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< CMAQ model performance enhanced with addition of dicarbonyl SOA source.
< 75% of total SOA was biogenic for the PRD in fall and isoprene was the most important precursor.
< The irreversible uptake of dicarbonyls by aqueous particles was an important SOA formation pathway in the PRD in fall.
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a b s t r a c t

We used the regional air quality model CMAQ to simulate organic aerosol (OA) concentrations over the
Pearl River Delta region (PRD) and compared model results to measurements. Our goals were (1) to
evaluate the potential contribution of the aqueous reactive uptake of dicarbonyls (glyoxal and meth-
ylglyoxal) as a source of secondary organic aerosol (SOA) in an urban environment, and (2) to quantify
the sources of SOA in the PRD in fall. We improved the representation of dicarbonyl gas phase chemistry
in CMAQ, as well as added SOA formation via the irreversible uptake of dicarbonyls by aqueous aerosols
and cloud droplets, characterized by a reactive uptake coefficient g ¼ 2.9 � 10�3 based on laboratory
studies. Our model results were compared to aerosol mass spectrometry (AMS) measurements in
Shenzhen during a photochemical smog event in fall 2009. Including the new dicarbonyl SOA source in
CMAQ led to an increase in the simulated mean SOA concentration at the sampling site from 4.1 mg m�3

to 9.0 mg m�3 during the smog event, in better agreement with the mean observed oxygenated OA (OOA)
concentration (8.0 mg m�3). The simulated SOA reproduced the variability of observed OOA (r ¼ 0.89).
Moreover, simulated dicarbonyl SOA was highly correlated with simulated sulfate (r ¼ 0.72), consistent
with the observed high correlation between OOA and sulfate (r ¼ 0.84). Including the dicarbonyl SOA
source also increased the mean simulated concentrations of total OA from 8.2 mg m�3 to 13.1 mg m�3,
closer to the mean observed OA concentration (16.5 mg m�3). The remaining difference between the
observed and simulated OA was largely due to impacts from episodic biomass burning emissions, but the
model did not capture this variability. We concluded that, for the PRD in fall and outside of major
biomass burning events, 75% of the total SOA was biogenic. Isoprene was the most important precursor,
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accounting for 41% of the total SOA. Aromatics accounted for 13% of the total SOA. Our results show that
the aqueous chemistry of dicarbonyls can be an important SOA source, potentially accounting for 53% of
the total surface SOA in the PRD in fall.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

High concentrations of fine particulate matter (PM2.5) are the
frequent culprit of poor air quality in the Pearl River Delta region
(PRD) of south China (Chan and Yao, 2008). Measurements showed
that 30%e40% of PM2.5 mass in the PRD is composed of organic
material (e.g. Cao et al., 2004; Ho et al., 2006), and up to 80% of that
organic aerosol (OA) is secondary (e.g. Cao et al., 2004; Ho et al.,
2006; L.-Y. He et al., 2011), i.e. produced in the atmosphere from
gaseous organic compounds. Therefore, there is a pressing need to
better understand the sources of secondary organic aerosol (SOA) in
the PRD, in order to formulate effective air quality control strategies.

Several studies have used regional models to quantify the
sources of SOA in the PRD. Han et al. (2008) and Jiang et al. (2012)
simulated SOA over China and found 65%e90% of the simulated
SOA in southern China to be biogenic, withmonoterpenes being the
most important precursor. Fu et al. (2012) found 70% of the simu-
lated annual mean surface secondary organic carbon (SOC) in
eastern China to be biogenic, but with isoprene as the largest
contributor. Wang et al. (2009) found that anthropogenic aromatics
account for 55%e65% of the simulated surface SOA in the PRD in
spring. However, all of these model studies underestimated surface
organic carbon aerosol (OC) concentrations by 30%e60% in the PRD,
largely due to an underestimation of the secondary component.

Underestimation of SOA is a major issue in almost all current air
quality and atmospheric chemistry models, because the precursors
and formation pathways of SOA are not yet well understood
(Hallquist et al., 2009). Traditionally, models describe SOA forma-
tion as a reversible-partitioning of the semi-volatile oxidation
products of volatile organic compounds (VOCs) onto preexisting
organic aerosols (Pankow, 1994a, b), with isoprene, terpenes,
aromatics, and long alkanes being the VOC precursors based on the
laboratory studies. With the exception of Fu et al. (2012), all of the
models previously used to investigate the SOA sources in the PRD
simulated SOA formation solely via this pathway. Not only do such
models underestimate SOA, but they also fail to reproduce the
observed variability in SOA, including the frequently observed
correlations between SOA and aerosol sulfate (e.g. Yuan et al., 2006;
L.-Y. He et al., 2011). This suggests that additional SOA formation
pathways, especially one involving the aqueous phase, may be
missing from current models.

Aqueous chemistry of glyoxal and methylglyoxal could provide
such a pathway. Glyoxal and methylglyoxal are produced during
the oxidation of many anthropogenic and biogenic VOCs (Fu et al.,
2008; Myriokefalitakis et al., 2008). Laboratory and field studies
found rapid production of SOA when these dicarbonyls are in
contact with aqueous particles (e.g., Liggio et al., 2005; Volkamer
et al., 2009). However, much uncertainties remain with regard to
the chemical mechanism, rate, reversibility, and possible acid-
catalysis of this SOA source, as well as the eventual fate of the
SOA thus produced (e.g. Lim et al., 2010; Ervens et al., 2011).
Nevertheless, the potential contribution of a dicarbonyl SOA
formation pathway warrants further investigation.

Several model studies have evaluated the potential contribution
of dicarbonyl SOA by implementing parameterizations based on
different laboratory studies and comparing model results to
observations. Using a regional model, Carlton et al. (2008) simu-
lated the OH-oxidation (kOH ¼ 3 � 1010 M�1 s�1) of dissolved
dicarbonyls in cloud and fog water to form non-volatile SOA based
on Carlton et al. (2007). They found that including this in-cloud SOA
source led to a 30% increase in the simulated OC in the free
troposphere over eastern North America in summer of 2004.
However, simulation over the entire U.S. showed that this in-cloud
SOA source has little contribution to the monthly mean surface OC
(Carlton et al., 2010). Fu et al. (2008, 2009, 2012) simulated large
global SOA production via the irreversible uptake of dicarbonyls by
wet aerosols and cloud droplets, characterized by a reactive uptake
coefficient g ¼ 2.9 � 10�3. They showed that including this dicar-
bonyl SOA source doubled the simulated surface SOA, in better
agreement with surface OC observations over eastern North
America and over China. However, the enhanced contribution of
dicarbonyl SOA relative to total OA in the mid-troposphere pre-
dicted by the Fu et al. (2008) model is not supported by aircraft
measurements (Heald et al., 2011). To the best of our knowledge,
the potential contribution of a dicarbonyl SOA source has not yet
been evaluated against high temporal resolution measurements in
an urban environment.

In this study, we modified the regional air quality model CMAQ
to include the irreversible uptake of dicarbonyls by aqueous
particles as a pathway for SOA formation. We used the modified
model to simulate OA over the PRD in fall, the season when
photochemical smog events occur most frequently in this region
(e.g., Zheng et al., 2010), and compared model results against
aerosol mass spectrometry (AMS) measurements at a PRD urban
site. Our objectives were two-fold: (1) to evaluate the potential
contribution of the irreversible uptake of dicarbonyls by aqueous
particles as a source of SOA in an urban environment, and (2) to
quantify the sources of SOA in the PRD in fall.

2. Model and data

2.1. The CMAQ model

2.1.1. Model setup
We used the 3-D regional air quality model CMAQ (Binkowski

and Roselle, 2003) (version 4.7.1) to simulate OA in the PRD in
fall. Our CMAQ model was driven by meteorology fields simulated
by the Weather Research and Forecasting model (WRF, version
3.2.1) (Skamarock et al., 2008). Fig. 1 shows the three nested
domains in our simulation, with horizontal resolutions of 27 km,
9 km, and 3 km, respectively. Vertical layers in our CMAQ simula-
tions (26 layers) extended from the surface to 50 hPa, with 17 layers
in the bottom 1 km. Initial and boundary concentrations for the
CMAQ simulation were taken from monthly mean concentrations
simulated by a global chemical transport model (Fu et al., 2012;
Lam and Fu, 2010). Our simulation was initialized for 24 h. Results
from 25 October to 7 November 2009 were analyzed.

2.1.2. Modifications to the gas phase chemical mechanism
We modified the SAPRC-99 gas phase chemical mechanism in

CMAQ (Carter, 2000a,b; Carlton et al., 2010) to better represent the
gas phase chemistry of dicarbonyls. The standard SAPRC-99 repre-
sented glyoxal and methylglyoxal as explicit tracers. Primary
precursors of the dicarbonyls in the standard SAPRC-99 in CMAQ
included isoprene,monoterpenes, propane and acetylene (lumped),
ethylene, propene (lumped with >C3 alkenes), benzene, toluene



Fig. 1. (a) The three nested domains used in our CMAQ simulation. (b) The inner-most simulation domain. The red dot marks the location of the AMS measurement site (L.-Y. He
et al., 2011). The markers indicate fire pixels observed by the MODIS instrument during 25e29 October (circles), 30 October to 1 November (squares), 2 November (crosses), and 3e7
November, 2009 (diamonds). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(lumped with other aromatics with kOH < 2 � 104 ppm�1 min�1,
excluding benzene), xylenes (lumped with other aromatics with
kOH > 2 � 104 ppm�1 min�1), phenol, and cresols. Dicarbonyls were
removed via the oxidation by OH and NO3, as well as photolysis.

Our modifications to the gas phase chemical mechanism largely
followed Fu et al. (2008), which was in turn based on the Master
Chemistry Mechanism version 3.1 (MCMv3.1) (Saunders et al.,
2003). We separated acetylene and propene from their original
lumped species and added their explicit dicarbonyl production. We
updated the yields of dicarbonyls from aromatic precursors
following Carter (2010).

Isoprene is the most important precursor for dicarbonyls, and
wemade a particular effort to improve the model representation of
isoprene chemistry leading to dicarbonyl formation. We added
nighttime production of glyoxal from the oxidation of isoprene and
propene by NO3. Glycolaldehyde and hydroxyacetone are inter-
mediate oxidation products of many VOC species, particularly
isoprene. We separated glycolaldehyde and hydroxyacetone from
their original lumped tracers and added their production from
isoprene, acetone, propene, and ethylene to the chemical mecha-
nism. We added the OH-oxidation of glycolaldehyde and hydrox-
yacetone (forming glyoxal and methylglyoxal, respectively), as well
as NO3-oxidation and photolysis (not forming dicarbonyls).

2.1.3. OA in CMAQ and modifications to the SOA formation
pathways

OA in the CMAQmodel included primary OA (POA) and SOA. The
microphysical processes of POA and the various types of SOA were
simulated using moment-based parameterizations. All OA were
removed by dry and wet deposition.
Fig. 2. Mean surface (a) glyoxal and (b) methylglyoxal concentrations simulate
SOA in the standard CMAQ model included semi-volatile SOA
and non-volatile SOA (Carlton et al., 2010). Semi-volatile SOA were
produced by the reversible-partitioning of semi-volatile oxidation
products from isoprene, monoterpenes, sesquiterpenes, aromatics,
and long alkanes, with updated partitioning parameters based on
recent laboratory results. All semi-volatile SOA were assumed to
oligomerize at a first-order rate kolig ¼ 9.6 � 10�6 s�1 to form non-
volatile SOA. Acid-enhanced oxidation of isoprene and low-NOx

oxidation of aromatics also formed non-volatile SOA directly.
We turned off the SOA production via in-cloud oxidation of

dicarbonyls in CMAQ implemented by Carlton et al. (2008). The SOA
thus produced (denoted as AORGC in CMAQ literature) is not
additive to the SOA produced via the aqueous irreversible uptake of
dicarbonyls that we wished to evaluate in this study, as these
parameterizations were based on different assumptions for dicar-
bonyl aqueous chemistry. In any case, our sensitivity simulation
(with updated gas phase chemical mechanism) showed that
AORGC accounted for less than 5% of the simulated mean surface
SOA over the PRD in fall (Fig. 3a).

We added to the CMAQ model the irreversible aqueous uptake
of dicarbonyls by wet aerosols and cloud droplets to form SOA
following Fu et al. (2008, 2009). This SOA production was charac-
terized by a reactive uptake coefficient g¼ 2.9� 10�3, based on the
median experimental results by Liggio et al. (2005) for glyoxal. The
same g value was adopted for methylglyoxal (Zhao et al., 2006). OA
water and surface area were calculated following Kim et al. (1993).
Cloud droplet surface area was calculated from the WRF-simulated
liquid water content in the cloudy fraction of the model grid and by
assuming effective droplet radii of 10 mm for maritime clouds and
6 mm for continental clouds (Heymsfield, 1993).
d by the modified CMAQ model during 25 October to 7 November, 2009.



Fig. 3. Simulated and AMS-observed (L.-Y. He et al., 2011) aerosol concentrations at Shenzhen during 25 October to 7 November, 2009. (a) SOA concentrations simulated by the
modified CMAQ model (red) and OOA measured by the AMS (black). Also shown are the SOA simulated by the standard CMAQ model with (green) and without (blue) the in-cloud
dicarbonyl oxidation SOA (AORGC); the two lines almost entirely overlap. (b) OA simulated by the modified CMAQ model (red) and by the standard CMAQ model (blue), and OA
observed by AMS (black). (c) Simulated POA (red), AMS-observed HOA (blue), and AMS-observed BBOA (black). (d) Simulated (red) and observed (black) sulfate. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2.2. Emissions

Anthropogenic emissions of primary OC and non-methane
volatile organic compound (NMVOC) precursors were taken from
the 0.5� � 0.5� inventory developed by Zhang et al. (2009) for the
year 2006. We used a triangle-based technique to linearly interpo-
late the emissionfluxes to the resolutions of our nesteddomains. For
the PRD, anthropogenic OC emission was 39.8 Gg C y�1, with 78.1%
from residential activities, 14.1% from industrial activities, 7.8% from
transportation, and 0.1% from power generation. Anthropogenic
NMVOC emission for the PRD was 527.2 Gg y�1, mostly from
industrial activities (39.6%), and transportation (36.1%), with minor
contribution from residential activities (20.1%).We applied seasonal
(Zhang et al., 2009) and diurnal variations (Q. Zhang. personal
communication, 2011) to Chinese anthropogenic emissions based
on provincial statistics. No seasonal or diurnal variations were
applied to anthropogenic emissions outside of China. Table S1
summarizes the emission fluxes of dicarbonyl precursors.

Biomass burning emissions of OC and NMVOC precursors for
East Asiawere from the 1� �1� inventory developed by Streets et al.
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(2003). Biomass burning emissions within the PRD were replaced
by themonthlymean inventory developed byM. He et al. (2011) for
2006 with a resolution of 3 km � 3 km. Total OC emitted from
biomass burning in the PRD was 9.8 Gg C y�1, including 41% from
domestic woody fuel burning, 30% from domestic crop residues
burning, 28% from field burning of crop residues, and 1% from forest
fire. Biomass burning emits large amounts of glyoxal, methyl-
glyoxal, glycolaldehyde, and hydroxyacetone (Akagi et al., 2011).
We estimated these emissions by scaling the biomass burning
emissions of CO (Fu et al., 2008).

Biogenic emissions of NMVOC precursors were taken from the
Model of Emissions of Gases and Aerosols from Nature (MEGAN)
version 2.04 (Guenther et al., 2006). Seasonal and diurnal variation
of MEGAN biogenic emissions were driven by meteorological fields
simulated by WRF, as well as land cover and leaf area index data
from MODIS. Total isoprene and monoterpene emissions from the
PRD were 176 Gg y�1 and 149 Gg y�1, respectively.

2.3. AMS observations

We compared our model results to hourly measurements made
by L.-Y. He et al. (2011) using an Aerodyne high-resolution time-of-
flight AMS in Shenzhen in fall 2009. The sampling site (Fig. 1b and
113.9�E, 22.6�N) was on the western side of Shenzhen City, on the
east side of the Pearl River Estuary. Details about the field campaign
were given in L.-Y. He et al. (2011). Measurements were conducted
from 25 October to 2 December 2009, but we limited our simula-
tion to the period from 25 October to 7 November. The averaged
PM1 mass concentration was 46.3 � 25.5 mg m�3 for the simulated
period (44.5 � 34.0 mg m�3 for the entire campaign), with organic
matter contributing 40% of the total PM1 mass.

L.-Y. He et al. (2011) applied positive matrix factorization to
the AMS data. They identified four OA components, including
hydrocarbon-like OA (HOA), biomass burning OA (BBOA), semi-
volatile oxygenated OA (SV-OOA), and low-volatile oxygenated
OA (LV-OOA), constituting on average 32%, 23%, 25%, and 20% of the
total OA mass during our simulation period, respectively. We used
the total oxygenated OA (SV-OOA plus LV-OOA) as a surrogate for
SOA for comparison with our simulation.

3. Simulated dicarbonyls in the PRD region

We first examined the dicarbonyls simulated by our modified
CMAQ model in the PRD. Previous measurements of dicarbonyl
concentrations in urban areas ranged from 25 to 1800 ppt for
glyoxal and 22e669 ppt for methylglyoxal, with higher concen-
trations in summer than in winter (e.g., Grosjean et al., 2002;
Volkamer et al., 2005; Possanzini et al., 2007). Our simulated
average surface glyoxal and methylglyoxal concentrations over the
PRD during 25 October to 7 November 2009 were 212 ppt and
210 ppt, respectively, consistent with previous measurements.

Our simulated glyoxal and methylglyoxal production rate in the
PRDwere 114 Gg y�1 and 278 Gg y�1, respectively. Isoprene was the
single largest contributor to the simulated glyoxal (39%), followed
by ethylene (15%), acetylene (15%), xylenes (8%), toluene (7%), and
benzene (6%). 43% of the simulated glyoxal was biogenic and 57%
was non-biogenic. Isoprene was the dominant source of methyl-
glyoxal (79%), with minor contribution from xylenes (9%). Biogenic
and non-biogenic sources accounted 82% and 18% of the simulated
methylglyoxal, respectively.

We conducted a simulation using the standard CMAQ model,
with the original SAPRC-99 mechanism and the default SOA
formation pathways (including AORGC). Using the standard CMAQ
model, the simulated glyoxal and methylglyoxal productions in the
PRD were 72 Gg y�1 and 180 Gg y�1, respectively, approximately
40% lower than those simulated with our modified CMAQ. A
comparison of the dicarbonyl productions simulated by the stan-
dard CMAQ and our modified CMAQ is shown in Table S1.

Fig. 2 shows the spatial distributions of surface glyoxal and
methylglyoxal concentrations in and around the PRD averaged
during 25 October to 7 November 2009, as simulated by our
modified CMAQmodel. Within the PRD, the surface concentrations
of both dicarbonyls generally reflected the spatial distribution of
isoprene (Fig. S1a), with superimposed hotspots associated from
direct dicarbonyl emissions from biomass burning (Fig. S1c).
Outside the PRD, both dicarbonyls showed high surface concen-
trations over the rural areas in the northwest, north, and south-
west, reflecting the biogenic and biomass burning emissions in
these areas (Fig. S1).

4. Comparison with AMS measurements

Fig. 3a compares our simulated SOA at the sampling site in
Shenzhen with AMS-observed OOA (surrogate for SOA) during 25
October to 7 November 2009. Observed OOA concentrations ranged
from2.0 mgm�3 to 26.2 mgm�3. Simulated SOAconcentrations using
the modified CMAQ model ranged from 0.6 mg m�3 to 19.2 mg m�3.
The simulated SOA reproduced the observed OOA concentrations
and variability between 30 October and 2 November. However, the
model failed to reproduce the observed OOA concentrations and
variability from 25 to 29 October and from 3 to 7 November.

We examined the causes for the difference inmodel performance
during these three time periods. Weather maps during the period
25e29 October showed that the pressure gradients were weak over
southern China. The observedwinds at the sampling site during this
period were weak northerlies (Fig. S2). Our WRF simulation repro-
duced the synoptic scale weather patterns and the low pressure
gradients over southern China. However, the simulatedwinds at the
sampling sitewereweak southerlies, likely because themodel failed
to capture the local micrometeorology in the absence of strong
synopticweather. As a result, the pollutants fromnorthernPRDwere
not transported to the sampling site in our CMAQ simulation.
Between 3 and 7 November, observed OOA, HOA, and BBOA
concentrations were all high and well correlated with one another
(Fig. 3). Black carbon, CO, and acetonitrile measurements (not
shown) by L.-Y. He et al. (2011) also showed concurrent high
concentrations, indicating that the sampling site was heavily
impacted by biomass burning emissions.We examined the fire pixel
product (MOD14) from theMODIS instrument (Kaufmanet al., 2003)
during this period and found a large number of fire pixels over the
rural areas surrounding the PRD (Fig. 1b). These fires were most
likely associated with post-harvest in-field burning of crop residue
(M.Heet al., 2011). Theepisodicoccurrences andday-to-daychanges
in location of these fires were not represented in the monthly mean
biomass burning inventory we used (M. He et al., 2011).

We focused the discussions below on the period between 30
October and 2 November 2009. Examination of weather maps and
satellite images during this period indicated that there was
a typhoon (Mirinae) approximately 1200 km south of the PRD.
The outflow of that typhoon led to strong subsidence over south
China, resulting in high temperature, minimal cloud cover, and
compressed boundary layer in the PRD, all favorable conditions for
photochemical smog formation. Strong subsidence associated with
a nearby typhoon is a typical high pollution scenario for the PRD in
fall (e.g. Huang et al., 2009).

Table 1 compares the simulated SOA against the observed OOA
at the sampling site during the photochemical smog event. The
mean SOA concentration simulated by our modified CMAQ was
9.0 mg m�3, in good agreement with the observed OOA concen-
tration (8.0 mg m�3). Our simulated SOA also captured the



Table 1
Comparison of simulated and observed OA at Shenzhen during 30 October to 2 November, 2009.

Measurementsa Modified CMAQ Standard CMAQ

OOA OA SOA OA SOA OA

Mean concentration (mg m�3) 8.0 16.5 9.0 13.1 4.1 8.2
Correlation with observation (r) 0.89b 0.77 0.89b 0.74
Normalized mean bias 14% �21% �49% �51%

a AMS measurements by L.-Y He et al. (2011).
b Correlations were calculated against measured OOA.

Table 2
SOA composition in the PRD simulated by the modified CMAQ model during 30
October to 2 November, 2009.

Precursor Simulated SOA concentrations in the modified CMAQ
model (mg m�3)b

Semi-
volatile

Non-
volatile
oligomers

Irreversible-
uptake glyoxal

Irreversible-
uptake
methylglyoxal

Total

Biogenic
Isoprene 0.28 0.55 0.91 2.00 3.74
Monoterpenes 1.50 1.43 0.04 0.02 2.99
Ethylene $ $ 0.06 $ 0.06
Acetone $ $ $ 0.04 0.04
Sesquiterpenes <0.01 <0.01 $ $ <0.01

Non-biogenic
Xylene 0.05 0.14 0.20 0.23 0.62
Acetylene $ $ 0.35 $ 0.35
Toluene 0.03 0.08 0.16 0.07 0.34
Ethylene $ $ 0.30 $ 0.30
Benzene 0.02 0.06 0.15 $ 0.23
Alkanes 0.06 0.09 $ $ 0.15
Glyoxala $ $ 0.12 $ 0.12
Hydroxyacetonea $ $ $ 0.06 0.06
Methylglyoxala $ $ $ 0.03 0.03
Acetone $ $ $ 0.03 0.03
Glycolaldehydea $ $ 0.03 $ 0.03
Cresols $ $ $ 0.03 0.03
Phenol $ $ 0.01 $ 0.01
Propene $ $ $ <0.01 <0.01

Total 1.94 2.35 2.33 2.51 9.13

a Primary emissions from biomass burning.
b ‘.’ not applicable.
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variability of the observed OOA (r ¼ 0.89). We conducted a sensi-
tivity test using the standard CMAQ model. The resulting mean
simulated SOA was 4.1 mg m�3, 49% lower than the observed
concentration. The difference in simulated SOA levels between the
standard CMAQ model and the modified CMAQ model had little to
do with the difference in gas phase dicarbonyl production, since
AORGC contributed negligibly to the simulated surface SOA in the
standard CMAQ (Fig. 3a). Instead, the significant improvement in
the model’s ability at reproducing observed OOA was almost
entirely due to the inclusion of the aqueous irreversible-uptake
dicarbonyl SOA source.

Observed OOA and sulfate were highly correlated (r ¼ 0.84)
during the photochemical event, suggesting that aqueous
processes may be involved during the formation of OOA. Including
the irreversible uptake of dicarbonyls by aqueous particles as
a source of SOA in the model is consistent with this picture. Fig. 3d
shows that our simulation reproduced the observed sulfate
concentrations and variability. The correlation between the
simulated sulfate and the simulated irreversible-uptake dicar-
bonyl SOA was 0.72, consistent with the observation. In compar-
ison, the correlation between the simulated sulfate and the
simulated non-dicarbonyl SOA was 0.44.

Including the irreversible-uptake dicarbonyl SOA also led to
better agreement with the observed total OA. The mean observed
OA concentration during the photochemical smog event was
16.5 mg m�3. The mean OA simulated by the standard CMAQ was
8.2 mgm�3. Using our modified CMAQmodel, the simulated OAwas
improved to 13.1 mg m�3. The remaining difference is largely due to
a sudden spike in HOA and BBOA between the evening of 31
October and the morning of 1 November, indicating that the
sampling site was affected by emissions from biomass burning. As
discussed before, these fires were likely associated with post-
harvest crop residue burning, but their episodic occurrences were
not captured by the emission inventory used in our simulation.

5. SOA sources in the PRD region

The good agreement between our simulated SOA and observed
OOA shown in Section 4 lent confidence to ourmodel’s capability at
quantifying the sources of SOA in the PRD outside of major biomass
burning events. Table 2 summarizes the sources of surface SOA in
the PRD during the photochemical smog event, as simulated by our
modified CMAQmodel. Biogenic VOC precursors accounted for 75%
of the total simulated SOA. For the biogenic SOA, 26% existed as
semi-volatile species in the particulate phase, 29% existed as non-
volatile species formed by the oligomerization of the semi-
volatile species; 45% was produced via the irreversible uptake of
dicarbonyls by aqueous particles (15% from glyoxal and 30% from
methylglyoxal). Overall, biogenic isoprene accounted for 41% of the
total SOA in the PRD in fall.

Non-biogenic VOC precursors accounted for 25% of total SOA in
the PRD in fall. 7% of the non-biogenic SOA existed as semi-volatile
species and 16% existed as non-volatile oligomers; 77% of the non-
biogenic SOA were produced via the aqueous irreversible-
dicarbonyl-uptake pathway (57% from glyoxal and 20% from
methylglyoxal). Aromatics from anthropogenic and biomass
burning emissions accounted for 13% of the simulated surface SOA.

Our analyses showed that the irreversible uptake of dicarbonyls
by wet aerosols and cloud droplets may be an important source of
SOA, potentially accounting for 53% of the simulated surface SOA in
the PRD in fall. This is consistent with previous measurement and
modeling studies that highlighted the importance of in-cloud
processing for SOA formation in the PRD (e.g., Yuan et al., 2006;
Huang et al., 2011).

We compared our findings regarding SOA sources in the PRD in
fall against results from previous measurement studies. Hu et al.
(2008) found that 80%e90% of summertime SOA in Hong Kong
was biogenic, but they found much larger contributions from
monoterpenes and b-caryophyllene than from isoprene. This may
be due to their samples being collected in Hong Kong in Summer,
where/when emissions of monoterpenes and b-caryophyllene are
stronger. Ding et al. (2012) found aromatics to be the dominant
source of the identified SOC in central PRD in summer, fall, and
winter. Both Hu et al. (2008) and Ding et al. (2012) were based on
SOA chemical tracer analyses. A major uncertainty in such analyses
is that the ratio of a specific chemical tracer mass relative to total
SOA (or SOC) mass is assumed constant, which may not be valid
under all conditions (e.g., low- or high-NOx, at low or high OA
concentrations and acidity) (Hallquist et al., 2009). Hu et al. (2010)
and Ding et al. (2012) pointed out that biomass burning emissions
contributed significantly to SOA in the PRD.We also found this to be



N. Li et al. / Atmospheric Environment 76 (2013) 200e207206
the case, although our model was unable to capture the spatio-
temporal variability of biomass burning emissions and their full
contribution to SOA.
6. Conclusions

We simulated OA concentrations in the PRD and compared
model results to AMS measurements, with the goals of evaluating
the potential contribution of the irreversible uptake of dicarbonyls
by aqueous particles as a source of SOA, as well as quantifying the
sources of SOA in the PRD in fall. We made extensive modifications
to the SAPRC-99 gas phase chemistry mechanism in the CMAQ
model to improve the representation of dicarbonyl chemistry. We
added SOA formation via the irreversible uptake of dicarbonyls by
aqueous aerosols and cloud droplets, characterized by a reactive
uptake coefficient g ¼ 2.9 � 10�3 based on laboratory studies.

Our simulated average surface glyoxal and methylglyoxal
concentrations over the PRD during 25 October to 7 November
2009 were 212 ppt and 210 ppt, respectively, consistent with
previous measurements. Isoprene was the single largest contrib-
utor to the simulated glyoxal (39%) and the dominant precursor of
methylglyoxal (79%).

We compared our OA simulation to AMS measurements at an
urban site in the PRD during a photochemical smog event (30
October to 2 November) in fall 2009. Our modified CMAQ
(including the new dicarbonyl SOA source) reproduced the
concentration and variability of observed OOA. The mean SOA
simulated by themodified CMAQmodel at the sampling site during
the smog event was 9.0 mg m�3, in good agreement with the mean
measured OOA concentration (8.0 mg m�3). SOA simulated by the
modified CMAQ model also reproduced the variability of measured
OOA (r ¼ 0.89). Simulated dicarbonyl SOA showed high correlation
with simulated sulfate (r ¼ 0.72), consistent with the observations.
Including the dicarbonyl SOA source also improved the agreement
with between simulated and observed OA. The remaining differ-
ence was largely due to the observed primary OA being heavily
impacted by episodic biomass burning emissions, but the model
did not capture this variability.

We concluded that, for the PRD region in fall and outside of
major biomass burning events, 75% of the total SOA was biogenic.
Isoprene was the most important precursor, accounting for 41% of
the total SOA. Aromatics accounted for 13% of the total SOA. We
showed that the irreversible uptake of dicarbonyls by aqueous
particles may be an important pathway for SOA formation, poten-
tially accounting for 53% of the simulated surface SOA.
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