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ABSTRACT

Lidar methods for observing mineral dust aerosols are reviewed. These methods include Mie scattering
lidars, polarization lidars, Raman scattering lidars, high-spectral-resolution lidars, and fluorescence lidars.
Some of the lidar systems developed by the authors and the results of the observations and applications
are introduced. The largest advantage of the lidar methods is that they can observe vertical distribution of
aerosols continuously with high temporal and spatial resolutions. Networks of ground-based lidars provide
useful data for understanding the distribution and movement of mineral dust and other aerosols. The lidar
network data are actually used for validation and assimilation of dust transport models, which can evaluate
emission, transport, and deposition of mineral dust. The lidar methods are also useful for measuring the
optical characteristics of aerosols that are essential to assess the radiative effects of aerosols. Evolution of
the lidar data analysis methods for aerosol characterization is also reviewed. Observations from space and
ground-based networks are two important approaches with the lidar methods in the studies of the effects
of mineral dust and other aerosols on climate and the environment. Directions of the researches with lidar
methods in the near future are discussed.
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1. Introduction

Lidars are useful for measuring distribution and
optical characteristics of aerosols including mineral
dust. In the study of the effects of mineral dust on
climate and the environment, it is essential to under-
stand dust emission, transport, deposition, radiative
characteristics, and physical and/or chemical charac-
teristics of dust acting as ice and cloud condensa-
tion nuclei. They are, however, extremely compli-
cated. Dust emission is dependent on surface condi-
tions such as land cover, soil texture, moisture, vege-
tation growth, and dynamic condition (e.g., Wang et
al., 2008, 2013). The particle size distribution at dust
emission is different depending on the source areas
and surface conditions. The radiative characteristics
of dust are dependent on the chemical composition,

size distribution and shape of dust, and they are dif-

ferent depending on source areas (e.g., Bi et al., 2010,
2012). The characteristics of dust can change during
transport due to internal mixing with other types of
aerosols and/or interaction with gaseous air pollution
species (e.g., Qiu and Sun, 1994; Zhou et al., 2002).
We may even need to know about bacilli on dust par-
ticles in the study of environmental effects.

Lidar methods can provide some essential in-
formation that other measurement methods can-
not provide. Continuous vertical profile data ob-
tained with even simple Mie scattering polarization
lidars are useful for validating dust transport models.
Multi-wavelength Raman lidars and/or high-spectral-
resolution lidars can provide useful data for character-
izing radiative properties that are essential for evalu-
ating the direct and semi-direct effect of mineral dust.
Also, they can provide distributions of dust and clouds

that can be useful for studying the semi-direct and in-
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direct effect of mineral dust.

Recently, Mona et al. (2012) published a review
paper on desert dust characterization with lidars, and
In the

present paper, we do not intend to provide a compre-

an overview of recent studies is presented.

hensive review of studies of dust using lidars. Instead,
we introduce the studies on lidar methods and appli-
cations that have been conducted by the authors and
discuss the problems and the directions of the future

studies.
2. Mie scattering and polarization lidar

2.1 Mie scattering lidar

Mie scattering or backscattering is the simplest
lidar technique for measuring aerosols and clouds. It
transmits laser pulses and receives the backscattered
light from aerosols, atmospheric molecules, and clouds.
The range to the scatterer is measured by the time of
flight of the laser pulse, and the backscattering co-
efficient is derived from the intensity of the signal.
Strictly speaking, however, there is attenuation of the
laser in the round-trip path to the scatterer, and the
equation describing the lidar signal, so called the lidar
equation, contains two unknown parameters, namely,
the backscattering coefficient and the extinction coeffi-
cient. To solve the lidar equation, we need to make an
assumption on the relationship between the backscat-
tering and the extinction coefficients. Therefore, it is
sometimes said that Mie scattering lidars cannot make
quantitative measurements. It is true that the lidar
equation cannot be solved without assumptions, but
Mie scattering lidars can provide sufficiently quantita-
tive parameters with reasonable assumptions. Also,
we may say that Mie scattering lidars can provide
quantitative constraints, for example, to the analysis
with chemical transport models.

In the data analysis of Mie scattering lidars, the
Fernald’s method considering two scattering compo-
nents (aerosols and molecules) (Fernald, 1984) and
the Klett’s method considering a single scattering
component (Klett, 1981) are usually used. Fernald’s
method is suitable for optically thin cases. In Fernald’s
method, the extinction to backscatter ratio (lidar ra-

tio) Sp is introduced for aerosol scattering. We usu-
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ally make an assumption of constant lidar ratio (for
example S; = 50 sr, at 532 nm), however, Sy is de-
pendent on the types of aerosols. It is about 20 sr
for sea salt, and it can be as large as 100 sr for light
absorbing aerosols like black carbon. The error in the
derived extinction coefficient or the backscattering co-
efficient due to the error in the assumption of the Sy
value is dependent on the density of observed aerosols
(Sasano and Nakane, 1984). In clear conditions, the
error in derived backscattering coefficient is small, and
the derived backscattering coefficient is not sensitive
to the S; value. In dense aerosol conditions, the error
in the extinction coefficient is smaller. In very dense
aerosol cases, Klett’s method can provide extinction
coefficient profiles quite well. It is sometimes said in-
correctly that Mie scattering lidar can measure the
backscattering coefficient (not extinction coefficient),
but it is approximately correct only in clear conditions.
If aerosol optical depth (AOD) is obtained from sepa-
rate measurements with sun photometers or from the
calibrated Mie scattering lidar itself using the Rayleigh
scattering signal above the aerosol layer, a method us-
ing AOD as a constraint can be used. With such a
method, the column averaged S; can be determined
(Welton et al., 2001).

There are two approaches in pulsed Mie scatter-
ing lidars, i.e., the traditional large-pulse-energy low-
repetition-rate approach (typically 10 Hz and 100 mJ)
(Collis and Russell, 1976) and the small-pulse-energy
high-repetition-rate (micro pulse lidar) approach (typ-
ically 1 kHz and 1 uJ) (Spinhirne, 1993). Eye-safety
is the advantage of the latter approach. There are
also continuous wave (CW) lidar methods like random-
modulation CW lidar (Takeuchi et al., 1983). How-
ever, CW methods generally suffer from the back-
ground radiation noise in daytime measurements. Mie
scattering lidars are widely used, and there are several
commercial lidar systems. Ceilometers are also kinds

of Mie scattering lidar.
2.2 Polarization lidar

The polarization lidar method is a simple exten-
sion of the Mie scattering lidar method adding a polar-
ization analyzer to the receiver. It is extremely useful
for detecting non-spherical particles like mineral dust,
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because the change in the polarization state by scat-
tering (or the depolarization ratio) is very sensitive
to the non-sphericity of the scatteres (Sassen, 1991;
Murayama et al., 1999). Usually, a linearly polarized
laser beam is transmitted, and parallel and perpen-
dicular polarization components of the received signal
are analyzed. We define the depolarization ratio (to-
tal depolarization ratio or volume depolarization ra-
tio) by TDR = P,/ P,

allel (co-polar) and perpendicular (cross-polar) (“s

where P, and P; are the par-

stands for German “senkrecht”) polarization compo-
nents of the received signal. The depolarization ra-
tio can be also defined for the circularly polarized
transmitted beam. In commercial micro pulse lidar
(MPL4), co-polar component is taken with circularly
polarized beam, and cross-polar component is taken
with linearly polarized beam. We experimentally com-
pared the linear depolarization ratio derived from an
MPL4 and that measured with a linear polarization li-
dar. The results agreed within the measurement error
(Huang et al., 2010).

Because the volume depolarization ratio contains
the scattering contribution of Rayleigh scattering of
atmospheric molecules, we need to define the particle
depolarization ratio (PDR) that represents the depo-
larization ratio for aerosol scattering. PDR is derived
by Eq. (1) (Liu et al., 2002).

TDR(BR + BR x MDR — MDR) — MDR
BR — 1 + BR x MDR — TDR

PDR = , (1)
where TDR is the total depolarization ratio, BR is
total backscattering to Rayleigh backscattering ratio,
and MDR is the depolarization ratio of Rayleigh scat-
tering. MDR is approximately 0.014 (Behrendt and
Nakamura, 2002).

We developed a method using the particle de-
polarization ratio to estimate contributions of non-
spherical and spherical aerosols in the extinction co-
efficient (Sugimoto et al., 2002, 2003; Shimizu et al.,
2004). This method is based on the assumption of ex-
ternal mixing of the two types of aerosols, namely min-
eral dust having a large PDR and spherical aerosols
having a small PDR. The contribution of mineral dust
in the extinction coefficient (or backscattering coeffi-
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cient) is estimated with the following equation.

R= (6 —d2)(1 + 1)
(1 46)(01 —62)’

where 0 is observed PDR, and d; and d5 are PDRs

of dust and spherical aerosols, respectively. We de-

(2)

fine the dust extinction coefficient and the spherical
aerosol extinction coefficient by multiplying R or (1-
R) to the extinction coefficient derived with the Fer-
nald’s or Klett’s method. These methods are useful
for analyzing dust and air pollution aerosols in urban
area and the down wind regions. The errors caused by
the assumed lidar ratio and PDR values were studied
by Shimizu et al. (2011), and it was shown that the
derived dust extinction coefficient was not sensitive to
the assumptions when the density was high. The error
is less than 10% in typical dust events.

Figure 1 shows an example of the analysis using
this method. In the lidar time-height indications in
Fig. 1, distributions of dust and spherical aerosols (air-
pollution aerosols) are clearly separated. The number
concentrations of particles with diameter larger than
0.4 and 4 pm measured with an optical particle counter
are also shown in Fig. 1. It can be seen that there is
correlation between the dust extinction coefficient and
the number of large particles. In Beijing, heavy air
pollution is often observed before dust event as seen
in Fig. 1. It is explained by the change in wind direc-

tion due to the movement of pressure systems.

2.3 Network of Mie scattering polarization li-

dars

Networking of Mie scattering polarization lidars
is a powerful method for observing three-dimensional
distributions and movement of dust and other aerosols.
At NIES (National Institute for Environmental Stud-
ies), we formed a network of two-wavelength (1064 and
532 nm) Mie scattering and polarization (532 nm) li-
dars in East Asia in cooperation with other research
institutes and universities. The network is named
the Asian Dust and aerosol lidar observation Network
(AD-Net), and currently 20 lidar stations are operated
continuously (http://www-lidar.nies.go.jp/AD-Net/).
AD-Net is a contributing network to the World Mete-
orological Organization (WMO) Global Atmosphere
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Fig. 1. The extinction coefficient time-height indications at 532 nm for (a) non-spherical aerosols and (b) spherical

aerosols derived with the method using the depolarization ratio, compared with (c) the optical particle counter data.

Note that the lower blue curve in (c¢) was shifted from the upper blue one for comparing the temporal variation of number
concentration, aiming to show large increases of coarse particles during the dust event (Sugimoto et al., 2008).

Watch (GAW) program. We have developed a real-
time data processing system for AD-Net, and can de-
rive the dust and spherical aerosol extinction coeffi-
cients at 532 nm as well as the attenuated backscat-
tering coefficients at 532 and 1064 nm and the total de-
polarization ratio at 532 nm in near realtime (Shimizu
et al., 2010).

The data from AD-Net are used in various re-
searches on Asian dust and regional air pollution. One
of the important applications of AD-Net data is valida-
tion and assimilation of chemical transport models. A
four-dimentional variational data assimilation system
based on the Chemical weather FORecasting System
(CFORS) was developed by Kyushu University with
AD-Net dust extinction coefficient data, and analyses
of Asian dust events were performed (Uno et al., 2008;
2007, 2008, 2012; Hara et al., 2009;
2010, 2011, 2013). In the data as-
similation, a dust emission factor was introduced to

Yumimoto et al.,

Sugimoto et al.,

control the emission of each grid in the dust source
areas. The dust emission factor represents the change

in surface condition that is not considered in the orig-
inal model. The results of the data assimilation ex-
periments showed that the modeled dust distribution
was much improved with the assimilation of AD-Net
data. The results also showed that the data assimila-
tion was useful for estimating the amount of dust emis-
sion in the source areas. Figure 2 shows an example of
assimilated dust extinction coefficient compared with
the dust extinction coefficient derived from CALIPSO
(see section 5 for annotation). We applied the same
data analysis method used for AD-Net to CALIPSO
level-1B data to derive the dust and spherical aerosol
extinction coefficients. The comparison demonstrated
that the model assimilated with AD-Net data repro-
duced the dust distribution up to far-down wind re-
gions. It was also demonstrated that the data assimi-
lated model reproduced surface PM;q data very well.
Furthermore, the change in dust emission due to veg-
etation growth that was not considered in the original
model was revealed with the data assimilation (Sugi-
moto et al., 2010).
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Fig. 2. Dust extinction coefficient calculated with CFORS assimilated with AD-Net data (pink contours) compared
with CALIPSO dust extinction coefficient. Lines T-1, T-2, and T-3 are trajectories. Panel (b) indicates dust extinction
coefficient profile along trajectory T-1 calculated by the data assimilated CFORS (Uno et al., 2008).

The dust and spherical aerosol extinction coeffi-
cient data have also been used in studies of climatology
of aerosols in East Asia (Hayasaka et al., 2007; Hara et
al., 2011) and in epidemiological studies of the effect of
dust aerosols on human health (Kanatani et al., 2010;
Kashima et al., 2012; Onishi et al., 2012; Ueda et al.,
2012). Using the lidar data in epidemiological stud-
ies, we investigated the relationship between the dust
and spherical aerosol extinction coefficients and var-
ious mass concentration measurements, namely TSP,
PM;iy, SPM, and PM, 5. The ratio of mass concen-
tration to the dust extinction coefficient depends on
the size distribution of dust, and it changes spatially
and temporally. However, there is a high correlation
between the dust extinction coefficient and the mass
concentration of dust in PMs 5 (Sugimoto et al., 2011;
Kaneyasu et al., 2012). The relationship between the
extinction coefficient and mass concentration is com-
plicated for spherical aerosols because of hygroscopic
growth of particles (Sugimoto et al., 2008; Liu et al.,
2013). Some of the epidemiological studies (e.g., On-
ishi et al., 2012) showed that the effect of dust was

enhanced when mixed with air pollution aerosols. It

is therefore important to understand mixture state of
Asian dust with air pollution aerosols in the future
studies.

Studies using a network of lidars were also con-
ducted in arid region (Huang et al., 2008a; Huang et
al., 2010). Distribution features of Asian dust in dust
events and climatological features such as diurnal vari-

ations of dust vertical profile were studied.
3. Raman and high-spectral-resolution lidars

Raman scattering lidars and high-spectral-
resolution lidars are techniques for measuring profile
of molecular scattering. Since the vertical distribu-
tion of atmospheric molecules is known, the extinction
coefficient of aerosols can be derived from the atten-
uation term of the molecular scattering profile (Gao
et al., 2009; Wang et al., 2011). In Raman scatter-
ing, nitrogen vibrational Raman scattering is usually
In high-

spectral-resolution lidars, Rayleigh scattering (strictly

used for aerosol extinction measurements.

speaking, Cabannes scattering) is used (She, 2001).
Both Mie scattering and Rayleigh scattering are elas-
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tic scattering, and the wavelength of scattered light is
the same as the transmitted laser wavelength. How-
ever, the spectral width of the scattered light is
different.

Doppler broadening due to the molecular movement

The Rayleigh scattering has much wider
in the atmosphere.  Consequently, the Mie and
Rayleigh scattering components can be separated us-
ing a high-resolution spectroscopic element. The tech-
nique is called high-spectral-resolution lidar (HSRL).
The HSRL method requires a narrow-band laser and a
high-resolution spectroscopic element such as an inter-
ferometer, but the Rayleigh scattering cross-section is
several orders of magnitude higher than Raman scat-
tering. HSRLs are much sensitive compared to Raman
lidars, and daytime measurements are possible with
relatively small lidar systems (Hua et al., 2004, 2005).
The HSRL technique can also be used in space-borne
lidars.

With Raman lidar or HSRL methods, the ex-
tinction coefficient is obtained independently from the
backscattering coefficient. The profile of lidar ratio is
consequently determined from the measurement. The
lidar ratio is a useful parameter for characterizing
aerosols because it is sensitive to the absorption of
aerosols (imaginary part of refractive index) and the
shape of aerosols. The lidar ratio measurement is also
useful for distinguishing aerosols and clouds (Sakai et
al., 2003).
surements at multiple wavelengths add independent

The extinction and backscattering mea-

parameters sufficient for deriving the aerosol micro-
physical parameters. Miiller et al. (2000) developed
an inversion method to determine the single scatter-
ing albedo, effective radius, etc., from two-wavelength
Raman (532 and 355 nm) and three-wavelength Mie
(355, 532, and 1064 nm) lidar. The method has been
used for characterizing mineral dust aerosols (Miiller
et al., 2010b, 2013).

At NIES, we constructed an HSRL at 532 nm
using an iodine filter as a blocking filter for Mie scat-
tering (Liu et al., 1999) and studied the lidar ratio of
Asian dust (Liu et al., 2002). We also added a nitro-
gen Raman receiver channel to the AD-Net lidars at
primary stations (Xie, 2008). Recently, we developed

a multi-wavelength HSRL that measures the extinc-
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tion coefficient at 2 wavelengths (355 and 532 nm), the
backscattering coefficient at 3 wavelengths (355, 532,
and 1064 nm), and the depolarization ratio at 2 wave-
lengths (532 and 1064 nm) (Nishizawa et al., 2012). At
the same time, we have developed data analysis meth-
ods for the multi-parameter lidars for deriving the con-
centrations of aerosol components (Nishizawa et al.,
2008, 2010). We consider four aerosol components in
the analysis of Raman lidars and HSRLs, namely, op-
tically non-absorptive small aerosols (such as sulfate),
optically non-absorptive large spherical aerosols (sea
salt), non-spherical aerosols (dust), and optically ab-
sorptive small aerosols (black carbon). We assume an
aerosol optical model for each component (refractive
index, size distribution, and shape for dust) and search
for the external mixture that best reproduces the ob-
served parameters. In this approach, appropriateness
of the definition of the aerosol components and their
optical models is essential. The approach is reason-
able if the aerosol components are compatible with

that used in chemical transport models.
4. Qualtz Raman and fluorescence lidars

We observed Raman scattering of quarts in dust
particles with a lidar with 532-nm excitation (Tatarov
and Sugimoto, 2005). Later measurement was per-
formed at 355 and 532 nm simultaneously, and the
Raman scattering signal was confirmed by the wave-
length dependence of signal intensity (Miller et al.,
2010a).

We also observed fluorescence of aerosols with ex-
citation at 355 nm (Sugimoto et al., 2012a, b). Fig-
ure 3 shows examples of fluorescence spectrum. We
found that Asian dust were highly fluorescent. It is,
however, still not understood what substance (some
mineral composition or biological substance on Asian
dust) emits fluorescence. We think that it will be use-
ful to compare the fluorescence spectra excited at 266
and 355 nm in the future study for identifying the flu-
orescent substance. We also found that aerosols trans-
ported from urban and industrial areas often emitted
fluorescence. We consider that polycyclic aromatic hy-

drocarbon (PAH) compounds in aerosols emit fluores-
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Fig. 3. Examples of the fluorescence spectra for aerosol and clouds (Sugimoto et al., 2012a).

cence. We presented the idea of using the efficiency
of broadband fluorescence for characterizing optically
absorptive aerosols (Sugimoto et al., 2012a). We also
showed that the intensity of the broadband fluores-
cence was comparable to that of nitrogen vibrational
Raman scattering, and a compact lidar system could
be used for the broadband fluorescence measurements.
The measurement is, however, limited in the nighttime

because of solar background radiation.
5. Space-borne lidars

Lidar observations from space are extremely use-
ful for observing aerosols and clouds globally. The
first experiment of atmospheric lidar observation from
space was LITE (Lidar In-Space Technology Exper-
iment) conducted by U. S. National Aeronautics and
Space Administration (NASA) in 1994 using the Space
Shuttle. Mie scattering lidar experiments were per-
formed at 3 wavelengths (355, 532 , and 1064 nm).
Based on the achievement of LITE, lidar satellites
GLAS (Geoscience Laser Altimeter System) (launched
in 2003) and CALIPSO (Cloud-Aerosol Lidar and In-

frared Pathfinder Satellite Observations) (launched in
2006) were developed. CALIPSO has continued ob-
servation normally for more than 7 yr. According to
the CALIPSO web site, more than 880 scientific pa-
pers using CALIPSO data have been published up to
present. A number of studies have been carried out
with CALIPSO on mineral dust emission and trans-
port (e.g., Huang et al., 2007; Hara et al., 2008; Liu
et al., 2008), optical characteristics of dust (e.g., Zhou
et al., 2013), and the effects of mineral dust on radi-
ation and cloud (e.g., Huang et al., 2006, 2010; Xia
and Zong, 2009; Wang et al., 2010). Liu et al. (2008)
presented a height-resolved global distribution of dust
aerosols for the first time based on the first year of
CALIPSO lidar measurements under cloud-free con-
ditions. Uno et al. (2009) studied an Asian dust event
where dust was transported one full circuit around
the globe in 13 days using CALIPSO, ground-based li-
dars, and a chemical transport model. Sekiyama et al.
(2010) reported data assimilation of CALIPSO aerosol
data for the first time. Also, there are a number of
studies on data analysis method for CALIPSO. Chen
et al. (2010), for example, developed dust detection
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vertical images (curtain files) show the CALIPSO 532-nm total attenuated backscatter. The color scales on the left

represent topographical elevation (Huang et al., 2008b).

algorithm combining the lidar CALIOP (Cloud-
Aerosol Lidar with Orthogonal Polarization) and pas-
sive IIR (Imaging Infrared Radiometer) on CALIPSO.

Figure 4 shows an example of long-range trans-
port path of dust particles observed by CALIPSO li-
dar. The result indicates that dust aerosols originated
from the Taklimakan desert can also be transported to
eastern China through alternative paths (blue lines in
Fig. 4). The paths at higher altitudes are dominated
by the westerly but the lower-altitude trajectories are
determined by regional weather systems and topogra-
phy.

EarthCARE (Earth Clouds, Aerosols and Radi-
ation Explorer) is being developed jointly by Japan
Aerospace Exploration Agency (JAXA) and European
Space Agency and planned for launch in 2016. Earth-
CARE has a lidar named ATLID and a cloud profiling
radar (CPR) on the same platform. ATLID is a po-
larization sensitive 355-nm HSRL. It will provide the
extinction coefficient, backscattering coefficient, and
depolarization ratio at 355 nm. At NIES, we are de-
veloping an aerosol component retrieval algorithm for
ATLID based on the same method developed for multi-

parameter Raman and high-spectral-resolution lidars

(Nishizawa et al., 2013).

Multi-wavelength HSRL is being studied by
NASA for the Aerosol-Cloud-Ecosystems (ACE) mis-
sion planned for launch in 2021 (e.g., Hosteler et al.,
2012). NASA also plans the Cloud-Aerosol Transport
System (CATS) on the International Space Station
(McGill et al., 2012). CATS is scheduled for launch in
2014. CATS has three wavelengths and experiments
on HSRL are planned at 532 nm. CATS is expected
to fill the gap between CALIPSO and ACE.

6. Conclusions

Lidar methods provide essential information for
understanding sand dust storm phenomena and their
impacts on climate and the environment. Continu-
ous observations of vertical profiles with networks of
ground-based lidars provide useful data on emission
and transport of mineral dust. Data assimilation of
chemical transport model is a powerful method to ex-
Optical
characteristics of dust particles derived from multi-

tract full information from the lidar data.

wavelength Raman lidars or HSRLs are useful for

estimating radiative effects of mineral dust. Network
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observations with multi-parameter lidars can be useful
for studying the changes in characteristics of mineral
dust during transport. Lidar methods like fluorescence
lidar can provide additional information on composi-
tion of dust and biological substance on dust particles.

Internal mixing of dust and other aerosols is im-
portant both in the radiative effects and the effects
on the environment and human health. Reliable op-
tical models that describe the optical characteristics
of mineral dust and internally mixed mineral dust are
essential for data analysis of multi-parameter lidars
and for the calculation of radiative effects. The ex-
perimental studies combining multi-parameter lidars,
in-situ instruments, and chemical and microscopic
analyses with aerosol sampling will be needed to un-
derstand the phenomena and to make such optical
models. At the same time, the studies on handling
internal mixture in chemical transport models are re-
quired. Advances in chemical transport models and
lidar data analysis methods should be closely linked.
We expect that they will merge in data assimilation
in the future.
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