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ABSTRACT
We use the fractional aerosol optical depth (AOD) values
derived from Multiangle Imaging Spectroradiometer
(MISR) aerosol component measurements, along with
aerosol transport model constraints, to estimate ground-
level concentrations of fine particulate matter (PM2.5)
mass and its major constituents in the continental United
States. Regression models using fractional AODs predict
PM2.5 mass and sulfate (SO4) concentrations in both the
eastern and western United States, and nitrate (NO3) con-
centrations in the western United States reasonably well,
compared with the available ground-level U.S. Environ-
ment Protection Agency (EPA) measurements. These
models show substantially improved predictive power
when compared with similar models using total-column
AOD as a single predictor, especially in the western
United States. The relative contributions of the MISR aero-
sol components in these regression models are used to
estimate size distributions of EPA PM2.5 species. This
method captures the overall shapes of the size distribu-
tions of PM2.5 mass and SO4 particles in the east and west,
and NO3 particles in the west. However, the estimated
PM2.5 and SO4 mode diameters are smaller than those

previously reported by monitoring studies conducted at
ground level. This is likely due to the satellite sampling
bias caused by the inability to retrieve aerosols through
cloud cover, and the impact of particle hygroscopicity on
measured particle size distributions at ground level.

INTRODUCTION
There have been many epidemiologic studies examining
the health effects of fine particulate matter (PM2.5, parti-
cles less than 2.5 �m in diameter) since 1997.1 Measuring
the characteristics of PM2.5, including chemical composi-
tion and size distribution, is crucial in determining the
relative toxicity of different PM2.5 constituents, hence
developing cost-effective emission control policies. How-
ever, particle chemical characterization over large regions
is limited because it is costly and time consuming. Fur-
thermore, PM2.5 size distribution is not routinely mea-
sured by most ground monitoring networks. Available
information in the peer-reviewed literature is mostly from
intensive measurement campaigns (e.g., U.S. Environ-
mental Protection Agency [EPA] PM supersites) over short
periods.

Earth observing satellites can cover nearly the entire
globe in the matter of a few days. The rapidly advancing
satellite aerosol remote sensing technology makes them a
potential source of information on the transport and spa-
tial patterns of particles. The aerosol optical depth (AOD)
retrieved by the Moderate Resolution Imaging Spectrora-
diometer (MODIS) has been reported to be correlated with
PM2.5 mass concentrations in the United States and this
correlation is stronger on the East Coast.2 An assessment
over 26 locations in five countries shows that ground
PM2.5 concentrations and the bin-averaged daily mean
MODIS AOD have a linear correlation coefficient of 0.96.3
Liu et al. developed multivariate regression models to
compare the capability of MODIS AOD in predicting

IMPLICATIONS
This paper examines the ability of MISR fractional AODs to
predict ground-level concentrations and size distributions
of PM2.5 and its major constituents. Our results suggest
that MISR fractional AOD data can become a valuable
resource in our effort to determine the time and space-
resolved PM2.5 exposure. Aerosol vertical profiles simu-
lated by atmospheric chemical transport models can im-
prove the association between MISR fractional AODs and
ground PM2.5 information.
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ground PM2.5 concentrations with AOD retrieved by the
Multiangle Imaging Spectroradiometer (MISR) aboard
NASA’s EOS Terra satellite in the St. Louis metropolitan
area.4 The two models have comparable regression coef-
ficients with MISR having a slightly higher predicting
power as indicated by the model R2. This paper presents
the results of a case study in which we estimate ground-
level concentrations of PM2.5 and its major constituents
using the fractional AOD derived from the MISR aboard
NASA’s EOS Terra satellite. We chose the continental
United States as our modeling domain and collected
PM2.5 speciation data measured by EPA’s Speciation and
Transport Network (STN) in 2005.

DATA AND METHODS
MISR Level 2 Aerosol Data

MISR Level 2 aerosol data (MIL2ASAE, Version 17) cover-
ing the continental United States in 2005, MISR Aerosol
Physical and Optical Properties (APOP) file and the Aero-
sol Mixture file were downloaded from the NASA Langley
Research Center (LARC) Atmospheric Sciences Data Center
(edg.larc.nasa.gov/�imswww/imswelcome/index.html). MISR
retrieves aerosol properties by first assuming a set of aero-
sol models (called “mixtures of aerosol components” in
MISR literature) in the atmosphere. For each MISR obser-
vation at a given location and time, top-of-atmosphere
radiances simulated for each mixture are computed and
compared with the MISR observations to determine those
mixtures that provide good fits to the data, that is, the
“successful mixtures”.5 These mixtures are created by ex-
ternally mixing up to three individual aerosol compo-
nents defined by a size distribution, shape, complex index
of refraction, and scale height. The percentage contribu-
tions of all the components to the AOD corresponding to
a mixture sums to one. As for Version 17 data, eight
aerosol components (i.e., component 1, 2, 3, 6, 8, 14, 19,
and 21) are used to construct a total of 74 aerosol mix-
tures. The MIL2ASAE data product provides AOD values

and success flags (i.e., whether a mixture is considered a
good fit to the observation) for all aerosol mixtures. The
APOP file and Aerosol Mixture file contain detailed infor-
mation on the aerosol components that are used to con-
struct the aerosol models, and the percentage contribu-
tion of each component to total AOD. A detailed
discussion of MISR data structure is given in a companion
article.6

EPA PM2.5 Speciation Data
PM2.5 chemical speciation data collected by EPA STN
monitors for 2005 were downloaded from EPA’s Air Qual-
ity System (AQS) databases (www.epa.gov/ttn/airs/airsaqs/
detaildata/downloadaqsdata.htm, accessed on April 24, 2006).
Figure 1 shows the spatial distribution of approximately 130
STN sites with PM2.5 measurements after matching with
MISR aerosol data. Fewer STN sites in the west result in a
smaller dataset in the western United States, which limits
the predictors we can include in the regression analysis.
Unfortunately, no other data sources are available to sup-
plement the STN data for our modeling period. The Inter-
agency Monitoring of Protected Visual Environments (IM-
PROVE) program operates a monitoring network that
provides similar measurements to EPA’s STN network. How-
ever, IMPROVE data for 2005 were not available at the time
of this analysis. In addition, all IMPROVE sites are located in
the National Parks and wilderness areas. Their great dis-
tances to populated urban areas make them less useful to
this analysis. Parameters used in the current analysis include
daily average PM2.5 mass concentration measured by gravi-
metric methods, sulfate (SO4), nitrate (NO3), organic carbon
(OC), and elemental carbon (EC) concentrations. Prelimi-
nary analysis shows that these four species are all highly
significant predictors of PM2.5 mass (R2 � 0.95). On average,
they account for approximately 71% of the total PM2.5

mass. The rest of the particle mass may include crustal ma-
terials, water, and other unknown materials. We use silicon
concentrations as a surrogate of mineral dust in our analysis,

Figure 1. Geographical locations of EPA STN sites and the AERONET sites used to validate MISR-derived particle size distributions.
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as it was shown to be the dominant indicator of soil and
crustal materials in urban areas by factor analysis.7

STN data records flagged with Quality Assurance
qualifiers were excluded because these qualifiers indicate
that these data are of low quality. Other qualifiers include
Exceptional Event (EX) qualifiers (structural fire, construc-
tion or active agricultural activities, cleaning after disas-
ters or accidents, etc. during sample collection) and Nat-
ural Events (NAT) qualifiers (forest fires, high winds, etc.
during sample collection). In our dataset, there are one
structural fire, three construction events, and one agricul-
tural tilling event in the east, and one forest fire in the
west. Including the data records flagged with EX qualifiers
does not change the parameter estimates but they slightly
deteriorate the adjusted R2 values. This is probably be-
cause the spatial resolution of our satellite data and model
simulations cannot capture these small-scale events. As a
result, we did not include these data records in the final
models. Although the data record was flagged with a NAT
qualifier, the Cave Creek forest fire started on June 21 near
Carefree, AZ did not significantly increase the PM2.5 con-
centration or EC concentration measured on June 27 at
the EPA site at Scottscale, AZ, approximately 30 km south
of the fire site. Therefore, this data record was included in
the final models.

GEOS-Chem Aerosol Simulation Data
Developed at Harvard University, the GEOS-Chem model
is a global three-dimensional chemistry and transport
model driven by assimilated meteorology. A detailed de-
scription of GEOS-Chem and its aerosol simulation can be
found elsewhere.8,9 GEOS-Chem near-real-time run (NRT)
results (Version 7-02-04) were obtained from the Univer-
sity of Washington (coco.atmos.washington.edu/cgi-bin/ion-
p?page � geos_nrt.ion). Output fields used in the current
analysis include optical depth of SO4, nitrate (NO3), OC,
EC, and mineral dust at 3-hr intervals, 2 ° � 2.5 ° spatial
resolution, and 17 vertical layers in the troposphere. The
3-hr outputs are interpolated to 10:00 a.m. to 11:00 a.m.
local time values, which correspond to the MISR observa-
tion time window. GEOS-Chem simulated aerosol vertical
profiles are used as scaling factors to calculate the fractions
of MISR AOD in the lower atmosphere, as discussed later.
Ideally, aerosol vertical profiles at a higher spatial resolution
should be used for this urban-scale study. However, such
data were not available to us at the time of this analysis.
Despite the coarse resolution, previous analysis shows that
including GEOS-Chem aerosol simulations in the analysis
can significantly strengthen the association between MISR
AOD and ground-level EPA PM2.5 concentrations.10

Data Processing and Model Development
Our modeling analysis takes four steps. First, we calculate
column fractional AOD for each MISR aerosol compo-
nent. Second, we estimate lower-air fractional AOD by
scaling the column fractional AOD with the simulated
aerosol vertical profiles from GEOS-Chem. Third, we build
the linear regression models with fractional AOD values as
the major predictors of concentrations of PM2.5 mass and
its major constituents. Finally, we derive particle size dis-
tribution information using the regression coefficients.

This approach as well as MISR data structure is discussed
in detail in the companion article. Data from MISR, EPA,
and GEOS-Chem are spatially and temporally matched
before analyzing the relationship between MISR frac-
tional AODs and EPA PM2.5 speciation information. The
fractional AOD of a MISR aerosol component is defined as
the average contribution of this component to total AOD
over all the aerosol mixtures that provide good fits to
MISR observations. It is calculated for those components
present in an observation. In this study, we keep all AOD
values (558 nm) between 0.15 and 1.5 to be consistent
with the sensitivity study presented in the companion
article. Among all the valid MISR observations spatially
matched to the STN sites, approximately 60% of them
have overall AOD values below 0.15. Removing these low
AOD values substantially limits our sample size, which
results in the reduction of statistical power, and makes
our results representative of more polluted conditions. In
the companion paper, we used the number of successful
aerosol mixtures (i.e., mixtures that pass the selection
criteria and are considered good fits to an observation) as
an indicator of MISR particle type retrieval error.6 A MISR
observation is considered to have less uncertainty when
only a small number of aerosol mixtures are considered
good fits to it. For the current dataset, the median number
of successful mixtures is eight for the data with total AOD
values greater than 0.15 in the east, and 13 in the west.
For the data with total AOD values between 0.05 and 0.15,
this number is 14 in the east and 24 in the west. There-
fore, setting a lower bound of 0.15 for total AOD allowed
higher quality MISR particle type information to be in-
cluded in the modeling process.

We use GEOS-Chem simulated aerosol vertical pro-
files to compute lower-air fractional AOD for each MISR
component. Three of the 17 GEOS-Chem tropospheric
layers are within 1 km above the surface. The lower-air
AOD proportion is calculated as the sum of simulated
AOD values in lowest three layers divided by the total
AOD. However, given the differences between the MISR-
assumed aerosol components and GEOS-Chem aerosol
species, it is impossible to directly scale each of the MISR
aerosol components. Instead, we sum GEOS-Chem AOD
values for SO4, NO3, OC, and EC at each vertical layer to
roughly represent the contribution of anthropogenic par-
ticles over land. We calculate the ratio of the GEOS-Chem
anthropogenic AOD in the lowest three layers over the
GEOS-Chem anthropogenic AOD for the whole air col-
umn. Then, we multiply the MISR fractional AOD for
each of the non-dust components (i.e., 1, 2, 3, 6, 8, and
14) by this ratio to represent the fractional anthropogenic
AODs in the lower air. This procedure is summarized in eq
1a and 1b. Similarly, we calculate the ratio of GEOS-Chem
dust AOD in the lowest three layers over the total dust
AOD, and use it to calculate the fractional AODs for each
of the MISR dust aerosol components (19 and 21) in the
lower atmosphere.

MISR lower-air anthropogenic AOD

�
GEOS-CHEM lower-air anthropogenic AOD
GEOS-CHEM column anthropogenic AOD

� MISR non-dust AOD

(1a)
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where MISR anthropogenic AODs refer to the fractional
AODs for components 1, 2, 3, 6, 8, and 14.

MISR lower-air dust AOD

(1b)�
GEOS-CHEM lower-air dust AOD
GEOS-CHEM column dust AOD

� MISR dust AOD

where MISR dust AODs refer to the fractional AODs for
components 19 and 21.

The scaled lower-air MISR AODs are used in the
subsequent modeling process. We refer to them as MISR
fractional AODs for simplicity. Detailed model develop-
ment is presented in the companion article, so it is not
repeated here. Before removing the outliers, there are
208 and 56 observations in the eastern and western
United States (95 ° longitude as the division line), re-
spectively. Given the small size of the datasets, only a
binary seasonal indicator is included in all the models
to account for the impact of relative humidity (RH; see
eq 2). The seasonal indicator equals 1 representing high
RH seasons (summer and fall, i.e., from June to Novem-
ber), or 0 representing low RH seasons (winter and
spring, i.e., from December to May). The Cook’s D
threshold is set at the 20th percentile value, which is
generally between 0.3 and 0.6, and the outliers are
discussed separately. Model performance is evaluated

by adjusted R2, which penalizes the inclusion of more
predictor variables in a model.

STN PM2.5 Constituent Concentration

� �0 � �
i�1

8

�i � MISR fractional AODi

� �9 � Seasonal Indicator

(2)

RESULTS AND DISCUSSION
Relationships between PM2.5 Components and

Fractional AODs
Tables 1 and 2 show the modeling results between EPA
observations of PM2.5 constituent concentrations and
fractional MISR AODs in the east and west, respectively.
The EC and silicon models do not produce any meaning-
ful results because of their low concentration levels and
severely reduced datasets caused by many zero values in
the EPA data. Therefore, they are not listed here. All
fractional AOD variables with positive regression coeffi-
cients that are significant at the � � 0.25 level are in-
cluded in the final models. The statistical significance of
model intercept is also evaluated at the � � 0.25 level.
Results of similar models with total MISR AODs scaled by
GEOS-Chem aerosol profiles are given as a comparison.
All the models are highly significant (p value � 0.0001).

Table 1. Regression results of the fractional AOD models and the total AOD models in the eastern United States after removing outliers.

Dependent
Variable

Fractional AOD Model Total AOD Model

N a
Adjusted

R2
Predictor
Variable

Regression Coefficient
(SE) N

Adjusted
R2

Predictor
Variable

Regression Coefficient
(SE)

PM2.5 203 0.56 Intercept 5.2 (1.1)c 207 0.42 Intercept 8.0 (1.1)c

AOD1
b 206.8 (29.7)c AODtotal 57.8 (6.5)c

AOD2 123.5 (10.7)c High RH Season 5.7 (1.0)c

AOD3 68.9 (10.5)c

AOD8 108.6 (16.3)c

AOD14 92.1 (37.1)d

High RH Season 4.3 (0.9)c

SO4 206 0.62 AOD1 120.2 (12.6)c 206 0.43 AODtotal 26.9 (2.8)c

AOD2 58.7 (4.3)c High RH Season 2.2 (0.5)c

AOD3 43.7 (4.4)c

AOD8 55.5 (7.0)c

AOD21 135.2 (74.1) (P � 0.07)
High RH Season 0.9 (0.4)d

NO3 206 0.13 Intercept 1.2 (0.3)c 204 0.11 AODtotal 2.5 (1.4) (P � 0.07)
AOD2 3.5 (2.5) (P � 0.17) High RH Season 	1.1 (0.2)c

AOD8 6.5 (4.2) (P � 0.12)
AOD14 32.7 (9.7)c

High RH Season 	1.0 (0.2)c

OC 206 0.19 Intercept 3.8 (0.3)c 206 0.15 Intercept 4.2 (0.3)c

AOD1 16.1 (8.0)d AODtotal 2.0 (1.6) (P � 0.23)
AOD2 10.0 (2.6)c High RH Season 1.4 (0.3)c

AOD8 8.5 (4.5)d

High RH Season 1.0 (0.3)c

Notes: aN represents the sample size after removing the potential outliers. bAOD1 is the fractional AOD of MISR component 1. Similarly, AOD2 is fractional AOD
of MISR component 2, and so on. cSignificant at the � � 0.001 level; dsignificant at the � � 0.05 level.
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The adjusted R2 values indicate that after adjusting for the
number of predictors included in the models, the frac-
tional AOD models are able to explain 13–62% of the
variability in the concentrations of PM2.5 mass and its
major constituents in the eastern United States, and 28–
56% in the western United States. The predicting powers
of the fractional AOD models are moderately greater than
their corresponding total AOD models in the east, and
substantially greater in the west. The improvements of
adjusted R2 values range between 19% (NO3 model) and
44% (SO4 model) in the east, and between 129% (NO3

model) and 233% (SO4 model) in the west. The seasonal
effects in the east are highly significant and the regression
coefficients of the seasonal indicator are similar in both
sets of models. In the west, the seasonal effect is generally
either weak or insignificant in both sets of models. In
most previous studies that intend to link AOD and near-
surface PM2.5 measurements, total-column AOD was used
as one predictor of ground level PM2.5 concentra-
tions.2,4,11,12 Our finding suggests that using total AOD as
a single predictor could introduce a substantial amount of
uncertainty because it weighs all aerosol components
equally and does not consider the impact of changing
particle composition on the association between AOD
and PM2.5. In the context of our regression models, using
AOD as the sole predictor of particle abundance means
assuming all the aerosol components to be significant
predictors and having identical regression coefficients. As
a result, it is not surprising to see that the fractional AOD
models, which are much more flexible in adjusting for the
changing particle composition, show dramatically im-
proved capability in explaining the variability of the con-
centrations of PM2.5 constituents as compared with the
total AOD models.

In the east, MISR aerosol components are more
strongly associated with PM2.5 mass and SO4 concentra-
tions than with NO3 and OC, as indicated by the adjusted
R2. The seasonal indicator is significant in all the models.
The darkest MISR component, No.14, is significant in the
PM2.5 model, which probably accounts for the light-ab-
sorbing carbonaceous particles such as the small amount
of EC and some light-absorbing OC components. In the
west, MISR components are more strongly associated with
PM2.5 total mass, SO4, and NO3 concentrations than with
OC concentrations. The seasonal indicator is not signifi-
cant in the PM2.5 and SO4 model. The definitions of MISR
aerosol components are distinguished by size, shape, and
single-scattering albedo, but not by chemical composi-
tion, which makes it difficult to interpret the significant
predictors in these models in terms of particle chemistry.
The significance of dust components (19 and 21) in the
SO4 models and the NO3 model in the west (see Tables 1
and 2) could be caused by the particles having the dust
component size distributions and shapes. In addition, the
composition and microphysical properties of SO4 and
NO3 are relatively simple and well documented. In con-
trast, the microphysical properties of OC particles are
more varied and less well known than inorganic parti-
cles.13 Consequently, MISR is less capable of distinguish-
ing light absorbing mixtures from non-light-absorbing
mixtures, as shown by the results in the companion article.

Model biases are estimated by linear regression be-
tween the fitted values and the observations. As an exam-
ple, Figure 2 shows the scatter plots of fitted PM2.5 mass
and SO4 concentrations in the east and west versus re-
spective EPA observations (i.e., the four models with the
largest adjusted R2). After removing the outliers, the PM2.5

models underpredict PM2.5 concentrations by approxi-
mately 7–8% in both the east and the west. The SO4

Table 2. Regression results of the fractional AOD models and the total AOD models in the western United States after removing outliers.

Dependent
Variable

Fractional AOD Model Total AOD Model

N
Adjusted

R2
Predictor
Variable

Regression Coefficient
(SE) N

Adjusted
R2

Predictor
Variable

Regression Coefficient
(SE)

PM2.5 53 0.57 AOD2 142.1 (20.7)a 54 0.21 AODtotal 91.9 (23.1)a

AOD3 198.1 (36.0)a High RH Season 2.0 (1.8) (P � 0.25)
AOD6 97.5 (28.6)b –
AOD8 145.6 (47.3)b –
AOD21 541.5 (165.8)b –

SO4 54 0.40 AOD1 74.3 (33.8)c 54 0.11 AODtotal 16.8 (6.3)b

AOD2 41.7 (7.0)a High RH Season 0.7 (0.5) (P � 0.22)
AOD3 20.6 (10.5)c

AOD8 32.4 (17.1)c

AOD21 165.1 (56.8)b

NO3 54 0.54 AOD3 94.8 (15.6)a 54 0.23 Intercept 	3.1 (1.3)c

AOD6 26.3 (12.8)c AODtotal 39.8 (9.6)b

AOD19 54.2 (16.7)b

High RH Season 	0.8 (0.6) (P � 0.16)
OC 56 0.28 Intercept 2.4 (0.5)a 54 0.11 Intercept 1.9 (0.8)c

AOD2 20.4 (7.2)b AODtotal 14.6 (6.0)c

AOD3 37.0 (9.5)a High RH Season 0.8 (0.4) (P � 0.07)
AOD8 18.5 (15.4) (P � 0.23)
High RH Season 0.8 (0.5) (P � 0.09)

Notes: aSignificant at the � � 0.001 level, bsignificant at the � � 0.01 level, csignificant at the � � 0.05 level.
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model underestimates by approximately 10% in the east
and approximately 17% in the west. The model relative
error (model root-mean-square error divided by observed
mean concentration of dependent variable) is approxi-
mately 30% for PM2.5 in the east, 34% in the west, 39%
for SO4 in the east, and 51% for SO4 in the west.

The results of our analysis apparently indicate that
MISR aerosol components have different relative influ-
ences on particle mass (i.e., MISR aerosol components
have different regression coefficients in the linear mod-
els). The regional variation of particle compositions is also
clearly seen by the different regression coefficients in the
east from the west. Although there are statistically insig-
nificant components that do not seem to contribute to
fine particle mass in one region (e.g., components 6 and
19 in the east), these components may become significant
in other regions. It should be noted that only MISR pro-
vides aerosol-type-specific fractional AOD values, which
enables us to examine the predictability of different aero-
sol components on fine particle mass concentrations. The
results of the current analysis cannot be directly applied
to aerosol data retrieved by other current satellite sensors
such as POLDER (Polarization and Directionality of the
Earth’s Reflectances), which reports microphysical prop-
erties only for particles smaller than 0.35 �m; MODIS,
which reports only fine/coarse aerosol ratio;10 or the Geosta-
tionary Operational Environmental Satellites (GOES). None-
theless, including any available indicators of particle com-
position is likely to improve the results of air quality
monitoring analyses from these sensors. Because the Ozone

Measurement Instrument (OMI) aboard NASA’s Aura satel-
lite reports both extinction and absorption optical depth,
the method discussed in the current paper might also help
better utilize the OMI aerosol data.

When the MISR data with total AOD values greater
than 0.05 were included in the models, these models
yielded similar regression coefficients and adjusted R2 val-
ues (results not shown). This is probably because these
data points are near the lower end of the AOD value range
so they do not have enough leverage to change the esti-
mated regression coefficients. Caution must be given
when applying the results of this paper to lower AOD
values because the MISR particle-type retrieval errors are
greater in these observations, as previously mentioned.

In addition to the uncertainties in MISR aerosol re-
trieval, the performance of these models might also be
influenced by the aerosol vertical profile, particle growth
at increased RH, and the uncertainties of STN measure-
ments. It has been shown that aerosol vertical distribu-
tion does not significantly impact satellite retrieved col-
umn-average aerosol microphysical properties, at least
when weakly absorbing species are dominant and away
from optically thick aerosol plumes.14 Previous results
show that using GEOS-Chem vertical profiles to scale
MISR AOD values improves model performance, which is
probably because the scaling procedure can partially
account for the vertical profiles of different aerosol
species.10 Aerosol hygroscopicity can be a factor be-
cause the satellite retrieves AOD under ambient condi-
tions, whereas the EPA PM2.5 measurements are made

(a)

(c)

(b)

(d)

Figure 2. Scatterplots of fitted PM2.5 mass in (a) the eastern and (c) western United States, and SO4 concentrations versus EPA observations
in (b) the eastern and (d) western United States. Solid lines represent simple linear regression results with intercepts excluded. The 1:1 lines
are displayed as dashed lines for reference. Final data used to derive the regression coefficients are displayed as small black squares and
outliers are displayed as large hollow squares.
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in a controlled, low RH environment (although mea-
sured PM2.5 mass still contains an unknown amount of
water).15 This discrepancy in measurement methods
could be substantial especially when the RH is high in
the boundary layer, unless RH correction factors are
included in the models. The significance of the seasonal
indicator in all the models may reflect the impact of RH
on the associations. Unfortunately, the small size of our
dataset limits the number of predictors such as RH. This
issue will be pursued in future research, using larger
samples and more mature MISR particle property prod-
ucts. Among the STN PM2.5 speciation measurements,
SO4 measurements are probably the most stable because
SO4 is nonvolatile. A large amount of NO3 may be lost
during sampling because of vaporization during warm
seasons. OC is a mixture of hundreds of different or-
ganic compounds, whose concentration is not directly
measured, but estimated with a thermal/optical trans-
mittance (TOT) technique. OC concentration is likely
the most uncertain of the major PM2.5 constituents.16

This could partially be attributed to the lower adjusted
R2 of the OC models.

Analysis of Model Outliers
Using the Cook’s D thresholds and studentized residuals,
five outliers are identified for the PM2.5 model in the east
(�2% of the dataset), as shown in Figure 2a, two of which
are also outliers for the SO4 model (�1% of the dataset).
The number of successful aerosol mixtures in the MISR
retrievals ranges from 2 to 13, suggesting that it is not an
important factor in identifying outliers. These outliers
were all measured around the Great Lakes. Al-Saadi et al.2

have reported similar cases with MODIS data between
Lakes Superior and Michigan. When assessed with addi-
tional meteorological information, the authors attribute

these outliers to the impact of the land-water boundary,
which results in aerosol intrusion layers aloft, and weak-
ens the correlation between AOD and ground level PM2.5

concentrations. Three outliers are identified in the west
(�5% of the dataset), as shown in Figure 2b; two of these
are also outliers in the NO3 model (�4% of the dataset).
Possible causes of these outliers might include isolated
pollution episodes occurring beyond the MISR sampling
time window, and MISR’s insensitivity to the aerosol mix-
tures under certain circumstances. Although many data
samples are collected near the eastern and western sea-
shores, they do not appear to be outliers. The inclusion of
GEOS-Chem simulated aerosol vertical profiles might
help alleviate the effect of large-scale land-water interac-
tions, but it is probably not able to fully characterize such
an effect near the Great Lakes due to the model’s coarse
spatial resolution. The aerosol vertical profiles measured
by the newly launched Cloud-Aerosol Lidar and IR Path-
finder Satellite Observation (CALIPSO) satellite might
provide valuable insight into how boundary layer mixing
at local scales (�100-m spatial resolution, 20-km swath
width) affects the association between total column AOD
and ground-level PM2.5 concentrations.

Estimated Formations of EPA PM2.5 Constituents
Figure 3 shows the mean percentage contribution of each
significant component to the concentrations of PM2.5 and
SO4 in the east and west, and that of NO3 in the west.
Except for PM2.5 concentrations in the east, which has a
significant percentage of unexplained materials (31%)
represented by the highly significant model intercept, the
concentrations of other PM2.5 constituents can be fully
explained by different combination of MISR aerosol com-
ponents. In the east, all the major MISR components
present in the SO4 model are also present in the PM2.5

(a) (b)

(c) (d) (e)

Figure 3. Contributions of significant MISR aerosol components (1, 2, etc.; see Table 1) to PM2.5 mass in (a) the eastern and (c) western United
States; SO4 concentrations in (b) eastern and (d) western United States; and (e) NO3 concentration in the western United States. The
contributions only correspond to the proportion of these EPA measurements explained by the models.
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model. Component 2 is the dominant contributor, pro-
viding nearly 41% of PM2.5 mass and 57% SO4 concen-
tration. It is followed by components 8, 1, and 3 for both
PM2.5 and SO4. This is probably due to the fact that sulfate
particles represent a large fraction of total PM2.5 mass in
the east.

The significant MISR components in the SO4 model
are the same in east and the west except that the seasonal
indicator is only significant in the east. This reflects the
regional nature of sulfate particle pollution. The only
difference is that in the west, larger particles such as
components 3 and 21 have slightly greater contributions.
The formation of PM2.5 in the west is very different from
that in the east, with components 2 and 6 both contrib-
uting approximately 30% to PM2.5 mass, followed by
larger particles such as components 3, 8, and 21. The large
contribution of component 6 to PM2.5 mass appears to
come from NO3, which has component 6 as its major
contributor (54%). It is widely known that NO3 concen-
trations in east are relatively low because of abundant
sulfur dioxide (SO2), which quickly consumes ammonia
to form particle sulfate. Because of the lower SO2 level,
atmospheric conditions in the west are more favorable for
the generation of ammonium nitrate (NH4NO3), thus
NO3 is a larger contributor to PM2.5 mass in the west than
in the east although regional features are also present. Our
findings from the models agree with this consensus.

All the PM2.5 constituents except NO3 in the west
include light-absorbing MISR aerosol components, such
as components 8, 14, and 21. These components in the
PM2.5 may reflect that light-absorbing carbonaceous par-
ticles represent a substantial fraction of PM2.5 mass. Their
presence in the SO4 formations is on one hand likely
because of the immature status of retrieved aerosol micro-
physical properties in Version 17 MISR data. As shown in
the companion paper, MISR is less sensitive in distin-
guishing light-absorbing particles from brighter particles.
As a result, the presence of light-absorbing components in
the SO4 formations probably represents bright particles
with similar size distributions and shapes that define the
MISR light-absorbing components. As more mature MISR
particle property products are becoming available, this
issue is likely to be resolved. On the other hand, sulfate
particles that are internally or externally mixed with car-
bonaceous particles could also cause the light-absorbing
components to be significant in the model.

Estimated Particle Size Distributions
Figure 4 shows the size distribution for each of the four
species calculated using the significant components in
each regression model. Because smaller components ac-
count for over 90% of mass, the estimated PM2.5 mass
fraction in the east peaks at 0.19 �m. Also, the estimated
size distribution supports the idea that particles smaller
than 1 �m in size (i.e., the accumulation-mode particles)
account for approximately 98% of the total PM2.5 mass.
Furthermore, the estimated size distributions of PM2.5 and
SO4 are almost identical. In the west, the PM2.5 mass
fraction peaks at approximately 0.22 �m because of the
presence of larger particles (i.e., component 6). There is a
second mode beyond 2.5 �m, and the accumulation-
mode particles account for approximately 62% of the

PM2.5 mass (see Figure 4). The estimated SO4 size distri-
butions have one peak around 0.17 �m, and accumula-
tion mode particles account for 88% of the fine SO4 mass.
Because of the dominant presence of larger particles such
as components 6 and 19, the NO3 size distribution has
one peak at 0.45 �m, and another peak beyond 2.5 �m.
The accumulation-mode NO3 particles only account for
25% of the fine NO3 mass.

PM2.5 size distributions are not routinely measured
by the EPA compliance network, which limits us to only
comparing the estimated size distributions with more
general information in the literature. Previous studies of
ground-level fine particle size distributions have reported
that the accumulation mode often has a peak between 0.4
and 0.5 �m.17,18 Our results for NO3 generally agree with
the reported peak size. They also capture reasonably well
the difference between SO4 and NO3 size distributions,
that is, accumulation-mode particles determine the SO4

mass, whereas a significant proportion of NO3 mass is in
the coarse mode.18 However, the estimated peak diame-
ters of PM2.5 mass and SO4 particles are substantially
smaller than those reported by ground measurements.
One possible reason of this discrepancy is that MISR re-
ports column-average aerosol microphysical properties.
Because the mean RH level in the atmospheric column is
substantially lower than in the boundary layer, the im-
pact of particle growth on light scattering at ground level
might not be fully captured in the regression models. This

(a)

(b)

Figure 4. Estimated annual average size distribution of PM2.5 and
SO4 in (a) the eastern United States, and (b) PM2.5, SO4, and NO3

in the western United States.
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discrepancy is more likely because satellite retrieved aero-
sol optical properties are naturally biased toward cloud-
free days, because cloudy scenes are screened out to avoid
situations when cloud-scattered light dominates the aero-
sol signal at the top of the atmosphere. The satellite sam-
pling bias may cause the days when the droplet mode
dominates the particle size distribution to be under-rep-
resented.

To evaluate the hypothesis of satellite sampling bias,
we calculated the annual mean particle volume size dis-
tributions at two Aerosol Robotic Network (AERONET)
sites (locations displayed in Figure 1) in 2005 using the
Version 2 inversion data.19,20 Particle density is unlikely
to vary dramatically with particle size; therefore the vol-
ume size distribution is a good approximation to relative
mass distribution. The AERONET inversion scheme as-
sumes homogeneous aerosol vertical distribution. The re-
sults, reported in 22 size bins spread logarithmically be-
tween 0.05 and 15 �m, are then fit to one coarse and one
fine mode, volume-weighted lognormal distributions. As
shown in Figure 5, particle volume distribution peaks
between 0.29 and 0.39 �m at the Goddard Space Flight
Center (GSFC) site (eastern United States) and between
0.23 and 0.30 �m at the Rimrock site (western United
States). These results are between our findings and those

reported by ground measurements. Because AERONET ra-
diometers take multiple measurements during the day-
time, some measurements can still be made once the
clouds move out of their fields of view. Therefore, particle
growth linked to cloudy conditions is at least partially
characterized in AERONET aerosol measurements. As a
result, AERONET-estimated particle size distributions are
less biased by the influences of cloud cover when com-
pared with polar-orbiting satellites. This might be the
reason that the AERONET-estimated peak particle sizes are
slightly larger than those estimated by MISR. This pro-
vides evidence to our hypothesis that the smaller peaks of
MISR estimated particle size is more likely because of
satellite sampling bias than retrieval errors. Aircraft mea-
surements of altitude-resolved particle size distributions,
such as those over the Southern Great Plains,21,22 could
provide additional perspective on this issue. However,
aircraft measurements must be combined with other data
sources to support national or regional scale studies.

CONCLUSIONS
In this case study, we calculate the fractional AOD values
for each MISR aerosol component using the mixtures
selected in the MISR Version 17 aerosol product. We es-
timate the lower atmospheric proportions of the frac-
tional AOD values by using GEOS-Chem simulated aero-
sol vertical profiles as scaling factors. These fractional
AODs are used to predict ground-level concentrations of
total PM2.5 mass and major particle species measured at
EPA’s STN sites in 2005. This approach shows dramatic
improvement in predicting power when compared with
using the total column AOD as the sole predictor, ranging
between 19 and 44% in the east, and more than 100% in
the west. Regression analyses show that MISR aerosol
components contribute differently to estimated PM2.5

concentrations, and the significant components are dif-
ferent in the eastern and western United States. We are
able to predict PM2.5 mass and SO4 concentrations in
both the east and the west, and NO3 concentrations in the
west reasonably well, compared with available EPA
ground-truth. The estimated PM2.5 size distributions us-
ing the regression results capture the AERONET-derived
overall pattern in both the east and west. However, due
most likely to the sampling bias caused by cloud cover,
estimated peak particle diameters tend to be smaller than
those reported by ground measurements. Having demon-
strated the power of this technique with an early version
of the MISR particle microphysical property retrievals,
future work will use more mature MISR particle property
products now becoming available, and larger data sam-
ples that will allow greater stratification by season and
location.
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