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Abstract

Peroxyacetyl nitrate (PAN) is one of the key photochemical pollutants and acts as an
important reservoir for the peroxyacetyl (PA) radical and nitrogen oxides (NO,) over
cold and less polluted regions. Previous measurements of PAN in Asian megacities
were scarce and mainly conducted for relatively short periods in summer. In this study,
we present and analyze the measurements of PAN, O3, NO,, CO, and some mete-
orological variables, made at an urban site (CMA) in Beijing from 25 January to 22
March 2010. During the observations, the hourly concentration of PAN varied from
0.23 to 3.51 ppb, with an average of 0.70 ppb. Both PAN and O3 showed small but
significant diurnal cycle, with PAN peaking around 17:00 LT, three hours later than Os.
The observed concentration of PAN is well correlated with that of NO, but not Os.
These phenomena indicate that the variations of the winter concentrations of PAN and
O3 in urban Beijing are decoupled with each other. Wind conditions and transport of
air masses exert very significant impacts on O3, PAN, and other species. The strong
WNW-N winds caused elevated concentrations of surface O5 and lower concentrations
of PAN, NO,, and CO. Weak winds from the other directions led to enhanced levels of
PAN, NO,, and CO and decreased level of O5. Air masses arriving at our site originated
either from the boundary layer over the highly polluted N-S-W sector or from the free
troposphere over the W-N sector. The descending free-tropospheric air was rich in Og,
with an average PAN/Og ratio smaller than 0.031, while the boundary layer air over the
polluted sector contained higher levels of PAN and primary pollutants, with an average
PAN/O; ratio of 0.11. These facts related with meteorological conditions, specifically
the air transport conditions, can well explain the observed PAN-O5 decoupling. The
impact of meso-scale transport is demonstrated using a case during 21-22 February
2010. In addition to transport, photochemical production is important to PAN in the
winter boundary layer over Beijing. The PA concentration is estimated from the mea-
surements of PAN and related variables. The estimated PA concentration for three days
with stable atmospheric condition, 7 February, 23 February, and 11 March, are in the
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range of 0-0.012, 0—0.036, and 0-0.040 ppt, respectively. We found that both the for-
mation reaction and thermal decomposition contributed significantly to PAN’s variation.
The results here suggest that even in the colder period, both photochemical production
and thermal decomposition of PAN in the polluted boundary layer over Beijing are not
negligible, with the production exceeding the decomposition.

1 Introduction

Peroxyacetyl nitrate (PAN, CH3;COO,NO,) in the atmosphere is exclusively produced
by photochemical reactions and plays an important role in local, regional and global at-
mospheric chemistry (Kourtidis et al., 1993; Nielsen et al., 1981; Williams et al., 1993).
Studies suggest that PAN is one of the important indicator compounds of peroxy radical
activity in an urban airshed (Finlayson-Pitts and Pitts, 2000; Gaffney et al., 1989) and
photochemical smog episodes (Bottenheim et al., 1994; Rappenglick et al., 2003). In
addition, PAN is toxic to human health and harmful to vegetation growth as well (Klein-
dienst et al., 1990; Peak and Belser, 1969; Stephens, 1969; Taylor, 1969). Since its
discovery in Los Angeles air by Stephens et al. (1956), PAN has been observed in
many field campaigns in different regions and found to be globally ubiquitous (Singh
and Salas, 1983b, 1989). The reported PAN level ranges from a few ppt in marine back-
ground air to higher than 30 ppb in urban air (e.g. Grosjean, 1988, 2003; Marley et al.,
2007; Roberts et al., 2002, 2007; Schmitt and Volz-Thomas, 1997; Singh and Salas,
1989; Whalley et al., 2004; Williams et al., 1993, 1997).

Both PAN and O; are important oxidants and secondary pollutants in the atmo-
sphere. They have common chemical sources, i.e. the photochemical reactions among
NO,, VOCs, etc. While O in the troposphere can be produced from precursors other
than VOCs, e.g. CO, CH, (Chameides and Walker, 1973) or originates from the strato-
sphere (Staehelin et al., 2001), PAN is only produced from those VOCs that can form
the acetyl radical CH3;CO or peroxyacetyl (PA) radical CH3;COO, (Grosjean et al., 2002;
LaFranchi et al., 2009; Liu et al., 2010). Reaction with OH radical and photolysis can
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remove PAN from the atmosphere (Singh, 1987; Talukdar et al., 1995). For PAN in the
boundary layer, however, the most effective sink is thermal decomposition (Cox and
Roffey, 1977; Singh, 1987; Tuazon et al., 1991). In addition, the dry deposition of PAN
over vegetation has been found to be significant (Schrimpf et al., 1996; Turnipseed
et al., 2006; Wu et al., 2012). Thermal decomposition of PAN is highly dependent on
temperature (Cox and Roffey, 1977; Tuazon et al., 1991). The lifetime of PAN is as short
as 30 min at 300 K, but as long as a month at 260 K (Tang et al., 2001). Therefore, PAN
can be transported over a long-range in cold environment, for instance, winter and up-
per troposphere (Corkum et al., 1986; Fischer et al., 2011; Rappengluck et al., 2003,
2004), causing the dispersion of PAN over remote ocean areas (Jacobi et al., 1999),
the polar regions (Beine and Krognes, 2000; Bottenheim et al., 1986, 1993; Dassau
et al., 2004; Jacobi et al., 2000), and even in the free troposphere (Fischer et al., 2011;
Singh and Sales, 1983a). The ubiquitous existence and thermal instability make PAN
a reservoir for NO, and the PA radical, and hence PAN plays an important role in the
production of Og in remote areas (Aneja et al., 1999; Crutzen, 1979; Derwent and
Jenkin, 1991; Gaffney et al., 1993; Hudman et al., 2004; Ridley et al., 1990; Singh
et al., 1992; Suppan et al., 1998).

Due to the ever increasing emissions of NO,, VOCs, etc., photochemical pollution
has become one of the air quality problems in Beijing and surrounding areas. High
levels of surface O; are often observed in warmer months (Lin et al., 2008; Wang
et al., 2006) and increase trends have been reported for O5 in different layers of the
troposphere (Ding et al., 2008; Tang et al., 2009; Wang et al., 2012), indicating the
existence of photochemical smog in the region. While data of surface Og in the greater
Beijing area are relatively plentiful, measurements of PAN are quite scarce. The first
measurements of PAN at an urban site in Beijing showed a maximum concentration of
6.8 ppb in May 1990 (Zhang and Tang, 1994). Even higher peak levels were observed
during summer in later studies (Zhang et al., 2011). All these previous measurements
are either discontinuous or very short-term based (<two weeks). In addition, mea-
surements of PAN in Beijing from other seasons are lacking. In this paper, we present
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measurements of PAN, O3, and some related species in the urban area of Beijing dur-
ing a winter/spring period. We characterize the measurements and discuss the relation-
ships among species and impacts of meteorological conditions on the measurements.
In addition, we make an estimation of the concentration of the PA radical based on our
observations.

2 Methods
2.1 Observations

From 25 January to 22 March 2010, the concentrations of PAN, O3, and some re-
lated species were observed in the urban area of Beijing. The city Beijing is the capital
of China and one of the megacities in the world. It is situated in a transition zone
from mountainous region to the North China Plain (NCP), a region with two megaci-
ties Beijing and Tianjin (about 110 km from Beijing, Fig. 1) and many other cities and
townships. This makes the air quality of Beijing subject to the influences from emis-
sions in the NCP. Beijing City had a population of 20.186 millions by the end of 2011
(http://zhengwu.beijing.gov.cn/tjxx/tjgb/t1219544.htm). With strong increasing trends of
residents and vehicles since about two decades, traffic related emissions have created
challenges to the improving the urban air quality (Wu et al., 2011). In the cold months,
heating related emissions can make substantial contributions to the levels of air pollu-
tants (Lin et al., 2011).

The observations were made at an office building of Chinese Meteorological Ad-
ministration (CMA, 39.95°N, 116.32° E, 58 m a.s.l.), located between the 2nd and 3rd
ring roads of Beijing (see details in Lin et al., 2011). The PAN analyzer (Meteorologie
Consult GmbH, Germany) that we used consists of an automated gas chromatograph
(GC) equipped with an electron capture detector (ECD) and a calibration unit. A spe-
cific PC-software was used to collect and handle chromatographic data at a resolution
of 10-min. The analyzer is virtually the same type as the one reported by Volz-Thomas
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et al. (2002), but the separation is optimized only for PAN and CCl, and acetone in-
stead of acetaldehyde is used to produce PAN standards. The analyzer was calibrated
in variable intervals (respectively on 26 January, 27 January, 28 January, 29 January,
31 January, 1 February, 4 February, 10 February, 4 March, and 22 March, 2010) dur-
ing the observation period and each calibration process lasted for 1-2h. When cal-
ibrating, the PAN standard was prepared by introducing an NO standard in nitrogen
(9.81 ppm, produced by Scottgas, USA) to react with acetone vapor under the irradiat-
ing of a UV lamp. For the ten calibrations, the analyzer sensitivity (peak area per ppb
PAN) averaged 33 306, with a relative deviation of 7.5 %. There was no clear trend in
the sensitivity. Therefore, all measurements of ambient PAN were calibrated using the
average sensitivity for the whole observation period. The detection limit of the analyzer
is about 50 ppt. More details about the PAN detecting system can be seen in literature
(Volz-Thomas et al., 2002; Zellweger et al., 2000; Zhang et al., 2009).

O3, NO/NO,/NO,, and CO were simultaneously observed using a set of commercial
instruments, i.e. an O5 analyzer (Model 49C), a NO, analyzer (Model 42CTL) with
a molybdenum NO,-to-NO converter, and a CO analyzer (Model 48CTL), respectively,
from Thermo Environmental Instruments, Inc., USA. Zero/span checks and multi-point
calibrations were carried in the way described in Lin et al. (2011). All signals were
acquired every second and averaged to obtain 1-min average data. All instruments
were installed in an air-conditioned room. More details about the instrumentation are
given in Lin et al. (2011).

2.2 Simulations

For the analysis and interpretation of the measurements, calculations of backward tra-
jectories of air-masses were performed using the HYSPLIT4 trajectory model (Ver-
sion 4.9), developed by the National Oceanic and Atmospheric Administration (NOAA)
Air Resources Laboratory (Draxler and Hess, 1997). GDAS dataset (3 hourly, global,
1°x 1° in longitude and latitude, and 23 pressure levels) was used for the mete-
orological input. 24-h backward trajectories were calculated for air parcels arriving
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at 100m above the ground level of the observation site. In addition, a meso-scale
model (WRF Version 3; http://www.wrf-model.org/index.php; Skamarock et al., 2008)
was used to simulate the meteorological fields in Beijing and the surrounding area.
The simulations were nested for 3 domains, with the smallest one containing the
NCP. The WRF Model was run every time for a 24-h period starting from 00:00 on
the 21 February (Beijing local time). Schemes of microphysical processes, ground
layer, boundary layer, and diffusion options are set as FERRIER (NEW ETA; Ferrier
et al., 2002), MONIN-OBUKHOQOV (Monin and Obukhov, 1954), YSU (Hong and Dudhia,
2003), and OLD SCHEME (see http://www.mmm.ucar.edu/wrf/users/docs/user_guide/
users_guide_chap5.html#Phys), respectively.

3 Results and discussion
3.1 Time series and characteristics

The time series of observed concentrations of PAN, O3, NO, NO,, and CO, together
with those of temperature (T'), wind vector, and global radiation (G), are plotted in Fig. 2.
According to the observation results, PAN plumes are obvious as several pronounced
peaks over 1 ppb were detected. There was also a slight increase trend in the baseline
level of PAN as the season shifted from winter to early spring. The phenomenon here is
inconsistent with some other experimental results demonstrating PAN’s annual varia-
tion with elevated winter level and descending summer level because a greater net loss
of PAN through thermal decomposition would appear in warmer situation (Beine and
Krognes, 2000). The reason for this feature is partly because that as warmer season
commences, solar radiation would enhance and promote more photochemical reac-
tions, thus makes thermal decomposition incapable to offset increasing production rate.
Apart from this reason, attention should also be paid to the variations of the precursor
concentrations and other meteorological conditions. Figure 2 displays no affirmative
trends in the concentrations of NO, and CO. Therefore, it seems that the changes of
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radiation and probably other meteorological conditions were more important factors for
the observed PAN trend.

It is noticeable from Fig. 2 that the periods with higher PAN levels correspond to
lower O3 levels and higher levels of CO and NO,, and those with lower PAN levels
correspond usually to higher O4 levels. This reveals a fact that the variations of the two
photochemical oxidants, O3 and PAN, were decoupled. Since the plumes with higher
PAN levels lasted for several days, the decoupling was not caused by any differences
in diurnal patterns of O; and PAN. Further discussions about this are given in latter
sections.

3.2 Comparison with other measurements

So far, there have been only a few reported measurements of PAN in China. The mea-
surement made by Jin and Tian (1982) shows that the concentration of PAN in Lanzhou
during 27—28 September 1978 was in the range of 1-17 ppb. Zhang and Tang (1994)
reported the first measurements of PAN in Beijing. The observed daily maximum con-
centrations of PAN during March—June 1990 ranged from 1.1 to 6.8 ppb. Since 20086,
measurements of PAN have been made at a few sites in China using modern tech-
niques. The results of these measurements are listed in Table 1. Zhang et al. (2011)
made short-term measurements of PAN at Peking University (PKU) and Yufa, Beijing
during August 2006 and September 2008, respectively. The reported concentration of
PAN at PKU was in the range of 1.21-11.2 ppb, with an average of 1.34 ppb, and that
at Yufa was in the range of 0.68-2.51 ppb, with an average of 0.6 ppb. Xu et al. (2011)
carried out one week of measurements of PAN at PKU in August 2007 and reported
the PAN concentration ranging from 0.31 to 17.81 ppb, with an average of 3.79 ppb. Liu
et al. (2010) reported similar high levels of PAN and showed importance of aromatics
for the PAN formation in Beijing. The observation of PAN at the Back Gardon site (BGS),
Guangzhou, showed an average concentration of 1.32 ppb in July 2006 (Wang et al.,
2010). From 23 June to 16 August 2006, Zhang et al. (2009) measured the PAN lev-
els sequentially at a site in Lanzhou City and at the Waliguan (WLG) baseline station,
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Qinghai Province. They found that the PAN level at the Lanzhou site ranged from 0.05
to 9.13 ppb, with an average of 0.76 ppb, and that at WLG ranged from 0.08 to 1.41 ppb,
with an average of 0.44 ppb. All the above-mentioned measurements were carried out
in summer, while our measurements were made in the winter to early spring period. Al-
though our site (CMA) is not far from the PKU site (4.7 km), the observed PAN level was
much lower than the summer level at PKU, which may be related to the year-to-year
variation but more possibly a result of weaker photochemical production in the cold
period. To date, the reported measurements of PAN in Beijing cover only quite short
periods of the year. Therefore, the actual seasonal pattern of PAN in Beijing is currently
unknown. Nevertheless, the increase trend of PAN, discussed in previous section, and
the difference between the summer PAN level at PKU and the winter PAN level at CMA
suggest that the PAN level in the urban area of Beijing is higher in warmer months and
lower in colder months. Such feature is consistent with those found in Simcoe, Canada
(Corkum et al., 1986) and in Lindau and Munich, Germany (Kourtidis et al., 1993; Rap-
pengluck et al., 1993), but inconsistent with those found in Santiago, Chile (Rubio et al.,
2007) and in Rishiri Island, Japan (Tanimoto, 2000).

3.3 Diurnal variation

Figure 3 shows the average diurnal cycles of PAN and O3 at CMA. The O; level re-
mained low during the night, increased from about 07:00 LT, until it reached its maxi-
mum around 14:00 LT. Similar diurnal patterns of O5 were observed in Beijing during
winter (Lin et al., 2011) and summer (Xu et al., 2011) and in Lanzhou during summer
(Zhang et al., 2009). An O4 peak in the early afternoon usually indicates the signif-
icance of photochemical production of Os. It is reported that even in the wintertime,
photochemistry can be a significant source of surface O3 at CMA (Lin et al., 2011).
However, the winter photochemical process alone seems not to be able to cause a day-
time O3 elevation shown in Fig. 3. The meteorological process may have significantly
contributed the diurnal variation of O5. As a photochemical product, PAN is also ex-
pected to reach its peak level in the afternoon. Figure 3 shows a PAN peak around
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17:00 LT, much later than those found at PKU in summer (Xu et al., 2011; Zhang et al.,
2011). Such diurnal pattern of PAN with maximum in late afternoon was also observed
in the outflow of the Sacramento urban plume (LaFranchi et al., 2009), in Simcoe,
Canada during the wintertime (Corkum et al., 1986), in Atlanta, USA (Williams et al.,
1993), and in Lindau, Germany (Kourtidis et al., 1993).

A later PAN peak indicates a longer accumulation time for PAN. In areas of high level
NO, concentration, the formation of PAN could be fast, leading to no net loss even
at elevated temperature environment (Finlayson-Pitts and Pitts, 2000; Gaffney et al.,
1999). During our observations, the concentration of NO, was very high (4.6-80.2 ppb),
with an average of 30.2 ppb. This promoted the production and accumulation of PAN in
Beijing and surrounding area. However, high NO, concentration does not necessarily
cause later PAN peak. For example, Rappenglick et al. (2000) found even peaking of
PAN earlier than O in suburban of Santiago de Chile though the NO, there was quite
high, too. They stated that thermal decompostion of PAN plays a cruical role.

3.4 Relationships among species

Both PAN and O3 are photochemical products and closely related to NO,. Therefore,
certain relationships among these species are expected. Figure 4 displays the scatter
plots showing the O3-PAN, NO,-PAN, NO-O3, and NO,-Oj relationships, for daytime
and nighttime, respectively. The data in Fig. 4a, b indicate that O is not correlated
with PAN at all, inconsistent with the reported positive correlation between both oxi-
dants (e.g. Kourtidis et al., 1993; Liu et al., 2010; McFadyen and Cape, 2005; Rap-
pengluck et al., 1993; Tanimoto, 2000; Wang et al., 2010; Xu et al., 2011). Rappengltck
et al. (1993) found good positive correlations between the diurnal maxima of PAN and
O3 in Munich, Germany. They could estimate the background levels of PAN and Og
based on the results of linear regression analysis. In our case, however, the diurnal
maximum of PAN is slightly but significantly (R2 =0.14, a =0.01) anti-correlated with
that of O5 (figure not shown). And some high levels of PAN (> 2 ppb) occurred only
under lower O (< 30 ppb) conditions (see Fig. 4a, b). These phenomena suggest that
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during our observations, the variations of the O3 and PAN concentrations were decou-
pled and dominated not only necessarily by photochemistry but also by some other
processes. However, it is worth pointing out that there was a significant positive corre-
lation (E’2 = 0.40) between PAN and total oxidant O, (O3 + NO,) (Fig. 5). Since O, is
less subject to the influence of dark reaction (O3 + NO), it is a better indicator of pho-
tochemistry than O5. The significant PAN-O, correlation indicates that photochemistry
did play an important role in enhancing the PAN level. Actually, some quite high PAN
levels, particularly those over 1.5 ppb, occurred during the daytime when O5 was in the
range of 10-30 ppb.

Although PAN is not coherent with Og, it presents a positive correlation with NO, (Fig.
4c, d), with a correlation coefficient of 0.63 (,‘-?2 = 0.40) for daytime and 0.61 (E’2 =0.37)
for nighttime. This correlation demonstrates the importance of NO, in the formation of
PAN and also suggests that NO, could be a better indicator of the PAN plume than
O3 in our case. It should be mentioned that our NO, analyzer uses a molybdenum
converter to reduce NO, to NO. This type of converter is known to be subject to inter-
ferences from HNOj3, PAN, other organic nitrates. At remote or rural sites, HNO3 and
PAN may contribute substantially to the observed NO,, leading to overestimated NO,
levels (Steinbacher et al., 2007). However, our measurements were made at a highly
polluted urban site, where the observed average concentration of NO, (31 ppb) largely
exceeded that of PAN (0.70 ppb). The measured NO, concentration may contain only
negligible contribution from PAN. Therefore, the significant NO,-PAN correlation cannot
be attributable to the interference from PAN rather to chemical cause.

In addition to the O3-PAN and NO,-PAN relationships, we are also interested in the
relationships between NO/NO, and O3 during our observations. As shown in Fig. 4e—
h, there is a nearly hyperbolic relationship between the O3 and NO concentrations,
and NO, shows a highly significant (daytime: R?=0.70; nighttime: R? =0.69) anti-
correlation with O5. The above relationships among species suggest that there are
two pollution patterns that are incompatible with each other. The one is characterized
by high PAN, NO and NO, levels, the other by high O level. Chemical processes are
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important in the formation of the two pollution patterns, but meteorological conditions
may be even more important, as discussed in the next sections.

3.5 Impacts from wind speed and direction

Many meteorological factors can exert significant impacts on the concentrations of pho-
tochemical oxidants and their precursors, as already shown in the literature (e.g. Rap-
pengluck et al., 1993, 2000). For the CMA site in wintertime, wind speed and direction
are two key meteorological factors influencing the concentrations of pollutants in the
surface layer. A typical example of such meteorological influence can be demonstrated
using the O3 and NO, data. Usually, NO, in urban area is mainly composed of NO
emitted by vehicles (Gaffney et al., 1997). Under weak photochemical conditions in
wintertime, particularly during nights, abundant NO can cause rapid removal of O3 and
increase of NO, in the boundary layer. This may lead to relationships shown in Figs.
4e—h. The chemical balance can be disturbed by stronger winds. Figure 6 shows the
influences of wind speed on the NO and O5 concentrations and on the difference be-
tween NO and O3 concentrations. Under lower wind speeds, the concentrations of NO
and O3 seem to be independent of wind speed. Under higher wind speeds (> 3 ms'1),
however, the NO concentration is suppressed and the Oz concentration shows a pos-
itive correlation with wind speed (Ft’2 =0.42, a =0.01). Such influences of wind speed
on the NO and O3 concentrations lead to a logarithmic dependence of ([NO] — [O3])
on wind speed (Fig. 6¢). Under higher wind speeds (say, >3ms_1), ([NO] - [Og]) is
negatively correlated with wind speed (logarithmic curve distribution), and otherwise, it
is independent of wind speed.

In the urban boundary layer O3 originates partly from local photochemical production
and partly from transport. However, the photochemical source of O3 in winter is quite
weak even in the polluted urban area in Beijing. The average photochemical source
of surface O in the winter 2007-2008 in Beijing was about 5 ppbday’1, according to
the estimate of Lin et al. (2011). This is a very small source in comparison with the
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chemical sink due to NO titration under high levels of NO, not to mention the other
sinks. There must be a larger source other than photochemistry for sustaining the O
level observed in the surface layer. Transport or mixing of Os-richer air from the upwind
areas and higher altitudes are the additional source of surface O5. Such transport is
promoted by dynamic and thermodynamic processes, such as strong wind, the daytime
enhancement of mixing layer height, etc. Our results in Fig. 6 imply that wind speed
higher than 3ms~' or a net photochemical production of O5 is necessary to sustain
a certain level of O3, otherwise, surface O3 may be fully consumed by NO.

The surface concentrations of pollutants are influenced not only by wind speed but
also by wind direction. Figure 7 shows wind roses of wind speed, O3z, PAN, NO,, NO
and CO mixing ratios for the measurement period. As can be seen in Fig. 7a, stronger
winds are mainly from the WNW-N sector, reflecting the most remarkable feature of
winter monsoon in North China. The observed pollutant concentrations depend very
much on wind direction. The rose pattern of O; (Fig. 7b) looks similar to that of wind
speed, with higher levels under WNW-N winds. The concentratio