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HIGHLIGHTS

e Aerosol aspect ratio (AR) was obtained from observations and numerical simulations.
¢ Aerosol nonsphericity varied by season with a pronounced maximum in the spring.
o The retrieved aerosol ARs ranged from 1.00 to 1.30 and peaked at about 1.06.

o AR parameterization provided a better shape input for aerosol optical modeling.

e Depolarization ratio decreased with increasing precipitable water in summer.

ARTICLE INFO ABSTRACT

ATH'C{E history: Aerosol nonsphericity, which is not well depicted in model calculations, seriously affects aerosol optical

Received 8 February 2015 properties and subsequently alters the radiative forcing of the earth—atmosphere system. Based on

g‘jc‘i“’;‘é]‘;‘ revised form aerosol backscattering linear depolarization ratio data observed by a polarization lidar at the Semi-Arid
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Climate and Environment Observatory of Lanzhou University (SACOL) from September 2009 to August
2012 and numerical computations, the spatial and temporal distribution of the aerosol depolarization
ratio, parameterization of the derived aspect ratio and influence of water vapor on aerosol nonsphericity
were investigated. Aerosol nonsphericity varied considerably by season, with a pronounced maximum in
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Aerosol nonsphericity the spring, when more nonspherlcal aero.sols. were t.ransported upward to the free troposphere; more-
SACOL over, the column-averaged lidar depolarization ratios were 0.13, 0.09, 0.08 and 0.10 for the spring,
Lidar summer, autumn and winter, respectively. The derived aerosol aspect ratio, a simplified parameter that
Depolarization ratio describes the particle nonsphericity, ranged from 1.00 to 1.30 and peaked at approximately 1.06. A
Aspect ratio modified log-normal function, which was fitted to the frequency distribution of the derived aspect ratios,
Precipitable water yielded a log-normal distribution parameterization for this parameter and provided a better shape input

for the aerosol optical modeling. The monthly averaged aspect ratios reached a maximum of 1.13 during
the spring and a minimum of 1.04 in autumn. The depolarization ratios decreased significantly with
column-integrated increasing precipitable water in summer when there was sufficient precipitable
water.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction system by scattering and absorbing solar radiation and by
absorbing and emitting infrared radiation. They alter the optical

Aerosols are a primary component of the atmosphere and properties and lifetime of clouds and the fraction of cloud cover by
directly affect the radiative budget of the earth—atmosphere acting as cloud condensation nuclei or ice nuclei (Rosenfeld et al.,
2014). In addition, they play a role in atmospheric heterogeneous

interactions (Kolb and Worsnop, 2012). However, both direct

radiative forcing and radiative forcing induced through aero-
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indicated by the fifth assessment report of the Intergovernmental
Panel on Climate Change (IPCC), the effective radiative forcing of
the former ranges from —0.95 to +0.05 Wm 2, whereas that of the
latter ranges from —1.2 to 0.0 Wm~2 (Myhre et al., 2013). Thus,
further research should combine field observations, laboratory
studies of aerosol chemistry and physical properties, and model
simulations in order to better understand the role that aerosols play
in the earth—atmosphere system (Prather et al., 2008).

The shape of aerosols is a key factor that affects their optical
properties and radiative effects (Dubovik et al., 2006; Adachi and
Buseck, 2015). Although the assumption of a simplified spherical
shape allows for the calculation of aerosol optical and radiative
properties by the Lorenz—Mie theory (Wiscombe, 1980; Ricchiazzi
et al., 1998), mineral dust (Kandler et al., 2009), dry sea salt
(Chamaillard et al., 2003) and aggregated soot particles (Li et al.,
2003) always exhibit complex and apparent nonspherical shapes.
The impact of the particle shape on single scattering optical prop-
erties, such as the asymmetry parameter and single scattering al-
bedo, may be small (Yang et al., 2007; Otto et al., 2011), but it is
larger on polarimetric optical properties (Miiller et al., 2010, 2012).
Thus, for nonspherical conditions, the assumption of a simplified
spherical shape will cause large differences in optical property
calculations (Lenoble et al., 2013) and great uncertainties in radi-
ative forcing simulations (Kahnert et al, 2007; Yi et al.,, 2011).
Nevertheless, the current aerosol models cannot include global
aerosol shape inputs due to the lack of a global data set for atmo-
spheric aerosol characteristics, especially for nonspherical aerosols
such as dust (Durant et al., 2009). Neglecting particle nonsphericity
may underestimate the aerosol optical depth (AOD) by as much as
20% when the AOD is greater than 1 (Feng et al., 2009). Recent
research indicates that adding a nonspherical parameter in the
aerosol clustering process leads to a 16% change in the total
reflectance and up to a 100% change in the polarized reflectance at
the top of the atmosphere (Chen et al., 2015).

The aspect ratio (AR) and lidar backscattering depolarization
ratio are two prime parameters that represent the nonsphericity of
particles. There are two commonly used definitions for the lidar
backscattering depolarization ratio: the linear and circular back-
scattering depolarization ratios that can be obtained from obser-
vations by different lidar systems. The aspect ratio of a spheroid is
defined as the ratio between the major and the minor axes
(Mishchenko and Travis, 1998). Aerosol aspect ratios can be ob-
tained by electron-microscope observations (Okada et al., 2001;
Reid et al., 2003; Chou et al., 2008) or by the optical retrieval
approach. The measured aspect ratio originates primarily from dry
particles, which is the main limitation of electron-microscope ob-
servations (Kandler et al., 2011; Titos et al., 2014). Though Saharan
dust particles are always hydrophobic (Kaaden et al., 2009), aerosol
hygroscopicity heavily influences the aerosol optical properties of
other particle types. The scattering enhancement factors are up to
2.2 and 1.8 for marine and anthropogenic aerosols when the rela-
tive humidity is 80% (Titos et al., 2014). Water-soluble deliques-
cence particles, such as NaCl and(NH4),S04, exist as crystalline
solids with high depolarization ratios below the efflorescence point
and exist as solution droplets with low depolarization ratios above
the deliquescence point. These particles gradually change phase
according to the relative humidity between the efflorescence and
deliquescence points (Tang and Munkelwitz, 1994; Sakai et al.,
2000); thus, the particle depolarization ratio decreases with
increasing water vapor in the atmosphere.

Aspect ratios measured at a low relative humidity differ greatly
from those measured at ambient atmospheric conditions and
therefore cannot be used directly to assess the radiative budget of
the earth—atmosphere system (Zieger et al., 2013). Optical retrieval
of the aerosol aspect ratio is based on observed optical parameters

under ambient conditions. Kocifaj et al. (2008) simultaneously
measured the phase function and extinction coefficient near the
ground and interpreted the two parameters in terms of the surface
distribution function and mean effective aspect ratio for aerosol
particles and, thus, arrived at the aerosol aspect ratio with a
retrieval approach. The advantage of the optical retrieval approach,
despite its approximation and simplification, lies in the fact that it
deals with real aerosol particles that exist in ambient atmospheric
conditions.

The T-matrix is an efficient approach to study the optical
properties of rotationally symmetric, nonspherical (for example,
spheroid) particles (Liou, 2002). This approach was initially intro-
duced by Waterman (1971) and was then developed by
Mishchenko and Travis (1998); it is now widely applied in the field
of light scattering and related fields (Mishchenko et al., 2014). As an
example, Wiegner et al. (2009) simulated Saharan dust aerosols by
applying the T-matrix approach. To reduce the computation time,
kernel look-up tables created by Dubovik et al. (2006) were used to
retrieve the aerosol aspect ratios in this research.

Aerosol nonsphericity over SACOL was investigated based on
observations from a depolarization lidar, a sun photometer, and a
simulation of T-matrix and an improved geometric optics approach.
Section 2 introduces the data and methodology. The spatial and
temporal distributions of the aerosol depolarization ratio are dis-
cussed in section 3. The frequency distribution of the derived
aerosol aspect ratio and its parameterization are presented in
section 4.1. The annual variation of the aerosol nonsphericity is
presented in section 4.2, and the influence of water vapor on the
aerosol nonsphericity is discussed in section 5.

2. Data and methodology
2.1. Observation site

The Semi-Arid Climate and Environment Observatory of Lanz-
hou University (SACOL, 35.946° N, 104.137° E, and 1965.8 m ASL) is
located in the semi-arid region of the Loess Plateau in northwest
China, approximately 48 km from the center of Lanzhou City
(Huang et al., 2008a). Because SACOL is located in the downstream
region of the Taklamakan and Gobi deserts (Huang et al., 2008b), it
is always affected by desert dust, especially in the spring (Ling et al.,
2014). Aerosols over SACOL exhibited their relatively strongest
scattering (with the largest real part of the refractive indices) and
weakest absorption (with the lowest imaginary part of the refrac-
tive indices) during the spring (Bi et al., 2011). More detailed in-
formation is provided in the literature by Huang et al. (2008a).

SACOL is an international research observatory that consists of a
large set of advanced instruments. It is a member of the Aerosol
Robotic Network (AERONET) (Holben et al., 1998), NASA Micro-
Pulse Lidar Network (MPLNET), Asian Dust and aerosol lidar
observation Network (AD-Net), and the China Lidar Network (CLN).
Observational and inversion data from an L2S-SM polarization lidar
(Shimizu et al., 2004) and a sun photometer were used in this
research.

2.2. Sun photometer data

The raw data collected using the sun photometer over SACOL
were processed by the AERONET program (Dubovik and King,
2000), which yielded a set of aerosol optical and microphysical
parameters that included AOD, size distribution, refractive indices
(real part Ryer and imaginary part Iry), effective radius (ref), single
scattering albedo (SSA), fine mode fraction (FMF), surface albedo at
different wavelengths and so on. Precipitable water, the total water
vapor in the column, was retrieved from the observation at the
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935 nm channel of the sun photometer. It was used to analyze the
influence of water vapor on the aerosol nonsphericity (Section 5).

The cloud-screened and quality-assured level 2.0 product from
AERONET from September 2009 to August 2012 was utilized in this
research. To coordinate with the sun photometer and lidar data,
parameters at 440 nm and 675 nm wavelengths were linearly
interpolated to yield those at 532 nm. The volume size distribution
and the refractive indices serve as input parameters for the nu-
merical calculations.

2.3. Lidar data and preprocessing

The dual-wavelength depolarization lidar data from September
2009 to August 2012, comprising 833 complete observation days,
were utilized in this research. The lidar was designed to acquire
vertical profiles of the aerosol backscattering intensity at 532 nm
and 1064 nm and the backscattering linear depolarization ratio at
532 nm. The backscattering linear depolarization ratio djpeqr is
defined as

Olinear =PL(7F)/PH(7F)7 (1)

where P () and P|(w) are the measured perpendicular and parallel
backscatter intensities, respectively. The depolarization ratio for
spherical particles is 0, and nonspherical aerosols have higher
linear depolarization ratios.

The vertical resolution of the L2S-SM lidar is 6 m, and it acquires
one vertical profile every 15 min. Because lidar signals are always
contaminated by sunlight, dark-current noise and thermal noise
from the optical system, the lidar data were denoised by using an
automatic denoising method (Tian et al., 2014). Multiple scattering
effect in our lidar observations was ignored, because multiple
scattering from aerosol particles should be taken into account only
for a space-borne lidar geometry (very large observed volume) and
particles with effective radii larger than 3 um (Wandinger et al.,
2010). To match the lidar data with the sun photometer data, we
selected two lidar profiles with times that were closest to those of
the specified sun photometer data, obtaining 642 pairs of matched
lidar and sun photometer data.

The signal-to-noise ratio (SNR) of the depolarization ratio
increased with increasing height. Though the overlap of the tele-
scope was compensated below 600 m (Shimizu et al., 2004), lidar
signals near the surface showed considerable instability. Therefore,
each lidar profile was averaged from 0.12 to 8.0 km above the
ground with SNR greater than 1 to derive the column-averaged
depolarization ratio dgveraged:

8.0 8.0
6averaged = / 6(h)dh/ / dh7 (2)
0.12 0.12

where h is the vertical height and d(h) is the corresponding depo-
larization ratio.

The normalized frequency distribution (NFD) of the depolari-
zation ratio was defined to clearly depict the characteristics of
aerosol depolarization ratio. The depolarization ratio value, ranging
from O to 0.5, was divided into 50 bins, and the heights were also
divided by a vertical resolution of 6 m. The frequency distribution
(FD(6, h)) is defined as a function of depolarization ratio and the
vertical height:

FD(5,h) = count(6; < 6 < 61,h = hj), (3)

where §; is the depolarization ratio in the ith depolarization ratio

bin, hj is the height in the jth height bin, and FD(é, h) is the depo-
larization ratio count confined to the ith depolarization ratio bin
and jth height bin. The frequency distribution (FD(é, h)) was then
normalized by its maximum value (max(FD)) to obtain the
normalized frequency distribution (NFD(, h)):

NFD(5, h) = FD(8, h)/max(FD). (4)

2.4. Numerical computation of aerosol nonsphericity

T-matrix is a basic method to represent particle nonsphericity.
Mishchenko and Travis (1998) discussed in detail the application of
the T-matrix approach, including its capabilities and limitations.

The outputs of the T-matrix code include the extinction and
scattering cross sections and the scattering matrix. The dimen-
sionless scattering matrix for randomly oriented, rotationally
symmetric, independently nonspherical scattering particles is
defined as follows (Mishchenko et al., 2002):

ai(6) bq(6) 0 0

| bi(8) @@ 0 0

FO=1"0" 0" a6) byo) |
0 0 -byo) a0

(5)

where f is the scattering angle with the laser propagating direction
set to # = 0 and the backscattering direction set to § = w. The
backscattering linear depolarization ratio is derived as follows
(Mishchenko and Hovenier, 1995):

Sjinear = [a1(m) + az(m)])/[ay(m) — az(m)]. (6)

We obtained the simulated depolarization ratio (dsimuiated) With
equation (6). The depolarization ratio increased monotonically
with an increase of the aspect ratio, and this was especially true
when the aspect ratio ranged from 1.00 to 2.00 (Fig. 1).

In numerical computations, however, the T-matrix method is
not applicable to large particles with extreme aspect ratios (i.e.,
largely elongated or oblated spheroids) because of numerical
instability. Specifically, for small and moderate size parameters, the
T-matrix method (Mishchenko and Travis, 1998) was used, whereas
the improved geometric optics method (Yang and Liou, 1996) was
used for large size parameters (Dubovik et al., 2006; Yang et al,,
2007; Ge et al, 2011). Look-up tables are simulated in the
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Fig. 1. T-matrix simulated depolarization ratio as a function of aspect ratio. The nu-
merical calculations were conducted with an aspect ratio step of 0.01 from 1.00 to 3.00,
with the input parameters effective radius (Req) and refractive indices (real part Ry
and imaginary part I) set to the average values of the AERONET products and the
standard deviation (o) set to 0.1.
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numerical integration of spheroid optical properties over size and
shape (Dubovik et al., 2006) for reducing the computation time.
Such look-up tables and the software package from Dubovik et al.
(2006) were used in the forward numerical computations in this
research (Fig. 2).

The retrieval of the aspect ratio is summarized in the flowchart
in Fig. 2. The volume aerosol size distribution and refractive indices
provided by AERONET serve as inputs to the numerical computa-
tions. We used the lognormal function to generate axial ratio dis-
tributions similar to those in the literature (Dubovik et al., 2006).
Such axial ratio distributions with an equal presence of prolate and
oblate spheroids with the same aspect ratios were used to run the
forward calculations. The output scattering matrix was used to
calculate the simulated depolarization ratio (equation (6)). The
integral averaging of the axial ratio distribution was set to the
derived aerosol aspect ratio (ARgy) when the simulated depolari-
zation ratio (Osimulated) Most closely matched the column-averaged
lidar depolarization ratio (0gpserved). The numerical computations
were conducted by a 0.01 step of the integral averaging of the axial
ratio distribution from 1.00 to 3.00.

3. Aerosol depolarization ratio from the lidar observations

As depicted in Fig. 3 (a), the aerosol depolarization ratio
generally decreased with increasing height. The average depolari-
zation ratio profile of each season was greater than 0.10 near the
ground, and it decreased to less than 0.04 at a height of 6 km. The
relatively slow decrease of the depolarization ratio from 1 to 2 km
was due to the inhibition of vertical mixing by the boundary layer
top. The depolarization ratio profile in the spring (MAM in Fig. 3 (a))
had the largest value. The depolarization ratio profiles in the
summer and autumn similarly decreased with increasing height,
and there was little difference in their values within the boundary
layer. Because of the strong thermodynamics in the summer, more
nonspherical aerosols were transported to higher altitudes;
therefore, the depolarization ratio at the free troposphere in the
summer was higher than that in the autumn.

The column-averaged depolarization ratio in the spring, which
is the season with the greatest dust loading, was obviously higher
than that in the other seasons (Fig. 3 (b)). It had a similar frequency
distribution in the summer and autumn. The averages of the
column-averaged depolarization ratio in the spring, summer,
autumn, and winter were 0.13, 0.09, 0.08, and 0.10, respectively.

The normalized frequency distribution (NFD) of the lidar-
observed depolarization ratios from September 2009 to August
2012, which comprised 833 complete observation days, is pre-
sented in Fig. 4. The NFD of depolarization ratios is described by
three main characteristics: (1) the maximum NFD decreased with

Size Distribution

Modeling

Refractive Index
Tables

Axial Distribution

LI

increasing height, indicating that nonspherical aerosols were
generated at the surface and that the sphericity decreased as
aerosols were transported upward; (2) the small NFD near zero at
the bottom—left corner of each season was due to highly
nonspherical aerosols with high depolarization ratios within the
atmospheric boundary layer; and (3) the top-right corner of each
season, where the depolarization ratios were greater than 0.3,
represents clouds.

The spring season experienced a much larger NFD range of
values greater than 0.4 (green, yellow and red in Fig. 5) than in the
other seasons; this indicates that more nonspherical aerosols were
transported upward to the free troposphere during the spring. The
smallest range of NFD value greater than 0.4, which occurred in the
autumn, was due to the smallest amount of nonspherical aerosols
in this season. Small-value NFD ranges (the bottom—left corner)
existed in all seasons.

4. Derived aerosol aspect ratios from numerical
computations

4.1. Parameterization of the derived aerosol aspect ratios

The 642 matched pairs of sun photometer and lidar data from
September 2009 to August 2012 were utilized to retrieve the
aerosol aspect ratios, as shown in the flowchart in Fig. 2. The
derived aspect ratios ranged from 1.00 to 1.30 and were much lower
than the results from the electron-microscopic single-particle an-
alyses (Okada et al., 2001; Reid et al., 2003; Chou et al., 2008;
Kandler et al., 2011). The frequency distribution is similar to a
log-normal distribution and peaked at approximately 1.06 (Fig. 6),
which was lower than that found by Kocifaj et al. (2008). This was
because Kocifaj et al. (2008) researched aerosol aspect ratios just
near the ground, while in this research, the total column-averaged
atmospheric aerosols were considered. The results of Kocifaj et al.
(2008) showed that more than 80% of Viennese aerosols had
aspect ratios less than 1.4 and that all the aspect ratios were less
than 2.0. Even Asian dust can be simulated with a mean aspect ratio
of 1.25 (Huang et al., 2015).

The frequency distribution of the derived aspect ratios was
parameterized by a modified log-normal distribution function
(Kandler et al., 2009):

h(AR) = M)T , (7)

1
\/ﬂa(ARl)eXp[_i( p

where AR is the derived aspect ratio and h(AR) is the power density
as a function of the derived aspect ratio. Because the current aerosol
models, especially the dust-cycle models, cannot depict aerosol
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Fig. 2. Flowchart for aspect ratio retrieval based on optical observations and numerical simulation.
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Fig. 6. Frequency distribution and probability density function of the derived aspect
ratios. The vertical step line depicts the frequency distribution of the retrieved aspect
ratios. The parameterized probability density function is depicted by the dashed line,
with distribution parameters ¢ = 0.4574 and u = —2.6939 (equation (7)).

shape very well (Durant et al., 2009), the derived aspect ratios
provided a better shape input for aerosol optical modeling.
Furthermore, unlike the aspect ratios measured by an electron-
microscope, the aspect ratios derived in this research were based
on optical observations of the ambient atmosphere and, thus, can
directly serve as model inputs. Because the column-averaging
smoothes the information of possibly more than one aerosol type
at different heights to a column value, this work is only valid to
some extent.

4.2. Annual variation of aerosol nonsphericity

The annual variations of some monthly averaged aerosol pa-
rameters are presented in Fig. 7. The monthly averaged depolari-
zation ratio and the derived aspect ratio reached their maximum
during the spring and minimum in autumn. The higher
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Table 1

SSA, imaginary part of the refractive indices and surface albedo in February calcu-
lated from available records from AERONET. Parameters without the subscript ‘2012’
represent the years 2010 and 2011.

Parameter SSA SSA2012 s Ief2012  Albedo  Albedozgq2
Avg. 0.92 0.84 0.006 0.019 0.15 0.70

Std. 0.03 0.03 0.004 0.006 0.01 0.24
Sample size 28 58 28 58 97 74

depolarization ratios and the derived aspect ratios during the
spring were caused by dry dust aerosols, while the smaller ones
were due to the moist, anthropogenic pollutants. A maximum of
depolarization ratios was also found at Nagoya in spring, when
aerosols were transported from the Asian continent (Sakai et al.,
2000).

Furthermore, the single scattering albedo (SSA) reached its
minimum of 0.86 in February. This SSA minimum was mainly
contributed by the extreme minimum SSA in February 2012
(Table 1) when the imaginary part of the refractive indices was very
large. The fine-mode fraction maximum and effective radius min-
imum also supported the conclusion that the SSA minimum in
February was caused by fine particles with extremely large ab-
sorptions. In fact, the surface albedo in February was much higher
in 2012 than that in 2010 and 2011 because there was more
snowfall in February 2012. And there was no dust event in February
2012 according to the weather records. The higher albedo increases
aerosol absorption because absorbing aerosols absorb not just the
downward solar radiation but also the reflected upward radiation
(Chul, 2012).

5. Influence of water vapor on aerosol nonsphericity

By modifying the shape and size distribution of the aerosols,
water vapor alters the aerosol optical properties (Titos et al., 2014).
Therefore, the variation of the column-averaged depolarization
ratio as a function of column-integrated atmospheric precipitable
water was investigated.
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Fig. 7. Annual variations of the aerosol parameters: (a) derived aspect ratio and depolarization ratio; (b) effective radius and single scattering albedo (SSA); (c) aerosol optical depth
(AOD) and fine-mode fraction (FMF); and (d) real and imaginary parts of the refractive indices.
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Precipitable water exhibited considerable seasonal variations
with a pronounced summer maximum and winter minimum. It
was mostly less than 0.5 cm in spring and reached 2.5 cm in
autumn. The depolarization ratio had an apparent dependency on
precipitable water in summer when there was sufficient precipi-
table water (Fig. 8). Sakai et al. (2000) studied the aerosol depo-
larization ratios in summer in the 2—4 km height region and noted
that high depolarization ratios were found only where the relative
humidity was less than 50% and the maximum of depolarization
ratios decreased with increasing relative humidity. They also found
low depolarization ratios with low water vapor during the winter,
which agrees with the result in this study.

The relationship between the aerosol depolarization ratio and
precipitable water was studied in detail. The depolarization ratio
significantly decreased with increasing precipitable water in sum-
mer, as illustrated in Fig. 9. The linear fitting results showed a
significant decreasing trend (Sig. = 0.000) of the depolarization
ratio with increasing precipitable water; moreover, the precipitable
water explained 80.8% of the variation in the averaged depolari-
zation ratio (R?> = 0.808) in summer when there was ample pre-
cipitable water. As explained in section 1, a decrease in aerosol
nonsphericity with increasing water vapor is a typical behavior of
hygroscopic growth. In the case studies of Granados-Munoz et al.
(2015), the lidar observed depolarization ratio decreased with
increasing relative humidity.

6. Conclusions

Aerosol shape is a major parameter that seriously affects aerosol
optical properties and radiative forcing. Aerosol nonsphericity was
investigated based on three years of depolarization lidar and sun
photometer observations over the Semi-Arid Climate and Envi-
ronment Observatory of Lanzhou University (SACOL) and numerical
computations. The main conclusions are summarized as follows:

(1) The aerosol depolarization ratios decreased with increasing
height. Aerosol nonsphericity exhibited considerable sea-
sonal variations with a pronounced maximum in spring,
when more nonspherical aerosols were transported upward
to the free troposphere. The column-averaged lidar depo-
larization ratios were 0.13, 0.09, 0.08, and 0.10 in the spring,
summer, autumn and winter, respectively.
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Fig. 8. The column-averaged aerosol depolarization ratio as a function of column-
integrated atmospheric precipitable water.
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Fig. 9. Relationship between the depolarization ratio and the precipitable water in
summer, with precipitable water divided into 15 bins, each spanning a width of 0.1 cm,
from 1.0 to 2.4 cm. The squares indicate averages, and the bars represent standard
deviation for each bin. The solid line is the linear fitting of the averaged depolarization
ratio.

(2) Aerosol aspect ratios were derived by combining the lidar-
observed depolarization ratios and numerical computa-
tions. The derived aspect ratios ranged from 1.00 to 1.30, and
the frequency distribution was akin to a log-normal distri-
bution that peaked at approximately 1.06. A modified log-
normal function was fitted to the frequency distribution of
the derived aspect ratios, thus yielding a log-normal distri-
bution parameterization of the derived aspect ratio with the
distribution parameters ¢ = 0.4574 and u = —2.6939. Unlike
the aspect ratios measured using an electron-microscope,
the aspect ratios derived in this research were based on
optical observations of the ambient atmosphere, which
provided a better shape input for aerosol optical modeling.
The results in this work are only valid to some extent because
the column-averaging smoothes the information of possibly
more than one aerosol type at different heights to a column
value.

(3) When the precipitable water was quite small, there was no
obvious dependency between the aerosol depolarization
ratio and precipitable water. However, in summer, when
there was sufficient precipitable water, there was a signifi-
cant decreasing trend of the depolarization ratio with
increasing precipitable water. Moreover, the precipitable
water explained 80.8% of the variation in the averaged de-
polarization ratio (R*> = 0.808) in summer.
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