Extinction-to-backscatter ratio of Asian dust observed
with high-spectral-resolution lidar and Raman lidar

Zhaoyan Liu, Nobuo Sugimoto, and Toshiyuki Murayama

Extinction-to-backscatter ratio or lidar ratio is a key parameter in the issue of backscatter-lidar inver-
sions. The lidar ratio of Asian dust was observed with a high-spectral-resolution lidar and a combined
Raman elastic-backscatter lidar during the springs of 1998 and 1999. The measured values range from
42 to 55 sr in most cases, with a mean of 51 sr. These values are significantly larger than those predicted
by the Mie computations that incorporate measured Asian dust size distributions and a range of refrac-
tive index with a typical value of 1.55-0.005;. The enhancement of lidar ratio is mostly due to the
nonsphericity of dust particles, as indicated by the T-matrix calculations for spheroid particles and a
number of other theoretical studies. In addition, possible contamination of urban aerosols may also
contribute somewhat in optically thin cases. Mie theory, although it can well describe spherical particle
scattering, will not be sufficient to represent the scattering characteristics of irregular particles such as
Asian dust, especially in directions larger than approximately 90°,when the size parameter is large.
© 2002 Optical Society of America

OCIS codes: 010.3640, 010.1110, 010.1310, 290.1310, 290.5850, 280.3640.

1. Introduction

Extinction-to-backscatter ratio or lidar ratio is a key
parameter in backscatter-lidar inversions. The li-
dar ratio is required to retrieve the extinction and
backscatter coefficients of aerosols and clouds.l-3
Methods of lidar-ratio retrieval from backscatter-
lidar observation itself as well as extinction and back-
scatter coefficients have been studied.*-¢ These
methods, however, require additional constraints,
and as a result their applications are limited to some
specific atmospheric conditions. For example, Ray-
leigh scattering signals from molecules at both sides
of target clouds are required in the transmittance
method to determine cloud transmittance to con-
strain the inversion.>¢ The two-wavelength method
requires two-wavelength lidar observations and the
similarity of backscatter profiles at two lidar wave-
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lengths as an additional constraint.# In practice, li-
dar observations may cover a large range of different
atmospheric conditions, and for most cases the lidar
ratio has to be estimated in lidar data analyses.
This is especially true for spaceborne lidars that can
provide global observations of aerosols and clouds.?8
Observational studies are therefore required to es-
tablish a climatology of the lidar ratio for an im-
proved lidar-ratio estimation.

A high-spectral-resolution lidar (HSRL)® or a com-
bined Raman elastic-backscatter lidar® can provide
direct observations of the lidar ratio of atmospheric
aerosols. An HSRL separates the particulate scat-
tering signal from aerosols or clouds and the Rayleigh
scattering signal from atmospheric molecules by
means of a narrow-spectral-bandwidth rejection fil-
ter. It takes advantage of the fact that molecules
have much greater Brownian motion than particles
do, and thus backscattered light from molecules is
significantly spectrum broadened around the original
laser wavelength. Particulate extinction, backscat-
ter coefficients, and consequently particulate lidar
ratio can be retrieved with these two scattering sig-
nals. A combined Raman elastic-backscatter lidar
obtains the same information utilizing molecular Ra-
man scattering.

We developed an HSRL by using an iodine absorp-
tion filter and a second-harmonic injection-seeded
Nd:YAG laser at the National Institute for Environ-
mental Studies (NIES)!! and a combined Raman



elastic-backscatter lidar at the Tokyo University of
Mercantile Marine (TUMM).12 In this paper, we re-
port observations of Asian dust (yellow sand) aerosols
with the HSRL at the NIES in Tsukuba (36°05’'N,
140°12'E) and the combined Raman elastic-
backscatter lidar at TUMM in Tokyo (35°40’'N,
139°47'E) during the campaigns of the Asian Dust
Observation Network!? in 1998 and 1999.

Asian dust originating in desert areas of East
Asia is a significant phenomenon in the spring sea-
son (briefly from March to May). Dust storms of-
ten cause aerosol events well beyond the Asian
continent; they can even reach the Hawaiian Is-
lands and North America after a long transport
over the North Pacific Ocean.1415 Because of the
large emissions,6:17 Asian dust may have a signif-
icant effect on the atmospheric radiation budget on
a global scale. A notable feature of desert dust is
nonsphericity, or irregular shape of the particles.
An irregular particle has scattering properties that
are considerably different from an equivalent sphere,
with equal surface or volume and the same refractive
index, as demonstrated by a number of laboratory
experiments,’8-22 field measurements,2325 and
semiempirical and rigorous theories.26-29 Mie the-
ory, which can well describe scattering of a spherical
particle, is in general inadequate for the representa-
tion of the scattering characteristics of irregular par-
ticles, even if the input size distribution and
refractive index are correct. This is especially true
for backward scattering when the size parameter is
larger than approximately 4. The lidar ratio may be
enhanced owing to the nonsphericity of dust parti-
cles. For example, the lidar ratio calculated by
Mishchenko et al.29 for randomly oriented polydis-
perse spheroids can be 3 times larger than that pre-
dicted by the Mie calculation for surface-equivalent
spheres with the same size distribution and refrac-
tive index.

There are only a few reported measurements of the
lidar ratio of dust particles. The instruments used
in these studies, e.g., nephelometers and backscatter-
sondes, do not measure backscatter at 180° and
single-scattering albedo directly, which are required
to determine lidar ratio.2425 As a result, the Mie-
theory-based model or a semiempirical model that
treats irregular particle scattering had to be em-
ployed to derive lidar ratios. Recently, a backscsat-
ter nephelometer was improved greatly in capability
to detect near-backscatter (178°) and applied to
aerosol-lidar ratio measurements combined with an
instrument that measures light absorption.3® Ob-
servations with these in situ instruments, however,
still suffer from the fact that the measurements are
performed after the aerosol is dried, and a part of
large particles are lost owing to limitations of the
inlet system. Hence, direct measurements of
aerosol-lidar ratio with a straightforward method
such as HSRL and/or Raman lidar are needed to
validate these previous observational and theoretical
studies and to contribute to an establishment of the
required lidar-ratio climatology.

2. Lidar Systems

A. National Institute for Environmental Studies
High-Spectral-Resolution Lidar

The NIES HSRL system uses an injection-seeded,
pulsed Nd:YAG laser with frequency-doubled output
at 532 nm and an iodine vapor absorption cell.l!
This lidar has two detection channels. One channel
detects return signals directly, and the other detects
return signals through the iodine cell. The cell
works as a narrow-spectral-band rejection filter to
remove the particulate scattering component from
aerosols and clouds in lidar return signals. The la-
ser wavelength is tunable over a range wider than 20
GHz, which covers three iodine absorption lines,
1109, 1110, and 1111. When the laser wavelength is
tuned to the center of an absorption line, the spec-
trally narrow particulate scattering component is ab-
sorbed in the iodine cell. On the other hand, the
molecular scattering component that has a widely
Doppler-broadened spectrum can transmit partially
through the iodine cell. Thus only the molecular
component is detected in this channel. In the second
channel, both the particulate and the molecular com-
ponents are detected.

From these two channel signals, particulate- and
molecular-scattering signals can be determined.
The particulate backscatter coefficient is derived sim-
ply from the ratio of particulate and molecular sig-
nals, with a reference molecular-scattering profile
that can be calculated from local temperature and
pressure data. The particulate extinction coefficient
can be retrieved from the molecular signal, which
contains the particulate extinction term as well as
molecular-backscattering and extinction terms. A
detailed description of the HSRL method is given in
our previous paper.!!

Observations of Asian dust with this HSRL began
in 1998. A depolarization measurement function was
added in April 1999. A depolarization of the backscat-
tered signals can be caused by the nonsphericity of
particles. The total depolarization ratio is defined
as the ratio of the perpendicular component to the
parallel component of the backscattered signal. The
particulate depolarization ratio (PDR) and the molec-
ular depolarization ratio (MDR) refer to the scatter-
ing by aerosol particles and by molecules,
respectively. PDR is a useful indicator of nonsphe-
ricity for the identification of ice clouds3! and dust
layers.1232  PDR can be derived from observed total-
to-Rayleigh backscatter ratio (BR) and TDR by the
following equation:

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

PDR =
(1)

MDR can be found in the literature,?® and MDR =
0.014 was used in this work.
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Fig. 1. Example of simultaneously observed BR and PDR at (a)
NIES and (b) TUMM on the night of 1 May 1999.

B. Tokyo University of Mercantile Marine Lidar

The TUMM lidar is a three-receiver system.2 Two
receivers with different fields of view are used to
measure the elastic scattering signals at 532 nm from
near field and far field. Both receivers can also pro-
vide the observation of aerosol-depolarization ratios.
The third is a multipurpose receiver that can be used
optionally to detect Raman scattering signals from
nitrogen molecules N, and/or water vapor molecules
H,O.

With a combined observation of elastic backscat-
tering and N, Raman scattering, particulate back-
scatter and extinction coefficients can be measured
independently, and consequently particulate lidar ra-
tio can be determined. The retrieval method is sim-
ilar to that for HSRL, except that molecular Raman
scattering is used instead of molecular Rayleigh scat-
tering. The method was described in detail by Ans-
mann et al.8 A combined Raman elastic-backscatter
lidar is simplistic, compared with an HSRL from a
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Fig. 2. Retrieved lidar ratios for the lower dust layer shown in
Fig. 1, along with BRs for comparison.

hardware point of view. However, it is more difficult
to attain sufficient statistics, because the Raman
scattering cross section is much smaller than that of
molecular Rayleigh scattering. The correction that
is due to the difference between the laser wavelength
(5632 nm) and Raman-shifted wavelength (607 nm) is
made exactly for molecular extinction and approxi-
mately for aerosol extinction with an Angstrom ex-
ponent obtained from Sun-photometer measurements.
Errors in derived-extinction coefficients due to the
incomplete correction for aerosol scattering are neg-
ligibly small compared with the large statistical er-
rors of the Raman lidar signals.

3. Experiment

During the 1998 and 1999 campaigns of the Asian
Dust Observation Network, a number of huge dust
storms were generated in the deserts of China and
Mongolia. In most cases, the dust events were ob-
served with lidars in Japan for several days after the



Table 1.

Lidar Ratio Measured with the NIES HSRL

Height Backscatter Ratio Lidar Ratio
Date Time (km) Peak:Mean (st)
18 March 1998 20:17-21:57 3-10.5 2.6:1.9 73 +12¢
(8-10.5 km)
31 March 1998 18:34-20:24 ?7-6.5 2.4:1.9 43 = 4°
(3.5-6.5 km)
19 April 1998 21:51-22:51 ?7-6.5 5.0:2.3 55 + 10°
(2.5-6 km)
20 April 1996 20:45-22:45 1.6-3 2.5:2.1 45 + 13°
(2.5-3 km)
1 March 1999 23:07-00:38 3-5 5.2:3.4 49 * 7.6°
(3.1-4.5 km)
1 May 1999 19:48-21:54 3.9-5.1 3.37:2.57 42 + 4.7°
5.9-10.3 1.38:1.29 (4-5 km)

“Height resolution is equal to the analyzed dust layer.
®Height resolution is 300 m.

storms. Sky radiometers and optical particle
counters also measured greatly increased large-size
particles.

Figure 1 shows an example of simultaneously ob-
served BR and PDR at NIES (a) and TUMM (b) on the
night of 1 May 1999. A sliding window with a length
of 300 m and 420 m, respectively, was used to smooth
the HSRL data and combined Raman lidar data to
improve signal-to-noise ratio. A similar structure
was observed with two lidars. Dust layers at ap-
proximately 4—5- and 6—-10-km heights can be iden-
tified clearly from observed PDRs (dotted curves),
where the value of PDR is larger than 10%. An
aerosol layer below approximately 4 km can also be
seen in observed BRs (solid curves), however, the
lower value of DR indicates that this layer mostly
consists of spherical particles.

Figure 2 shows retrieved lidar ratios for the lower
dust layer in Fig. 1 as well as BRs. Because the
retrieval of lidar ratio of optically thin aerosols is very
sensitive to noise, we were not able to derive mean-
ingful results for the upper dust layers. The lidar
ratio of the lower layer was derived as a function of
the height from both lidars. The profiles of lidar
ratio are similar. To compare the lidar ratio values
at the two sites, we averaged lidar ratios over the
height of the dust layer. The height-averaged value
is 42 * 4.7 sr (4-5 km) at NIES and 43 = 6.3 sr
(4.2—4.6 k) at TUMM. The standard deviations
reflect both noise and possible variations in true lidar
ratio with height. The results from the two mea-
surements agree very well. This kind of comparison
is useful for validating the measurement methods
and observed results. However, there was only one
case that could be used for intercomparison, because
the TUMM lidar was not operated frequently to mea-
sure lidar ratio during the 1998 and 1999 campaigns
but is accumulating similar data for subsequent cam-
paigns.

Lidar ratio was derived with HSRL selectively for
heavy dust events. Table 1 lists observation date,
time over which lidar profiles were averaged, height
of dust layers, peak and mean of total-to-Rayleigh

backscatter ratio, and lidar ratio. All of the data in
Table 1 were taken at night. The daytime observa-
tion was not possible, because we used a photon-
counting system. Only the 1 May 1999 case was
performed with the polarization measurement. For
the other cases, the elevated dust layers were iden-
tified from the TUMM lidar-polarization measure-
ment. The height of the lower boundaries of dust
layers was not determined clearly in some cases
where the depolarization measurement was not con-
ducted, and there were lower local aerosols at the
NIES lidar site. The lidar ratio was retrieved with a
range resolution of 300 m. The value of the lidar
ratio given in Table 1 was averaged within the dust
layer. The standard deviation was calculated from
derived lidar ratios at different heights within the
dust layer. It contains noise and actual change of
lidar ratio along the path of laser beam in the layer.
For optically thin dust layers with a low signal-to-
noise ratio, i.e., 18 March 1998 and 31 March 1998
cases, a larger range resolution equal to the thickness
of dust layers was used to improve the retrieval. In
this case, the standard deviation reflects mainly the
noise effect.

4. Comparisons and Discussions

Lidar ratio of atmospheric aerosols can span, in
general, over 1 order of magnitude from approxi-
mately 10 to 100 sr. Its value is, as predicted by
Mie calculations3* small for coarse-particle-
dominated maritime and desert aerosols and large
for fine-particle-dominated continental aerosols.
A typical value for desert dust is approximately 20
sr at 532 nm. However, our findings of height-
averaged lidar ratio of Asian dusts in this study are
mostly within 42-55 sr, with an exceptionally large
case of 73 sr as listed in Table 1. These findings are
much larger than the predicted typical value, sug-
gesting a significant enhancement in Asian dust
lidar ratio.

We also conducted Mie analyses for comparison.
Volume size distributions shown in Fig. 3(a) have
been used. These size distributions were derived
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Fig. 3. (a) Average of volume size distributions obtained with sky
radiometers at Tokyo, Tsukuba, Okayama, and Sapporo on 19-21
April 1998, along with distributions for Tokyo and Tsukuba and
curve-fitted multimode log-normal models of these distributions.
(b) Phase functions computed with Mie theory for equivalent
spheres and the T-matrix code for randomly oriented oblate and
prolate spheroids with the average size distribution in (a) and a
typical refractive index of m = 1.55-0.005; for two long-to-short
dimension ratios of e = 1.4 and 1.7. Lower values of phase function
at 180 ° for the spheroids than that for the equivalent spheres show
the enhancement in lidar ratio of irregular particles [see Eq. (3)].

with sky radiometers in Japan for a heavy Asian dust
event that originated near the Gobi desert, was de-
livered to Japan, and lasted for few days in April
1998.13  Figure 3(a) presents the average of size dis-
tributions measured at the Tsukuba, Tokyo,
Okayama, and Sapporo sites on 19-21 April 1998,
along with the size distributions at the Tsukuba and
Tokyo sites, as well as curve-fitted multimode log-
normal models of these distributions. Similar bi-
modal structures are seen for coarse particles at most
sites. The result is consistent with a previous obser-
vational study of Asian dusts in Japan.3> A distinc-
tive fine mode centered near 0.2 pm is seen in the
distribution for Tsukuba. Such a remarkable fine
mode, however, was not found at other sites, which
suggests that this fine mode originates from another
local source. Such a mode is characteristic of an
urban polluted atmosphere.3¢ In practice, the fine-
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mode particles could be mixed partially in the dust
layer in very small amounts. This is supported by
our depolarization measurement: The generally
high value of measured depolarization ratios within
dust layers indicates a low mixing of these fine-mode
aerosols. Furthermore, sky radiometers only pro-
vide integrated information of the size distribution of
total particles from the ground to the top of the at-
mosphere. From these facts, we can reasonably con-
clude that a volume size distribution dominated by a
coarse mode such as the averaged one in Fig. 3(a) is
typical for heavy Asian dust events.

A value of m = 1.55—-0.005:24 has been employed as
representative for refractive index. In fact, a value
of approximately 0.0047 of imaginary part at 532 nm
was observed recently on the basis of an absorption
measurement of soil particles sampled at Chinese
desert area.3” The same value of the real part of
1.55 along with observed values of the imaginary part
in the visible region are used in the modeling of Asian
dust aerosols for satellite radiance studies.3” A
slightly different value of m = 1.53—0.0063: has been
employed in previous Mie computations for mineral
particles.3* The typical value of refractive index in
our calculation is therefore reasonable, though the
true value may vary with location and/or dust
events.

The computed phase function for volume-equal
spherical particles with Mie theory with the averaged
size distribution and m = 1.55-0.005i is presented in
Fig. 3(b), along with those computed for spheroid par-
ticles, which will be described later in this paper.
They have been normalized with

;J'ﬂ sin(0) P(0)d6 = 1. @)

0

Here P is the phase function; 0 is the scattering angle.
The lidar ratio can be calculated with the following
relation:

_ Extinction 4 3)
 Backscatter ®P(180°)’

where P(180°) is the value of phase function at the
scattering angle of 180 . w is the single-scattering
albedo and is given by

f“ CoaPn(r)dr f Cans(PIn(r)dr

0 0

o= =1- . @
f Coexi(r)n(r)dr f Coexi(r)n(r)dr

0 0

Here C,,(r), C,4(r), and C.,(r) are the nondisperse
particle scattering, absorption, and extinction coeffi-
cients for a given radius r. They are all obtained
from the computations along with phase functions.
n(r) is the number size distribution function of par-
ticles and can be derived from the volume size distri-
bution, as shown in Fig. 3(a). The calculated lidar



Table 2. Lidar Ratios Computed by Means of Mie Theory and T-Matrix Method*

Lidar ratio [sr]

Sphere Spheroid
Size m, = 1.55, m; = 0.005, m, = 1.55, Oblate (e = 1.4)  Oblate (1.7)  Prolate (1.4)  Prolate (1.7)
distribution m; = 0.006 m, = 1.50-1.60 m; = 0.001-0.010 m = 1.55-0.005i
Tokyo 19.3 28.6-13.4 14.5-25.3 23.4 36.9 325 51.2
Tsukuba 274 38.4-20.0 21.4-34.7 34.0 49.7 41.8 59.3
Average 17.9 27.3-12.1 13.3-23.7 21.7 35.5 30.5 50.7

“e, the long-to-short dimention ratio; m: the complex infractive index; m,: the real part of the complex refractive index; m;: the imaginary

part.

ratio is 17.9 sr for the average size distribution and
19.3 and 27.4 sr for the distribution for Tokyo and
Tsukuba, respectively. The relatively large value
for Tsukuba is due to the fine mode in the size dis-
tribution for Tsukuba. Our computations showed
that a higher mixing ratio of the fine mode can cause
a larger lidar ratio, with a maximum of 45.5 sr.
Hence, a significant contamination by the fine-mode
particles can cause large lidar ratios for optically thin
dust layers. However, for most measured lidar ra-
tios in this paper, the contributions of fine modes are
not significant, because most of the analyzed dust
layers in this paper are optically thick.

To see the possible effect of refractive index on
lidar-ratio prediction, we conducted Mie calculations
with the size distributions in Fig. 3(a) for two cases of
changing refractive index. Case 1 is with a fixed
imaginary part of 0.005 and a varying real part of
1.50-1.60, whereas case 2 is with a fixed real part of
1.55 and a varying imaginary part of 0.001-0.01. All
lidar ratios computed in this paper are listed in Table
2. The lidar ratio for the average size distribution is
approximately 12-27 and 13-24 sr, respectively, for
case 1 and case 2. It is shown that ether a smaller real
part or a larger imaginary part can result in a higher
lidar ratio. For a more accurate computation of li-
dar ratios, exact values of both the real and imagi-
nary parts are required. Nevertheless, comparisons
of the observed values with these Mie results still
suggest the lidar-ratio enhancement of Asian dust.

This enhancement is mostly due to the irregular
shape or the nonsphericity of Asian dust particles,
although for some cases the dust layer might be pol-
luted with fine-mode particles, which tend to cause
larger lidar ratios. A previous observation of an
Asian dust event showed that the particle long-to-
short dimension ratio e can be as large as 2.5 (Ref.38).
To study the effect of dust particle nonsphericity, we
have computed phase functions, as shown in Fig. 3(b),
for randomly oriented single-shape spheroids using
the T-matrix code3® with the same size distributions
and typical refractive index, as in our Mie calcula-
tions. Two typical values of e = 1.4 and 1.7 were
assumed for both oblate and prolate spheroids. As
seen in Fig. 3(b), although the spheroid phase func-
tions have a more complex structure in backward
directions that are larger than approximately 90°,

they all have a smaller value at 180° than that for the
equivalent spheres. This suppression in backscat-
tering that is due to the nonsphericity causes the
enhancement in lidar ratios. Our computations
showed that the nonsphericity does not cause signif-
icant difference in the single-scattering albedo from
equivalent spheres. Values of the resulting lidar ra-
tio are also given in Table 2. They can be as large as
approximately 3 times those for the equivalent
spheres.

Note, however, that the lidar ratio also depends on
the particle shape distribution. In fact, the particle
shape of Asian dust particles is very complex, with a
broad distribution of .38 As a result, the real phase
function of Asian dust may differ greatly from that
predicted for single-shape particles. We can demon-
strate this difference simply by averaging these
phase functions for oblate and prolate particles.
The averaged phase function is also presented in Fig.
3(b). It has a structure simpler than that of single-
shape phase functions. Nevertheless, such a study
with T-matrix is very useful in understanding the
role of the nonsphericity in dust particle scattering.

It should also be noted that, beside particle non-
sphericity, particle size and refractive index also play
an important role in the particle scattering as dis-
cussed above. Liu et al.#® demonstrated that parti-
cle size, refractive index, and particle shape can
produce a similar optical effect. Nakajima et al.24
have also shown that effects on the light scattering of
irregular particles and absorbing spheres can be sim-
ilar. Large lidar ratios of continental aerosols due to
the small sizes3° or high absorption! have been re-
ported. In fact, the exceptionally high value of 73 sr
measured on 18 March 1998 in this study is likely due
to a combined effect of the dust particle nonsphericity
and the contamination of fine-mode particles and/or
some high-absorption particles. In this case, the
dust layer is optically thin, and therefore the contri-
bution of fine-mode particles may be significant. In
addition, the size of dust particles ascending to the
high troposphere (8—10.5 km) may be itself relatively
small and consequently cause larger lidar ratio. All
of these observation studies support the theoretical
predictions quite well.

The published studies of the measurements of lidar
ratio of desert dust are few. Nakajima et al.2* re-
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ported measurements of Asian dust events with a
polar nephelometer at Nagasaki. Although the
polar nephelometer could not provide direct measure-
ments of phase functions at 180 and single-
scattering albedo, which are required for determining
lidar ratio [refer to Eq. (3)], with the aid of the
semiempirical theory for irregular particles by Pol-
lack and Cuzzi 26 they derived lidar ratios of Asian
dusts. Their values range from 49 to 87 sr at 500
nm, which is much larger than their computed value
for the volume-equivalent spheres. They pointed
out that the suppression of backscattering induced by
the particle nonsphericity is the reason for lidar-ratio
enhancement. They also demonstrated that, mea-
sured phase functions of dust particles can be fitted
by either the semiempirical theory or Mie theory with
a large fictitious value of refractive index, showing
some similarity between the light scattering by irreg-
ular particles and the absorbing particles.

Rosen et al.25 reported a measurement method of
lidar ratio using a nephelometer and a backscatter-
sonde. They measured lidar-ratio values of 41.6 sr
at 490 nm and 32.2 sr at 700 nm with one standard
deviation of 20% for near-surface particles after a
modest dust storm in New Mexico. The researchers
reported, however, that no apparent lidar-ratio en-
hancement was found when compared with their Mie
computation results. This may be due partially to
the smaller particle sizes. The large-mode geomet-
ric mean radius of the size distributions associated
with their measurements is approximately 0.3 pm,
yielding a size parameter smaller than 5, which is the
critical value for distinctive nonspherical effects.
Waggoner et al.42 carried out measurements of aero-
sols at a 15-m height in urban Seattle using a more
direct method with a lidar and a nephelometer.
They derived a high scatter-to-backscatter ratio of
84 = 11 sr. The value of lidar ratio is possibly
larger than 84 sr if aerosol absorption is considered.
Waggoner et al. also indicated the large observed
value is probably due to the irregular shape of aero-
sol particles.

Both theories and measurements have indicated
that Mie theory is inadequate to describe light scat-
tering of irregular particles when the size parameter
is large. The measurement of Asian dust with the
HSRL and combined Raman lidar in this paper pro-
vides evidence of the lidar-ratio enhancement of
Asian dust particles owing to the nonsphericity of
irregular particles.

5. Conclusions

An observation study of lidar ratio of Asian dust
events in 1998 and 1999 with an HSRL in Tsukuba
and a combined Raman elastic-backscatter lidar in
Tokyo has been reported in this paper. The mea-
sured height-averaged values of lidar ratio ranged
mostly from 42 to 55 sr, with a relatively large case of
73 sr. These values have a mean of 51 sr.
Comparisons with the Mie computed values of lidar
ratio for volume-equivalent spherical particles indi-
cated that observed values are significantly en-
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hanced. This enhancement is caused mostly by the
nonsphericity of dust particles. A computation
study with the T-matrix method for the angular scat-
tering of randomly oriented oblate and prolate sphe-
roids also suggested an enhancement in the lidar
ratio of irregular particles, as predicted by a large
number of other theoretical studies. It was revealed
that Mie theory is inadequate to describe the light
scattering of irregular particles such as Asian dust in
backward directions.

The present study provided a direct measurement
of the lidar ratio of Asian dust with lidars that is
useful in the validation of previous theoretical and
experimental studies. Such a study is also needed to
establish the climatology of aerosol-lidar ratios. Be-
cause of the complexity of the size and shape distri-
bution of dust particles, further observations of lidar
ratio of dust aerosols are required.

The combined Raman elastic-backscatter lidar re-
search at TUMM was supported by Core Research for
Evolutional Science and Technology of Japan Science
and Technology. We gratefully acknowledge Mi-
chael Mishchenko and Peter Voelger for their valu-
able help with the T-matrix calculation, Hajime
Fukushima for the useful discussion on modeling
Asian dust aerosols, and Ali Omar for his comments
and help during the preparation of the manuscript.
The reviewers’ invaluable comments are also greatly
acknowledged.
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