
ABSTRACT

The Multi-wavelength Raman LIDAR (MRL) system
was developed to enable a better understanding of
the complex properties of aerosols in the atmosphere.
In this study, the microphysical, optical, and radiative
properties of mixed aerosols were retrieved using the
discrete aerosol observation products from the MRL.
The dust mixing ratio, which is the proportion of dust
particles to the total mixed, was derived using the
particle depolarization ratio. It was employed in the
retrieval of backscattering and extinction coefficient
profiles for dust and non-dust particles. The vertical
profiles of aerosol optical properties were then used
as input parameters in the inversion algorithm for
the retrieval of microphysical parameters including
the effective radius, refractive index, and the single
scattering albedo (SSA). Those products were suc-
cessfully applied to an analysis of radiative flux using
a radiative transfer model. The relationship between
the MRL derived extinction and aerosol radiative forc-
ing (ARF) in short-wavelength was assessed over
Gwangju, Korea. The results clearly demonstrate
that the MRL-derived extinction profiles are a good
surrogate for use in the estimation of optical, micro-
physical, and radiative properties of aerosols. It is
considered that the analytical results shown in this
study can be used to provide a better understanding
of air quality and the variation of local radiative
effects due to aerosols.

Key words: Aerosol, Extinction, LIDAR, Retrieval,
Radiative effect

1. INTRODUCTION

Atmospheric aerosols are one of the largest sources
of air pollution; they can affect global atmospheric

chemistry and the Earth’s radiation budget, thereby
contributing to climate change (Myhre et al., 2013). It
is known that major aerosol species are inorganic,
water-soluble, soot, dust, and sea-salt. Their size dis-
tribution can be expressed as a bimodal lognormal
function (Hess et al., 1998), and in general most aero-
sols related to pollution such as carbonaceous and sul-
fate particles are fine particles, whilst dust and sea-salt
are coarse. In addition, the size distribution of atmos-
pheric aerosols varies depending on the formation of
the aerosols involved, and their dynamic processes
(Reid et al., 1998).

LIght Detection And Ranging (LIDAR) is a power-
ful technique that uses a high temporal and spatial re-
solution to measure the vertical distribution of atmo-
spheric aerosols. LIDAR measures elastic light scat-
tering in relation to molecules and aerosols, and can
retrieve aerosol backscatter and extinction profiles
using an analytical solution to the LIDAR equation
with an initial assumption (Fernald, 1984; Klett, 1981).
However, the aerosol extinction coefficients derived
from the elastic backscatter signal can be erroneous
due to large errors in the use of assumed values, such
as the LIDAR ratio (extinction-to-backscatter ratios,
hereafter LR). 

Only the Raman LIDAR technique allows measure-
ments of reliable aerosol extinction profiles (Ansmann
et al., 1991), and is able to measure the backscattering
and extinction coefficient of aerosols simultaneously.
Ansmann et al. (1992) developed Raman LIDAR to
measure water vapor, carbon dioxide (CO2), LR, and
aerosol extinction profiles. In addition, a number of
studies in literature show that the Raman signal is use-
ful in estimating aerosol optical properties and identi-
fying aerosol type (Müller et al., 2005, 1999a, b; Mat-
tis et al., 2003; Wandinger et al., 2002; Veselovskii et
al., 2002). For the first time in Korea, a multi-wave-
length Raman LIDAR (MRL) system was developed
by the Advanced Environmental Monitoring Research
Center of the Gwangju Institute of Science and Tech-
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nology (ADEMRC/GIST) (Hong et al., 2004), and
since its development LIDAR instruments have been
continuously improved and can now be successfully
applied to the observation of mixed aerosols in the
atmosphere (Shin et al., 2014; Tatarov et al., 2012; Noh
et al., 2011, 2007).

The main objectives of this study are: (i) to explore
the possibility of establishing the MRL-retrieved aero-
sol optical and microphysical properties of a mixture
of dust and pollution particles; and (ii) to investigate
the variations in the radiative processes of these aero-
sol mixtures in relation to the vertical distribution of
aerosol layers. This paper is structured as follows: the
instruments used and methods employed are introduc-
ed in Section 2. Section 3 then presents the results of
MRL measurements. The work is concluded in Section
4, and further suggestions are also presented.

2. INSTRUMENTS AND METHODS

The MRL is multi-wavelength backscatter system
that points vertically to the zenith and operates in the
coaxial mode. Fig. 1 and Table 1 describe the system-
atic characteristics of the MRL system. The MRL uses
a commercial Nd:YAG laser as light source, and this
operates on three wavelengths (λ==355 nm, 532 nm,

and 1064 nm) with a fixed repetition rate of 10 Hz; the
pulse energy at the three wavelengths is 140 mJ, 154
mJ, and 640 mJ, respectively. The emitted laser pulses
have a divergence of less than 0.2 mrad after 5X beam
expansion. In addition, a 14 inch Schmidt-Cassegrain
telescope (focal length f==3.91 m, field of view==0.4-
0.5 mrad) is used to receive the backscattered signal.
The MRL currently makes the following measurements:
elastic backscatter signals at 355 nm, 532 nm, and 1064
nm; two nitrogen vibration Raman signals at 387 nm
and 607 nm; and polarized signals at 532 nm. When
making measurements, the incomplete overlap between
the outgoing laser beam and the field of view of the
telescope is ignored for the backscatter signal because
the ratios of the elastic scattering signals and the nitro-
gen Raman signals are computed (Wandinger and An-
smann, 2002); this allows the MRL to retrieve vertical
profiles of the backscatter coefficient (βp) from 400 m
above the ground.

Fig. 2 shows the three-part data analysis used to
acquire aerosol products from the MRL. In the first
part, the received backscatter signal is used to deter-
mine the profiles of aerosol optical properties such as
the depolarization ratio, extinction, and backscattering
for dusty and non-dusty particles. These products are
then used to retrieve the refractive index (denoted as
mr (real part) and mi (imaginary part)), effective radius
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Fig. 1. Systematic diagram of Multi-wavelength Raman LIDAR at GIST. Backscattered signals observed from the telescope are
separated by a beam splitter (BS).



(reff), and the single scattering albedo (SSA), using a
numerical inversion technique based on the inverse ma-
trix method suggested by Müller et al. (1999a, b).
Those parameters are required to aid in radiative trans-
fer calculations. By definition of scattering theory, the
refractive index and single scattering albedo controls
light scattering and absorption properties of aerosol
particles. Following this, the aerosol optical and micro-
physical parameters are employed to simulate the
atmospheric radiative transfer. In this simulation, the
Santa Barbara discrete ordinance radiative transfer
(DISORT) atmospheric radiative transfer (SBDART)
code (Ricchiazzi et al., 1998) was used.

Determination of the vertical profile of the particle
backscatter coefficient at 355 nm and 532 nm relies on
the LIDAR inversion technique, and this is implement-

ed following reception of the nitrogen vibration Raman
signals at 387 nm and 607 nm, as proposed by Ansm-
ann et al. (1990). The LIDAR equation used for Raman
backscatter signal is expressed as:

O(z)         dσλR(π)
PλR(z)==KλRmmmmNR(z)mmmmmmm

z2 dΩ

×exp{-
z

0
[αaer

λ0 (ξ)++αmol
λ0 (ξ)++αaer

λR (ξ)++αaer
λR (ξ)]} (1)

where PλR (z) are the return signals from distance z at
the Raman wavelength of λR; O (z) is the overlap cor-
rection factor; KλR is the depth-independent system
parameters; NR (z) is the molecule number density of
the Raman-active gas; and dσλr (π)/dΩ is the range-
independent differential Raman cross section for the
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Table 1. Specification of multi-wavelength Raman LIDAR of GIST.

Parts Characteristics

Transmitter

Laser Type Nd:YAG
Wavelength (pulse energy) (355 nm (140 mJ), 532 nm (154 mJ), 1064 nm (640 mJ) 
Repetition rate 10 Hz
Beam divergence 0.2 mrad after 5X beam expansion
Pulse duration ⁄10 ns

Receiver optics

Optical design Schmidt-Cassegrain telescope 14-inch
Focal length 3910 mm 
Field-of-view 0.5-0.4 mrad (changeable)
Data acquisition system

Detector Photomultiplier tubes (PMT)

Wavelengths (nm) 355, 360, 387, 407, 532 (�,┴), 546, 607, and 1064 
Bandwidth of interference filter (nm) 5, 3, 0.72, 0.97, 1, 3, 0.45, 1 

Fig. 2. Schematic workflow diagram of data processing of the multi-wavelength Raman LIDAR receiving signal.
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backward direction. Using the reference signal, the
particle extinction coefficient (αaer or αp) can be
determined as:

d          Nref (z)
mm {ln[mmmmmmmmm ]}-αmol

λ (z)-αmol
λref

(z)
dz      Pref (z)∙z2

αaer (z)==mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm (2)
λ k

1++(mmmm)λ ref

where Nref (z) is the molecular number density of the
reference gas, and k==1, except for ice clouds. The
backscattering coefficient (βaer or βp) can be derived
as:

Pλref (z0)Pλ(z) Nref (z)
βaer(z)==[βaer(z0)++βmol(z0)]×mmmmmmmmmmmm mmmmmmPλ(z0)Pλref (z) Nref (z0)

exp{-
z

z0
[αaer

λref (ξ)++αmol
λref (ξ)]}

×mmmmmmmmmmmmmmmmmmmmmmmm-βmol(z) (3)
exp{-

z

z0
[αaer

λ (ξ)++αmol
λ (ξ)]}

where z0 is reference height with βmol (z0)�βaer (z0).
Using αp and βp determined by Eqs. (2) and (3), LR is
then determined as:

αaer(z)
LR(z)==mmmmmm (4)

βaer(z)

The advantage of the Raman LIDAR technique is that
it can measure extinction and backscattering directly,
eliminating the need for an assumption of the extinc-
tion-to-backscatter ratios when solving the LIDAR
equation. However, the only disadvantage of using the
Raman LIDAR technique is the relatively weak Raman
scattering compared to the Rayleigh or fluorescence

scattering, but this limitation can be overcome by the
use of high power lasers and/or long integration times.
Thus aerosol optical property profiles can be resolved
in both time and space, enabling a vertical snapshot
for the precise identification of aerosol distribution. In
this respect, many studies have successfully demon-
strated the capabilities of MRL for use in the monitor-
ing of aerosols (i.e. Tatarov et al., 2012; Müller et al.,
2010; Noh et al., 2009).

The MRL can retrieve aerosols optical properties
such as the particle backscatter coefficients at 355 nm,
532 nm, and 1064 nm; the particle extinction coeffici-
ents at 355 nm and 532 nm; the linear particle depolari-
zation ratio at 532 nm; the water-vapor mixing-ratio;
and profiles of silicon-dioxide (SiO2). The available
aerosol products relating to MRF retrieval are listed
in Table 2. Note that profiles of the silicon-dioxide
(quartz) signal are tracers of the mineral dust concen-
tration, and for this contribution we use the signals re-
quired for measuring particle backscatter and extinc-
tion coefficients at 355 nm and 532 nm, and the linear
depolarization ratio (aerosols++molecules) (denoted as
δ). The particle depolarization ratio (δp) used in this
study is defined as:

δ (z)R(z)-δmδp==mmmmmmmmmmmm (5)
R(z)-1

where δm denotes the molecular depolarization ratio;
and R (z) is the scattering ratio. The dust mixing ratio
(RD) is then the ratio between dust backscattering to
total backscattering coefficient, and can be mathema-
tically expressed by δ p for dust particles (δD) and for
non-dust particles (δND), and in this respect we used
the values of 0.35 and 0.02, which were recommend-
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Table 2. List of optical, microphysical, and radiative properties of aerosol inferred from the multi-wavelength Raman LIDAR.

Category Products

Extensive optical particle parameter Particle volume backscatter coefficient at 355 nm, 532 nm, and 1064 nm
Particle volume extinction coefficient at 355 nm and 532 nm
Raman quartz backscatter coefficient at 360 nm and 546 nm

Intensive optical particle parameter Linear aerosol depolarization ratio at 532 nm
Particle LIDAR ratio at 355 nm and 532 nm
Extinction-related Ångström exponent 355/532 nm pair
Backscatter-related Ångström exponent 355/532 nm pair and 532/1064 nm pair
Raman-quartz backscatter-related Ångström exponent 360/546 nm pair

Microphysical parameter (from inversion of Real and imaginary part of the complex refractive index
extensive optical properties) Number, volume, and surface-area concentration

Particle volume size distribution
Particle effective radius

“High-end” particle parameters Single-scattering albedo
Mineral quartz concentration

Application Upward/Downward Flux
Heating Rate
Aerosol Radiative Forcing



ed in previous studies (Noh et al., 2008, 2007).

(δP-δND)(1++δD)
RD==mmmmmmmmmmmmmmm (6)

(δD-δND)(1++δP)

3. PROFILING OF AEROSOL OPTICAL
/MICROPHYSICAL PARAMETERS

In this study, the MRL system was operated to mea-
sure aerosol backscattering, extinction coefficients,
the depolarization ratio, and the LIDAR ratio of aero-
sol at GIST (35.10�N, 126.53�E). Fig. 3 shows an ex-
ample of aerosol extinction coefficient profiles mea-
sured from May 27 to 30, 2005, which were retrieved
using the Raman (solid line) and Klett (dashed line)
methods, respectively. The shapes of the two curves
of the aerosol extinction coefficients are reasonably
similar over 3 km, where aerosol loadings barely exist-
ed. The extinction coefficients using the Klett method
(hereafter, αp

K) are smaller than those using the Raman
method (hereafter, αp

R) with a mean difference of about

0.04±0.06 km-1. In addition, its variation trend with
height using the Klett method is relatively sharp due
to the dependence on aerosol backscatter. In addition,
the maximum value of the aerosol extinction coeffici-
ent is relatively different. For a single aerosol layer
case on May 27, 2005, the maximum value of αp

R at
height of near 1 km was about two times larger than
that of αp

K. Furthermore, multi-layered aerosol signals
were found on May 30, 2005. 

In Fig. 3, the maximum value of αp
R at the peaks of

layers located at around 1 and 2 km in height are also
larger than that by αp

K. Because we assumed a fixed
LR value of 50 for the Klett method, the retrieved val-
ue of αp

K is somewhat different from that of real aero-
sol particles in the atmosphere. However, aerosol ex-
tinction using the Raman method is known to be rela-
tively more accurate than that using the Klett method
(Ansmann et al., 1992). Therefore, this comparison
clearly shows differences in the results of these two
retrieval methods in relation to aerosol extinction. In
this respect, LR retrieved using the Raman method for
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Fig. 3. Aerosol extinction coefficient profiles derived using the Raman method (solid line) and the Klett method (dashed line)
during May 27-30, 2005. For the Klett method, a fixed LIDAR ratio of 50 was used for the extinction coefficient retrieval.
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the same days is shown in Fig. 4, where LR profiles
from the Raman method range from 45-90 sr-1 on May
27, 2005 and 75-120 sr-1 on May 30, 2005. As discuss-
ed earlier, in Noh et al. (2008) these higher values are
mainly caused by light-absorbing particles in the atmo-
sphere.

Fig. 5 shows the vertical profiles of daily mean dp
at 532 nm and the dust mixing ratio. The particle depo-
larization ratios are generally higher than 0.06. The
larger values of dp are proof of an increase in non-sph-
erical particles at a given height. Maximum dp values
were between 0.095 and 0.109 during the observation
period. In terms of our observation record, those rang-
es are close to those of the non-dust regime, because
typical dp values range from 0.03 for non-dust to 0.34
for severe dust (Noh et al., 2008). The dust mixing ra-
tios in Fig. 5b also confirm that observed backscatter
signals consist mainly of non-dust particles (Rd⁄0.32).
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Fig. 4. LIDAR ratio profile measured by the MRL observa-
tion during May 27-30, 2005.
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In Fig. 6, the refractive index, reff, and SSA values
from MRL’s inversion algorithm are presented for the
same days. The mixed aerosol layers under a height
of 2 km show little difference in the characteristics of
inversion products for both cases. The aerosol layer
has a larger refractive index and smaller reff values on
May 27, 2005 than on May 27, 2005; the SSA on May
27, 2007 varies from 0.90 to 0.92 whereas the values
on May 30, 2005 are at around 0.93. All the above re-
sults suggest that particles at different heights have di-
fferent optical and microphysical properties.

4. AEROSOL RADIATIVE PROPERTIES

After processing data from the MRL observations,
the aerosol vertical profiles were used to derive incom-
ing and outgoing shortwave radiation; these profiles
included the extinction coefficient, refractive index,

reff, and SSA. Downward (F↓) and upward flux (F↑)
were calculated at each height using aerosol profiles
with a standard model atmosphere. The difference in
the net flux with and without aerosols is defined as
aerosol radiative forcing (ARF), which is a measure of
the impact of aerosols on the climate system:

ARF==(F↓-F↑)Aerosol-(F↓-F↑)Clean (6)

Using a qualitative set of aerosol observational data
from MRL as the input to RTM, we derived the obser-
vation-based estimate of ARF at a local atmosphere.
Fig. 7 shows the instantaneous ARF estimated for the
two case studies. In general, the magnitude of surface
level ARF is very large at 80 W/m2 and -30 W/m2, re-
spectively. Because these aerosols can absorb radiation,
the atmospheric heating rates are increased, and as
shown in Fig. 7 the largest heating rates are found to
be 3.9 K and 1.7 K. These results imply that the stron-
gest cooling occurs at the surface, and that the strong
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warming occurs in the atmosphere because of absorb-
ing aerosol loading (e.g., Li et al., 2010; Lee et al.,
2007). In addition, a large amount of incoming solar
radiation is trapped inside the aerosol layer, and this
is a significant source of heating to the atmosphere. It
is well known that ARF can substantially alter atmos-
pheric stability and influence the dynamic system (Li
et al., 2010; Niu et al., 2010). 

5. CONCLUSIONS

The MRL is able to estimate vertically inhomogene-
ous aerosol loadings with their optical and microphy-
sical properties. A recently developed radiative pro-
perty calculation coupled with a multi-wavelength in-
version technique is able to deliver ARF and atmosph-
eric heating rate profile data. Integrated data process-
ing of MRL measured data and RTM modeled data was
performed in Gwangju, Korea. From the case study,
the aerosol layers with different vertical profiles of
extinction coefficients, LR, refractive index, reff, and
SSA were characterized, with accompanying increases
in the extinction coefficients but different absorbing
levels. The drop in ARF associated with increased
aerosol loadings is explained by the fact that aerosol
particles under 2 km can result in the reflection of in-
coming solar radiation and atmospheric heating by
light absorption. 

Finally, we conclude that the MRL-derived products
and the methods presented here are useful in under-
standing both the vertical structure and the radiative
process relating to aerosols, and as such are useful for
performing estimations of local-scale air quality and
the climate system. 
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