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For a vertical profile with three distinct layers (marine bound-
ary, pollution, and dust layers), observed during the ACE-Asia
campaign, we carried out a comparison between the modeled lidar
ratio vertical profile and that obtained from co-located airborne
NASA AATS-14 sunphotometer and shipborne Micro-Pulse Lidar
(MPL) measurements. The vertically resolved lidar ratio was cal-
culated from two size distribution vertical profiles—one obtained
by inversion of sunphotometer-derived extinction spectra, and one
measured in-situ—combined with the same refractive index model
based on aerosol chemical composition. The aerosol model implies
single scattering albedos of 0.78–0.81 and 0.93–0.96 at 0.523 μm
(the wavelength of the lidar measurements), in the pollution and
dust layers, respectively. The lidar ratios calculated from the two
size distribution profiles agree closely in the dust layer; they are
however, significantly lower than the lidar ratios derived from
combined lidar and sunphotometer measurements. Uncertainties
in aerosol size distributions and refractive index only partly ex-
plain these differences, suggesting that particle nonsphericity in
this layer is an additional explanation. In the pollution layer, the
two size distribution profiles yield lidar ratios that agree within the
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estimated uncertainties. The retrieved size distributions result in
a lidar ratio which is in closer agreement with that derived from
lidar/sunphotometer measurements in this layer, with still large
differences at certain altitudes (the largest relative difference was
46%). We explain these differences by non-uniqueness of the result
of the size distribution retrieval, by a lack of information on the
mixing state of particles, and the vertical variability of the particle
refractive index.

1. INTRODUCTION
Radiative forcing caused by aerosols is one of the major un-

certainties in estimating the Earth’s radiation budget (Intergov-
ernmental Panel on Climate Change (IPCC), 2001). The impact
of aerosols on climate is controlled by aerosol optical properties,
such as optical thickness, single scattering albedo and asymme-
try parameter. These quantities can be derived from measure-
ments, or evaluated from the available information on aerosol
size distribution, shape, chemical composition and mixing state.
Comparative studies of different measurement methods, as well
as measured and modeled aerosol optical properties, are useful
in efforts to improve our understanding of the role of aerosols
in radiative transfer. Such studies are referred to as closure stud-
ies, and are one of major focuses of the ACE-Asia campaign
(Huebert et al. 2003) and previous aerosol characterization ex-
periments, such as ACE 1 (Bates et al. 1998), ACE 2 (Russell
and Heintzenberg 2000), TARFOX (Russell et al. 1999), and
LACE 98 (Ansmann et al. 2002).

The lidar ratio, or extinction-to-backscatter ratio, is an es-
sential parameter for retrieving quantitative aerosol information
from backscatter lidars. While independent measurements of
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232 M. KUZMANOSKI ET AL.

extinction and backscattering coefficient vertical profiles can
be obtained by Raman lidar (Ansmann et al. 1990, 1992) and
high-spectral resolution lidar (Shipley et al. 1983; Grund and
Eloranta 1990), obtaining the extinction coefficient from elas-
tic backscatter lidar measurements requires a priori knowledge
of the lidar ratio. This property can be obtained by combining
backscatter lidar measurements with information on layer op-
tical thickness, derived from coincident radiometer or sunpho-
tometer measurements (Welton et al. 2000), or from slant-path
lidar measurements (Spinhirne et al. 1980; Powell et al. 2000).
McGill et al. (2003) employed the transmission loss method to
determine the lidar ratio of a cloud or an elevated aerosol layer
located between two clean layers directly from Cloud Physics
Lidar data. Schmid et al. (2003) combined airborne sunpho-
tometer and shipborne lidar measurements to derive the vertical
profile of the lidar ratio needed to yield close agreement be-
tween the lidar-derived and sunphotometer-derived vertical pro-
files of aerosol extinction. The lidar ratio can also be estimated
from aerosol size distributions (measured in-situ, or retrieved
from aerosol optical properties) and a suitable refractive index
model.

In the present work, a comparison of the modeled vertical pro-
file of lidar ratio, with the one derived by Schmid et al. (2003)
from co-located airborne sunphotometer and shipborne lidar
measurements (the implied lidar ratio), is carried out. Previous
studies on comparisons of lidar measurements with calculations
from in-situ measured size distributions concentrated mainly on
minimizing the differences between the modeled and measured
extinction and backscattering, in order to find the real part of
the refractive index and the single scattering albedo (Redemann
et al. 1998, 2000; Ferrare et al. 1998), or used information on
aerosol chemical composition in order to derive the mixing state
(Fiebig et al. 2002). Some studies focused on comparison of di-
rectly measured lidar ratio and that derived from aerosol size
distributions, using Mie theory (Liu et al. 2002; Masonis et al.
2003). The lidar ratio can also be predicted from information
on wavelength dependence of aerosol extinction, using aerosol
size distribution retrieval as an intermediate step. Rajeev and
Parameswaran (1998) employed the size distribution retrieval
method of King et al. (1978) in an iterative algorithm for ana-
lyzing multi-wavelength lidar signal to obtain vertical profiles
of aerosol extinction spectra and size distributions. They derived
vertical profiles of extinction spectra from lidar measurements,
using an assumed lidar ratio; in the next iteration they used a
new lidar ratio estimate calculated from the size distributions
retrieved from the extinction spectra. A similar approach, which
involves size distribution retrieval, is used here as a means of
comparing airborne sunphotometer with lidar measurements.
We compare lidar ratios modeled using size distributions re-
trieved from sunphotometer-derived aerosol extinction spectra,
with those obtained from combined sunphotometer and lidar
measurements.

Focusing on the aerosol profile observed on April 17, 2001 as
part of the ACE-Asia campaign, and studied in Part I for aerosol

size distributions (Kuzmanoski et al. 2006), we compare lidar ra-
tios calculated from two size distribution profiles—one retrieved
from sunphotometer-derived extinction, and one measured in-
situ—in three distinct layers observed on this day. The refractive
index model used is based on the analysis of aerosol chemical
composition. Modeled lidar ratios are compared with the one
derived from co-located airborne sunphotometer and shipbased
backscatter lidar measurements. While aerosol extinction is sen-
sitive mainly to aerosol size distribution and the real part of the
refractive index, lidar ratio also shows sensitivity to the imagi-
nary part of the refractive index, mixing state, and shape of the
particles, because of the dependence of the backscattering coeffi-
cient on these particle properties. Thus, comparison of modeled
and measured values of lidar ratio is convenient for testing the
validity of the aerosol model for use in estimating other aerosol
properties.

2. MEASUREMENTS
Measurements relevant for this work were carried out aboard

the CIRPAS Twin Otter aircraft (Bane et al. 2004). The de-
tails about aerosol optical depth and size distribution measure-
ments are given by Schmid et al. (2003) and Wang et al. (2002),
respectively. In brief, aerosol optical depth was measured at
13 wavelengths, in the wavelength range from 0.354 μm to
1.558 μm, using the 14-channel NASA Ames Airborne Sun-
tracking Sunphotometer (AATS-14). Schmid et al. (2003) dif-
ferentiated aerosol optical depths measured in vertical profiles
to obtain aerosol extinction. In the present work, the aerosol ex-
tinction spectra are used for the retrieval of the vertical profile
of aerosol size distribution. At the same time size distribution
measurements were made using a combination of a Differen-
tial Mobility Analyzer (DMA) System, for measurements in the
0.015–1.0 μm particle diameter range, and an Aerodynamic Par-
ticle Sizer (APS) for the 0.5–10 μm diameter range (Wang et al.
2002).

For aerosol chemical composition measurements, 8 Micro-
Orifice Uniform Deposit Impactors (MOUDI) and 3 denuder
samplers operated aboard the Twin Otter aircraft (Wang et al.
2002). Although each MOUDI had 5 stages, only one of them
(collecting particles with diameters up to 3μm) was in operation.
The collected samples were analyzed for metallic elements, and
water-soluble anionic species, while the denuder samplers were
used for analyzing organic carbon (OC) and elemental carbon
(EC). A Tandem DMA was used for measurement of aerosol
hygroscopic properties.

The Micro-Pulse Lidar (MPL) (Spinhirne et al. 1995) is an
eye-safe single channel backscatter lidar at 0.523 μm. NASA op-
erates a network of these instruments called MPLNET (Welton
et al. 2001), co-located with AERONET sun/sky photome-
ters (Holben et al. 1998). During ACE-Asia, MPL measure-
ments were conducted aboard the NOAA ship R/V Ronald H.
Brown to determine the vertical profile of aerosol extinction.
Analysis of backscatter lidar data requires knowledge of the
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AEROSOL PROPERTIES FROM AIRCRAFT OBSERVATIONS 233

FIG. 1. (left) Vertical profile of aerosol extinction at different wavelengths, derived from sunphotometer measurements on April 17 (Schmid et al. 2003). (middle)

Vertical profiles of the lidar ratio derived from sunphotometer/lidar measurements (implied lidar ratio) (Schmid et al. 2003), and the lidar ratios calculated from
the retrieved and in-situ measured size distributions. The error bars in the lidar ratios modeled from the measured size distributions are due to uncertainties in size
distributions and real part of refractive index. (right) The lidar ratio modeled profiles which correspond to single scattering albedo values of 0.88 and 0.98 in the
boundary layer, 0.88 and 0.94 in the pollution layer, and 0.92 and 0.96 in the dust layer.

extinction-to-backscatter ratio (lidar ratio) to generate extinc-
tion profiles. MPLNET standard procedure uses column aerosol
optical depth from co-located ground-based photometers to con-
strain the lidar solution and calculate a layer averaged lidar
ratio.

Three Twin Otter vertical profiles during the ACE-Asia cam-
paign coincided with the lidar measurements aboard the R/V
Ronald H. Brown. Schmid et al. (2003) utilized a modified li-
dar solution to obtain a vertical profile of the lidar ratio using
the aerosol optical depth profile from AATS-14. They call this
profile the implied lidar ratio. Here we calculate two new lidar
ratio profiles using both the in-situ measured, and AATS-14 re-
trieved, size distributions and compare them to the implied lidar
ratio profile. We concentrate on the April 17, 2001 profile for
which we are able to derive the aerosol refractive index values
from the airborne chemical measurements. On this day, the air-
craft flew a vertical profile from 0.09 to 3.43 km, south of Jeju
island, Korea, near the coast (33◦N, 128◦E). The left panel of
Figure 1 shows the extinction profile derived by Schmid et al.
(2003) from the sunphotometer measurements, and boundaries
between three distinct layers observed: marine boundary, pollu-
tion, and dust layer, all with different particle physical and chem-
ical characteristics. The backtrajectory analysis showed that the
pollution layer originated from mainland China (Wang et al.
2002).

The formula used in this paper for calculation of the lidar
ratio is:

S = 4π

ω0 · p(180◦)
. [1]

Here, ω0 is the single scattering albedo, and p(180◦) is the phase
function in the backscattering direction, with normalization:

1

2

∫ π

0
p(θ ) sin θdθ = 1 [2]

3. AEROSOL MODEL
As noted previously, we obtained the size distribution vertical

profiles from the in-situ measurements, using DMA and APS,
and by inversion of sunphotometer-derived extinction spectra.
DMA and APS measured size distributions in the particle di-
ameter range 0.015–10.0 μm, at several altitudes within each
layer. Uncertainties in the measured size distributions, in differ-
ent size ranges, are given in Table 1. The data used here were
adjusted to ambient relative humidity (RH). In-situ measure-
ments of size distributions at particle diameters Dp < 0.5 μm

TABLE 1
Uncertainties in in-situ measured aerosol size distributions

(Wang et al. 2002) (note that these uncertainties do not include
uncertainties associated with adjustment to ambient RH)

Particle Uncertainty in Uncertainty in
diameter particle size concentration

range measurements measurements

Dp < 0.5 μm ±5% ±10%
0.5 μm < Dp < 5000 nm ±10% ±20%
Dp >5000 nm ±10% ±50%
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234 M. KUZMANOSKI ET AL.

were carried out using a DMA system. The RH inside the DMA
was maintained the same as the ambient RH, by adding the ap-
propriate amount of water vapor to compensate for ram heating.
The uncertainty associated with the adjustment to ambient RH
is negligible in the particle size range of DMA measurements.
For larger particle sizes, at which the measurements were taken
using an APS, the adjustment to ambient RH was calculated by
Wang et al. (2002) using the measured chemical composition
and differences between APS RH and ambient RH.

The size distribution retrievals from measured extinction
spectra were carried out with a vertical resolution of ∼40–50
m, using the constrained linear inversion method (King et al.
1978). Because of the non-uniqueness of the retrieved size dis-
tributions (King et al. 1978, 1982), instead of estimating their
uncertainties, we carried out analysis similar to that reported
by Gonzalez Jorge and Ogren (1996) to estimate the quality of
modeled optical properties based on these size distributions; for
that purpose we compared the optical properties calculated from
the size distributions used for generating extinction spectra, and
the corresponding properties calculated from size distributions
retrieved from the generated extinctions. The details of this anal-
ysis are described later in this section.

Both the retrieved and measured size distribution profiles
were combined with the size-resolved refractive index (calcu-
lated by Wang et al. 2002) based on aerosol chemical compo-
sition measured in each layer, to calculate the single scattering
albedo and backscattering phase function. The chemical compo-
sition measurements in the boundary, pollution, and dust layers
were taken at the altitudes of 0.04, 1.38, and 2.81 km, respec-
tively. Wang et al. (2002) calculated the size-resolved refractive
index, assuming that the fine mode consisted of SO2−

4 , NO−
3 ,

NH+
4 , OC, and EC, while the coarse mode consisted of sea salt

and dust (this assumption was based on reported observations).
The details of determining the size boundary between the two
modes are discussed by Wang et al. (2002). They calculated the
refractive index values for each of the layers observed in the
profile, assuming that aerosols were internal mixtures of differ-
ent species, and using the Bruggeman mixing rule (Bruggeman
1935). The assumption of an internal mixture was justified by
the results of the Tandem DMA measurements, which revealed
that particles of the same dry size grew to similar sizes at high
RH. At a fixed RH value, the water uptake and aqueous phase
composition were calculated using ISSOROPIA (a thermody-
namic equilibrium model for multiphase multicomponent inor-
ganic aerosol) (Nenes et al. 1998), which uses the concentrations
of SO2–

4 , NO–
3 , NH+

4 , Na+, and Cl– as inputs. Since there was
no information on vertical variation of the refractive index, one
value was used here at all altitudes within each layer. While the
coarse mode particles in the boundary and dust layers were dom-
inated by one component (sea salt or dust), in the pollution layer
they were mixtures of the two components (with the dust/sea
salt mass fractions ∼30%/70%) (Wang et al. 2002). Since the
external mixture of dust and sea salt in the coarse mode is more
realistic than the internal mixture which was assumed in the size-

resolved refractive index model used here, the effect of particle
mixing state on calculated optical properties will be discussed
in Sections 4 and 5.

It should be noted that the size distribution retrievals were
carried out using a constant refractive index (not dependent on
particle size and wavelength), since this is how the inversion
code is set up. As shown in Part I, and also discussed by King
et al. (1978) and Gonzalez Jorge and Ogren (1996), this as-
sumption affects the resulting size distributions. This leads to
the conclusion that the retrieved size distributions, combined
with the size-resolved refractive index, do not necessarily re-
produce the spectral shape of the measured extinction. In order
to create an aerosol model consistent with the sunphotometer
measurements, the size distribution retrievals were repeated for
several different refractive index values, chosen from the range
of values at different particle sizes. In this way, the size dis-
tribution result which, along with the size resolved refractive
index, reproduces well the measured spectral dependence of the
extinction, was found.

In order to estimate the uncertainties in optical properties
modeled from the retrieved size distributions, we generated
aerosol extinction spectra in the AATS-14 spectral range (0.354–
1.558 μm) using bimodal lognormal size distributions with
modal radii (for surface area size distributions) of 0.08, 0.10,
and 0.12 μm for the fine mode, and 0.8, 1.0, and 1.2 μm for
the coarse mode, and modal widths 0.50 and 0.70 for these two
modes respectively. For each combination of fine and coarse
modes, their ratio was adjusted to obtain different wavelength
dependencies of aerosol extinction, similar to those obtained
from sunphotometer measurements in the studied case. The de-
pendencies were given by Ångström exponent values α (where
τext ∼ λ−α) of 0.1, 0.6, and 0.9. Using the constrained linear
inversion method, we retrieved size distributions (for different
particle radius ranges) from the generated extinction spectra,
and we calculated aerosol single scattering albedo and lidar ra-
tio from these size distributions. In this analysis, the refractive
index was assumed to be known, and the same for the two modes.
For a limited set of parameters (modal radii and Ångström ex-
ponents) typical for the pollution layer in this study, we repeated
the analysis using the assumption of different refractive indices
for the two modes.

As shown by Wang et al. (2002) and Kuzmanoski et al.
(2006), the two size distribution models yield similar spectral
dependencies of the aerosol extinction in the pollution and dust
layers. However, comparison of retrieved and layer-averaged
measured size distributions in these layers (Figures 2 and 3)
suggest that the retrieved distributions have larger concentra-
tions at both small and large particle ends in comparison with
the measured size distributions. Results of retrievals from layer
optical thicknesses (divided by the geometrical thickness of the
layer) are presented, rather than average size distributions re-
trieved from aerosol extinctions, as they are better constrained
due to less uncertainty in optical thickness than in extinction.
In the lower part of the boundary layer (at about 0.2 km), the
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FIG. 2. (top) Comparison of size distribution retrieved from the
sunphotometer-derived aerosol layer optical thickness spectrum, with the layer-
averaged in-situ measured size distribution in the pollution layer (Kuzmanoski
et al. 2006). (bottom) Corresponding extinction and backscattering contribution
functions R.

measured size distribution showed larger relative concentration
of fine mode particles than the size distributions retrieved from
the sunphotometer-derived aerosol extinction; this is consistent
with a stronger wavelength dependence of extinction calculated
from the measured size distribution, in comparison with those
derived from sunphotometer measurements at similar altitudes.
Wang et al. (2002) explained this by layer inhomogeneity (the
extinction is derived from the sunphotometer measurements us-
ing an assumption that the sunphotometer-to-sun path passes
through horizontally homogeneous layers). These differences
are, however, less pronounced in the upper part of the boundary
layer. The effect of the differences between the measured and
retrieved size distributions on corresponding modeled aerosol
optical properties (single scattering albedo and lidar ratio) are
discussed in Section 4.

4. AEROSOL OPTICAL PROPERTIES
The calculation of aerosol single scattering albedo

and backscattering phase function was carried out using

FIG. 3. (top) Comparison of size distribution retrieved from the
sunphotometer-derived layer aerosol optical thickness spectrum, with the layer-
averaged in-situ measured size distribution in the dust layer (Kuzmanoski
et al. 2006). (bottom) Corresponding extinction and backscattering contribu-
tion functions.

Mishchenko’s Mie code (Mishchenko et al. 1999; De Rooij and
Van der Stap 1984). Due to irregular shapes of dust particles
(Sokolik et al. 2001; Kalashnikova and Sokolik 2002, 2004),
the assumption of spherical particles in the dust layer may result
in erroneous modeled optical properties. Studies that investi-
gated the effect of this assumption on various calculated aerosol
properties (Mishchenko et al. 1997; Pilinis and Li 1998) show
that the optical thickness and single scattering albedo are not
significantly affected by the particle nonsphericity, while the
backscattering phase function at 180◦ is overestimated by use of
Mie theory in the case of nonspherical particles. The effect of
particle nonsphericity on modeled lidar ratio will be discussed
in Section 5.

4.1. Single Scattering Albedo
Both size distribution models (measured in-situ, and re-

trieved from sunphotometer measurements) yield similar sin-
gle scattering albedo values, with not much vertical variability
within each layer, as a result of its stronger dependence on the
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236 M. KUZMANOSKI ET AL.

refractive index than its dependence on the particle size. The
chemical composition analysis implied nonabsorbing particles
in the boundary layer (Wang et al. 2002), which resulted in
single scattering albedo values equal to 1.0. Single scattering
albedo values of 0.78–0.81 (λ = 0.523 μm) in the pollution
layer, and 0.93–0.96 in the dust layer, were found from both
size distribution profiles, as particles in these two layers were
absorbing due to the presence of elemental carbon in the ac-
cumulation mode, and dust in the coarse mode, respectively
(Wang et al. 2002). The largest difference between the single
scattering albedo values resulting from the two size distribution
models is ∼0.02 in these layers. The assumption of an external
mixture of sea salt and dust in the coarse mode was found to
have negligible effect on the modeled single scattering albedo.
The modeled single scattering albedo is not very sensitive to
expected variations in aerosol size distribution and the real part
of the refractive index (variations in single scattering albedo ob-
tained in our analysis were smaller than 0.02): it depends mainly
on the imaginary part of aerosol refractive index. The modeled
single scattering albedo in the pollution layer is significantly
lower than the values obtained from airborne and shipborne mea-
surements in polluted airmasses observed during the campaign,
and reported in several other studies. The average single scat-
tering albedo of the submicron particle mode in the pollution
layers, obtained from the in-situ measurements of particle scat-
tering and absorption aboard the NCAR C-130 aircraft during
the ACE-Asia campaign, was 0.88 ± 0.03 at 0.55 μm, at RH
below 40% (Anderson et al. 2003). Bergstrom et al. (2003) de-
termined wavelength-dependent single scattering albedo which
reproduces aerosol layer fractional absorption derived from So-
lar Spectral Flux Radiometer (SSFR) measurements aboard the
Twin Otter aircraft. For a layer influenced by pollution and dust,
observed on April 12, 2001, they reported a single scattering
albedo value of 0.90 ± 0.02 at 0.55 μm, with stronger wave-
length dependence than that of the single scattering albedo cal-
culated here for the pollution layer. Quinn et al. (2004) obtained
single scattering albedo values of 0.90–0.94 for polluted regions
at 55% RH, from in-situ measurements aboard the R/V Ronald
H. Brown during the ACE-Asia campaign. Markowicz et al.
(2003) reported single scattering albedos above 0.86 at 55% RH
for polluted airmasses. Carrico et al. (2003) obtained the single
scattering albedo as a function of RH: they used the humidograph
nephelometer method to determine dependence of aerosol scat-
tering coefficient on RH, and PSAP measurements of absorption
coefficient at 55% RH, and assumed that the change of absorp-
tion coefficient with RH is negligible. Their results showed that
in the polluted regions during the campaign the single scatter-
ing albedo increased from 0.91 to 0.96 for an increase in RH
from 40% to 85%. They also reported an average single scatter-
ing albedo of 0.94 ± 0.03 at ambient RH (71 ± 13%). While
bearing in mind that a single, highly polluted, aerosol profile is
studied here, and it could therefore display smaller single scatter-
ing albedo than average values during the campaign, it is useful
to discuss other possible reasons for these differences. Our anal-

ysis showed that lower values of imaginary part of the refractive
index, that would result in single scattering albedo in agreement
with the measurements described above (0.88–0.94), could be
explained by uncertainty in EC refractive index values found in
the literature: Wang et al. (2002) used the EC refractive index
value of 1.9 + 0.66 i, while a lower value of 1.74 + 0.45 i was
reported in the OPAC database (Hess et al. 1998). However, it
should also be noted that the large difference between our mod-
eled value of single scattering albedo and the values reported in
the literature could be a result of layer inhomogeneity, reported
by Wang et al. (2002): the aerosol model used here is based on
aerosol chemical composition measured at a single altitude, and
could therefore be non-representative for the entire pollution
layer.

The modeled single scattering albedo for the dust layer in
the present work (0.93–0.96 at λ = 0.523 μm) is in agreement
with shipborne and airborne in-situ measurements for dust cases:
Quinn et al. (2004) and Carrico et al. (2003) reported the average
single scattering albedo value of 0.94 ± 0.02 in dust airmasses
during ACE-Asia, and Anderson et al. (2003) reported 0.96 ±
0.01 for coarse mode dust particles.

The modeled single scattering albedo in the boundary layer
is at the upper limit of the values reported by Quinn et al. (2004)
(0.99 ± 0.01) for maritime aerosol at ambient RH. Note however
that this layer was also reported to be inhomogeneous (Wang
et al. 2002) and that there is no clear distinction between the
boundary and pollution layers in this profile: consequently, ap-
plication of one refractive index model in the entire layer could
result in incorrect modeled single scattering albedo. This possi-
bility will be further discussed in the Section 5.

4.2. Modeled Lidar Ratio
Vertically resolved lidar ratios modeled using the measured

and retrieved size distributions exhibit differences in the pollu-
tion and the lower part of the boundary layer, but agree well in
the dust layer and the upper part of the boundary layer (Fig-
ure 1). The discontinuities in the modeled lidar ratio profile at
the boundaries between the layers are a result of the change of
refractive index used in the calculations, and suggest that there
is a variability in this aerosol property with altitude within each
layer.

It is important to note that the very low lidar ratio values
in the dust layer are a result of the assumption of spherical
particles, used in the aerosol model, while low values in the
boundary layer are attributed to the layer inhomogeneity and
uncertainties in refractive index used in the model. Both these
effects will be discussed in more detail in Section 5. The lidar
ratio values calculated from the measured size distributions in
the pollution layer exhibit more vertical variability and gener-
ally larger values than those resulting from the retrieved size
distributions. The average calculated lidar ratio values in the
studied layers are given in Table 2. Since the same refractive in-
dex values were used in both models for calculation of the lidar
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TABLE 2
Aerosol size-dependent refractive indices based on aerosol chemical analysis (Wang et al. 2002), in three layers observed in the

vertical profile of April 17, and average lidar ratio values calculated from retrieved and measured size distributions.

Refractive index Modeled lidar ratio (sr)

Aerosol layer Real part Imaginary part Retrieved SD Measured SD

Dust layer 1.51–1.56 0–0.003 11.9 (6.1–24.8)∗ 10.4 (6.0–21.9)∗

Pollution layer 1.40–1.54 0.0003–0.046 39.5 (22.1–50.6)∗ 48.1 (22.4–61.2)∗

Boundary layer 1.53–1.54 0 14.1 (7.3–28.2)∗ 17.3 (7.6–17.2)∗

∗The range of values within the estimated uncertainties.

ratio, the different lidar ratios are a result of size distribution
differences.

In the lower part of the boundary layer, larger lidar ratio cal-
culated from the measured size distribution compared to those
resulting from the retrieved size distributions is consistent with
the larger relative concentration of fine mode particles, discussed
earlier. As noted by Liu et al. (2002), an increase in the relative
concentration of fine mode particles results in increased lidar
ratios. The difference between the size distributions could be
explained by inhomogeneity of this aerosol layer, which affects
sunphotometer-derived extinction (Wang et al. 2002). In the up-
per part of the layer, however, the difference between the mod-
eled lidar ratios is significantly smaller, and can be explained by
size distribution uncertainties.

For better understanding of the effect of the differences in
the size distributions on the computed lidar ratio values in the
pollution and dust layers, the relative contributions of particles in
different size ranges to extinction and backscattering coefficients
were calculated following Russell et al. (1981) and Reagan et al.
(1988):

Rext,bsc(r̃ ) =
∫ r̃

r1
πr2 Qext,bsc(r, λ, m)dr∫ r2

r1
πr2 Qext,bsc(r, λ, m)dr

[3]

Rext,bsc(r̃ ) is the relative contribution of the particles with radii
smaller than r̃ , to the extinction or backscattering due to all parti-
cles between lower and upper radius limits (r1 and r2) of the given
size distribution. The relative contributions calculated at λ =
0.523 μm for aerosol size distributions (layer-averaged in-situ
measured, and retrieved from layer optical thickness spectra) in
these two layers are shown in Figures 2 and 3.

Examining the differences between the retrieved and mea-
sured size distributions in the pollution layer, in parallel with the
corresponding contribution factors, reveals the following major
reason for the generally smaller lidar ratio resulting from the
retrieved size distributions. As noted earlier, in comparison with
the measured size distributions, the retrieved distributions have
larger concentrations at both small and large particle ends. The
contribution of these particles to the backscattering coefficient
is generally larger than their contribution to extinction, partic-
ularly at the large particle end, leading to a smaller lidar ratio.

The contribution factors shown in Figure 2 suggest that in the
pollution layer a difference between the modeled lidar ratios
is mainly due to overestimated concentration at the large par-
ticle end by the retrieval algorithm. In the dust layer, however,
the coarse mode is a significant contributor to both extinction
and backscattering coefficients (Figure 3), so that an increase in
backscattering is largely compensated by an increase in extinc-
tion, when calculating the lidar ratio.

5. COMPARISON OF THE MODELED LIDAR RATIO
WITH THAT DERIVED FROM THE
LIDAR/SUNPHOTOMETER MEASUREMENTS

The vertically resolved lidar ratio implied by the extinction
profile (Schmid et al. 2003) is also shown in Figure 1, for com-
parison with the modeled values. The uncertainties in the implied
lidar ratio were estimated considering the following sources of
error: sunphotometer-derived extinction data and aerosol opti-
cal depth data up to each altitude; normalized relative backscat-
ter; and the lidar constant needed to interpret the lidar data. As
mentioned before, the modeled lidar ratio is highly sensitive to
aerosol properties assumed in the model. Thus, comparison be-
tween the modeled lidar ratio and that derived from sunphotome-
ter/lidar measurements is useful to test the validity of the model.

Uncertainties in the modeled lidar ratios are summarized in
Table 3. As already noted, there was no information on vertical
variability of the refractive indices within the studied layers.
Sensitivity of the modeled lidar ratio to variations in the real
part of the refractive index was therefore examined by varying
this parameter by ±5%. In order to estimate the uncertainty in the
modeled lidar ratio due to the uncertainty in the imaginary part
of refractive index, we were guided by single scattering albedo
values (indicated in Table 3) derived from in-situ measurements
(Anderson et al. 2003; Markowicz et al. 2003; Carrico et al.
2003; Quinn et al. 2004), and Spectral Solar Flux Radiometer
(SSFR) measurements (Bergstrom et al. 2003). For that purpose
the imaginary part of refractive index was varied by a constant
percentage through the entire particle size range, to obtain the
desired single scattering albedo value.

We also examined the effect of variations of RH around the
average values for the layers studied (55%, 63%, and 49% in
the boundary, pollution and dust layers, respectively) on the
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modeled lidar ratio. Since the size distributions used in the model
were adjusted to ambient RH, the variations in RH would affect
the modeled optical properties through variations in the refrac-
tive index values used in the model. Using the information on
chemical compositions of fine and coarse particle modes in dif-
ferent layers (given by Wang et al. 2002) and refractive index
values of various aerosol components at a range of RH values
from the OPAC database (Hess et al. 1998), we estimated the
effect of the variations on modeled lidar ratio. An increase in
RH leads to a decrease in both the real and imaginary parts of
the refractive index. These changes have the opposite effects
on the calculated lidar ratio: a decrease in the real part leads
to an increase in lidar ratio, while a decrease in the imaginary
part leads to a decrease in lidar ratio. The estimated effect of
RH variation on modeled lidar ratio is therefore not large in the
pollution and dust layers: the resulting lidar ratio variations are
1.5–3.0 sr and ∼1.0 sr in these layers, respectively. The effect
in the boundary layer is larger (about 50%) at altitudes between
∼0.15 and 0.25 km, due to significant deviation of the RH from
the average value for this layer, and lack of absorption. In the
remaining part of this layer, the effect is similar to that in the
pollution and dust layers.

The error bars in the lidar ratios modeled from the measured
size distributions, shown in Figure 1 for better understanding of
the comparison between the modeled and implied lidar ratios, are
due to uncertainties in the size distributions (Wang et al. 2002)
and the real part of the refractive index. In Figure 1 we also
indicate a range of lidar ratio values calculated using imaginary
parts of refractive indices which yield single scattering albedos
in agreement with the measurements, for each size distribution
model. In the case of the boundary layer, we extend the range of
single scattering albedo values to 0.88 (the lower value for the
pollution layer), as no clear boundary between these two layers
is observed in the extinction profile. In the following text, we
discuss these comparisons in each layer separately.

Marine Boundary Layer
The implied lidar ratio has large values in the boundary layer

(larger than 50 sr in a significant part of the layer), whereas
the modeled values (using the measured size distributions and
those retrieved from sunphotometer-derived extinction spectra)
in this layer are generally smaller than the lidar ratios of mar-
itime aerosol reported in the literature. Cattrall et al. (2005)
obtained a value of 28 ± 5 sr at 0.55 μm for maritime aerosol,
from calculations based on over a thousand retrievals of aerosol
properties from selected AERONET (Holben et al. 1998) sites.
Masonis et al. (2003) reported a value of 25.4 ± 3.5 sr at
0.532 μm, obtained from measurements using an integrating
nephelometer, a Particle Soot Absorption Photometer (PSAP),
and a 180◦-backscatter nephelometer, under clean marine con-
ditions, for near-ambient RH. Using MPL/sunphotometer mea-
surements during the INDOEX campaign, Welton et al. (2002)
obtained a value of 33 ± 6 sr for marine aerosols without con-
tinental influence. Horizontal inhomogeneity of the layer, re-
ported by Wang et al. (2002), is a possible cause of low modeled

lidar ratio values in the present study. As mentioned earlier, it af-
fects the sunphotometer-derived extinctions, thus affecting both
the implied lidar ratio and the lidar ratio modeled using the size
distributions retrieved from the extinction spectra.

For another aerosol profile studied by Schmid et al. (2003)
(observed on April 6, 2001, at a location close to the location
of the measurements studied here), the implied lidar ratio ob-
tained following the same procedure exhibits lidar ratio values
of 25–35 sr, typical for maritime aerosol, thus excluding the
possibility of the inaccurate correction for the overlap effect
(an incomplete overlap between the laser beam and the receiver
field of view (Welton et al. 2002). This layer was more homo-
geneous. The corresponding sunphotometer-derived extinction
spectra display larger wavelength dependence than in the case
studied here (April 17), suggesting a larger relative contribution
of small particles. It should be noted that the wavelength de-
pendence of sunphotometer-derived aerosol extinction did not
show significant change with altitude. We computed the lidar
ratio values using aerosol size distributions retrieved from ex-
tinction spectra derived for this profile, and the refractive index
for the marine boundary layer in the profile of April 17. The
calculated lidar ratio for low altitudes (below ∼0.25 km) was
between 22 and 25 sr, in agreement with the implied lidar ratio
values at these altitudes. However, the implied lidar ratio in-
creased with altitude above ∼0.25 km, while the modeled lidar
ratio did not show significant change.

In this study, the refractive index model used for the marine
boundary layer in the April 17 case could be representative at
low altitudes, while not applicable at higher altitudes. It is likely
that particles at higher altitudes in the boundary layer studied
here are absorbing (note that there is no clear boundary between
the marine boundary and pollution layer). Lidar ratio profiles
corresponding to single scattering albedo values of 0.98 and
0.88 (Figure 1) show that a significant increase in lidar ratio
can be realized by substantially increasing aerosol absorption.
We conclude that the most probable reasons for the low mod-
eled lidar ratio values in the present work are uncertainties in
sunphotometer-derived extinction spectra caused by layer inho-
mogeneity, and lack of information on the vertical variability of
particle refractive index.

Pollution Layer
In the pollution layer, the lidar ratio values calculated from

the retrieved size distributions are closer to the implied values
than those calculated from the measured particle size distribu-
tions. However, in the case of the latter size distribution model,
combined uncertainties in size distributions and real part of re-
fractive index can explain these larger differences. The differ-
ences between the lidar ratios resulting from the retrieved size
distributions, and the implied lidar ratios at different altitudes in
this layer, range from 7% to 46%. Note that we do not consider
the part of the pollution layer above 1.9 km, due to unrealistically
large implied lidar ratio. These differences are within the uncer-
tainties of the implied lidar ratios at most altitudes. However,
the modeled lidar ratios systematically overestimate the implied
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lidar ratio in this layer. Analysis of the effect of the assumption
of internally mixed sea salt and dust in the coarse mode particles
revealed that it results in an overestimated lidar ratio modeled us-
ing the retrieved size distributions by 15–32%. A smaller effect
was obtained at lower altitudes, where the fine mode dominated
the particle size distribution. In the case of lidar ratio calculated
from the measured size distributions, the overestimation was
higher (32–44%). The assumption of an external mixture led to
closer agreement between the results of the two size distribu-
tion models, and a very good agreement between the modeled
and implied lidar ratios. We also examined other sources of un-
certainties in the modeled lidar ratio. The modeled lidar ratio
profiles for the cases with single scattering albedo values of
0.88 and 0.94 (Figure 1) show that uncertainty in the imaginary
part of the refractive index is significant enough to explain the
differences between the modeled and the implied lidar ratios.

As noted before, the size distributions retrieved from the spec-
tral dependence of aerosol optical properties are not unique.
Since our analysis showed that the size distribution retrieved
using the constrained linear inversion method overestimates the
lidar ratio (Table 3), it is of interest to compare this size distri-
bution with the range of distributions derived from combined
lidar measurements and the same extinction spectra. Therefore,
an attempt was made here to find the range of the bimodal log-
normal size distributions equivalent to those retrieved using the
constrained linear inversion method (in the sense that they re-
produce the measured extinction spectra), which also reproduce
the implied lidar ratio values within the estimated uncertainties.
For this purpose, a look-up-table (LUT) approach was used. In
order to generate the look-up-table, the aerosol optical properties
(extinction and scattering coefficients, and phase function in the
backward direction) were calculated for a range of lognormal
functions, using the same size-resolved refractive index which
was used in the previous calculations. The bimodal lognormal
size distribution function is defined as:

n(r ) =
2∑

i=1

N0i√
2πσi

exp

(
− (ln r − ln rmi )2

2σ 2
i

)
[4]

FIG. 4. Comparison of size distributions, derived using LUT and constrained linear inversion methods from the sunphotometer-derived extinction and corre-
sponding extinction spectra at the altitude h = 0.63 km.

where N0i is the total particle concentration, and rmi and σi

are the mode radius and width of the ith mode. The modal ra-
dius of the accumulation mode was varied between 0.04 μm
and 0.20 μm, in steps of 0.02 μm, while the modal radii of the
coarse mode were chosen in the range 0.25 to 1.30 μm, with
increments of 0.05 μm. The respective widths were varied in
the range 0.40–0.70 and 0.40–0.90, for the accumulation and
coarse mode, in steps of 0.05. While this range of parameters
for the accumulation mode is made to include the values result-
ing from size distribution retrievals using the non-linear least
squares method in Part I, in the case of the coarse mode, larger
values had to be considered in order to enhance the backscat-
tering coefficient. The fine and coarse lognormal modes were
then combined in order to find the size distributions such that
the calculated optical properties agree with the sunphotometer
measurements and the implied lidar ratio within the uncertain-
ties. For all combinations of fine and coarse modes from the
look-up-table, the following quantities were calculated:

εext =
√√√√ 1

13

13∑
i=1

(
σ meas

ext (λ) − σ calc
ext (λ)

σ meas
ext (λ)

)2

[5]

and


S =
∣∣Simplied − Scalc

∣∣
Simplied

[6]

Here, σ meas
ext, (λ) and σ calc

ext, (λ) are measured and calculated aerosol
extinction coefficients at wavelength λ, while Simplied and Scalc

are the implied and calculated lidar ratios.
For this analysis, we used sunphotometer-derived extinction

spectra and implied lidar ratios at lower altitudes in the pol-
lution layer, where the effect of the assumption of an internal
mixture of sea salt and dust is less significant (because of the
dominant fine particle mode). By requiring that the retrieved size
distributions yield aerosol extinction and lidar ratios in agree-
ment with sunphotometer and lidar measurements within givenD
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uncertainties, multiple solutions were obtained. However, in all
cases, the solutions were grouped around a single combination
of parameter values. The final solution was found from min-
imizing the sum of squares of the two residual quantities de-
fined by Equations (5) and (6). These size distributions exhibit a
wide coarse mode, since the larger particles need to be included
to increase the backscattering, and consequently decrease the
lidar ratio. At all altitudes considered, the smaller lidar ratio
produced by the LUT-derived size distributions is achieved by
large values of the coarse mode radius and width. A typical case
is shown in Figure 4, for the altitude h = 0.63 km, where the
largest difference (46%) between the implied lidar ratio, and
the one modeled (using the size-resolved refractive index model
(Wang et al. 2002)) by the size distribution retrieved using the
constrained linear inversion method, was obtained. The LUT-
derived size distribution yields slightly smaller extinction and
41% larger backscattering at λ = 0.523 μm than the size distri-
bution retrieved using the constrained linear inversion method.
Figure 4 also shows the extinction spectrum predicted by the
LUT-derived size distribution, in comparison with that derived
from the sunphotometer measurements. The difference at the
largest wavelength is within the estimated uncertainties of the
sunphotometer-derived extinction. This example shows that, in
aerosol models based on size distributions retrieved from ex-
tinction spectra using the constrained linear inversion method,
lack of information beyond the radius limits of the retrieval can
cause large uncertainties in the modeled backscattering, even in
the case of a dominant fine particle mode.

Dust Layer
As noted previously, in the dust layer, the use of Mie theory

for calculating lidar ratio is a major reason for obtaining low val-
ues in the range between 9.1 sr and 13.1 sr, significanly lower
than the implied lidar ratio (29–47 sr in the central part of the
layer, in which the extinction is larger), and also lower than the
directly measured lidar ratio values for Asian dust reported in
other studies. Sakai et al. (2002) reported an average lidar ratio
value of 46 ± 5 sr obtained by Raman lidar measurements at
0.532 μm, for an elevated dust layer over Tsukuba, on April 23.
Studying Asian dust events in 1998 and 1999, using a high spec-
tral resolution lidar and a combined Raman elastic-backscatter
lidar, Liu et al. (2002) reported height-averaged values of 42–
55 sr at two sites in Japan. In most of the central part of the
layer, the uncertainties due to size distribution and refractive in-
dex (both the real and imaginary parts) only partly explain the
differences between the modeled and implied lidar ratios. Small
variations in retrieved size distributions (constrained by the un-
certainties in measured extinction coefficients) result in small
changes in calculated lidar ratio (by 1–2 sr).

It is likely that particle nonsphericity is responsible for lower
modeled lidar ratio. Mishchenko et al. (1997) suggested a model
of randomly oriented oblate and prolate spheroids, with a wide
range of shapes, for calculation of optical properties of nonspher-
ical dust particles. Using the T-matrix algorithm (Mishchenko

and Travis 1998), they reported that Mie theory underestimated
lidar ratio by a factor of 1.5–3.0 (depending on particle size dis-
tribution), compared to the spheroidal model. Mattis et al. (2002)
carried out a comparison of modeled lidar ratio (using Mie the-
ory) with lidar measurements, and reported that the correction
suggested by Mishchenko et al. (1997) yielded agreement be-
tween the model and the measurements. Following these stud-
ies, assuming that particle nonsphericity is responsible for the
larger lidar ratio values obtained from the measurements, we
applied the correction factor of 3.0 to modeled lidar ratios in the
central part of the dust layer (between 2.5 and 3 km) studied
in the present work, to obtain lidar ratio values for a mixture
of oblate and prolate surface-equivalent spheroids. We obtained
the layer-averaged values of 35.7 sr and 31.2 sr, in agreement
with the implied lidar ratio values (Figure 1).

6. CONCLUSION
Comparison between the modeled lidar ratio and that derived

from co-located airborne sunphotometer and shipborne lidar
measurements (the “implied” lidar ratio calculated by Schmid
et al. 2003) was carried out for a vertical profile with three dis-
tinct aerosol layers, observed during the ACE-Asia campaign
on April 17. For that purpose, size distributions retrieved from
sunphotometer-derived extinction spectra, and those measured
in-situ using a combination of DMA and APS flown on the same
aircraft as the sunphotometer, were combined with the same size-
dependent refractive indices calculated for each layer by Wang
et al. (2002) on the basis of particle chemical composition anal-
ysis. The calculated single scattering albedos did not show sig-
nificant vertical variability within the layers, and the values of
0.78–0.81 and 0.93–0.96 (at λ = 0.523 μm) in the pollution and
dust layers, respectively, were obtained from both size distribu-
tion profiles. In the case of the dust layer, the modeled values are
consistent with the in-situ measurements (Anderson et al. 2002;
Markowicz et al. 2003; Carrico et al. 2003; Quinn et al. 2004),
whereas in the pollution layer our model implies significantly
more absorbing aerosol than obtained from the measurements.
This is possibly due to uncertainties in EC refractive index used
in the refractive index model, or a result of reported layer in-
homogeneity and therefore non-applicability of one refractive
index model to all altitudes within the layer.

Our analysis showed that an aerosol model based on size
distributions retrieved from extinction spectra tends to over-
estimate the lidar ratio (on average by 15%), as a result of a
limited radius range of retrieval. However, except for the dust
layer, the retrieved size distribution led to a generally smaller
lidar ratio than that derived from the measured size distribu-
tions, mainly due to their higher concentration at the small and
large particle ends of the retrieved distributions. In the pollu-
tion layer, vertical profiles of modeled lidar ratios displayed
an agreement with the implied lidar ratio within the estimated
uncertainties. The lidar ratios derived using the retrieved size
distributions yielded closer agreement with the implied lidar ra-
tio than the lidar ratios derived using the measured in-situ size
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distributions, with relative differences ranging from 7–46%. A
very good agreement between he lidar ratios resulting from the
two size distribution models and the implied lidar ratio in this
layer was obtained assuming that the coarse mode particles were
external mixtures of sea salt and dust (instead of internal mix-
tures, assumed in the size-resolved refractive index model by
Wang et al. 2002). The assumption of an external mixture leads
to significantly lower modeled lidar ratio, while having negligi-
ble effect on modeled single scattering albedo. This result shows
that results of comparison between the lidar and sunphotometer
measurements, using an approach which involves size distribu-
tion retrieval, strongly depend on the choice of aerosol refractive
index model.

Modeled lidar ratio values in the dust layer (using Mie the-
ory) are low compared to the implied lidar ratio. In a large part of
the layer, uncertainties in aerosol size distributions and refrac-
tive indices only partly explain these differences, suggesting that
particle nonsphericity is largely responsible for the lower mod-
eled lidar ratio.
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