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[1] This model study examines the sensitivity of the calculated optical properties of urban
aerosols to (1) hygroscopicity and (2) internal or external mixing state, and it further
investigates the associated implications for the accuracy of satellite retrievals of aerosol
optical thickness (7) and aerosol effective radius (7.z). State-of-the-art retrieval algorithms
widely omit variable hygroscopicity and mixing state. For the study described herein, the
modeled urban aerosols are composed of water-soluble sulfates and water-insoluble
black carbon (BC) in the fine mode and of water-insoluble compounds in the coarse mode.

The calculations show that external compared to internal mixing of black carbon and
sulfate not only significantly affects the single-scattering albedo but also alters the
diagnostic relationship of the Angstrom exponent () to the aerosol effective radius. The
implication is that over a dark surface of visible reflectance less than 0.1, satellite
retrievals of urban aerosols having a BC/sulfate mass ratio of 5% can differ in 7 and 7,4 by
as much as 60% and 0.2 um, respectively, depending upon the retrieval algorithm’s
assumptions regarding hygroscopicity and mixing state. For surface reflectances greater
than 0.1 or BC/sulfate mass ratios larger than 5%, the retrieval bias, including the
possibility of unphysical retrievals, increases further. The calculations also show that
hygroscopic growth at elevated relative humidity increases the single-scattering albedo of
urban aerosols, decreases their backscattering, and as a consequence reduces the influence
of mixing state on 7 and r,; These results suggest that current operational retrieval
algorithms lead to a possibly systematic underestimate of aerosol optical thickness when
ambient BC/sulfate aerosols are internally mixed at mass ratios greater than 3%. This
study’s recommendation is that aerosol retrieval algorithms, when applied to urban
aerosols, incorporate in situ knowledge of relative humidity, mixing state, and BC/sulfate
mass ratios, either from ground-based measurements or by auxiliary use of chemical

transport models.

Citation: Wang, J., and S. T. Martin (2007), Satellite characterization of urban aerosols: Importance of including hygroscopicity and
mixing state in the retrieval algorithms, J. Geophys. Res., 112, D17203, doi:10.1029/2006JD008078.

1. Introduction

[2] Great progress has been made in recent years in the
use of satellite sensors for the quantitative characterization
of aerosol optical properties [King et al., 1999; Kaufman et
al., 2002]. Aerosol optical thickness (7) and aerosol effec-
tive radius (r,;) are two commonly retrieved properties.
Aerosol optical thickness in the visible spectrum has been
retrieved over the ocean by using radiance data collected
from one channel of the Advanced Very High Resolution
Radiometer (AVHRR) [Rao et al., 1989; Wagener et al.,
1997], two channels of AVHRR [Higurashi and Nakajima,
1999; Mishchenko et al., 1999], and two channels of the
Visible and Infrared Scanner (VIRS) [Ignatov and Stowe,
2000]. In an advance allowing higher temporal resolution
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(e.g., hourly or half-hourly), data from geostationary satel-
lites have been used to retrieve aerosol optical thickness
over the ocean near the Saharan desert [Moulin et al., 1997],
Puerto Rico [Wang et al., 2003a], and East Asia [Wang et
al., 2003b]. Most recently, multispectral radiance data from
the Moderate Resolution Imaging Spectrometer (MODIS)
[Remer et al., 2005] and from the Multiangle Imaging
Spectro-Radiometer (MISR) [Kahn et al., 2005a], as well
as polarization data from the Polarization and Directionality
of the Earth’s Reflectances (POLDER) satellite [Deuze et
al., 1999], have been used over ocean and land to retrieve
both 7 and 7

[3] In the conversion of satellite-collected radiance data
to aerosol optical properties (i.e., retrieval algorithms), there
are recognized uncertainties that can affect the reported
values of 7 and 4 [Abdou et al., 2005]. The uncertainties
stem both from simplifying assumptions used in the retrieval
algorithms and from deviations of real physical processes
and properties from modeled behavior. Acknowledged
sources of uncertainty include, for example, the character-
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Table 1. Dry Aerosol Properties Used in This Study®
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Tgs Teps Density, Refractive Index Refractive Index
Aerosol Component pm [ pm gcm’ (at 0.55 pm) (at 0.67 pm)
Externally mixed black carbon (BC) 0.01 1.8 0.02 1.0 176 — 4.6 x 107 176 — 4.6 x 107"
Externally mixed sulfate 0.07 1.8 0.17 1.7 154 — 1.0 x 1077 152 — 1.0 x 1077
Internally mixed black-carbon/sulfate 0.07~ 1.8 sulfate shell and BC core  sulfate shell and BC core

Externally mixed water insoluble (INSO) 0.47 2.5

equation (12)  Appendix B
3.83 2.0

1.53 — 8.0 x 1072 i 1.53 — 8.0 x 1073 i

“The entries are mainly based upon Hess et al. [1998]. The density of BC is from Lesins et al. [2002]. See equations (1) and (2) in the text for the

definitions of r,, 0, and 7.5 See Appendix B for the definition of +.

ization of surface reflectance [Remer et al., 2005], the
classification of aerosols and clouds [Kaufman et al.,
2005], and the calibration of satellite sensors [Wang et al.,
2003a; Kahn et al., 2005b]. Also important in the radiative
transfer model are the treatment of polarization [Levy et al.,
2004], aerosol multiple scattering [Zhang et al., 2007], and
aerosol vertical distribution [Wang et al., 2003a].

[4] There has recently been an increased use of satellite-
derived aerosol products for the study of urban particulate
matter (PM) [Wang and Christopher, 2003; Chu et al.,
2003; Liu et al., 2004; Engel-Cox et al., 2004; Al-Saadi et
al., 2005]. These studies acknowledge that the uncertainties
regarding the accuracy of the retrievals, as specifically
related to urban aerosols, are in need of systematic inves-
tigation. In particular, two factors unaddressed in the current
databases of urban-aerosol optical properties, as used in
satellite retrievals, are aerosol hygroscopicity and internal or
external mixing of the aerosol components. The present
study assesses how hygroscopicity and mixing state could
affect the accuracy of satellite retrievals of 7 and 7.4 of
urban aerosols.

[5] The optical properties of hygroscopic aerosols, as
implemented in many retrieval algorithms, correspond to a
fixed relative humidity (RH) (e.g., 70% RH) [Ferrare et al.,
1990; Wong and Li, 2002]. This treatment is obviously
insufficient to describe the large variation of ambient RH,
even the more so in the boundary layer where urban
aerosols are often located and relative humidity has high
spatial and temporal variability. In the case of nonurban
aerosols, the omission of RH treatment has already been
shown to have quantitatively important consequences:
Kaufman et al. [2005] showed that sea salt aerosol hygro-
scopicity could contribute an uncertainty of up to 0.02 to the
monthly averaged 7 retrieved from MODIS radiance data
over ocean. Wong and Li [2002] showed that the disregard
of smoke aerosol hygroscopicity results in retrieval errors of
7 by up to 20% to 40% over boreal land. Compared to these
earlier studies, the sulfate particles commonly enriched in
urban aerosols imply possibly greater retrieval errors be-
cause of high sulfate hygroscopicity and great variability in
boundary layer RH.

[6] The aerosol optical property databases used in state-
of-the-art retrieval algorithms omit the possibilities of
internal compared to external mixing of the aerosols [Remer
et al., 2005; Martonchik et al., 1998]. Rather, in the
development of the databases, external mixing was assumed
[Shettle and Fenn, 1979; Hess et al., 1998]. Urban aerosol
was composed of several typical groups, such as water
soluble sulfate particles, black carbon, or water-insoluble
compounds (hereafter INSO) [Hess et al., 1998]. In con-
trast, observations have shown that sulfate is commonly

internally mixed with BC and that this fine-mode aerosol
mixture, combined with a nonhygroscopic coarse-mode
INSO particles, is typical of urban aerosols [Castanho et
al., 2005; Johnson et al., 2005; Schwarz et al., 2006].

[7] In the study results described herein, the effects of
hygroscopicity and internal or external mixing on the
optical properties of typical urban aerosols (cf. Table 1)
are investigated, and the associated implications for satellite
retrievals of 7 and r,; are considered. The study strategy is
to consider (1) an externally mixed aerosol at 0% RH as a
base case, (2) an externally mixed aerosol at 70% RH as
representative of the assumptions in retrieval algorithms
[see Ferrare et al., 1990; Wong and Li, 2002], (3) an
externally mixed aerosol at variable RH for comparison to
the results of parts 1 and 2 as an assessment of the effects of
aerosol hygroscopicity, and (4) an internally mixed aerosol
at variable RH for comparison of the results of part 3 as an
assessment of the impact of mixing. Section 2 describes the
methodologies used to compute optical properties and to
examine satellite retrievals of 7 and 7.4 Results and
discussion are provided in section 3, and conclusions are
presented in section 4.

2. Methodology
2.1. Size Distribution of Dry Aerosols

[8] A lognormal number size distribution is employed for
each component ;j of the urban aerosol described in Table 1
[Hess et al., 1998]:

2
_(lnrflnrgﬁj) ) 0

ni(r) = N exp

! rinog /27 2In* oy ;

where 7, is the geometric mean radius, o, is the geometric
standard deviation of particle radii, N is the number of
particles per unit air volume, and n(r) is the number of
particles having a radius between r and r + dr per unit air
volume. The effective radius (7.;) of the number size
distribution (equation (2)) is approximately predictive of the
aerosol optical properties (i.e., extinction coefficient; see
section 2.3) [Hansen and Travis, 1974]:

f:’"“ nj(r)r3dr

min

P = oomin 0 T
ofj [ (r)r2dr

Tmax

(2)

In our calculation, we set 7, to 0.001 pum and 7,y to
20 pm. The values of r,, 04, and 7.4 of BC, sulfate, and
INSO particles are given in Table 1. As an example, a
typical urban aerosol is 60% by mass sulfate, 5% black
carbon, and 35% INSO [Hess et al., 1998]. The respective
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Figure 1. Particle growth factor g as a function of RH for

aqueous ammonium sulfate, ammonium bisulfate, and
sulfuric acid. Data are from Tang and Munkelwitz [1994].
Circles are the growth factors of sulfate aerosols (75%
H,S0,) in the Global Aerosol Data Set (GADS) [d 'Almeida
et al., 1991]. Unless stated otherwise, the growth curve of
ammonium sulfate is employed in this study (i.e., Figures 2
to 10).

corresponding fractional number concentrations are 0.021,
0.979, and 3.5 x 107°.

2.2. Hygroscopicity of Sulfate Aerosols

[v] As RH increases, sulfate particles take up water and
swell, affecting both particle diameter and refractive index.
The extent of growth is a function of RH, chemical
composition, and the RH history of the particles [Martin,
2000]. In the present study, the particle growth behavior is
specified by using the growth factor g(RH), which is
defined as the ratio of wet particle radius to the dry particle
radius [Tang, 1996].

[10] Our treatment computes the particle growth factor as
the volume-fraction weighted average of pure components
[Hanel, 1976]. The pure components we consider are
aqueous ammonium sulfate (fully neutralized), aqueous
ammonium bisulfate (half neutralized), and sulfuric acid
(no neutralization) [Tang and Munkelwitz, 1994; Tang,
1996]. Figure 1 shows that the growth factor used for
sulfate aerosols in the traditional aerosol optical databases
[d’Almeida et al., 1991] is not accurate between 5% and
85% RH for describing the hygroscopic growth of partially
neutralized sulfate particles. The dependence on the extent
of neutralization, however, is less than on aerosol hygro-
scopicity and on internal or external mixing: the variation of
single scattering albedo and the phase function due to
composition differences is less than 15% for a fixed RH
and mixing state [7ang, 1996]. For this reason, the results
described in this study are restricted to ammonium sulfate,
which is more representative than sulfuric acid of boundary-
layer compositions nearby to urban centers [Martin et al.,
2004]. In contrast, optical properties of sulfuric acid are
assumed in the database widely employed in satellite
retrievals, even for urban aerosols [d’Almeida et al., 1991].
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[11] The function g(RH) of ammonium sulfate is poten-
tially complicated by phase transitions. Dry ammonium
sulfate particles start to grow only at 80% RH, which is
called the deliquescence RH (DRH). As RH decreases,
aqueous ammonium sulfate particles start to shrink and
become solid at 35% RH, a point referred to as the
crystallization RH (CRH). This hystersis between DRH
and CRH has important ramifications for quantifying aero-
sol radiative forcing [Martin et al., 2004]. The focus of the
present analysis, however, is restricted to the upper branch
of the hystersis loop [e.g., Nemesure et al., 1995]. This
restriction also implies that the shape of the particles is
spherical.

[12] The wet sulfate particle size distribution n"** (+) can
be written in terms of the dry distribution n*(r) as follows:

wet

(! Vdr' = n® (r)dr where ¥ = gr (3)

under the assumption that the number of particles does not
change during the hygroscopic growth (e.g., as possibly by
coagulation or deposition). Hence the wet particle size
distribution has a lognormal form similar to that of the dry
particle size distribution, although 7, is scaled by a factor of
g(RH) [Li et al., 2001].

2.3. Optical Properties of One Aerosol Type

[13] The extinction coefficient K;** and the scattering
coefficient K} of an aerosol of type j (i.e., sulfate, BC,
or INSO) having a size distribution #,(r) are computed at
wavelength \ as follows [Hess et al., 1998]:

T'max
K t
‘fx ()\) B /)

*Fmax

Q;c” (r7 mj, /\)7Tr2 nj(r)dr (5)

o (r7 mj, )\)71'}"2 ny(r)dr (4)

J

Ki4(n) =

Fmin

where OF and O} are, respectively, the extinction and
scattering efficiencies of individual particles (e.g., obtained
from Lorenz-Mie theory for spherical particles) having
refractive indices m(\). The single-scattering albedo w; and
the phase function P(0) of the aerosol are computed as

follows:

KW

K

wi(A)

(6)

i e (v, my, N)or? my(r)p (6, 7, my, A)dr
K(N)

Pi(0,0) = ()

where p(0) is the single-particle phase function at scattering
angle 0, which is normalized by 4 in our treatment [Hess et
al., 1998].

[14] Equations (4) to (7) show that the aerosol optical
properties depend on the number size distribution, the
shape, and the refractive index of the constituent particles.
These parameters depend on aerosol dry chemical compo-
sition and ambient meteorological conditions, such as
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relative humidity [d’Almeida et al., 1991]. The absorption
of water, which is especially important for sulfate aerosols,
both increases the particle size and alters the refractive
index [Hanel, 1976]. There are two common methods to
calculate the effective refractive index of an aerosol particle
having a homogenous mixed composition. The first is based
upon the volume mixing of each component [Hanel, 1976],
and the second is based on the molar refraction of each
component [Moelwyn-Hughes, 1961]. The two methods
yield negligible differences for partially to wholly neutral-
ized sulfate (cf. Appendix A), and the molar-refraction
method is employed in the current study.

2.4. Optical Properties of Externally Mixed
Aerosol Types

[15] For externally mixed aerosols, the particles of the
different acrosol types sulfate, BC, and INSO are entirely
physically separate. The overall optical properties are then
the sum of those of the component aerosols, as follows [e.g.,
Hess et al., 1998]:

K90) = 3K )
k() = YK ©)
o) = e (10)

2K (NP6, )

B > nj(r)r3dr
S wlr)rdr

PO, \) =

In K (X)) — In K= ()
T Ty (13)
for j € {sulfate, BC, INSO}.

[16] An « value, representing the wavelength dependence
of K, is a good indicator of acrosol effective radius: for
typical atmospheric particles at solar wavelengths a larger
value of « corresponds to a smaller 7.4 because the
wavelength dependence of O®()\) increases for smaller size
parameter 277/ [Tomasi et al., 1983]. Thus for the larger
r. the relative change of 0" and K (cf. equation (4)) with A
is smaller. The aerosol Angstrom exponent «v in this study is
calculated for A; = 0.55 pm and )\, = 0.67 pm. For typical
urban aerosols, Eck et al. [1999, Figure 8] show that an «
value calculated at 0.55 and 0.67 pm provides a good
representation of the overall wavelength dependence from
0.34 to 1.02 pm.

2.5. Optical Properties of Internally Mixed
Aerosol Types

[17] For the internally mixed treatment, BC and sulfate
occur in the same particle in the fine mode while INSO
particles remain externally mixed from them in the coarse
mode. The overall optical properties are therefore calculated
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in two steps. First, 0?7, 0*“, and p of the internally mixed
BC/sulfate particles are computed (vida infra), from which
K, K**“, w, and P are determined by equations (4) to (7).
Second, the overall optical properties of the externally
mixed aerosol are obtained by using equations (8) to (13)
for j € {mixed BC/sulfate, INSO}. As a caveat, although
coarse-mode INSO particles can also become coated by
sulfate during long-range transport, these coatings, unlike
their counterparts on BC particles, are not optically impor-
tant because they result in relatively small changes of
particle size and refractive index.

[18] Two approaches have been used in previous studies
to calculate the optical properties of internally mixed BC/
sulfate particles [Lesins et al., 2002]. (1) A refractive index
is calculated by assuming that sulfate and BC are homoge-
neously mixed (cf. Appendix A). The derived refractive
index and the particle size are then used in a Lorenz-Mie
calculation of 0°“, O, and p. (2) A BC-core/sulfate-shell
structure is assumed, and a core/shell Mie code is employed,
which requires input of the refractive indices of BC and
sulfate as well as the core and shell particle radii [Ackerman
and Toon, 1981; Redemann et al., 2001]. The difference of
0%, 0%, and p predicted by the two methods, however, is
small [Lesins et al., 2002], and we employ the core/shell
model.

[19] In addition to these two cases, a third plausible case
is that several BC particles could be randomly imbedded
inside a sulfate particle, either centrically or eccentrically,
because BC particles have a larger number concentration
than sulfate particles in a typical urban aerosol plume. As a
statistical average of a particle ensemble, however, in which
BC particles are randomly positioned inside each sulfate
particle, the optical properties are equivalent to those of an
agglomerated BC core inside each sulfate particle [Chylek et
al., 1995], which corresponds to our case 2.

[20] In calculations comparing external and internal mix-
ing, the relative mass percentage of each aerosol component
is conserved (cf. Appendix B).

3. Results and Discussion

3.1. Optical Properties of Sulfate and Black-Carbon
Aerosols

[21] The phase functions P(f) of aqueous ammonium
sulfate aerosols are shown in Figure 2 for several RH values
and internal or external mixing with 5% by mass of BC.
Elevated RH increases forward scattering (i.e., P(#) for 6 —
0°) because particle growth enhances forward diffraction
[Liou, 2002]. Likewise, backscattering at 180° weakens for
elevated RH, decreasing by 45% for 90% RH compared to
0% RH (Figure 2a inset). The average decrease across all
backscattering angles (i.e., 90° < 6 < 180°) is 60%.

[22] The effect of hygroscopicity on sulfate aerosol back-
scattering can be compared to the effect of nonsphericity on
dust aerosol backscattering. The latter effect increases P(6)
for 6 < 150° but decreases it for 6 > 150° [Wang et al.,
2003c]. In comparison, sulfate hygroscopicity decreases
P(60) for all backscattering angles (Figure 2a). The magni-
tude of the variation in P() is nearly the same for both
effects. Therefore in satellite retrieval algorithms for 7 that
employ angular-dependant radiance observations, the pos-
sibility of aerosol hygroscopicity should be considered.
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