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In this article, aerosol size distributions retrieved from aerosol
layer optical thickness spectra, derived from the 14-channel NASA
Ames Airborne Tracking Sunphotometer (AATS-14) measure-
ments during the ACE-Asia campaign, are presented. Focusing on
distinct aerosol layers (with different particle characteristics) ob-
served in four vertical profiles, we compare the results of two dif-
ferent retrieval methods: constrained linear inversion and a non-
linear least squares method. While the former does not use any
assumption about the analytical form of the size distribution, the
latter was used to retrieve parameters of a bimodal lognormal size
distribution. Furthermore, comparison of the retrieved size distri-
butions with those measured in-situ, aboard the same aircraft on
which the sunphotometer was flown, was carried out. Results of
the two retrieval methods showed good agreement in the radius
ranges from ∼0.1 μm to ∼1.2–2.0 μm, close to the range of re-
trievable size distributions from the AATS-14 measurements. In
this radius interval, shapes of retrieved and measured size distri-
butions were similar, in accord with close wavelength dependencies
of the corresponding optical thicknesses. Additionally, the effect of
a size-resolved refractive index on the retrieved size spectra was
investigated in selected cases. Retrieval using a constant refractive
index pertaining to particle sizes within the range of retrievable
size distributions resulted in a size distribution very close to the
one retrieved using a size-resolved refractive index.
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1. INTRODUCTION
Aerosol size distribution is, along with particle refractive in-

dex and shape, one of important parameters determining their
optical properties, such as optical thickness, asymmetry param-
eter and single scattering albedo. It is highly variable in space
and time due to the variability of sources (d’Almeida et al.
1991) and short lifetimes of aerosols. Furthermore, evolution of
aerosol sizes by chemical and dynamic processes, such as con-
densation, coagulation, gas-to-particle conversion (Reid et al.
1998), and particle growth due to water uptake at high relative
humidity (Svenningsson et al. 1992) contribute to their vari-
ability, and consequently, to variability of the aerosol optical
properties.

While aerosol size distributions can be measured in-situ, in
different size ranges, using a variety of instruments (McMurry
2000), they can also be derived from measured aerosol optical
properties, such as the wavelength dependence of aerosol opti-
cal depth (King et al. 1978), or backscattering (Ben-David et al.
1988), or a combination of radiances scattered at different an-
gles and optical depth spectra (Nakajima et al. 1996; Dubovik
et al. 1995). These approaches yield integrated size distribution
in a vertical column of an atmospheric layer. As no interaction
with particles is involved, retrieval of aerosol size distributions
from their optical properties has the advantage of giving infor-
mation on size distributions in ambient conditions. The retrieved
size distributions can be used to calculate the column integrated
aerosol optical properties, needed as an input into radiative trans-
fer codes (Russell et al. 1999).

During the ACE-Asia campaign, conducted in spring 2001
in Eastern Asia and Northwestern Pacific, a variety of airborne,
shipborne and ground-based instruments operated, providing an
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extensive set of data [special issue J. Geophys. Res. Vol. 108,
No. 23, 2003]. Wang et al. (2002) compared the extinction
spectra that follow from the aerosol size distributions measured
in-situ aboard the CIRPAS (Bluth et al. 1996; Bane et al. 2004)
Twin Otter aircraft with those derived from AATS-14 sunpho-
tometer measurements aboard the same aircraft. They found
that in the boundary and pollution layers, as well as in the free-
tropospheric layers without a significant amount of dust, discrep-
ancies were within the estimated errors. In the dust layers, clo-
sure was not achieved, which was attributed to the nonsphericity
of dust particles (and interpretation of the measurements of the
Aerodynamic Particle Sizer associated with it) as well as hori-
zontal inhomogeneity of these layers. Conversely, information
about aerosol size distributions can be inverted from the mea-
sured extinction, and size distribution closure can be investigated
by comparing to the measured size distribution. Such an aerosol
size distribution closure study was performed for the earlier,
ACE-2 campaign (Schmid et al. 2000).

In this article, aerosol size distributions retrieved from mea-
sured optical thicknesses of distinct layers sampled during the
ACE-Asia campaign are presented. Due to non-uniqueness of
results of retrieval, two different retrieval methods were used for
this purpose, and the corresponding results were inter-compared.
The focus was on the same layers studied by Wang et al. (2002)
for radiative closure, and comparison of results of the retrievals
with in-situ measured size distributions was carried out. Re-
sults of calculation of aerosol optical properties from the re-
trieved size distributions, carried out for one of the vertical pro-
files studied here, are presented in a separate paper (Part II)
(Kuzmanoski et al. 2006). This article also discusses comparison
of optical properties resulting from retrieved and measured size
distributions, as well as comparison of the modeled extinction-
to-backscatter ratio profiles with that derived by Schmid et al.
(2003) from combined airborne sunphotometer and shipborne
lidar measurements.

2. MEASUREMENTS
Sunphotometer measurements of aerosol optical depth and

in-situ size distribution measurements, used in this work, were
performed aboard the Twin Otter aircraft. The optical depth mea-
surements were taken using a 14-channel NASA Ames Airborne
Tracking Sunphotometer (AATS-14) (Schmid et al. 2003). It
measures the directly transmitted solar beam at 14 discrete wave-
lengths in the range from 0.354 μm to 1.558 μm. The 0.940
μm channel was used for water vapor column retrieval, while
the remaining 13 channels were used to derive aerosol optical
depth, after corrections for Rayleigh scattering, gaseous absorp-
tion (O3, NO2, H2O, and O2-O2) and diffuse light. Details about
the cloud screening method, calibration, data analysis, and error
estimates are given by Schmid et al. (2003).

In-situ aerosol size distribution measurements were carried
out using a combination of two instruments: a Differential Mo-
bility Analyzer (DMA) System was used for measurements in

the 7.5–500 nm particle radius range, while the 0.25–5 μm ra-
dius range was covered by an Aerodynamic Particle Sizer (APS)
(Wang et al. 2002). Two DMA systems were used for measure-
ments aboard the Twin Otter aircraft: one of them measured the
dry aerosol size distribution, while the other one measured at
ambient relative humidity (RH). Wang et al. (2002) describe the
measurement procedure, and the method used for integrating
these measurements to obtain in-situ measured size distribution
in the complete 7.5 nm to 5 μm size range. Hegg et al. (2005)
performed tests of the transmission efficiency of the sampling
inlet on the CIRPAS Twin Otter aircraft, at an aircraft sampling
velocity of 50 m/s. They reported no significant efficiency loss
in the particle size range 0.25–1.75 μm, a decrease in efficiency
with increasing particle radius to 2.75 μm, and a value slightly
greater than 60% at 2.75 μm and larger radii.

3. RETRIEVAL OF AEROSOL SIZE DISTRIBUTIONS
FROM OPTICAL THICKNESS MEASUREMENTS

Optical thickness spectra carry information about the aerosol
size distribution. Assuming that aerosols are homogeneous
spheres, the equation that relates these two aerosol properties
is:

τ (λ) = π

∫ rb

ra

r2 Qext (r, λ, m)n(r ) dr , [1]

where τ (λ) is the aerosol optical thickness, Qext is Mie extinc-
tion efficiency, m is the aerosol refractive index, and n(r ) is the
aerosol size distribution.

Various methods that have been proposed for solving this
equation include those in which an assumption about the analyt-
ical form of the size distribution to be retrieved is made (Wang
et al. 1989; Yue et al. 1986; Brogniez and Lenoble 1988), as
well as methods that make no assumption about the size distri-
bution shape (King et al. 1978; Box et al. 1992; Heintzenberg
et al. 1981). In this article, two retrieval methods were used:
the constrained linear inversion, and the non-linear least squares
methods. A brief overview of the methods is given in the fol-
lowing section.

3.1. Constrained Linear Inversion Method
The constrained linear inversion method for solving the Equa-

tion (1) was introduced by Twomey (1977) and developed by
King et al. (1978). In this approach (Equation [1]) is discretized,
and the size distribution function n(r) is represented by a product
of two functions:

n(r ) = h(r ) · f (r ), [2]

where h(r ) is an assumed, rapidly varying function. Incorpo-
rating h(r ) into the kernel function, the problem becomes one
of finding the slowly varying function, f (r ), as a result of the
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following linear matrix equation:

τ = Af + ε, [3]

where

τ j = τ (λ j ), j = 1, 2, . . ., 13 [3a]

A ji =
∫ ri+1

ri

πr2 Qext (r, λ j , m)h(r ) dr , [3b]

fi = f̄ (r ), ri ≤ r < ri+1. [3c]

Here, ε is an unknown error vector, due to measurement er-
rors, as well as uncertainties due to the exact form of the kernel
function. The problem is solved in a number of iterations. The
initial guess of weighting function h(r ) is the Junge power law
(Junge 1955):

h(0)(r ) = r−(ν∗+1), [4]

where the Junge exponent ν∗ is computed from the wavelength
dependence of the aerosol optical depth, and the solution is found
in the form:

f = (
AT S−1

ε A + γ H
)−1 AT S−1

ε τ. [5]

Here, Sε is the measurement covariance matrix, γ is the La-
grange multiplier, and H is the second derivative smoothing
matrix (King et al. 1982). Choice of the Lagrange multiplier is
discussed by King (1982).

In the next iteration step, the weighting function becomes

h(1)(r ) = h(0)(r ) f (r ). [6]

3.2. Non-Linear Least Squares Method
The nonlinear least squares algorithm was used by Wang et al.

(1989, 1996) for retrieving aerosol size distributions represented
by modified gamma and unimodal and bimodal lognormal func-
tions. They employed the modified Levenberg-Marquardt algo-
rithm (More, 1977), and tested the performance of this method
on retrieving size distributions from simulated SAGE II and
SAGE III measurements. This algorithm provides a solution, p,
of the following constrained least squares problem:

min {‖F + J p‖ : ‖Dp‖ ≤ �} . [7]

Here, F is a column of residuals given by:

Fi (x) = τi −
∫ rb

ra

π r2 Qext (r, λi )n(r ; x) dr, [8]

where τi is the optical thickness measured at the wavelength λi ,
Qext (r ,λi ) is the Mie extinction efficiency, and n(r ; x) the aerosol
size distribution. x is the set of parameters that defines the aerosol
size distribution (function) to be retrieved. The corresponding
Jacobian matrix, J , is calculated at x by the use of a forward

difference approximation. D is a diagonal scaling matrix, and
� is the step bound.

The application of the code starts with evaluating the residual
column and the Jacobian matrix at the initial estimate of the
solution parameters, x = x0. This is followed by calculation of
the initial diagonal scaling matrix D0 and step bound �0 and the
Lagrange multiplier ε. The perturbation from the initial solution
is estimated as:

p = −(J T J + εDT D)−1 J T F. [9]

In the next iteration step, x is replaced by x + p. The procedure
is repeated until the desired level of agreement is reached.

3.3. Application of the Size Distribution
Retrieval Methods

In this article, the two inversion methods described above
were employed to derive aerosol layer size distributions from
the aerosol layer optical thicknesses measured using the airborne
sunphotometer.

The constrained linear inversion method was applied using
the algorithm given by King et al. (1978). The parameters whose
values have to be defined prior to the application of the retrieval
algorithm are the aerosol refractive index and the upper and
lower radii limits. The refractive index is assumed to be constant
(not dependent on wavelength or particle size). The sensitivity
of the retrieval results to this assumption is investigated later (in
Section 4.1.), using size-resolved refractive indices derived by
Wang et al. (2002), based on measured chemical composition.
For given input parameter values, the result of the inversion is not
unique; it depends on the initial estimate of the solution and the
number of iterations in the retrieval. Contributions of particles
of different sizes to the inverted optical thickness were examined
for all retrieved size distributions, to ensure that for the given
radii limits all particle sizes with significant contribution to the
inverted property were taken into account.

The nonlinear least squares algorithm was implemented by
the use of a modified Levenberg-Marquardt algorithm (More
1977) from the SLATEC mathematical library, coupled with a
standard Mie code. The Mie code developed by M. Mishchenko
(Mishchenko et al. 1999; De Rooij and Van Der Stap 1984), and
obtained from www.giss.nasa.gov/∼crmim, was used.

This retrieval algorithm was used to derive the parameters of
the bimodal lognormal size distribution:

n(r ) =
2∑

i=1

N0i√
2πσi

exp

(
− (ln r − ln rmi )2

2σ 2
i

)
. [10]

Each mode is defined with three parameters: N0i is the total
particle concentration, and rmi and σi are the modal radius and
width of the ith mode. Although three modes (nucleation, ac-
cumulation and coarse mode) were found to fit well the in-situ
measured size distributions during the campaign (Conant et al.
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2003), only two modes were used here. The nucleation mode
was disregarded, as it is not optically efficient in the sunpho-
tometer wavelength range. The parameters of a bimodal log-
normal size distribution were found by fitting the calculated to
measured τ (λi )/τ (0.525 μm), where λi (i = 1, . . . , 13) are the
sunphotometer wavelengths. Using this normalization, the num-
ber of parameters to be retrieved was reduced, since the relative
concentration of the two modes was retrieved instead of their
individual concentrations. Since the mode radius and width of
a lognormal size distribution retrieved from the optical depth
spectrum are interdependent (a larger width of the distribution
produces smaller values of mode radius, and vice versa) (Yu
et al. 2000; Cachorro et al. 2000), the solutions in the present
work were constrained by the widths of the in-situ measured size
distributions. The values of these parameters for each layer stud-
ied here were found by fitting bimodal lognormal functions to
the layer-averaged measured size distributions. Refractive index
was used as an input parameter, together with the widths of the
two size distribution modes. In the next step, the total particle
number concentration, which provides the best fit of calculated
optical thickness spectrum to the measured spectrum, was found.

4. RESULTS
During the Twin Otter’s 19 flights as a part of the ACE-

Asia campaign, the aerosol layers were sampled in horizontal
legs, as well as in vertical profiles. As noted previously, the
focus of this work was on layers observed in the same vertical
profiles investigated in the radiative closure study by Wang et al.
(2002). These are four Twin Otter vertical profiles in which two
or three distinct layers were observed. Depending on particle
composition, they classified the layers as boundary, pollution,
and free tropospheric layers.

The optical thicknesses of the studied layers were calculated
by subtracting optical depths measured at the bottom and the
top of the layer. The uncertainties due to atmospheric horizontal
inhomogeneity were estimated using the approach described by
Redemann et al. (2003). Aerosol layer optical thicknesses were
inverted to obtain size distributions, using both the CLI and
NLS methods. The same constant refractive index value of 1.50–
0.001i was used in all retrievals. The effect of unknown refractive
index used in the retrieval will be discussed later.

Three free tropospheric layers were affected by dust parti-
cles (Wang et al. 2002). As noted by Sokolik et al. (2001) and
Kalashnikova and Sokolik (2002, 2004), nonsphericity of dust
particles should be accounted for in calculations of their op-
tical properties, in order to obtain reliable results. Since both
retrieval methods used here are based on Mie theory, the accu-
racy of the results of size distribution retrievals in the dust layers
depends on the extent to which the modeled optical thicknesses
are affected by particle nonsphericity. A study by Mishchenko
et al. (1997), based on a model of a mixture of randomly ori-
ented surface-equivalent prolate and oblate spheroids of differ-
ent shapes, showed that the effect of particle nonsphericity on

extinction is not significant. Assuming more representative dust
particle shape models based on large number of dust particles
collected in the atmosphere, Kalashnikova and Sokolik (2002,
2004) showed that a spherical model can significantly underpre-
dict aerosol extinction (by ∼33% at 0.55 μm in some cases). As
they considered volume-equivalent spherical and nonspherical
particles, a large difference in extinction coefficients is a con-
sequence of larger surface area of nonspherical particles. They
obtained various spherical/nonspherical aerosol extinction dif-
ferences for a range of realistic nonspherical models. This sug-
gests that an estimate of the effect of particle nonsphericity on the
retrieved size distribution would require information on particle
shape (which could be obtained by individual particle analysis).
This effect is not investigated here. However, it is noteworthy that
the retrieved size distributions (using an assumption of spherical
particles) can be used for calculating aerosol optical properties
important for estimating their radiative effects (single scattering
albedo and asymmetry parameter). Mishchenko et al. (1997)
showed that a model of surface-equivalent spherical particles
could accurately estimate these aerosol properties.

4.1. Results of the Two Retrieval Methods
The major difference between the two retrieval methods used

in this work is that the constrained linear inversion (CLI) method
does not impose any constraints on the analytical form of the
distribution to be retrieved, whereas the nonlinear least squares
(NLS) method was used to derive parameters of a bimodal log-
normal size distribution (with modal widths fixed by in-situ mea-
surements). Comparison of results of the two retrieval methods,
carried out for all the layers studied here, showed that there is a
radius range (with the lower limit at ∼0.1 μm, and the upper limit
between ∼1.2 μm and 2 μm) in which a fairly good agreement
between the results of the two retrieval methods was achieved.
Figure 1 shows that this is approximately the radius range in

FIG. 1. Dependence of the ratio of extinction efficiencies at the smallest and
the largest wavelengths of the AATS-14 measurements on particle size. Vertical
dotted lines indicate the radius range of retrievable particle size distributions,
according to the ratio criterion by Heintzenberg et al. (1981).
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FIG. 2. (left panel) Vertical profile of aerosol extinction at different wavelengths, derived from sunphotometer measurements for April 17 (adapted from Schmid
et al. 2003). (right panel) Retrieved aerosol size distributions in three layers in the vertical profile of April 17—comparison of two retrieval methods: non-linear
least squares (NLS) and constrained linear inversion (CLI).

which, according to Heintzenberg et al.’s (1981) ratio criterion,
meaningful solutions can be obtained from the measured optical
thickness spectra. This criterion suggests that optical thickness
spectra carry retrievable information on particle size distribution
in the range of particle radii in which the ratio of kernel func-
tions (or extinction efficiencies in this case) at the smallest and
the largest wavelengths of the measurements varies with particle
size. Outside this radius interval the differences between the two
retrieval methods become large. In layers with significant fine
particle mode, CLI method overestimates the particle concentra-
tion at radii smaller than ∼ 0.1 μm, as a result of the assumption
(used in the retrieval algorithm) that the particle concentration
is zero beyond the radius range of retrievals.

As an example, comparisons for the layers observed in the
April 17 profile are presented in Figure 2. The error bars in the
retrieved size distributions are due to optical thickness uncertain-
ties. They are omitted in the case of the boundary layer of the
April 17 profile, since they are larger than the retrieved particle
concentrations at all particle sizes in the range of retrieval, due to
large uncertainties in the measured optical thickness. In all stud-

ied layers, the estimated size distribution uncertainties are large
outside the radius range of retrievable size distributions, given in
Figure 1. However, as pointed out by Russell et al. (1999), these
errors do not represent all possible size distribution results.

Refractive index generally varies with particle radius due to
the different chemical composition of particles of different sizes;
this affects aerosol extinction spectra (Gillespie et al. 1978), and
consequently the retrieved aerosol size distribution. While the
CLI code used here was set up to perform retrievals under the
assumption of a constant refractive index, the NLS algorithm
can perform retrievals for a size-resolved refractive index. We
therefore used the NLS retrieval method to carry out comparison
between the size distributions retrieved using a size-resolved,
and different constant values of refractive index.

The size-resolved refractive indices calculated by Wang et
al. (2002) for the three distinct layers of the April 17 vertical
profile were used. In the boundary layer, the refractive index did
not show significant variability with particle size; the refractive
index was real, and its value varied from 1.53–1.54 in the radius
range 0.01–4.5 μm. As shown in the top panels of Figures 3
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FIG. 3. (a) Dependence of aerosol refractive index on particle size, for the pol-
lution layer of the April 17 profile. Vertical dotted lines show the radius range of
retrievable size distributions (see Figure 1); (b) Size distributions retrieved using
the NLS method, for size-resolved refractive index shown in (a), and constant
refractive index values selected from the range given in (a). (c) Comparison
of the size distributions retrieved using size-resolved refractive index, and two
constant refractive indices with different imaginary parts.

and 4, the variability was significantly larger in the pollution
and free tropospheric layers. The presence of elemental carbon
and dust in the pollution layer, and dust in the free tropospheric
layer (Wang et al. 2002), led to a non-zero imaginary part of the
refractive index in these layers.

FIG. 4. (a) Dependence of aerosol refractive index on size, for the free tro-
pospheric layer of the April 17 profile. Vertical dotted lines show the radius
range of retrievable size distributions (see Figure 1); (b) Size distributions re-
trieved using the NLS method, for size-resolved refractive index shown in (a),
and constant refractive index values selected from the range given in (a).

Figures 3 and 4 show comparisons of size distributions ob-
tained using a size-resolved refractive index calculated by Wang
et al. (2002), and different constant refractive indices selected
from a range of values at different radii. As seen from these re-
sults, an assumption of a constant refractive index causes a shift
of the size distribution, compared to the result of retrieval in
which a size-resolved refractive index was used, while the shape
of the distribution (determined by the relative contribution of fine
and coarse particle modes) is maintained. If a constant refractive
index of the particles that contribute significantly to extinction
in the given wavelength range is assumed in the retrieval, the
resulting size distribution is in agreement with the one obtained
from an assumption of a size-dependent refractive index. This is
more clearly seen in the case of the pollution layer, due to larger
variability of the refractive index with particle size. The largest
shift of the retrieved size distribution occurs when the refrac-
tive index of large particles, outside the range of retrievable size
distribution, is used. However, the size distribution retrieved
assuming the refractive index value of 1.50–0.02i (within the
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FIG. 5. Boundary layers: (left panels) Layer optical thickness spectra (measured, calculated from retrieved size distribution (CLI) and calculated from in-situ
measured size distribution averaged over the layer (IS)); αm and α I S are the Ångström exponents for the measured optical thickness spectra, and those calculated
from the in-situ measured size distributions, respectively; (right panels) Retrieved and measured size distributions.

range of retrievable size distributions) is in agreement with that
retrieved using the size-resolved refractive index. As seen in
the bottom panel of Figure 3, an unknown imaginary part of
the refractive index mainly affects the particle concentration, in
agreement with results by King et al. (1978) and Gonzalez Jorge
and Ogren (1996).

4.2. Comparison of Retrieved and In-Situ Measured
Size Distributions

Since the distributions obtained as a result of the NLS algo-
rithm were required to have the same modal widths as those mea-
sured in-situ, the NLS and in-situ results are not independent.
Therefore, comparison of the NLS results with the measured size
distributions was not studied. Comparisons of the size distribu-

tions retrieved using the constrained linear inversion method
with those measured in-situ are presented in Figures 5–7. All
size distributions were retrieved using the same constant refrac-
tive index m = 1.50–0.001i. King et al. (1978) and Gonzalez
Jorge and Ogren (1996) noted that the uncertainties in retrieval
using the CLI method due to unknown refractive index were not
critical. They found that a wrong assumption of the refractive in-
dex value results in a small shift of the size distribution, whereas
the distribution shape is not changed.

For the purpose of comparison, the in-situ measured size dis-
tributions were averaged within each of the studied layers. The
retrieved size distributions are representative of a layer vertical
column, whereas those measured in-situ represent distributions
at a given altitude. Therefore, the retrieved size distributions
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FIG. 6. Same as Figure 5, except for pollution layers.

were renormalized for these comparisons by dividing total num-
ber concentration by the layer thickness. Figures 5–7 also show
the corresponding extinction spectra. The average extinctions
that follow from the in-situ measured size distributions in the
same layers were calculated previously by Wang et al. (2002),
for comparison with the sunphotometer measurements. They
used a size-resolved refractive index for this purpose. For better
understanding of the size distribution comparisons, these cal-
culations were repeated in the present work, using the same
constant refractive index that was used for the size distribution
retrievals. The error bars in these extinction coefficients are due
to uncertainties in the measured size distributions. To translate
the measured layer optical thickness of each layer into extinc-
tion, it was also divided by the layer geometrical thickness.

Both the retrieved and in-situ measured size distributions
in the boundary and pollution layers (Figures 5 and 6) ex-

hibited a dominant fine particle mode (particle radii smaller
than ∼0.4 μm). However, the contribution of large particles to
the optical thickness spectra is considerable in all layers stud-
ied here, as indicated by Ångström exponent (defined below)
values given in Figures 5–7, for the sunphotometer-measured
optical thickness spectra and those calculated from the in-
situ measured size distributions. Comparison of retrieved and
in-situ measured size distributions in these layers show that,
while there are discrepancies consistent with disagreements be-
tween the corresponding extinction spectra, the shape of the
size distribution is well reproduced in most cases. The size dis-
tributions in Figures 5–7 are presented on a log-log scale, in
order to show coarse mode particle surface concentration more
clearly.

We use the Ångström exponent α (Ångström 1929) to de-
scribe the wavelength dependence of aerosol optical thickness.
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FIG. 7. Same as Figure 5, except for free tropospheric layers.

It is obtained from a linear least-squares fit of optical thickness
spectra to the formula:

ln τ (λ) = −α ln λ + β, [11]

where β is the turbidity coefficient. While a second order poly-
nomial describes more accurately the ln τ versus ln λ relation-
ship (King and Byrne 1976; Eck et al. 1999; Schmid et al. 2003),
most discrepancies between the measured and retrieved size dis-

tributions in this work can be explained by comparison of the
Ångström exponent values for the corresponding optical thick-
ness spectra.

We carried out a sensitivity analysis to examine to what de-
gree the CLI method can be expected to resolve the aerosol
size distribution. For that purpose, bimodal lognormal aerosol
size distributions, with the parameters given in Table 1, were
used to generate aerosol optical thickness spectra in the
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TABLE 1
Parameters of bimodal lognormal aerosol size distributions used to generate optical thickness spectra for sensitivity analysis

Size distributions SD1 SD2 SD3 SD4 SD5 SD6 SD7 SD8 SD9 SD10

Modal radius [μm] 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
0.60 1.00 0.60 1.00 0.60 1.00 0.60 1.00 1.00 2.50

Width 0.40 0.40 0.60 0.60 0.40 0.40 0.60 0.60 0.40 0.40
0.60 0.80 0.60 0.80 0.60 0.80 0.60 0.80 0.80 0.80

α 0.5 0.5 0.5 0.5 1.1 1.1 1.1 1.1 0.1 0.1

AATS-14 wavelength range. The concentrations of the two
modes were adjusted to yield an aerosol optical thickness τ (0.5
μm) = 1, with wavelength dependencies given by Ångström
exponent values (α) of ∼ 0.5 and 1.1, in the AATS-14 wave-
length range. The cases of dominant coarse mode (α ∼ 0.1)
will be discussed later in this section. We used four different
size distributions to generate similar optical thickness spectra
(similar Ångström exponents). Inversion of these optical thick-
ness spectra resulted in size distributions which exhibited gen-
erally good agreement with the original size distributions in the
∼0.08–2 μm, as shown in Figure 8. The size distribution re-
trievals were more successful in cases with a larger contribution
of the coarse mode to the wavelength dependence of optical
thickness (α ∼ 0.5), particularly for the cases with the coarse
mode at smaller radii. In the cases with dominant fine mode
(α ∼ 1.1), the coarse mode was not well resolved: the retrieved
surface area in this mode was smaller than that in the original
size distribution, while the minimum between the two modes
was higher. Gonzalez Jorge and Ogren (1996) reported a simi-
lar result and explained it by the retrieval algorithm retrieving
the fine mode first, while the coarse mode is included to get
closer agreement between measured and calculated extinction
spectra. The optical thickness spectra with α ∼ 0.5 which corre-
spond to size distributions with considerably different shapes as
a result of differences in the coarse mode (top two panels in Fig-
ure 8) exhibit relative differences larger than the uncertainties
in measured optical thicknesses with similar wavelength depen-
dencies (pollution layers of April 14 and April 17). In cases of
larger Ångström exponent (α ∼ 1.1), the relative differences are
smaller, due to smaller contribution of large particles to optical
thickness.

Inversion of generated optical thickness spectra performed
using the NLS retrieval method resulted in size distributions in
excellent agreement with the original distributions. Variation of
the widths of the size distribution lognormal modes (used as an
input in the retrieval algorithm) by ±0.5 caused small variations
in resulting particle surface area in the radius range between
∼0.1 and 1.6 μm. The variations were significant outside this
range.

An example of the agreement between the shapes of the re-
trieved and measured size distributions is the case of the bound-
ary layer of April 23 (Figure 5). Larger differences at the ends of
the radius interval of the retrieval are not reflected in the wave-

length dependence of the extinction. Discrepancies between the
corresponding extinctions could be the result of lower resolu-
tion of the size distribution measurements. Differences between
the retrieved and measured size distributions that appear in the
boundary layer of April 17, are in accord with the differences
in extinction spectra derived from the in-situ measurements and
those measured using the sunphotometer. Wang et al. (2002)
explained these differences in extinction spectra by horizontal
inhomogeneity of the observed layer, which affected the sun-
photometer measurements, and supported this assumption by
comparison of extinctions derived from the measured size dis-
tributions with the lidar-derived extinction. Significant discrep-
ancies between the retrieved and measured size distributions in
the free tropospheric layer of the April 14 profile can also be ex-
plained by layer horizontal inhomogeneity (Wang et al. 2002).

Two free tropospheric layers (April 14 and April 17) stud-
ied here were reported to contain a significant amount of dust
in the coarse particle mode (Wang et al. 2002). The retrieved
and measured size distributions exhibit differences in these lay-
ers, and the corresponding extinction spectra deviate from each
other. Wang et al. (2002) indicated that counting statistics of the
size distribution measurements and accuracy of interpretation of
the Aerodynamic Particle Sizer measurements (due to particle
nonsphericity) were some of the possible causes of these dis-
crepancies. Huebert et al. (2003) reported that APS undersized
or undercounted particles in the dust layers during the ACE-Asia
campaign, probably due to particle nonsphericity. Additionally,
nonsphericity of dust particles was not taken into account in size
distribution retrievals in this work, as noted earlier. Layer hor-
izontal inhomogeneity, mentioned above, is probably respon-
sible for larger discrepancies in the dust layer of April 14. It
should be noted that particles larger than the size range of APS
measurements could also explain the difference between the op-
tical thicknesses obtained from sunphotometer measurements
and calculated from measured size distribution in two dust lay-
ers. An increase in the concentration of large particles leads to
an increase in optical thickness, not affecting its wavelength de-
pendence. However, in the case of size distributions in which the
coarse mode is not a dominant contributor to optical thickness
in the AATS-14 wavelength range (Ångström exponent larger
than ∼0.5), an increase in the amount of aerosol in the rp >
1.5 μm size range (rp is particle radius) results not only in an
increase in optical thickness, but also a change in its wavelength
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FIG. 8. Aerosol size distributions used to generate optical thickness spectra for sensitivity analysis (lines) and corresponding retrieved size distributions (lines
with symbols).

dependence. We also performed size distribution retrievals from
generated optical thickness spectra with weak wavelength de-
pendence (α between 0.1 and 0.2). In these cases, in which the
contribution of the coarse mode to optical thickness spectra was
dominant, the coarse mode was retrieved better if radii below
∼0.1 were not included in the radius range of retrieval. The fine
mode was, however, not reproduced successfully.

In addition to those size distributions in agreement with the
DMA/APS measurements, it was of interest to consider distri-
butions with their coarse mode at larger radii for generating op-
tical thickness spectra with weak wavelength dependencies for
our sensitivity analysis. The presence of larger particles in the
dust layers during ACE-Asia is supported by results presented
by Moore et al. (2004). They reported surface area size distri-
butions with coarse mode centered at 2.5 μm particle radius,

and significant particle concentration at 5 μm, obtained from
measurements using airborne Forward Scattering Spectrometer
Probes (FSSP) as a part of ACE-Asia and TRACE-P campaigns.
FSSPs were mounted on aircraft wings and were not affected by
inlet losses: they measured size distributions under ambient con-
ditions. The bottom panel in Figure 8 shows an example of results
of the sensitivity analysis performed for the cases in which the
coarse mode is the dominant contributor to the aerosol optical
thickness (α ∼ 0.1). The two size distributions presented differ
in the position of the coarse mode (the modal radii are 1.0 and
2.5 μm), while the remaining size distribution parameters (given
in Table 1) are the same. Both size distributions are scaled to
yield τ (0.5 μm) = 1.0. The relative contribution of the coarse
mode to the total aerosol optical thickness in the two cases is
similar: 70–100% in the AATS-14 wavelength range. The coarse
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modes of both size distributions are retrieved more successfully
if particles of sizes below 0.08 μm are not included in the radius
range of retrieval. The particles with rp > 1.5 μm contribute sig-
nificantly to aerosol optical thickness in the two cases presented:
approximately 20–30% in the case of coarse mode at 1 μm, and
50–70% in the case of coarse mode at 2.5 μm. As discussed
earlier, according to the criterion by Heintzenberg et al. (1981),
aerosol optical thickness spectra measured using AATS-14 con-
tain retrievable information on particle size distribution in the
0.05–1.5 μm radius range (Figure 1): at rp > 1.5 μm, parti-
cles of certain size can be replaced by a number of particles of
different size without noticeably affecting the optical thickness
spectrum. As a result, the coarse mode of the size distribution is
not well resolved. The retrieval of the coarse mode is, however,
more successful in the case in which this mode is centered at a
radius within the size range of retrievable size distribution. The
overestimation of particle surface area at the large end of the
radius range of retrieval is less significant in this case. Further-
more, the contribution of the particles beyond the radius range
of retrieval in this paper (rp > 5 μm) is not insignificant in the
case of a coarse mode radius of 2.5 μm: 11–14% for the case
shown in Figure 8. The extension of the radius range of retrieval
to larger particle sizes results in an unstable solution because of
the larger size interval with no retrievable information on aerosol
size distribution.

4.3. Effective Radius
Due to similar shapes of retrieved and in-situ measured size

distributions, it was of interest to compare the correspond-
ing effective radii. Effective radius is of interest in studies of
aerosol radiative forcing (Tegen and Lacis 1996), and is defined
as:

reff = M3

M2
= 3 V

S
, [12]

where S and V are total particle surface area and volume concen-
tration, and Mk is a kth moment of the size distribution, defined
as:

Mk =
∫ ∞

0
rkn(r ) dr. [13]

In the case of a lognormal size distribution, the moments
become (Lenoble and Brogniez 1984):

Mk = rk
m exp

(
1

2
k2σ 2

)
, [14]

which leads to the following formula for effective radius:

reff = rm exp

(
5

2
σ 2

)
. [15]

The effective radii calculated from retrieved and measured
aerosol size distributions for all the layers studied here are given
in Table 2. The results show that the two retrieval methods yield
generally different particle effective radii. However, these dif-
ferences mainly occurred due to differences in size distributions
at radii where no retrievable information on size distribution is
contained in the optical thickness measurements.

In the boundary and pollution layers, effective radii obtained
from the CLI retrieval method are generally in agreement with
those obtained from in-situ measured size distributions within
the same layers, in accord with close size distribution shapes in
most cases. Overestimated total surface area and volume result-
ing from this retrieval method (mainly due to large concentra-
tions at the ends of the retrieved size distributions) cancel out to
a large extent when calculating the effective radius. In the dust
layers, however, the CLI method overestimates effective radius:
this is due to its inability to resolve the fine particle mode, since
this mode is not a dominant contributor to the wavelength depen-
dence of the measured optical thickness (as suggested by their
small Ångström exponent). Note that in the case of the free tro-
pospheric layers of April 19 and April 23, comparison between
the effective radii obtained from CLI-retrieved and measured
size distributions is not consistent with the comparison of the
corresponding Ångström exponent values. These layers are opti-
cally thin, which resulted in significant uncertainties in retrieved
size distributions.

Discrepancies between the effective radii derived from re-
trieved and measured size distributions in some cases are partly
due to unknown refractive index. Although uncertainty in the
refractive index does not have a significant effect on the shape
of the retrieved size distribution, it affects the integrated prop-
erties, and therefore the effective radius. Gonzalez Jorge and
Ogren (1996) reported an average error of 2–9% in the effective
radius, as a result of uncertainty in refractive index, assuming
that the true particle refractive index is constant. According to
their results, this error becomes larger if the true particle refrac-
tive index varies with size.

5. CONCLUSION
Aerosol size distributions were retrieved from layer optical

thickness spectra, measured in the wavelength range 0.354–
1.558 μm, using the airborne NASA AATS-14 sunphotome-
ter, during the ACE-Asia campaign. Two retrieval methods
employed for this purpose used different assumptions: the
constrained linear inversion method used a second derivative
smoothness constraint and no assumption about the shape of
the size distribution to be retrieved; the non-linear least squares
algorithm was shape-constrained and was used for retrieval of
parameters of a bimodal lognormal size distribution. Intercom-
parison of the two retrieval methods, carried out for distinct
layers observed in four vertical profiles, showed agreement
in the radius interval from ∼0.1 μm to ∼(1.2–2 μm), which
was found to be close to the resolvable radius range in the
wavelength range of the optical thickness measurements.
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However, discrepancies were large outside this interval, due to
lack of information on particles of these radii in the measured op-
tical thickness. Consequently, the effective radii resulting from
the two retrieval methods exhibited differences in most cases.

Retrieved aerosol size distributions were compared with the
corresponding in-situ measured distributions averaged within
each of the studied layers. The shapes of the retrieved size distri-
butions were generally in agreement with those measured in-situ,
in the boundary and pollution layers, dominated by small parti-
cles. This is consistent with the close wavelength dependencies
of the corresponding extinctions. Consequently, the correspond-
ing effective radii showed fairly good agreement. However, the
agreement was not achieved in the dust layers, partly due to the
inability of the constrained linear inversion method to resolve
the fine particle mode in these layers. In addition, particle non-
sphericity was not accounted for in the retrieval, and it is not
clear what effect it would have on the results. Moreover, Wang
et al. (2002) noted that in-situ measured size distributions were
affected by particle nonsphericity, since interpretation of APS
measurements depends on particle shape. The large discrepancy
between the optical thicknesses derived from the sunphotometer
measurements and from the measured size distribution in two
dust layers studied can be explained by particles larger than the
size range of APS measurements.

Comparison of size distributions retrieved using a size-
resolved refractive index (based on particle chemical composi-
tion), and different constant refractive index values, was carried
out for two layers. These comparisons show that a constant re-
fractive index, pertaining to particle sizes within the interval of
retrievable size distributions, yields a size distribution which is
in agreement with the one retrieved using a size-resolved refrac-
tive index.
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