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We analyze the observations of near-surface peroxy acetyl
nitrate (PAN) and its precursors in Beijing, China in August of
2007. The levels of PAN are remarkably high (up to 14

ppbv), surpassing those measured over other urban regions in
recent years. Analyses employing a 1-D version of a chemical
transport model (Regional chEmical and trAnsport Model, REAM)
indicate that aromatic non-methane hydrocarbons (NMHCs)
are the dominant (55—75%) PAN source. The major oxidation
product of aromatics that produces acetyl peroxy radicals

is methylglyoxal (MGLY). PAN and O3 in the observations are
correlated at daytime; aromatic NMHCs appear to play an
important role in O3 photochemistry. Previous NMHC
measurements indicate the presence of reactive aromatics at
high levels over broad polluted regions of China. Aromatics
are often ignored in global and (to a lesser degree) regional 3D
photochemical transport models; their emissions over China
aswell as photochemistry are quite uncertain. Our findings suggest
that critical assessments of aromatics emissions and chemistry
(such as the yields of MGLY) are necessary to understand
and assess o0zone photochemistry and regional pollution export
in China.

Introduction

PAN (CH3C(O)OONO,) is one of the major components of
photochemical smog as well as an important player in
atmospheric chemistry. It is formed by the reaction between
acetyl peroxy (PA) radical (CH;C(0)OO) and nitrogen dioxide
(NO,) and is removed mainly via thermal decomposition
near the surface, with its lifetime ranging from less than one
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to several hours depending on the ambient temperature and
the NO/NO; ratio (1). PA radical comes from photolysis or
OH oxidation of a number of oxygenated volatile orga-
nic compounds (OVOCs), such as acetaldehyde (CH;CHO),
acetone (CH;COCH3), methyl vinyl ketone (MVK, CH,-
CHC(0)CHj3), methacrolein (MACR, CH,CCH3CHO), meth-
ylglyoxal (MGLY, CH3C(O)CHO), and biacetyl (CH3;C(O)-
C(O)CH3) (2), which either form in situ by oxidation of various
nonmethane hydrocarbons (NMHCs) or are emitted from
primary sources (e.g., acetaldehyde). The relative importance
of PA radical precursors is highly variable depending on the
composition of the NMHC and NO, (NO + NO,) mix (2, 3).
While acetaldehyde is often the dominant PA radical source
over urban regions (4, 5), isoprene oxidation products, e.g.
MVK, MACR, and MGLY, usually play an important role over
regions with significant biogenic emissions (1, 2). Occasion-
ally, OVOCs from aromatics and alkenes could be more
important than acetaldehyde over some urban regions (6).
Due to the much shorter lifetime of PAN than that of O; in
the boundary layer, in situ measurements provide consider-
ably better constraints for PAN chemistry than for Os;
chemistry, and analyzing PAN sources can provide insights
into formation mechanisms of photochemical pollution.

Photochemical pollution has become an important air
quality issue in China, due to increased emissions of NO,
and volatile organic compounds (VOCs) driven by the rapid
economic growth. Remarkably elevated Os levels have been
found at both local (7) and regional (8) scales. While more
measurements of O; and its precursors become available
(9—11), more detailed modeling analysis of the photochem-
istry and transport is desirable (12, 13).

PAN has been measured in many urban and suburban
regions across the world (I, 2, 4—6, 14, 15). To our knowledge,
PAN measurements and analysis of PAN photochemsitry in
China are still sparse. Up to 10 ppbv of PAN has been observed
atanurban site (the same site as ours) of Beijing (11). Elevated
PAN levels (up to 9 ppbv) have also been measured at a
suburban site of Lanzhou in the western part of China,
accompanied by moderate PAN levels (0.44 + 0.16 ppbv) at
a downwind remote site of Wuliguan, which was suggested
to be mainly due to transport from Lanzhou (16). Recently,
measurements of peroxyacetic acid in China were reported,
and aromatics were identified as the major source (45%) of
peroxyacetic acid (17).

In this work, we employ the 1-D version of a CTM (Regional
chEmical and trAnsport Model, REAM) to analyze in situ
measurements of a full suite of pollutants in Beijing, China,
focusing on both photochemical and transport sources of
PAN.

Methods

Measurements. Within the framework of the Campaign of
Air Quality Research in Beijing 2007 (CAREBeijing-2007), a
full suite of trace gases were measured simultaneously at an
urban site in Beijing in August 2007. The site is located on
a building roof top (~20 m above the ground level) on the
campus of Peking University (39.99°N, 116.31°E). Nitrogen
monoxide (NO) was measured with a custom-made chemi-
luminescence detector (18). Total reactive nitrogen com-
pounds (NO,, only gas phase) were measured by the
conversion of the NO, species to NO on a molybdenum
converter operated at 300 °C. Laboratory tests show that the
conversion efficiency for NO, and HNOj; is measured to be
larger than 95% and 85%, respectively. PAN was measured
using a chemical ionization mass spectrometer (CIMS) (19).
HONO was measured with a liquid coil scrubbing/UV—vis
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instrument (20). Under summer conditions at Beijing,
interferences during sampling on the order of 2—9% of the
measured HONO mixing ratios were observed and corrected
using sodium carbonate denuders (Supporting Information)
(21, 22). O3 and CO were measured by commercial instru-
ments from the ECOTECH (EC9810 and EC9830). C;—Cq
NMHCs were measured with a time resolution of 30 min
using two online GC-FID/PID systems (Syntech Spectra GC-
FID/PID GC955 series 600/800 VOC analyzer), one for the
C3—C5NMHCs, and the other for Cs—Cy NMHCs (11). Another
automated GC/MS/FID system was deployed to measure
NMHCs at daytime (8:00—9:00 and 13:00—14:00) (12). OVOCs
were measured using the PFPH-GC/MS method (23). The
uncertainties (one standard deviation) for these measure-
ments are estimated to be 5% for NO, Os;, CO, 3%—5% for
NMHCs, 10% for NO,, PAN, HONO, and OVOCs. More
detailed descriptions of the instruments and experimental
methods are available in the Supporting Information.

1-D REAM Model. Previously, we have applied the 3-D
Regional chEmical and trAnsport Model (REAM) to inves-
tigate O; photochemistry and transport at north mid latitudes
(24—30). In this work, the 1-D version of the REAM model
(1-DREAM), including the modules for O;—NO,-hydrocarbon
photochemistry, diffusion and convective transport, and wet/
dry deposition, was used for analyzing the measurements in
Beijing. The kinetic data were updated with the latest
compilation (31). The NMHC chemistry is expanded by
including chemistry of aromatics based on the SAPRC-07
chemical mechanism (Supporting Information) (32). Trans-
port is simulated using the WRF assimilated meteorological
fields based on the NCEP reanalysis data (Supporting
Information) (29). In order to simulate PAN, the model is
constrained with measured CO, O3, NO, HONO, NMHCs
(C,—Cy), and OVOCs (acetone, acetaldehyde, and formal-
dehyde) at every 1-min time step. Free radicals and other
OVOC species that are also important in PAN chemistry but
were not measured, such as MVK, MACR, MGLY, and biacetyl,
are simulated in the model, and we note that measurements
of all these intermediates would further improve this type of
study. We ran the model continuously from August 1 to 30,
2007, and results for the last 20 days were analyzed because
PAN measurements are available for the last 20 days of the
measurement period.

Results and Discussions

Observed Elevated PAN Levels. The mean diurnal profiles
of measured PAN, Os, NO,, NO, and HONO during August
10 to 30, 2007 are shown in Figure 1. The mean daily
maximum PAN mixing ratio is 5 ppbv, occurring in the
afternoon around 15:00, and the maximum during the
measurement period reaches as high as 14 ppbv. Such
abundance of PAN is comparable with that in Los Angeles
during the late 1980s (14) and among the highest records in
the past decade (I, 2, 4-6, 15, 33). The lifetime of PAN
(calculated based on simulated PAN concentrations and loss
reaction rates) is very short at daytime (~0.5 h), mainly due
to high temperature at the surface (28 °C—38 °C) and a
relatively large NO/NO; ratio (~0.5), which facilitate thermal
decomposition of PAN and removal of PA radicals, respec-
tively. Therefore, the large abundance of PAN at daytime
indicates a large source of PA radicals from VOC oxidation
and very fast photochemical processing in Beijing.

Also notable are the observed high nighttime PAN levels
(1-2 ppbv), which are among the highest in the published
literature (15, 16, 33). After inspecting measurements from
previous studies and this experiment, we found that the ratio
of nighttime average to daytime peak value, i.e. 1.5 ppbv/5
ppbv in this work lies in the range of 0.2—0.35 of previous
measurements, e.g. 1 ppbv/5 ppbv for Mexico City (15), 0.45
ppbv/2 ppbv for Lanzhou of China (16), and 0.29 ppbv/0.91
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FIGURE 1. Average hourly diurnal profiles for measured 0;, NO,,
and its components during August 10—30, 2007, including NO,
HONO, and PAN, together with corresponding standard
deviations (only the largest hourly standard deviation for each
species is shown).
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FIGURE 2. Average daytime (9:00—18:00) NO, budget during
August 10—30, 2007, in which NO, NO,, PAN, and HONO are
measured, and the other species (not directly measured) are
from the 1-D model simulation (full aromatics). Residual
denotes the difference between measured NO, and the sum of
measured and simulated NO, components.

ppbv for Houston (33), suggesting that the nighttime PAN
levels are associated with the corresponding daytime mag-
nitudes. The relatively long lifetime of PAN (2—5 h) due to
low temperature (e.g., 21 °C—28 °C during our measurements)
and a larger NO,/NO ratio and shallow mixing layer are the
two main factors leading to the continuous presence of PAN
at night.

Daytime NO, Budget. We examined the closure of NO,
budget at daytime when photochemistry is active. Average
daytime (9:00—18:00) NO, budget comprised of measured
(NO, PAN, HONO) and model predicted (NO,, N,Os, HNOy,,
and gaseous HNO;) mixing ratios of NO, species is shown
in Figure 2. The budget is reasonably closed with ~2% NO,,
not accounted for. Some of the error may lie in the model
simulation of HNOj3, the lifetime of which is ~6 h (against
deposition to surface), longer than the other reactive nitrogen
species. NO, ([NO. = [NO,] - [NO,]) species together
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FIGURE 3. 1-h mean observed 0; mixing ratios as a function of
observed PAN for daytime (9:00—18:00) during August 10—30,
2007. Data points with O3 larger than 20 ppbv are shown.

accounted for ~40% of total NO,, consistent with a previous
study in Beijing (10), suggesting the large abundance of
oxidants from fast photochemical oxidation of NO,. On
average, PAN accounts for ~14% of total NO,. From morning
to afternoon, PAN percentage increases from ~5% to ~25%
(Figure 1). It is also noteworthy that over 1 ppbv of HONO
was observed at daytime (Figure 1), accounting for ~4% of
the total NO,, (Figure 2). Such high levels of daytime HONO
are significantly higher than other urban regions (21, 34, 35).
Analyses of model results indicate that if assuming HONO
is produced through heterogeneous processes (36, 37),
photolysis of HONO contributes to 25% of the average 24-h
OH concentration and the majority (more than 60%) of the
primary OH production rate throughout the daytime (un-
published results). The impact of HONO on PAN formation
is also discussed in this paper.

The diurnal variations of PAN and Oj; tracks each other
well, with their peaks at ~15:00 (Figure 1). Figure 3 shows
good correlations of PAN and Os; mixing ratios during daytime
(9:00—18:00). The linear correlation between PAN and O;
reflects that both species are products of NO, and peroxy
radicals. Thus, understanding the chemistry of PAN formation
also facilitates the investigation of O; formation mechanism.

Chemical and Transport Sources of PAN. The original
REAM photochemical mechanism is adopted from the GEOS-
Chem model (38). Using this base version of the 1-D REAM
model, we found that the model significantly underestimated
PAN by a factor of 4 (Figure 4). In this simulation, the model
is constrained by observed acetaldehyde and acetone, which
are major sources of PAradical, and all the observed NMHCs
except for aromatics. Although MGLY is also a major source
of PA radical, there were few MGLY measurements available
(August 15—20, 3-h resolution), so we did not use measured
MGLY. We noticed that the simulated MGLY (less than 0.1
ppbv) concentrations are much lower than the observed
values (0.9 £ 0.4 ppbv), indicating some important NMHCs
as MGLY sources are missing in the model.

Inspection of the measurements of NMHCs shows that
~50% of observed NMHCs are aromatics (Figure S1 in the
Supporting Information). Among fast-reacting NMHCs,
toluene, xylenes, and ethylbenzene are among the group
with the highest mixing ratios. A major oxidation product of
these aromatic species is MGLY (Table S1 and Figure S1 in
the Supporting Information). In subsequent simulations we
expanded the photochemical mechanism in the model with
chemistry of aromatic NMHCs based on the SAPRC-07
mechanism (32). The model predicted PAN values increase
considerably, leading to better agreement with the measure-
ments (Figure 4), but there is still on average ~25% of 24-h

g — oBs T F
] — FullARO (1-Dvert)| | T C
] - -FulARO (1-D) T C
q e Full ARO (0-D) o
] —— No obs HONO [
64 — NoMGLY L
] — NoARO C
el o
2 A o
o u L
£ C
z 43 3
< 3 u
o A -
24 -
0 LB .I.I L B B I I Trrru I rTrrru I
00:00 06:00 12:00 18:00 00:00
Local time

FIGURE 4. Average hourly diurnal profiles of measured PAN
(black line) together with standard deviations (black bars) and
model predicted PAN in different scenarios: (1) 1-D model
incorporating a full aromatics-degradation mechanism (red
solid line) using observed vertical profiles (35); (2) 1-D model
incorporating a full aromatics-degradation mechanism (red
dashed line) with only surface aromatics constrained by the
observations; (3) a box model simulation incorporating a full
aromatics-degradation mechanism (red dotted line); (4) 1-D
model incorporating an aromatics-degradation mechanism,
which does not include the production of MGLY (brown line),
using the observed aromatic VOC vertical profiles (35); (5) 1-D
model without surface HONO constrained by the measurements
(blue line), using the observed aromatic VOC vertical profiles
(35); (6) 1-D model without aromatics (gray line). “1-Dvert” and
“1-D” denote with and without observed NMHC vertical
profiles, respectively.

average PAN unexplained in the model (all relative changes
are with respect to 24-h mean values hereafter).

In the two simulations mentioned above, the model is
only constrained by surface observations since we did not
have measurements at higher altitudes. Such a model
configuration is equivalent to assuming that all the emission
sources are located at the surface, and the trace gases in the
boundary layer are all due to transport from surface by
turbulent diffusion. By comparing with previous measure-
ments in Beijing, we found that model simulated vertical
gradients of aromatics are evidently larger than the mea-
surements in a previous study (39). Although those mea-
surements were at a different site in Beijing in the fall, it
points to the possibility of large underestimates of aromatic
NMHCs at 100—400 m in our model. One potential model
bias is that WRF simulated eddy diffusion coefficients are
too low, leading to overestimated vertical concentration
gradient. Therefore, we conducted a sensitivity simulation
by increasing the boundary layer eddy diffusion coefficients
by a factor of 5, and the simulated vertical gradient of
aromatics was still too large, which suggests that there are
other reasons for underestimation of aromatics in the
boundary layer, e.g. maybe there were some nonsurface
sources of aromatics around the site. Coincidentally, previous
studies found that in addition to vehicle emissions and solvent
evaporations, several petrochemical plants located 10—30
km from our sampling site, e.g., Yanshan Petrochemical
Plants in Fangshan, Beijing Chemical plants in Chaoyang,
and Eastern Chemical Works in Tongzhou, are also major
sources of aromatics at the observation site (40). It is likely
that these nonsurface point sources at 100—200 m above the
surface are responsible for the missing aromatics at 100—400
m in our model.
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In a third simulation, by assuming there are nonsurface
emissions of aromatics we further constrained our model at
20—400 m according to the observed vertical profiles of
aromatics (39). Within our expectation, the model shows
further improvements of simulated PAN from the previous
results. The 1-D model reasonably reproduces the observed
diurnal PAN profile, accounting for ~95% of the measured
values on average (Figure 4) as well as the day-to-day variation
of PAN and most daytime peak values (R = 0.71, Figure S2
in the Supporting Information). Including profiles of other
VOCs (such as alkenes) from the same study (39) in the model
simulation does not significantly affect the model results.
Detailed examination of the interaction between surface and
boundary layer PAN production requires more measurements
than available in this study and should be targeted in a future
study at the measurement site.

Comparing the results of the third simulation to the second
one shows that nonsurface aromatic NMHC emissions
increased near-surface PAN concentrations by ~20%. This
resultindicates the significant impact of downward transport
of PAN produced aloft in the boundary layer on the measured
PAN levels near the surface. In a previous study of PAN
sources at Tokyo, Kondo et al. suggested that missing
downward transport of PAN from the boundary layer is a
main factor leading to the underestimation of PAN in their
box model (5). They argued that the lower temperature at
higher altitudes results in longer lifetimes and facilitates the
downward transport of PAN to the surface. In order to
investigate the contribution from downward transport, we
ran the 1-D model as a box model by turning off the vertical
transport. In this manner, the fraction of PAN produced at
the surface layer and the rest transported from aloft to the
surface can be isolated and compared with each other. Figure
4 shows that on average this box-model only explains about
half of the measured PAN near surface, thereby suggesting
that downward transport of PAN from aloft contributes the
rest 50%. Our results are consistent with the previous study
(5) and suggest that vertical mixing in the boundary layer is
an important factor for generating elevated pollutant levels
near the surface. Specifically with respect to PAN chemistry,
downward transport has the direct effect of increasing PAN
concentrations near the surface. Further, the decomposition
of PAN transported from above provides a radical source
and speeds up photochemical processing near the surface.
For example, the 1-D model predicts 10% higher 24-h average
OH concentration than the 0-D model.

We conducted a fourth sensitivity simulation to investigate
the impact of MGLY on PAN formation. After removing the
formation of MGLY in the model, simulated PAN concentra-
tions drop by ~50% (Figure 4), suggesting that half of the
observed PAN concentrations are due to the production of
MGLY during the oxidation of aromatics. The difference
between the first (without aromatics, grayline) and the fourth
(without MGLY, yellow line) simulations mainly reflects the
contribution (~20%) from another PAN precursor produced
from aromatics - biacetyl. We further evaluated the contri-
butions by each aromatic species to MGLY (and further to
PAN) production based on their measured concentrations,
reaction rate constants with OH and MGLY molar yields
(Table S1 in the Supporting Information). The results show
that m-xylene and 1,3,5-trimethylbenzene are the most
efficient PAN precursors because of their relatively faster
reaction rates with OH and larger MGLY yields (e.g., 64% for
1,3,5-trimethylbenzene), although their concentrations are only
~20% and ~4% of the most abundant aromatic species, toluene,
respectively (Table S2 in the Supporting Information).

Based on the results of the above four simulations, we
estimate that aromatics account for ~75% of the total PAN
source and MGLY from the oxidation of aromatics accounts
for ~50%. Most of MGLY (more than 90%) is produced by
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oxidation of aromatics. Considering the uncertainties in-
troduced by using previously measured aromatics vertical
profiles (39), the contribution of aromatics would lie in the
range of 55—75% (by comparing PAN levels in “NO-ARO”,
“1-D”, and “1-Dvert” simulations in Figure 4). The dominant
role by aromatics is due to their larger proportion in the total
NMHCs (~50% in Figure S1) and faster production of PA
radicals (through MGLY and biacetyl) than the other OVOCs.
Contributions from the other major OVOCs are also obtained
and tabulated in Table S3 in the Supporting Information.

Since PAN formation chemistry is initiated by reactions
between NMHCs and OH, another necessity for maintaining
the measured high PAN levels is a sufficient supply of OH.
Asmentioned above, our model analyses suggest that HONO
serves as an important OH producer in Beijing (unpublished
results), but current known HONO sources can only explain
asmall portion (~0.1 ppbv) of the observed HONO (~1 ppbv).
We examined the impact from HONO on PAN formation
chemistry by conducting a fifth sensitivity simulation in which
we removed the observational constraint on HONO. Without
fixing model HONO to the observed values, model predicted
PAN concentrations drop considerably, by ~15% on average
and even more in the afternoon hours (Figure 4), underlining
the important role of the abundant HONO (~1 ppbv) during
daytime as a major OH primary source for PAN formation.

Implications. Our finding that aromatics are the dominant
(55—75%) source of PAN in Beijing is consistent with arecent
study suggesting that aromatics account for ~45% of the
observed peroxyacetic acid (17). Previous studies reported
comparable or even larger abundance of aromatic NMHCs
over southern (41, 42) and eastern (43) China. Specifically,
toluene has been found to be the main contributor to ozone
formation in southern China (41, 42). Therefore, aromatics
appear to be a major PAN (and Os) precursor over polluted
East China (8), in contrast to previous studies outside China
indicating that alkenes and acetaldehyde are more important
for PAN production (4, 5). However, aromatics are often
ignored in global (38, 44) and (to a lesser degree) regional
3-D photochemical transport models (45); their emissions
(46) over China as well as photochemistry (32, 47) are still
quite uncertain. Ongoing modeling analysis (unpublished)
reveals that regional anthropogenic emissions of aromatics
are significantly underestimated over China. Our findings
suggest that critical assessments of aromatics emissions and
chemistry (such as the yields of MGLY) are necessary to
understand and assess ozone photochemistry and export in
China.

In addition, the comparison between a 1-D and box model
simulation suggests that 1-D models may be more suitable
than boxmodels in analyzing in situ measurements of species
such PAN, the lifetime of which changes drastically in the
boundary layer. Downward transport of PAN from the
boundary layer affects not only surface concentrations but
also surface chemical reactivity by providing a source of
radicals through decomposition. At polluted urban sites like
Beijing, there is also evidence that nonsurface VOC and other
precursor sources appear to be an important factor for surface
concentrations of PAN via boundary layer-surface exchange.
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