response at the mid-to-high-latitude regions, because the ACA generally resides away from the low
clouds [24]. In contrast, at low latitudes, the ACA is more likely to directly mix with low clouds and
influence the cloud microphysics.
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Figure 8. (a) ACAOC line chart with latitude. (b) ACAOD line chart with latitude. (c) Vertical distance
between the ACA and cloud (VDAC) line chart with latitude. (d) ACA geometrical thickness (AGT)
line chart with latitude.

A more insightful view of the relative positions of the ACA and low clouds at low altitudes is
shown in Figure 9 by the 4-year mean longitude–altitude distribution of cloud (gray contour line)
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and ACA (color shade) occurrences over the dust (left column) and smoke regions (right column).
The latitude ranges of the dust (tropical Atlantic) and smoke (southeast Atlantic) regions are the same
as those stated in Section 4.1. Similar results by the CALIPSO level-2 product can be found in Figure 1
in Zuidema et al. [24], in which most of the ACA layer was shown to reside above the cloud deck at
a mean distance of about 1 km [24]. According to the CALIPSO level-2 product, a semi-direct effect
(atmospheric stabilization, reference) due to absorption in the aerosol layers above the cloud deck could
dominate the ACA–cloud interaction over these regions. However, our results show that the bottom of
the high ACA occurrence layer resides immediately above the most frequent cloud height (Figure 9).
Our findings are different to those derived from the CALIPSO level-2 product. The main reason for this
is the misdetection of the ACA layer bottom in the CALIPSO level-2 product (as stated in Section 3),
which was also reported by Rajapakshe et al. (2017) using two seasons of night-time CATS 1064 nm
observations over the southeast Atlantic region [44]. Therefore, as well as the semi-effect, smoke and
dust layers can mix into the low cloud over the transport region of the Atlantic and influence the cloud
microphysics (indirect effect) due to its proximity to the cloud layer [34].Remote Sens. 2019, 11, x FOR PEER REVIEW 12 of 16 
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6. Conclusions

This paper presented an improved ACA identification and retrieval methodology that combines
CALIOP 532 and 1064 nm observations. The ACA was mainly detected with the 1064 nm channel
by taking advantage of the weaker aerosol attenuation compared with that of the 532 nm channel.
The selection of the 1064 nm signal for ACA identification allowed the detection of the full column
of aerosols above the clouds, which the 532 nm signal misses due to its stronger attenuation. Effort
was made to address the low SNR issue in the CALIOP day-time observation to provide consistent
results between day- and night-time retrieval. Another feature of this methodology is the reliable
cloud–aerosol distinction that occurs with the combination of CALIPSO and CloudSat observations.

Then, new four-year (2007 to 2010) global ACA datasets were built, and new global seasonal-mean
views of ACA properties were presented and analyzed, including the occurrence of ACA and its optical
properties. The results indicate that the new method can not only capture the main ACA occurrence
regions, such as the tropical Atlantic region which is associated with outflows of African dust and
smoke, but also weak ACA occurrence regions, such as Eastern Asia, and long-range transport regions,
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such as the Pacific, using both day- and night-time observations. Compared with the CALIPSO L
evel-2 product, the newly derived day- and night-time global distributions of ACA properties show
good agreement, benefitted from multiple moving-smoothing processes.

The relative vertical positions of the ACA and low clouds were presented and discussed. The results
indicate that at high latitudes (<–40◦ and >~40◦), the ACA mainly resides above the low clouds at
a distance greater than 0.5 km, indicating the semi-direct influence of the ACA on the cloud by
stabilizing the atmospheric temperature profile. At low latitudes, the distance between the ACA and
low clouds is smaller than 0.5 km. Especially over the Atlantic near the Saharan dust and African
smoke source regions, the ACA mainly resides immediately above the clouds; this contrasts with
the results derived from the CALIPSO operational product in previous studies. The ACA over the
tropical Atlantic (dust region) and southeast Atlantic (smoke region) can directly mix with the cloud,
influencing the lower cloud deck through both semi-effect and indirective effects. This highlights the
complexity of the aerosol–cloud interactions over these regions, where the model still has difficulty
reproducing the vertical aerosol structure and aerosol–cloud radiative effect [11–13].

To qualify the roles of these two effects, improve the passive cloud property retrieval, and constrain
the relative model process, a height-resolved ACA database like the one developed in this study is
needed. The new method developed in this study can provide a more complete and accurate global
view of the ACA. Together with other satellite measurements such as MODIS [57] and CERES [58] and
cloud property retrieval methods such as that described by Luo et al. [59], the radiative effects of the
ACA and its influences on the macro- and micro-physics of low clouds will be further studied in future
work. These results not only help us better understand global aerosol transportation and aerosol–cloud
interactions but also provide useful information for model evaluation and improvements.
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