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Abstract: Lidar ratio for dust aerosols is retrieved from a synergetic use of the Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP) Total Attenuated Backscatter coefficients and the Moderate
Resolution Imaging Spectroradiometer (MODIS) Aerosol Optical Depths (AODs) for 5 years from
2007 to 2011. MODIS AODs from the Dark Target (DT) algorithm over ocean and from the Deep Blue
(DB) algorithm over land are used as a constraint for the retrieval. The dust lidar ratio is retrieved
larger over land (46.6 ± 36.3 sr) than ocean (39.5 ± 16.8 sr) and shows distinct regional variation. Lidar
ratio for Saharan dust (49.5 ± 36.8 sr) is larger than Arabian dust (42.5 ± 26.2 sr). Lidar ratios for dust
aerosols transported to Mediterranean Sea (44.4 ± 15.9 sr), Mid Atlantic (40.3 ± 12.4 sr), and Arabian
Sea (37.5 ± 12.1 sr) show lower values relative to their source regions. Retrieved dust lidar ratios for
Taklamakan and Gobi Deserts region (35.0 ± 31.1 sr) and Australia (35.4 ± 34.4 sr) are slightly lower
than the above-mentioned regions. AOD comparison between CALIOP and MODIS shows that the
CALIOP AOD is biased low. When including clear air AOD for CALIOP, however, AODs from two
sensors become more comparable.
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1. Introduction

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) onboard the Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite is a space-borne lidar system
measuring vertical profiles of aerosols and clouds over the globe since 2006 [1]. The CALIOP level
2 aerosol products provide vertically resolved aerosol extinction as well as aerosol types [2]. While
the vertical resolution of aerosol properties provided by the CALIPSO is invaluable, many studies
report lower aerosol optical depths (AODs) for CALIOP compared to other space-borne, airborne, or
ground-based measurements [3–9]. There are two main reasons for the lower CALIOP AOD; inaccurate
lidar ratio (i.e., extinction-to-backscatter ratio) including misclassification of aerosol types [8,10–12]
and undetected or missed aerosol layers [9,13–15].

In November 2016, a new version (version 4) of the CALIPSO data products was released. Because
of several improvements in version 4 [16–21] CALIOP AOD has increased by 40% (52%) over version 3
for daytime (nighttime). The comparison of CALIOP AOD with Aerosol Robotic Network (AERONET)
and the Moderate Resolution Imaging Spectroradiometer (MODIS) over ocean shows that the AOD
differences have decreased [18]. The lidar ratio, one of the most important parameter in aerosol
extinction retrieval, is estimated to have uncertainty (defined as standard deviation of lidar ratios)
at 30–50% in version 3. These have improved in version 4 for some aerosol subtypes such as clean

Remote Sens. 2020, 12, 251; doi:10.3390/rs12020251 www.mdpi.com/journal/remotesensing

http://www.mdpi.com/journal/remotesensing
http://www.mdpi.com
https://orcid.org/0000-0003-1279-8331
http://dx.doi.org/10.3390/rs12020251
http://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/2072-4292/12/2/251?type=check_update&version=2


Remote Sens. 2020, 12, 251 2 of 15

marine, dust, and smoke. Dust lidar ratio (±uncertainty) has changed from 40 ± 20 sr in version 3
to 44 ± 9 sr in version 4 with an improvement in uncertainty from 50% to 20%. However, the dust
lidar ratio has large regional variability ranging roughly from 35 to 60 sr [11,22,23], which can lead to
uncertainty in CALIOP aerosol retrieval for dust since same lidar ratio is used for all dust at any region
over the globe. The regional variability of dust lidar ratio can be strongly affected by the mineralogical
composition and refractive index of dust particles [11]. Dubovik et al. [24] also reported that the dust
lidar ratio is sensitive to the particle non-sphericity because of the large difference of the scattering
phase function between spherical and non-spherical particles.

One way to avoid the errors induced by inaccurate lidar ratio for the extinction retrieval from elastic
lidar measurements is using independently measured AODs as a constraint. There are many studies
using AOD constrained retrieval from ground-based and airborne lidar measurements [23,25–27].
In this study, dust lidar ratios are determined from the CALIOP (version 4) measurements by
constraining the retrieval with MODIS (collection 6) AOD. As parts of A-train constellation [28], a
synergetic use of CALIOP and MODIS (onboard Aqua satellite) provides many opportunities for
collocated measurements globally since both instruments are in the A-train constellation separated by
only a few minutes.

There are seven aerosol types in the CALIOP aerosol products [18]. However, we focused only on
dust because dust aerosols are globally distributed on both land and ocean and have a broad range of
lidar ratios. Therefore, by using AOD constrained retrieval, dust lidar ratios are determined globally
and regional variability of dust lidar ratio are investigated in this study. Aerosol type classifications
from the CALIOP level 2 aerosol product are used to identify and select dust aerosol layers. Since dust
has the unique characteristic of large depolarization ratio, aerosol type classification in the CALIOP
algorithm is relatively more accurate than other types of aerosols [12]. A detailed methodology for the
AOD constrained retrieval is described in Section 3. The retrieved dust lidar ratios are stratified by
region and compared to previous studies in Section 4.

2. Data

2.1. CALIOP

The CALIOP level 1B profile, level 2 aerosol profile, and level 2 merged aerosol and cloud layer
products (version 4) are used in this study. The total attenuated backscatter (TAB) at 532 nm is used to
retrieve aerosol extinction coefficients and lidar ratios. TAB is the calibrated, range-scaled, energy-
and gain-normalized, baseline subtracted lidar return signal provided by the CALIOP level 1B profile
product [16,29]. The fundamental resolution of CALIOP is 30 m vertical and 1/3 km horizontal at
532 nm [30]. Because data above 8.2 km are averaged vertically and horizontally before downlinking
from the satellite, the vertical resolution for the released level 1B profile (532 nm) is 60 m for 8.2–20.2
km, 180 m for 20.2–30.1 km, and 300 m for 30.1–40 km.

The level 2 aerosol profile product contains profiles of aerosol extinction coefficient and aerosol
subtypes retrieved from the level 1 product [2,18,19,31]. The spatial resolution for the level 2 profile
product is 5 km in the horizontal and 60 m in the vertical dimension from the surface to 20.2 km
(180 m for 20.2–30.1 km). The level 2 aerosol profile product is used in this study to determine dust
layers. Since the level 2 profiles have coarse vertical resolution, the level 1B TAB profiles are vertically
averaged in 60-m bins from the surface to 8.2 km before retrieval. The level 2 merged aerosol and cloud
layer product (333 m) is used to exclude level 1B profiles which contain clouds.

2.2. MODIS

The MODIS provides AODs with horizontal resolution of 10 km × 10 km near nadir over land and
ocean. The MODIS level 2 aerosol product (collection 6) from Aqua satellite (MYD04_L2) is used in
this study. There are two different algorithms for the MODIS AOD retrieval; Dark Target (DT) for both
land and ocean and Deep Blue (DB) over bright land surface [32,33]. Since the DT algorithm rarely
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provides AODs over the desert areas, we used DT AODs over ocean and DB AODs over land. DT
AODs are provided at seven wavelengths of 0.47, 0.55, 0.66, 0.86, 1.24, 1.63, and 2.13 µm over the ocean
whereas DB AODs are at three wavelengths of 0.412, 0.47, and 0.66 µm over land. Additionally, DB
product provides corrected AODs at 0.55 µm. AODs at 550 nm are used for both DT and DB in this
study. The AOD difference between the 532 nm channel of CALIOP and the 550 nm channel of MODIS
because of wavelength differences is assumed and can be shown to be negligible. Cloud mask and
quality assurance (QA) data are also used for data screening as described below.

2.3. Collocation and Data Sellection

The CALIOP level 1 and level 2 products closer than 10 km from the center of MODIS level 2 data
pixel are selected as the collocated data pairs as described in Kim et al. [15]. The distance between
CALIOP ground track and the center of MODIS pixel should be less than 5 km for the collocation. The
horizontal resolution for the CALIOP level 1 and 2 profile products are 333 m and 5 km, respectively,
whereas the MODIS level 2 aerosol product provides AOD for 10 km × 10 km near nadir. Thus, each
collocated data pair consists of one MODIS level 2 data pixel, 50–60 profiles of the CALIOP level 1B
data and 3–4 profiles of the CALIOP level 2 data. The CALIOP level 1 and 2 profiles for each collocated
data pair are averaged for the retrieval.

Aerosol extinction coefficients and lidar ratios are retrieved from the CALIOP profiles which
contain only dust layers in this study. Dust layers are selected using the aerosol subtype classification
provided by the CALIOP level 2 aerosol profile product. Since dusty marine and polluted dust are
frequently found within the dust layers, dust layers consisting of up to 10% dusty marine or polluted
dust are considered dust layers in this study.

Clouds are screened out in both CALIOP and MODIS data. The collocated data pairs which
contain cloud optical depth higher than zero from the CALIOP level 2 profile product or cloud fraction
higher than 30% from the MODIS level 2 aerosol product are excluded. The CALIOP level 2 333-m
merged layer product is used to remove small clouds which are not reported by the CALIOP level 2
profile product (horizontal resolution of 5 km). The cloud aerosol discrimination (CAD) score is also
used to remove clouds that are misclassified as aerosol [20]. Aerosol layers with CAD scores higher
than −30 are not used in this study.

We use the QA flags of both data pairs to filter the data. MODIS AODs with QA higher than 1
(marginal) for DT over ocean and 3 (very good) for DB over land are used for the retrieval. The totally
attenuated CALIOP level 1B profiles are excluded. The TAB profiles which do not reach the surface are
considered as totally attenuated and screened out. Quality assurance for the CALIOP level 2 product is
not necessary because the CALIOP level 2 aerosol extinction profiles are not used. For the comparison
of AOD between CALIOP and MODIS in Section 5, however, extinction quality control (QC) flags of 0,
1, 16, and 18 from the CALIOP level 2 aerosol profile product are selected in this study [34].

The retrieved lidar ratios in this study are strongly affected by the accuracy of the MODIS AOD.
The expected errors of MODIS AOD (collection 6) are +(0.04 + 10%), −(0.02 + 10%) for DT over ocean
and ±(0.03 + 20%) for DB over land for typical air mass factor of 2.8 [32,33]. CALIOP, on the other hand,
has larger expected error of ±(0.05 + 40%) in version 3 [8]. Since the uncertainty of dust lidar ratio has
improved from 50 to 20% in version 4 [18], the expected error of CALIOP AOD for dust is smaller. The
accuracy of MODIS AOD is comparable or better than CALIOP AOD and therefore reliable for use as
the constraint for the AOD retrieval from CALIOP TABs. Generally, the relative uncertainty of MODIS
AOD increases as the AOD decreases, thus low MODIS AOD can affect the uncertainty of the retrieved
lidar ratio. However, only 9% of all the AOD data used in this study are lower than 0.05 and the
influence of large relative error for low MODIS AODs is not significant except for Australia. Therefore,
we used all available MODIS AOD data which satisfied the above coincidence criteria, except for data
pairs with large AOD difference between CALIOP and MODIS as discussed in Section 4.
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3. AOD Constrained Retrieval

The aerosol extinction retrieval method using the MODIS AOD as a constraint is described in
Figure 1, which is similar to the method used in Kim et al. [15]. Since CALIOP retrieves only for the
detected layers whereas MODIS provides AOD for the whole column of the atmosphere, clear air
(defined as a region where no aerosols are detected above the detected dust layers) can be one of the
main reasons for AOD discrepancy between CALIOP and MODIS. To minimize the errors caused by
undetected or missed aerosol layers, the retrieval is performed from 30 km above the mean sea level to
the surface. The lidar ratio used for clear air is a constant value of 30 sr following the work of Kim et
al. [15]. In that work, they retrieved lidar ratios for undetected layers from the CALIOP measurements
and found global mean (median) value of 32.62 (28.75) sr. Aerosol extinction coefficient (and lidar
ratio) is retrieved from the renormalized TAB (β′N) which is defined as (Equation (1))

β′N(z) =
β′(z)

T2
m(r0, rN)T2

o (r0, rN)
=
[
βm(z) + βp(z)

]
T2

m(rN, z)T2
p(rN, z), (1)

where β′(z) is the TAB at the altitude of z provided by the CALIOP level 1B profile product; T2(r1, r2)

is the two-way transmittance from r1 to r2; β(z) is the backscatter coefficient at the altitude of z; r0 and
rN are the calibration altitude (36–39 km) and renormalization altitude (30 km); and subscripts m, o,
and p represent air molecule, ozone, and aerosol, respectively. βm(z) and T2

m(rN, z) in Equation (1) are
calculated from the vertical profile of the molecular number density provided by the CALIOP level
1B product. The two-way transmittance of aerosols, T2

p(rN, z), in Equation (1) can be expressed by
(Equation (2))

T2
p(rN, z) = exp

[
−2
∫ rN

z
σp(z′)dz′

]
= exp

[
−2Sp

∫ rN

z
βp(z′)dz′

]
, (2)

where σp(z) is the aerosol extinction coefficient and Sp is the lidar ratio which is defined as σp(z)/βp(z).
Although Sp is a function of altitude, it is assumed constant within the detected dust layer in this study
as shown in Equation (2). The dust lidar ratio of 44 sr from the CALIOP version 4 aerosol retrieval
algorithm [18] is used as an initial value for the detected dust layers in this study.

The profile of aerosol extinction coefficient is retrieved using an iterative method as described in
Young and Vaughan [31]. AOD (τCAL) is obtained from vertical integration of the retrieved aerosol
extinction and compared with MODIS AOD (τMOD; DT over ocean and DB over land). Then the lidar
ratio for dust layer is modified until the AOD difference between the two instruments is less than 1%.
Sometimes, however, the lidar ratio does not converge and the retrieval fails. This can happen when
the AOD difference between CALIOP and MODIS is large, or the dust layer is shallow (physically thin).
In about 31% and 40% of the collocated data pairs (cloud screened and quality assured) for ocean and
land, respectively, the retrieval fails to converge. These cases are excluded from the analyses.
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Figure 1. A flowchart for the aerosol extinction retrieval for dust layers using Moderate Resolution
Imaging Spectroradiometer (MODIS) Aerosol Optical Depths (AOD) as a constraint, modified from
Figure 1 of Kim et al. [15].

An example of AOD constrained retrieval over the Arabian sea in 18 October 2009 is shown in
Figure 2. Based on the total attenuated backscatter at 532 nm (Figure 2a), the CALIOP level 2 aerosol
algorithm determines aerosol layers and subtypes (Figure 2b) and retrieves aerosol extinction for the
detected aerosol layers (Figure 2c). Figure 2d is aerosol extinction retrieved in this study using the
AOD constrained method described in Figure 1. Note that only dust layers are analyzed in Sections 4
and 5 but Figure 2d shows all retrieved layers regardless of the aerosol subtype. The structures of
aerosol layers are almost identical between Figure 2c,d except for some non-zero values above the
aerosol layer in Figure 2d. This is because this study retrieves the aerosol extinction for the whole
profile from 30 km to the surface whereas the CALIOP level 2 aerosol algorithm retrieves extinction
only for the detected aerosol layers. Missing profiles in Figure 2d are due to lack of MODIS AOD, cloud
screening, or retrieval failure, as described above. There is a clear air region (no aerosol is detected)
inside the dust layer in Figure 2b,c at around altitude of 1 km and longitude of 60.86◦ which is not
clearly shown in Figure 2d. Since CALIOP measures downward from space, detection for the layer top
altitudes is relatively correct. Layer base altitude or layer boundaries for multiple layers, however, can
be inaccurate. In this study, for the purpose of the retrieval, all dust layers are considered as a single
layer from top of the highest layer to the surface. We ignore clear (undetected) areas below elevated
layers or between multiple layers. Figure 2e shows AODs from MODIS and CALIOP level 2 products
and retrieved lidar ratios.
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Figure 2. Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) measurements of (a) total 
attenuated backscatter at 532 nm, (b) aerosol subtypes, (c) aerosol extinction from the CALIOP level 
2 profile product, (d) aerosol extinction retrieved in this study, (e) aerosol optical depths from 
CALIOP level 2 product (blue triangles) and MODIS level 2 aerosol product (red squares) and lidar 
ratios retrieved in this study (green x-marks) over the Arabian sea in 18 October 2009 from 09:32:59 
UTC to 09:34:50 UTC. 

Figure 2. Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) measurements of (a) total
attenuated backscatter at 532 nm, (b) aerosol subtypes, (c) aerosol extinction from the CALIOP level 2
profile product, (d) aerosol extinction retrieved in this study, (e) aerosol optical depths from CALIOP
level 2 product (blue triangles) and MODIS level 2 aerosol product (red squares) and lidar ratios
retrieved in this study (green x-marks) over the Arabian sea in 18 October 2009 from 09:32:59 UTC to
09:34:50 UTC.
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4. Results and Discussion

Lidar ratios are retrieved using AOD constrained method described in Section 3 for dust layers
for the years 2007 to 2011. Lidar ratios retrieved in this study are strongly affected by AOD difference
between CALIOP and MODIS. In other words, the retrieved lidar ratio increases when CALIOP AOD
is lower, but decreases when MODIS AOD is lower to compensate the AOD difference. Figure 3 is the
distribution of AOD difference between MODIS and CALIOP for dust layers used in this study. Mean,
standard deviation (SD), and median values are shown together in the figures. Note that the CALIOP
AOD in Figure 3 is from the CALIOP level 2 aerosol product that is not the retrieved AOD in this study.
Because the retrieval is constrained by the MODIS AOD, the retrieved AOD (including clear air AOD)
is identical to the MODIS AOD and not used for the comparison here.
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Figure 3. Frequency distribution of AOD difference between CALIOP and MODIS (gray bars) for dust
layers used in this study from 2007 to 2011 (a) over ocean with MODIS DT AOD and (b) over land with
MODIS DB AOD. Black bars represent the AOD difference including clear air AOD for CALIOP AOD.
CALIOP AOD is from the CALIOP level 2 aerosol product and clear air AOD is retrieved in this study.

Gray bars in Figure 3 are the AOD difference between the two sensors. The center of distributions
(or median) shows that the CALIOP AOD is biased low compared to the MODIS AOD for both ocean
and land. When including clear air AOD for the CALIOP AOD (black bars in Figure 3), the center of
the distribution moves to zero. This implies that the clear air AOD is responsible for the lower bias
in the CALIOP AOD. If the CALIOP AOD is retrieved for the whole column of the atmosphere, the
CALIOP AOD is closer to the MODIS AOD. As shown in Figure 3, AOD differences are sometimes
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very large which can result in unphysical lidar ratios. Although QA/QC data are selected for both
CALIOP and MODIS in Figure 3, large AOD difference implies that AOD from either or both of sensors
may still have uncertainty. To remove data pairs with large AOD difference from the analysis, data
pairs with AOD difference smaller than 1SD (−0.14 < AOD difference < 0.14 for ocean, and −0.20 <

AOD difference < 0.20 for land, including clear air for CALIOP) are used for further analysis. Since the
retrieved lidar ratios can be very sensitive with small changes in the AOD difference for low AODs,
data screening with same threshold (1SD) is applied for the relative AOD difference. With this data
screening, data pairs with large AOD differences are rejected from the analysis by about 25%.

Figure 4 shows the frequency distribution of the retrieved dust lidar ratios over ocean and land
after discarding data pairs with large AOD difference as described above. Note that the x-axis is a
logarithm scale and the lidar ratios show a log-normal distribution centered (mode) at ~41 sr for ocean
and ~43 sr for land. The mean (and SD) lidar ratios are 39.5 ± 16.8 sr and 46.6 ± 36.3 sr over ocean and
over land. This is reliable because the lidar ratio of 44 sr for dust used in the CALIOP level 2 aerosol
retrieval algorithm lies between these two values [18]. However, median values of 38.1 sr over ocean
and 39.2 sr over land are smaller than mean values. Few values smaller than 5 sr and larger than 200 sr
(0.8% over ocean and 2.8% over land) are omitted in Figure 4. However, we accept all values of the
retrieved lidar ratio for mean and median, except for values less than 1 which is physically impossible,
to avoid bias induced by arbitrary criteria for the retrieved lidar ratios.
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Figure 4. Frequency distribution of the retrieved dust lidar ratios (a) over ocean using MODIS DT
AOD as a constraint and (b) over land using MODIS DB AOD as a constraint from 2007 to 2011. Note
that the x-scale is logarithmic. Tails for both ends (lower than 5 sr and higher than 200 sr) are omitted
in the figure but included for the statistics.



Remote Sens. 2020, 12, 251 9 of 15

Global distributions of the lidar ratios over ocean and land are shown in Figure 5. We focus
on several major dust source and outflow regions as shown with white dashed boxes in Figure 5;
Mid-Atlantic (Rg1), Mediterranean Sea (Rg2), Arabian sea (Rg3), East Asian outflow region (Rg4) over
ocean and Saharan Desert (Rg5), Arabian Desert (Rg6), East Asia including Taklamakan and Gobi
Deserts (Rg7), Australia (Rg8) over land. There are some extreme values for the rest of these regions
mainly because of insufficient number of data, which is not discussed in this study. Box-whisker plots
of the dust lidar ratios for ocean and land as well as each region described above are shown in Figure 6.
The numbers of data are shown on the top of the figure. The retrieved dust lidar ratio shows distinct
regional variation; larger in Rg2 whereas relatively lower in Rg1 and Rg3 over ocean. Over land, dust
lidar ratio is large in Rg5 but small in Rg7 and Rg8.
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Dust lidar ratio is larger for the Saharan Desert (Rg5) than the Arabian Desert (Rg6). The dust
lidar ratio of the Saharan Desert measured by Raman lidar in Senegal during the SHADOW (study
of SaHAran Dust Over West Africa) campaign shows 53 ± 8 sr at 532 nm [35], whereas Mamouri et
al. [36] observed typical Middle Eastern dust lidar ratios around 40 sr from Raman lidar measurements
in the Cyprus region. Note that, hereafter, all introduced lidar ratios are at the wavelength of 532 nm.
Nisantzi et al. [23] found mean (± SD) lidar ratio of 53 ± 6 sr for Saharan dust and 41 ± 4 sr for Middle
East dust at Limassol, Cyprus from polarization lidar measurements using the AERONET AOD as a
constraint. Schuster et al. [11] retrieved dust lidar ratios from AERONET measurements and found
median lidar ratio of 55.4 sr for the non-Sahel regions of Northern Africa and 42.6 sr for the Middle East.
They also suggested that the relative proportion of the mineral illite is responsible for the larger dust
lidar ratios in Western Sahara than Eastern Sahara and Arabian Desert. Shin et al. [37] reported similar
results showing the lidar ratio is larger for Saharan dust than Arabian dust at different wavelengths of
440 nm and 675 nm using the AERONET inversion outputs. Córdoba-Jabonero et al. [38] compared
lidar ratios for Saharan dust and Arabian dust retrieved by a synergetic use of the micro-pulse lidar
and AERONET measurements. Their mean lidar ratios are 54 ± 5 sr for Saharan dust and 46 ± 2 sr for
Arabian dust. The mean (± SD) lidar ratios retrieved in this study of 49.5 ± 36.8 sr for Saharan dust
and 42.5 ± 26.2 sr for Arabian dust are consistent with previous studies. However, medians for the
lidar ratio distributions of 41.7 sr for Saharan dust and 38.0 sr for Arabian dust are smaller.

Dust lidar ratios are relatively lower over ocean (Rg1–3) than land (Rg4–5). Dust aerosols in
the Mediterranean Sea (Rg2) are transported mostly from Saharan Desert except for eastern part of
the Mediterranean Sea where dust aerosols are frequently transported from the Middle East [23,39].
There are many studies on dust transported to the Mediterranean regions reporting similar lidar ratios
with Saharan dust [22,40–44]. The mean (median) retrieved lidar ratio of 44.4 ± 15.9 (42.9) sr in Rg2 is
comparable but lower than the lidar ratio for Saharan dust.

Dust lidar ratios over the Mid Atlantic (Rg1) and Arabian Sea (Rg3) are also lower compared to
their source regions. The mean (median) lidar ratios are 40.3 ± 12.4 (39.3) sr for Rg1 and 37.5 ± 12.1
(36.4) sr for Rg3. Karyampudi et al. [45] suggests very low lidar ratio for Saharan dust over the Atlantic
between ~25 sr and 35 sr from the Lidar In-space Technology Experiment (LITE) observation. Liu et
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al. [46] reported a dust storm transported from western Africa to the Gulf of Mexico across the Atlantic
Ocean from the CALIOP measurements. They found lidar ratios of 41–45 sr, which are similar but
slightly larger than this study. Rittmeister et al. [47] also found a slightly larger lidar ratio of 43 ± 8 sr
for Saharan dust over the tropical Atlantic from shipborne Raman lidar observations. Kanitz et al. [48]
observed long-range transported Saharan dust plumes over the Atlantic with shipborne lidar and
found that lidar ratios may decrease as they are transported to remote ocean because of aging effects.
They measured mean lidar ratios of 64 and 50 sr for dust with a short residence time of 2–3 days but
lower lidar ratios of around 45 sr for aged dust which is still larger than this study. There are many
studies reporting larger lidar ratios (45–55 sr) for Saharan dust transported to Atlantic Ocean [49–52].
Similarly, a relatively low lidar ratio of 38 ± 5 sr was observed for Arabian dust transported to Maldives
during the Indian Ocean Experiment (INDOEX) from a Raman lidar measurement [22].

This study found a mean (median) lidar ratio over the East Asian ocean (Rg4) of 41.8 ± 27.6 (37.1)
sr. In spite of low median values, the retrieved dust lidar ratio is comparable with previous studies.
Murayama et al. [53] observed lofted Asian dust in the free troposphere over Tokyo, Japan using a
Raman lidar and found a lidar ratio of 43.1 ± 7.0 sr. Sakai et al. [54] measured dust lidar ratios of 46 ± 5
sr with a Raman lidar during an Asian dust event in Tsukuba, Japan. Chiang et al. [55] reported a
mean dust lidar ratio of 44 ± 19 sr using simultaneous measurements of a lidar and a sun photometer
in Taiwan. A similar lidar ratio of 46 ± 8 sr for coarse-dominated aerosols is obtained from airborne
measurements of aerosol scattering and absorption near Korea and Japan [56]. Liu et al. [57] observed
Asian dust in Japan with a high spectral resolution lidar (HSRL) and a Raman lidar and measured
lidar ratios ranging from 42 to 55 sr, with a mean of 51 sr. Noh et al. [58] also reported lidar ratios of 51
± 6 sr for Asian dust from Raman lidar measurements at Gwangju, Korea.

The lidar ratios for dust in Taklamakan and Gobi Desert area (Rg7) and Australia (Rg8) are
significantly lower compared to other regions. The lidar ratios of 35 ± 5 sr [22] and 38 ± 7 sr [59] for
dust from the Gobi Desert are observed in Beijing. These are lower than other regions and downwind
side of East Asia (Rg4). Dust lidar ratio for Australia of 33 ± 3 sr at 675 nm reported by Shin et al. [37]
are also lower than other regions. In this study, we found mean (median) lidar ratios of 35.0 ± 31.1
(27.8) sr and 35.4 ± 34.4 (25.5) sr for Rg7 and Rg8, respectively.

5. Summary

Dust lidar ratios are retrieved by a synergetic use of CALIOP and MODIS products for 5 years
from 2007 to 2011. The CALIOP level 1 total attenuated backscatter data is used for the retrieval and
the CALIOP level 2 aerosol profile product is used to determine dust layers. Quality assured (QA >

1 for DT ocean, QA = 3 for DB land) AOD data from the MODIS level 2 aerosol product is used as
constraint. MODIS AOD retrievals and CALIOP attenuated backscatter profiles closer than 10 km from
the center of MODIS pixel are defined as collocated measurements. Clouds are screened out for both
CALIOP and MODIS. The retrieval is performed for the whole column of the atmosphere from 30 km
to the surface adopting a constant lidar ratio of 30 sr for aerosols of clear air above the detected layers.

The retrieved dust lidar ratios show a log-normal distribution with mean (median) values of 39.5 ±
16.8 (38.1) sr and 46.6 ± 36.3 (39.2) sr for ocean and land, respectively. The mean values are comparable
to the value of 44 sr currently used in the CALIOP level 2 aerosol algorithm [18] but the median values
are relatively lower. There is a distinct regional variation in the retrieved dust lidar ratios. Dust lidar
ratio is larger for the Saharan Desert (49.5 ± 36.8 sr) than the Arabian Desert (42.5 ± 26.2 sr), which is
consistent with many previous studies. Dust aerosols transported to the Mediterranean Sea (44.4 ±
15.9 sr), Mid Atlantic (40.3 ± 12.4 sr), and Arabian Sea (37.5 ± 12.1 sr) show lower values compared
with their source regions. An aging process of the long-range transported dust to remote ocean may be
responsible for low lidar ratios. Dust lidar ratio over ocean in East Asia is 41.8 ± 27.6 sr is comparable
with previous studies. Over Taklamakan and Gobi Deserts region the retrieved dust lidar ratios (35.5 ±
31.1 sr) show low values but still comparable with previous studies. Dust lidar ratios for Australia
(35.4 ± 34.4 sr) are also relatively low compared with other regions.
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Although the mean AOD difference between CALIOP and MODIS is small (close to zero), the
distribution of the AOD difference shows that the CALIOP AOD is biased low. However, when
including clear air AOD for CALIOP, AODs from the two sensors become more comparable. A
conclusion that can be drawn from this is that retrieving only for the detected layers in the CALIOP
algorithm is one of the major reasons for lower AODs for CALIOP than MODIS.

Lidar ratios retrieved in this study are strongly affected by MODIS AOD, because it is used as a
constraint for the retrieval. Further investigation for an impact of the uncertainty in MODIS AOD to
the retrieval may be helpful to improve the accuracy of the retrieved lidar ratio. Nevertheless, results
of this study show that dust lidar ratio has a distinct regional variability and suggest that different dust
lidar ratios should be applied for different regions in the CALIOP aerosol retrieval algorithm to reduce
AOD uncertainty.
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