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Abstract. Significant reductions in emissions of SO2, NOx ,
volatile organic compounds (VOCs), and primary particu-
late matter (PM) took place in the US from 1990 to 2010.
We evaluate here our understanding of the links between
these emissions changes and corresponding changes in con-
centrations and health outcomes using a chemical transport
model, the Particulate Matter Comprehensive Air Quality
Model with Extensions (PMCAMx), for 1990, 2001, and
2010. The use of the Particle Source Apportionment Algo-
rithm (PSAT) allows us to link the concentration reductions
to the sources of the corresponding primary and secondary
PM. The reductions in SO2 emissions (64 %, mainly from
electric-generating units) during these 20 years have domi-
nated the reductions in PM2.5, leading to a 45 % reduction
in sulfate levels. The predicted sulfate reductions are in ex-
cellent agreement with the available measurements. Also, the
reductions in elemental carbon (EC) emissions (mainly from
transportation) have led to a 30 % reduction in EC concen-
trations. The most important source of organic aerosol (OA)
through the years according to PMCAMx is biomass burn-
ing, followed by biogenic secondary organic aerosol (SOA).
OA from on-road transport has been reduced by more than a
factor of 3. On the other hand, changes in biomass burning
OA and biogenic SOA have been modest. In 1990, about half
of the US population was exposed to annual average PM2.5
concentrations above 20 µg m−3, but by 2010 this fraction
had dropped to practically zero. The predicted changes in

concentrations are evaluated against the observed changes
for 1990, 2001, and 2010 in order to understand whether
the model represents reasonably well the corresponding pro-
cesses caused by the changes in emissions.

1 Introduction

During recent decades, regulations by the US Environmen-
tal Protection Agency (EPA) have led to significant reduc-
tions in the emissions of SO2, NOx , VOCs, and primary PM
from electrical utilities, industry, transportation, and other
sources (US EPA, 2011). Xing et al. (2013) estimated that,
from 1990 to 2010, emissions of SO2 in the US were reduced
by 67 %, NOx by 48 %, non-methane VOCs by 49 %, and pri-
mary PM2.5 by 34 %. An increase in ammonia emissions by
11 % was estimated for this 20-year period. At the same time,
there have been significant observed reductions in the ambi-
ent PM2.5 levels in practically all areas of the US (Meng et
al., 2019). However, our ability to link these changes in es-
timated emissions to the observed changes in PM2.5 faces
challenges. The available PM2.5 composition and mass con-
centration measurements are sparse in space and are quite
limited before 2001. Three-dimensional chemical transport
models (CTMs) are well suited to help address this problem,
since they simulate all the major processes that impact PM2.5
concentrations and transport.
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There have been several efforts to quantify historical
changes in PM2.5 levels and composition. These rely heav-
ily on measurements (both ground and satellite for the more
recent changes) and on a number of statistical techniques
including land-use regression models to calculate the con-
centrations of PM2.5 over specific areas and periods (Eeftens
et al., 2012; Beckerman et al., 2013; Ma et al., 2016; Li et
al., 2017a). Milando et al. (2016) used positive matrix fac-
torization (PMF) of PM measurements to interpret the ob-
served trends of PM2.5 from 2004 to 2011 in Detroit and
Chicago. They concluded that as secondary sulfate was de-
clining, emissions from biomass burning, vehicles, and metal
sources are becoming relatively more important. More re-
cent efforts also include applications of chemical transport
models. For example, Meng et al. (2019) estimated histor-
ical PM2.5 concentrations over North America from 1981
to 2016, combining the predictions of GEOS-Chem, satel-
lite remote sensing, and ground-based measurements. That
study focused on the estimation of total PM2.5 levels to as-
sess long-term changes in exposure and associated health
risks. The composition of PM2.5 and its sources were not an-
alyzed in that work. Jin et al. (2019) combined information
from ground-based observations, remote sensing, and chem-
ical transport models to estimate that the PM2.5-related mor-
tality decreased by 67 % in New York State from 2002 to
2012. Li et al. (2017b) combined in situ and satellite observa-
tions with the global CTM, GEOS-Chem, to quantify global
and regional trends in the chemical composition of PM2.5
over 1989–2013. They concluded that the predicted average
trends for North America were consistent with the available
measurements for PM2.5, secondary inorganic aerosols, or-
ganic aerosols, and black carbon. Nopmongcol et al. (2017)
used CAMx with the Ozone Source Apportionment Technol-
ogy (OSAT) and Particulate Source Apportionment Technol-
ogy (PSAT) algorithms for 6 different years within 5 decades
(1970–2020) to calculate the contributions from different
emission sources to PM2.5 and O3 in the US. The same mete-
orology and the same natural emissions (including wildfires)
were used for all 6 simulated years. The authors concluded
that the contribution of electrical generation units (EGUs)
and on-road sources to fine PM has declined in most ar-
eas, while the contributions of sources such as residential,
commercial, and fugitive dust emissions stand out as making
large contributions to PM2.5 that are not declining. The use
of constant meteorology did not allow the direct evaluation
of these predictions.

In this study, we use period-specific meteorological data
and source-resolved emissions for every year simulated to
estimate the concentrations, composition, and sources of
PM2.5 over 20 years in the US. Three specific years are used
as snapshots of US air quality in time. Given that signifi-
cant emissions changes have taken place over the decades
between the examined years, the predicted concentration
changes reflect mostly changes in these emissions plus some
year-to-year meteorological variability. The model predic-

tions are compared with the available measurements. The
sources responsible for the PM2.5 reductions in various ar-
eas of the country are identified, and their contribution to the
reductions is quantified. We also quantify trends in popula-
tion exposure and estimated health outcomes.

2 Model description

2.1 Particulate Matter Comprehensive Air Quality
Model with Extensions (PMCAMx)

PMCAMx (Karydis et al., 2010; Murphy and Pandis, 2010;
Tsimpidi et al., 2010; Posner et al., 2019) uses the frame-
work of the CAMx model (Environ, 2006) to describe hori-
zontal and vertical advection and diffusion, wet and dry de-
position, and gas- and aqueous-phase chemistry. A 10-size
section (30 nm to 40 µm) aerosol sectional approach is used
to dynamically track the evolution of the aerosol mass dis-
tribution. The aerosol species modeled include sulfate, ni-
trate, ammonium, sodium, chloride, elemental carbon, min-
eral dust, and primary and secondary organics. The Carbon
Bond 05 (CB5) mechanism (Yarwood et al., 2005) is used in
this application of PMCAMx for gas-phase chemistry cal-
culations. The version of CB5 used here includes 190 re-
actions of 79 surrogate gas-phase species. For condensation
and evaporation of inorganic species, a bulk equilibrium ap-
proach was used, assuming equilibrium between the bulk
inorganic aerosol and gas phases. The partitioning of each
semi-volatile inorganic species between the gas and aerosol
phases is determined by the ISORROPIA aerosol thermo-
dynamics model (Nenes et al., 1998). The mass transferred
between the two phases in each step is distributed to the
size sections using weighting factors based on the effective
surface area of each size bin (Pandis et al., 1993). Organic
aerosols (primary and secondary) are simulated using the
volatility basis set approach (Donahue et al., 2006). For pri-
mary organic aerosols (POA), eight volatility bins, ranging
from 10−1 to 106 µg m−3 at 298 K saturation concentration,
are used. Secondary organic aerosols (SOA) are split be-
tween aerosol formed from anthropogenic sources (aSOA)
and from biogenic ones (bSOA) and modeled with four
volatility bins (1, 10, 102, 103 µg m−3) (Murphy and Pandis,
2009). NOx-dependent yields (Lane et al., 2008) are used.
For better representation of the chemistry in NOx plumes,
the plume-in-grid modeling approach of Karamchandani et
al. (2011) has been used for the major point sources follow-
ing Zakoura and Pandis (2019).

2.2 PSAT

PSAT (Wagstrom et al., 2008; Wagstrom and Pandis, 2011a,
b; Skyllakou et al., 2014, 2017) is an efficient algorithm that
tracks and computes the contributions of different sources to
pollutant concentrations. The advantages of PSAT are that it
runs in parallel with PMCAMx, so there is no need to mod-
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ify the CTM for different applications, and that it is quite
computationally efficient. PSAT takes advantage of the fact
that the molecules of each pollutant at each location, regard-
less of their source, have the same probability of reacting,
depositing, or getting transported to avoid repeating the sim-
ulations of these processes. For secondary species, it follows
the apportionment of their precursor vapors. For example, the
apportionment of secondary organic aerosol is based on the
apportionment of VOCs or IVOCs, sulfate on SO2, nitrate on
NOx , and ammonium on NH3.

In this study, we use the version of PSAT developed by
Skyllakou et al. (2017) that is compatible with the volatility
basis set to calculate the contribution of each emission source
to the concentration of PM2.5 and its components.

3 Model application

PMCAMx-PSAT was applied over the continental United
States (CONUS) for the years 1990, 2001, and 2010 using a
grid of 132 by 82 cells with horizontal dimensions of 36 km
by 36 km (covering an area of 4752× 2952 km) and 14 lay-
ers of varying thickness up to an altitude of approximately
13 km. We selected this resolution as it has been shown to
be a viable option for keeping computational and storage
demands manageable while providing sufficient quality for
long-term simulations and air quality planning applications
(Gan et al., 2016). This coarse resolution introduces errors in
areas where there are significant PM2.5 gradients in space, in-
cluding California and urban areas in the rest of the western
US.

3.1 Meteorology

Meteorological simulations were performed with the
Weather Research Forecasting model (WRF v3.6.1) over the
CONUS area, with a horizontal resolution of 12×12 km and
36 vertical (sigma) levels up to a height of about 20 km. The
simulations were executed using 3 d re-initialization from
observations. Initial and boundary conditions were generated
from the ERA-Interim global climate re-analysis database,
together with the terrestrial data sets for terrain height, land
use, soil categories, etc., from the United States Geologi-
cal Survey database. The WRF modeling system was pre-
pared and configured in a similar way to that described
by Gilliam and Pleim (2010). For the model physical pa-
rameterization, the Pleim–Xiu land surface model (Xiu and
Pleim, 2002) was selected. Other important WRF physics op-
tions used in this study include the Rapid Radiative Trans-
fer Model/Dudhia radiation schemes (Iacono et al., 2008),
the Asymmetric Convective Model version 2 for the plane-
tary boundary layer (Pleim, 2007a, b), the Morrison double-
moment cloud microphysics scheme (Morrison et al., 2008),
and version 2 of the Kain–Fritsch cumulus parameteriza-
tion (Kain, 2004). The selected WRF configuration is rec-

ommended for air quality simulations (Hogrefe et al., 2015;
Rogers et al., 2013).

3.2 Emissions

Emissions for the simulations were obtained from the in-
ternally consistent, historical emission inventories of Xing
et al. (2013) that include source-resolved gas and primary
particle emissions. Point source sectors include EGUs in-
cluded in the EPA’s Integrated Planning Model (IPM), in-
dustrial sources not included in the IPM (non-EGU), and all
other point sources in Canada and Mexico. Area sources in-
clude on-road emissions in the US, Canada, and Mexico, off-
road emissions for the entire domain, and all remaining non-
biogenic sources. We used our WRF meteorology to drive
the Model of Emissions of Gases and Aerosols from Nature
(MEGAN3) (Jiang et al., 2018) using the default emission
factors for all years to generate biogenic emissions for the
CONUS domain.

In this application of PSAT, we used six different emission
categories based on those described above plus initial and
boundary conditions which are each tracked separately by the
model as different “sources”. As a result, the emission source
categories used are “road”, which includes road emissions
over the US, “non-road”, which includes the off-road emis-
sions of the entire domain, “EGU”, “non-EGU” as described
above, “other”, which includes the sum of the other point and
area sources plus the “on-road” emissions from Canada and
Mexico, and finally biogenic emissions. Figure 1 depicts the
total annual emissions for each source and each year.

Biomass burning (included in the “other” category) was
the dominant source of EC and remained relatively con-
stant during the simulated period. The second most impor-
tant source of EC was road transport, with the corresponding
emissions having been reduced by a factor of 3.5 from 1990
to 2010. The overall reduction in EC emissions was 40 %.

Biomass burning and other sources were the dominant
source also of POA, with almost constant contributions.
Based on the emissions that Xing et al. (2013) reported in
the category “other”, we can estimate that biomass burning
was responsible for 46 % of the total “other” POA emissions.
This contribution increased to 80 % in 2001 and 83 % in
2010. The PM emitted from biomass burning, according to
the inventory, is similar for these 3 years (Xing et al., 2013).
The second most important source of POA during 1990 was
road transport, contributing 5 %. This emission source was
reduced by a factor of 3.5 from 1990 to 2010. Overall POA
emissions in the inventory were reduced by 27 % from 1990
to 2010.

Emissions of VOCs by on-road sources were reduced by
a factor of 3.5 during these 20 years. On the other hand,
the VOCs emitted by non-road transport decreased by only
8 %. The biogenic VOC emissions varied from year to year
based on the prevailing meteorology, but their changes were
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Figure 1. Annual emissions by each source for the whole domain for (a) elemental carbon, (b) fresh POA, (c) non-methane VOCs, (d) SO2,
(e) NH3, and (f) NOx .

less than 20 %. The total (anthropogenic and biogenic) VOC
emissions decreased by 31 % from 1990 to 2010.

The emissions of the most important SO2 source, EGUs,
were reduced by 33 % from 1990 to 2001 and by 67 % from
1990 to 2010. This resulted in a 64 % reduction in the total
SO2 emissions over these 20 years.

For NH3, the most important source is agriculture (in-
cluded in the “other” category), and the corresponding emis-
sions increased by 9 % during these 20 years.

Road transportation is one of the major NOx sources, with
the corresponding emissions having been reduced by 21 %
from 1990 to 2001 and by 58 % from 1990 to 2010. The sec-
ond most important source of NOx in 1990 was the EGUs,
which emitted 25 % less NOx in 2001 and 66 % less NOx in
2010 compared to 1990. Total NOx emissions in the inven-
tory were 47 % lower in 2010 compared to 1990.

4 Results

4.1 Annual average concentrations and sources

We examine first the source apportionment results of
PMCAMx-PSAT for the major components of PM2.5 for the
3 simulated years.

On-road transportation was a major source of EC, espe-
cially in urban areas in 1990 (Fig. 2). The EC concentrations
originating from this source were reduced by more than a fac-
tor of 3 from 1990 to 2010. The industrial sources (EGU and
non-EGU) contributed less than 0.1 µg m−3 of EC in all ar-
eas during these years. The “other” source, which includes all
types of biomass burning, was the most important source dur-
ing the simulated period. Long-range transport (LRT), which
represents the transport from areas outside of the domain,
contributed approximately 0.1 µg m−3.

The predicted average total OA levels defined as the sum
of POA and SOA are shown in Fig. 3. The OA originating
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Figure 2. Predicted annual average ground-level PM2.5 elemental carbon concentrations per source for 1990, 2001, and 2010.

from road transport was about 0.7 µg m−3 during 1990 over
the eastern US, but it was reduced to less than 0.5 µg m−3

during 2010. “Non-road” transport and “non-EGU” emis-
sion sources had smaller contributions to OA, with less than
0.2 µg m−3 in most areas during all years. Biogenic SOA
was almost 1 µg m−3 over the southeastern US during both
1990 and 2001, but during 2010 it had higher concentrations
in some areas. Especially in the south due to local meteo-
rology, predicted SOA was much higher compared to 1990.
In 2010, the biogenic VOC concentrations were on average

15 % higher compared to 1990, due mainly to the meteoro-
logical conditions during these 2 specific years. This small
increase is consistent with the biogenic VOC emissions esti-
mated by Sindelarova et al. (2014). Also, high OA concentra-
tions were predicted to originate from biomass burning dur-
ing 1990. The average contribution of long-range transport
OA was approximately 0.6 µg m−3.

Sulfate was the dominant component of PM2.5 in the east-
ern US in 1990, and the EGUs were its dominant source,
contributing more than 5 µg m−3 over wide areas of the
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Figure 3. Predicted annual average ground-level PM2.5 organic (primary plus secondary) aerosol concentrations per source for 1990, 2001,
and 2010. The EGU contributions are low and are not shown.

east (Fig. 4). The corresponding sulfate concentrations from
EGUs were reduced to 3 µg m−3 in 2001 and to 1.5 µg m−3

in 2010 due to the dramatic reduction in these SO2 emissions
over these 20 years. Sulfate concentrations originating from
non-EGU and other emission sources were 1 µg m−3 or less
during all years. Long-range transport contributed approxi-
mately 0.9 µg m−3 to the sulfate levels during the simulated
period.

4.2 Evaluation of the model predictions

The model was evaluated on both an annual and daily ba-
sis against ground-level measurements from the IMPROVE
and CSN networks (STN US EPA, 2002; IMPROVE, 1995).
The metrics used in the main analysis include the normal-
ized mean bias (NMB), the normalized mean error (NME),
the mean bias (MB), the mean absolute gross error (MAGE),
the fractional bias (FBIAS), and the fractional error (FER-
ROR) (Fountoukis et al., 2011):
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Figure 4. Predicted annual average ground-level PM2.5 sulfate concentrations per source for 1990, 2001, and 2010. The on-road, non-road,
and biogenic contributions are low and are not shown.

NMB=
∑n

i=1
(Pi −Oi)/

∑n

i=1
Oi,

NME=
∑n

i=1
|Pi −Oi |/

∑n

i=1
Oi,

MB= 1/n
∑n

i=1
(Pi −Oi) ,

MAGE= 1/n
∑n

i=1
|Pi −Oi | ,

FBIAS= 2/n
∑n

i=1
(Pi −Oi)/(Pi +Oi) ,

FERROR= 2/n
∑n

i=1
|Pi −Oi |/(Pi +Oi) ,

where Pi represents the model-predicted value for site i, Oi

is the corresponding observed value, and n is the total num-
ber of sites. During 1990, there were only 27 measurement
sites for PM2.5 composition, all part of the IMPROVE net-
work, but this number increased dramatically in 2001 to more
than 100 and in 2010 to approximately 300 stations. There
was almost an order of magnitude more measurements and
stations for just PM2.5 mass concentration. The results for
annual evaluation are summarized in Table 1 and for the eval-
uation based on daily average concentrations in Table 2.

PMCAMx reproduced the annual average PM2.5 concen-
trations with an absolute fractional bias of less than 16 %
and a fractional error of less than 25 % (Table 1). The high-
est bias was found for 1990, when measurements from only
33 sites were available. During 2001 and 2010 when more
than 1000 stations were operational, the PM2.5 fractional bias
was only 5 %. The model tends to underpredict PM2.5 in the
sites in the west and especially in California and tends to
overpredict in the rest of the country (Table S1 in the Sup-
plement). The OA annual average concentrations were also
reproduced with little bias (less than 5 %) and fractional er-
ror less than 30 %. The model had a slight tendency towards
overprediction of sulfate with a fractional bias of 17 %–28 %
depending on the year, but the fractional error was still mod-
est at 23 %–37 %. The EC annual levels were reproduced
with little bias (FBIAS equal to 6 %–8%) during 1990 and
2010, but there was a tendency towards overprediction during
2001 (FBIAS= 28 %), while the fractional error was modest
(28 %–39 %). The nitrate levels, especially in the high-nitrate
areas, were underpredicted (FBIAS ranged from −28 % to
−41%), and the error was relatively high compared to all
other components (54 %–61 %). Finally, the model did a rel-
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Table 1. Evaluation metrics for annual average concentrations of PM2.5 and for its major components for each examined year.

MB MAGE NMB NME FBIAS FERROR Stations
(µg m−3) (µg m−3)

EC

1990 −0.01 0.07 −0.01 0.23 0.08 0.28 33
2001 0.13 0.18 0.39 0.56 0.28 0.39 122
2010 −0.05 0.16 −0.11 0.35 0.06 0.39 304

OA

1990 −0.05 0.49 −0.02 0.21 0.05 0.23 33
2001 −0.29 0.66 −0.12 0.28 −0.01 0.28 121
2010 0.05 0.60 0.02 0.27 0.05 0.26 306

Sulfate

1990 0.13 0.22 0.09 0.16 0.19 0.23 33
2001 0.17 0.38 0.13 0.30 0.28 0.37 118
2010 0.08 0.30 0.05 0.18 0.17 0.27 327

Nitrate

1990 −0.13 0.28 −0.30 0.65 −0.38 0.61 33
2001 −0.26 0.40 −0.24 0.37 −0.28 0.54 114
2010 −0.35 0.41 −0.35 0.41 −0.41 0.55 321

Ammonium

1990 −0.06 0.16 −0.09 0.25 0.04 0.26 33
2001 −0.01 0.21 0.00 0.23 0.08 0.28 113
2010 0.06 0.18 0.08 0.23 0.17 0.29 326

PM2.5

1990 1.04 1.64 0.16 0.26 0.16 0.25 33
2001 0.94 2.92 0.08 0.24 0.05 0.24 1040
2010 0.71 2.16 0.07 0.22 0.05 0.24 1067

atively good job reproducing the ammonium levels (FBIAS
4 %–17 % and FERROR 26 %–29 %). The low grid resolu-
tion of these simulations introduced significant errors in Cal-
ifornia, where significant spatial gradients are encountered.
The evaluation results without the Californian sites are sum-
marized in Table S2. For example, the nitrate bias is −19 %
to−34 % when the measurements in California are excluded
from the evaluation.

According to Morris et al. (2005), the level of the perfor-
mance of the model for daily resolution is considered excel-
lent if it meets the following criteria: FBIAS≤±0.15 and
FERROR≤ 0.35. It is good if FBIAS≤±0.30 and FER-
ROR ≤ 0.50, it is average if FBIAS≤±0.60 and FER-
ROR≤ 0.75, and it is problematic if FBIAS >±0.60 and
FERROR > 0.75. Based on these criteria, the ability of the
model to reproduce the daily average concentrations dur-
ing all simulated years is good for PM2.5, average for EC,
OA, sulfate, and ammonium, and problematic for nitrate. The
daily PM2.5 concentrations, for which there are many more
stations and measurements in 2001 and 2010, are reproduced

with a fractional bias of 3 % to 13 % and a fractional error of
less than 50 % (Table 2). For 1990, there is little bias, while
there is a small tendency towards overprediction in the later
years.

The version of PMCAMx used in these simulations has
difficulties reproducing the nitrate levels. There several rea-
sons for these problems, including the spatial resolution used
here and the assumption of bulk equilibrium, which will be
analyzed further in future work. PMCAMx has a small ten-
dency towards underprediction of the OA and the EC. There
is also a tendency towards overprediction of the sulfate and,
as a result, the ammonium too.

We also followed the approach suggested by Emery et
al. (2017) for the characterization of the model performance.
This approach relies on the NMB, NME, and correlation co-
efficient (r) as metrics. The results of the corresponding anal-
ysis are summarized in Tables S4, S5, and S6 and suggest that
the model is acceptable for all components and periods, with
two exceptions: sulfate during 2010 and ammonium during
2001.
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Table 2. Evaluation metrics for daily average concentrations of PM2.5 and for its major components for each examined year.

MB MAGE NMB NME FBIAS FERROR Points Comment
(µg m−3) (µg m−3)

EC

1990 −0.03 0.16 −0.11 0.53 0.14 0.57 2940 Average∗

2001 0.10 0.27 0.28 0.71 0.38 0.62 18 763 Average
2010 −0.04 0.23 −0.10 0.54 0.23 0.60 29 423 Average

OA

1990 −0.03 0.16 −0.11 0.53 0.14 0.58 2940 Average
2001 −0.45 1.37 −0.17 0.53 0.05 0.55 18 706 Average
2010 −0.01 1.20 −0.01 0.56 0.15 0.54 29 412 Average

Sulfate

1990 0.14 0.62 0.11 0.47 0.31 0.53 3228 Average
2001 −0.02 0.95 −0.01 0.45 0.25 0.54 18 077 Average
2010 0.18 0.76 0.12 0.52 0.34 0.58 33 051 Average

Nitrate

1990 −0.11 0.40 −0.26 0.99 −0.78 1.29 2998 Problematic
2001 −0.30 0.81 −0.31 0.83 −0.62 1.11 18 019 Problematic
2010 −0.33 0.66 −0.34 0.68 −0.74 1.13 30 867 Problematic

Ammonium

1990 −0.05 0.30 −0.09 0.48 0.14 0.52 2996 Average
2001 −0.03 0.49 −0.03 0.54 0.24 0.58 17 828 Average
2010 0.05 0.39 0.08 0.54 0.33 0.60 30 162 Average

PM2.5

1990 0.74 2.73 0.13 0.50 0.16 0.46 2706 Good
2001 1.27 5.43 0.11 0.46 0.13 0.44 161 909 Good
2010 −0.02 4.33 0.00 0.45 0.03 0.47 212 899 Good

∗ Following Morris et al. (2005) criteria. Good: FBIAS≤± 0.30, FERROR≤ 0.50. Average: FBIAS≤±0.60, FERROR≤ 0.75.
Problematic: FBIAS >±0.60, FERROR > 0.75.

One of the important results of this evaluation is the rel-
atively consistent performance of PMCAMx during the dif-
ferent years. The use of a consistent emission inventory, con-
sistent meteorology, and measurements has probably con-
tributed to this outcome.

4.3 Regional contributions of sources to PM2.5
components

The US was divided into seven regions (Fig. 5) to facili-
tate the spatial analysis of the source contributions and their
changes during the simulated period. The Northeast (NE)
region includes major cities such as New York, Boston,
Philadelphia, Baltimore, and Pittsburgh, while the Mideast
(ME) includes the Ohio River valley area with a number of
electrical generation units. The Midwest (MW) has signifi-
cant agricultural activities, while much of the West (WE) is
relatively sparsely populated. California (CA) was kept sep-
arate from the other western regions. The southern US was

split into a Southeast region (SE) with significant biogenic
emissions and the Southwest (SW) with much less vegeta-
tion.

Figure 6a shows the predicted average concentrations of
EC for each year in each region. The highest concentrations
for 1990 were predicted in the Mideast, followed by the
Northeast and California. Biomass burning, included in the
“other” source, was the dominant source of EC in all regions,
with relatively constant concentrations through the years, ex-
cept from CA, where the contribution from this source in
1990 was much higher due to the annual variation in fires.
There was significant reduction in the EC levels in all regions
except for the West, where the EC originates mainly from
biomass burning and long-range transport. The highest re-
ductions were predicted for the eastern US. Figure 6b shows
the population exposure (Walker et al., 1999), which is calcu-
lated in this work as the product of the average annual con-
centration of each computational cell times the population
living in the cell. The US population distribution was calcu-
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Figure 5. Definition of the seven regions used in the analysis.

lated for each year based on the US Census Bureau (2019)
data and is different for 1990, 2001, and 2010. The popula-
tion distribution of 2001 is assumed to be the same as that
of 2000. The population exposure is significant in areas with
high population density, for example in CA. The US pop-
ulation increased from 1990 to 2010 by almost 24 %. This
increase would have led to a corresponding increase in total
population exposure if the emissions had not changed during
this period.

The source contributions to the annual average concentra-
tions of OA are depicted in Fig. 7a. The predicted concen-
trations of OA in 1990 in the eastern US (NE, SE, and ME
regions) were almost 3 µg m−3 and, in the other regions, less
than 2.5 µg m−3. OA originating from biomass burning dom-
inated the concentrations of OA during all years and regions.
Biogenic SOA was the second most significant OA compo-
nent in the Southeast. OA originating from on-road transport
contributed, according to the model, almost 0.5 µg m−3 dur-
ing 1990 and almost 0.2 µg m−3 during 2010 in the eastern
US. Significant reductions in OA are predicted for the North-
east, Mideast, and California but moderate reductions for the
Midwest, West, and Southwest. The OA in the Southeast has
more complex behavior due to the predicted increase in bio-
genic SOA in 2010 that leads to a small increase in the to-
tal OA compared to 2001. The population exposure for OA
(Fig. 7b) is almost the same for the Northeast and Mideast
during 1990, and it decreased during 2001 and 2010. For the
Midwest, West, and Southwest, the population exposure to
OA remained almost constant through the years. For all re-
gions, the highest population exposure was due to biomass
burning and the “other” sources. In addition, 20 % of the pop-
ulation exposure was due to road transport during 1990 in the

highest populated areas (NE, ME, and CA), but this percent-
age was reduced to almost 10 % during 2010.

The highest concentrations of sulfate for 1990 are pre-
dicted in the eastern US (NE, ME, and SE) in regions down-
wind of the EGUs, which are the dominant SO2 source in
these areas (Fig. 8a). The drastic reductions in the EGU emis-
sions are predicted to have led to major reductions in the sul-
fate levels in these three regions. More modest but significant
reductions in sulfate are also predicted for the Midwest and
the Southwest. The reductions in the West and in California
from the EGU source are small given that the sulfate there
even in the 1990s was relatively low and was dominated on
average by long-range transport. Regarding the population
exposure for NE and ME, the percentage of population ex-
posure due to EGUs during 1990 was 58 % for the NE and
64 % for the ME, but during 2010 these percentages were
reduced to 44 % and 53 %, respectively.

The mortality rates caused by total PM2.5 were also calcu-
lated for the three simulated periods, following the relation-
ships of Tessum et al. (2019) and using the death rates of the
US population by Murphy et al. (2013). We estimated 861
deaths per 100 000 persons for 1990, 777 for 2001, and 658
for 2010.

4.4 Linking average changes in emissions,
concentrations, and exposure

The 72 % reduction in emissions of EC from road transport,
from 1990 to 2010 according to PMCAMx, led to a 72 % re-
duction in EC concentrations and a 70 % reduction in human
exposure to EC from this source (Table 3). The changes in
concentrations are practically the same as those of the emis-
sions because EC is inert and the atmospheric processes that
affect it (transport and removal) are close to linear. The small
difference between the change in emissions and that of expo-
sure is due to small differences in the spatial distributions of
the EC concentrations from road transport and the population
density. The differences are small because most road trans-
port emissions are in densely populated areas. The similar-
ity in the fractional change in emissions and concentrations
applies as expected to all EC source types (Table 3). How-
ever, for all these other sources the reduction in exposure
is less than the reduction in emissions (or concentrations).
For example, the 44 % reduction in EC emissions from non-
road transport was accompanied by a 43 % reduction in con-
centrations but a 35 % reduction in human exposure. This is
due to the location of the reductions in these non-road trans-
port emissions. A significant fraction of these reductions took
place away from densely populated regions (e.g., in agricul-
tural regions); therefore, they resulted in a smaller reduction
in human exposure. The situation is a little different for to-
tal EC. The 40 % reduction in emissions is predicted to have
led to a 31 % reduction in concentration. The difference here
is due to the contributions of long-range transport (sources
outside of the US), which are assumed to have remained ap-

Atmos. Chem. Phys., 21, 17115–17132, 2021 https://doi.org/10.5194/acp-21-17115-2021



K. Skyllakou et al.: Changes in PM2.5 concentrations and their sources in the US 17125

Figure 6. Sources of PM2.5 EC for the different regions during 1990, 2001, and 2010 for (a) average concentrations (µg m−3) and (b) pop-
ulation exposure (persons µg m−3).

Figure 7. Sources of PM2.5 OA for the different regions during 1990, 2001, and 2010 for (a) average concentrations (µg m−3) and (b) pop-
ulation exposure (persons µg m−3).

proximately constant during this period. The predicted re-
duction in exposure is 33 % and is due to the local sources.
The changes in EC exposure in each region are depicted in
Fig. 6b.

The changes in fresh POA are a little more interesting be-
cause it is treated as semi-volatile and reactive in PMCAMx.

For all US sources, the reduction in concentrations is a lit-
tle higher than that of the emissions (Table 3). For exam-
ple, a 25 % reduction in POA emissions of non-road POA is
predicted to have resulted in a 30 % reduction in the POA
concentrations. This difference is due mostly to the nonlin-
ear nature of the partitioning of these emissions between the
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Figure 8. Sources of PM2.5 sulfate for the different regions during 1990, 2001, and 2010 for (a) average concentrations (µg m−3) and
(b) population exposure (persons µg m−3).

Table 3. Percentage changes in emissions from each source and corresponding changes in average concentrations and exposure from 1990
to 2010.

Road Non-road EGU Non-EGU Biogenic Other Total

EC 1990 to 2010

Emissions (EC) −72 −44 −13 −7 – −17 −40
Concentrations −72 −43 −13 −8 – −18 −31
Exposure −70 −35 −3 4 – −12 −33

Fresh POA 1990 to 2010

Emissions (fresh POA) −72 −25 −13 −14 – −25 −27
Concentrations −74 −30 −13 −20 – −31 −33
Exposure −71 −25 −6 −11 – −32 −35

SOA 1990 to 2010

Emissions (IVOCs+VOCs) −71 −8 −8 −31 15 −34 −31
Concentrations −71 −17 −11 −21 23 −27 −21
Exposure −66 −6 1 −8 37 −18 −8

Sulfate 1990 to 2010

Emissions (SO2) −93 −51 −67 −62 – −52 −64
Concentrations −91 −44 −63 −54 – −38 −45
Exposure −88 −30 −60 −46 – −27 −40

gas and particulate phases. As the emissions are reduced, the
corresponding OA concentrations are reduced, and more of
the organic material is transferred to the gas phase to main-
tain equilibrium. This additional evaporation leads to an ad-
ditional reduction in the POA concentrations. This is the case
for all the sources, so the 27 % reduction in POA emissions

corresponds according to PMCAMx to a 33 % average re-
duction in POA concentrations. The reduction in exposure
is, in absolute terms, a little less than that of the concentra-
tions for the same reasons as for EC. This difference is small
(−74 % versus −71 %) for road transport but more signifi-
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cant for sources located outside urban centers (e.g., for EGU
it is −13 % for concentrations and −6 % for exposure).

The reductions predicted by PMCAMx for SOA
(aSOA+ bSOA) concentrations are far more complex than
those of fresh POA, since the formation of secondary or-
ganic species involves nonlinear processes such as partition-
ing, dependence on oxidant levels, NOx dependence of the
yields, and the complexity of the chemical aging. Overall,
PMCAMx predicts that the reductions in exposure are less
than the reductions in average concentrations over the US,
which are also less than the reductions in the emissions of
the anthropogenic volatile and intermediate volatility organic
compounds. One explanation for this behavior is that the si-
multaneous decreases in NOx levels have led to increased
SOA formation yields. A second factor is the time required
for the formation of SOA, especially when multiple genera-
tions of reactions are required. The result of this time delay
is that SOA is often produced away from its sources located
in high urban density areas. The reasons for this complex be-
havior will be analyzed in detail in future work.

The predicted reductions in sulfate concentrations are less
than the reductions in emissions due mainly to the nonlinear-
ity of the aqueous-phase conversion of SO2 to sulfate (Se-
infeld and Pandis, 2016) (Table 3). Such nonlinearity has
been predicted also in past CTM applications (Karydis et al.,
2007; Tsimpidi et al., 2007). Taking into account the trans-
port of some of the sulfate from areas outside of the US, the
model predicts that the 64 % reduction in SO2 emissions has
resulted in a 45 % reduction in the sulfate concentration on
average. The reduction in exposure is a little less, 40 % on
average, because both the major sources of SO2 are located
and the higher reductions in sulfate take place, according to
PMCAMx, away from the major urban centers.

4.5 Distribution of population exposure to PM2.5 from
different sources

We have calculated the percentage of people exposed to dif-
ferent PM2.5 concentrations from the major sources (“other”,
“EGUs”, “road transport”) for the three different periods. Al-
most half of the US population was exposed to PM2.5 con-
centrations above 20 µg m−3 in 1990. A decade later this per-
centage was less than 20 % and close to zero during 2010
(Fig. 9a). During 1990, almost 90 % of the US population
was exposed to PM2.5 concentrations above 10 µg m−3, the
suggested annual mean by the World Health Organization
(WHO, 2006). This percentage was reduced to 83 % in 2001
and 70 % in 2010 (Figs. 9a and S2h).

The predicted distribution of the population exposed to
PM2.5 from the “other” source in 1990 covered a wide range
extending from approximately 1 to 16 µg m−3. The exposure
from these sources was reduced significantly in the follow-
ing years, mainly due to the reductions in the emissions of
paved/unpaved road dust, prescribed burning, and industrial
emissions (Xing et al., 2013). The average emissions from

wildfires did not change appreciably, but this distribution was
sharper in 2010, with maximum percentages of people ex-
posed appearing for PM2.5 concentrations ranging from 5 to
8 µg m−3. The random spatial variation of biomass burning
sources can affect areas with different population densities.

The exposure of the population to primary and secondary
PM2.5 from EGUs has dramatically decreased (Fig. 9c). In
1990, according to PMCAMx, 56 % of the US population
was exposed to more than 3 µg m−3 from this source. This
percentage was reduced to 39 % in 2001 and to 2 % in 2010.
For the threshold of 5 µg m−3, the reduction was from 18 %
in 1990 to 1 % in 2001 and to practically zero in 2010.

Similarly, significant decreases are predicted for road
transport PM2.5. While in 1990 79 % of the population was
exposed to levels exceeding 1 µg m−3, this percentage was
58 % in 2001 and 18 % in 2010 (Fig. 9d). The corresponding
changes for 2 µg m−3 were from 27 % (1990) to 8 % (2001)
and to zero (2010).

4.6 Predicted spatial changes in concentrations

We calculated the predicted changes in annual average con-
centrations between 1990 and 2010 for the main PM2.5 com-
ponents. Figure S3 shows the reductions in EC concentra-
tions from 1990 to 2010. The reductions in the EC emissions
resulted in total reductions in the average concentrations of
around 30 % in the 20-year period. Reductions above 20 %
are predicted not only in the large urban areas, but also in
large regions in both the eastern and western US.

Average organic aerosol levels were reduced according to
PMCAMx by close to 1.5 µg m−3 from 1990 to 2010 in a
wide area extending from the Great Lakes to Tennessee but
also in parts of the eastern seaboard (Fig. S4). These reduc-
tions correspond to 35 %–45 % of the OA in both the NE and
California.

From 1990 to 2010, sulfate was reduced by 50 %–60 %
in the part of the country to the east of the Mississippi. The
corresponding reductions in the middle of the country and
in the western states from 1990 to 2010 were in the 20 %–
30 % range for the relatively low sulfate levels in these re-
gions (Fig. S5). These simulations suggest that the eastern
US has benefited more both in an absolute and in a relative
sense from these reductions in SO2 emissions.

We also compared the predicted and observed concentra-
tion changes, using the Pearson correlation coefficient and
the average percentage differences, summarized in Table 4.
Also, as far as the exposure changes are concerned, because
of the way that exposure is defined (concentration times pop-
ulation) and the population is measured, the evaluation met-
rics of our exposure predictions are exactly the same as the
evaluation metrics of our concentration predictions. For the
first two cases (1990 to 2001 and 1990 to 2010) there were
only a few measurements available for 1990. The model re-
produces quite well the predicted changes against the ob-
served changes for PM2.5 and its components (Fig. S6).
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Figure 9. Distributions of population exposed to annual average PM2.5 during 1990 (grey), 2001 (red), and 2010 (blue) and for the dominant
sources of PM2.5: (a) total PM2.5 (all sources), (b) other, (c) EGU, and (d) road transport.

For EC, the correlation was high between 1990 and 2001,
with r = 0.80, and between 1990 and 2010, with r = 0.91.
However, the analysis for the changes up to 2010 is compli-
cated by the change in the EC measurement protocol in sev-
eral CSN sites in the period from 2007 to 2010. The change
from the thermal optical transmittance (TOT) to the thermal
optical reflectance (TOR) resulted in small increases in the
reported EC that were of similar magnitude to the predicted
changes due to the emission reductions. To partially address
this issue, we do not include in the analysis the results from
14 CSN sites which reported increases in the EC from 2001
to 2010. Excluding these sites, r = 0.39 is calculated (Ta-
ble 4). The data points from these sites can be seen in the
lower triangle of Fig. S6. The reduced r for 2001–2010 is
probably due, at least partially, to this uncertainty in the mea-
sured changes.

The predicted average change in OA in the measurement
sites from 1990 to 2001 was −13 %, in good agreement with
the observed −16 % in the same locations. The predicted
changes were reasonably well correlated (r = 0.68) with the
measured ones during this decade. However, the model per-
formance during the next decade (2001–2010) deteriorates as
it underpredicts on average the changes (predicted−9 % ver-
sus observed−18 %), and the changes are not correlated with
each other in space. Additional analysis suggested that, while
the model does a reasonable job reproducing the changes in
the western half of the country and the northeastern quarter,
it overpredicts the OA concentration in 2010 and thus under-
predicts the reductions in the southeastern US. Our analysis
also suggests that this is mainly due to an overprediction of
the biogenic SOA in this part of the country. This is consis-
tent with the anomalous predicted increase in biogenic SOA
from 2001 to 2010 in the southeastern US (Figs. 7 and S1).
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Table 4. Average observed and predicted PM percentage changes and Pearson’s correlation coefficient calculated for each comparison case.

Observed changes Predicted changes Pearson’s r Number
(%) (%) of sites

EC

1990 to 2001 −19 −12 0.80 21
2001 to 2010 −19 −17 0.39 75a

1990 to 2010 −45 −24 0.91b 21

OA

1990 to 2001 −16 −13 0.68 21
2001 to 2010 −18 −9 −0.32 89
1990 to 2010 −33 −23 −0.16 21

Sulfate

1990 to 2001 −9 −9 0.88 21
2001 to 2010 −35 −22 0.92 75
1990 to 2010 −40 −29 0.97 21

PM2.5

1990 to 2001 −10 −14 0.81 21
2001 to 2010 −21 −20 0.61 636
1990 to 2010 −28 −30 0.82 21

a Fourteen CSN sites reporting increases in EC, probably due to the change in the measurement protocol in
the 2007–2009 period, have been excluded from this analysis. b The correlations in bold are statistically
significant for a significance level of 5 %.

This interesting discrepancy regarding the predicted and ob-
served changes in biogenic SOA will be analyzed in detail in
a subsequent paper.

For sulfate, the model reproduced well the observed
changes for the three comparison periods, with Pearson’s
correlation coefficient r = 0.88 from 1990 to 2001, 0.97 from
1990 to 2010, and 0.92 from 2001 to 2010 (Table 4). Despite
the nonlinearity in the behavior of sulfate, the average pre-
dicted and observed percentage changes were consistent for
the three comparison periods.

Finally, for PM2.5 the model reproduces well the observed
changes for the three comparison periods with r = 0.81
(from 1990 to 2001), 0.82 (from 1990 to 2010), and 0.61
(from 2001 to 2010). The average percentage changes for the
observations and the predictions were close for all the cases
(Table 4).

5 Conclusions

The CTM, PMCAMx, was used to simulate the changes in
source contributions to PM2.5 and its components over 2
decades, accounting for changes in emissions and meteorol-
ogy with internally consistent methods. Biomass burning and
“other” sources, primarily including construction processes,
mining, agriculture, waste disposal, and other miscellaneous
sources, contributed approximately half of the total (primary
and secondary) PM2.5 during the examined 20-year period.

The corresponding average PM2.5 concentration levels due
to this group of sources were reduced by 33 % from 1990
to 2010. EGUs were the second most important source of
PM2.5; the corresponding ambient PM2.5 levels have been re-
duced by 55 % and their contribution to the total from 16 % to
11 %. On-road transport was the third most important source
of PM2.5. The total average PM2.5 from this source was re-
duced by 59 %, while their contribution to the average PM2.5
levels has been reduced from 8 % to 5 %.

OA was a significant fraction of PM2.5. Biomass burn-
ing included in the “other” sources was the most impor-
tant source of OA, with fractional contributions varying from
38 % to 52 % depending on the region. Biogenic SOA was
the second dominant component of OA, with contributions
ranging from 6 % to 22 % in the southern US.

The relationship between the changes in concentrations
and changes in exposure is determined by the spatial distri-
butions of these two changes. The more similar these distri-
butions are, the closer the corresponding changes. The re-
duction in exposure was less than the reduction in emis-
sions (or concentrations) for sources that are located away
from densely populated regions (non-road transport and non-
EGUs) due to the spatial non-uniformity of the correspond-
ing PM2.5 reductions. For example, sulfate human exposure
by non-EGU sources was reduced by 46 % from 1990 to
2010, while the corresponding reduction in emissions was
62 %.
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From 1990 to 2010, the reduction in human exposure to
EC was 33 %, to fresh POA 35 %, to sulfate 40 %, and to
SOA (both anthropogenic and biogenic) 8 %. The reduction
in EC was mostly due to the 72 % reduction in on-road EC
emissions and the reduction in sulfate due to the 67 % reduc-
tion in SO2 emissions from EGUs.

Considering that the US population increased by almost
24 % from 1990 to 2010, the fact that the total population
exposure to PM was reduced in most areas indicates that the
emission reductions were sufficient to overcome this effect.
The decreases in personal exposure have been higher than
those of the total population exposure.

During the 20-year-long examined period, the fraction
of the US population exposed to average PM2.5 concentra-
tions above 20 µg m−3 decreased from approximately 50 %
to close to zero. In 1990, 12 % of the US population was ex-
posed to PM2.5, concentrations lower than the suggested an-
nual mean by the WHO (10 µg m−3). This fraction increased
to 30 % in 2010.

PMCAMx reproduced the annual average concentrations
of PM2.5 with fractional error less than 30 % for the three
simulation periods. The corresponding fractional biases were
16 % for 1990 and 5 % for both 2001 and 2010. The model
also reproduces well the average reduction in PM2.5 in the
measurement sites; the measured reduction was 28 %, while
the model predicts a reduction of 30 %. A model weakness
that requires additional investigation is its tendency to pre-
dict an increase in the biogenic SOA from 2001 to 2010 that
appears inconsistent with the observations.
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