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Aiming at understanding the regional O3 problem and the impacts of city to rural
areas, ambient peroxyacetyl nitrate (PAN) and peroxypropionyl nitrate (PPN)
were measured by an on-line instrument at a back garden site (BGS), and a
receptor site for urban plume from Guangzhou city. The highest mixing ratios for
PAN and PPN were 3.9 and 0.7 ppbv, respectively. PAN and PPN had a similar
diurnal pattern as that of O3. As revealed by the slope of the linear regression line
between PPN and PAN, anthropogenic volatile organic compounds (AVOCs)
dominated photochemical O3 production most of the time. From the correlation
between PAN and O3, the regional background level of O3 was derived to be
28� 15 ppbv. Two night-time plumes containing elevated PAN and O3 were
observed, and the backward-trajectory analysis supported the transport of urban
plume from Guangzhou city. Based on the temporal variation of PPN/PAN, two
day-time episodes were also selected to discuss the influence from Guangzhou.

Keywords: PAN; PPN; regional ozone pollution; transportation; PRD

1. Introduction

The Pearl River Delta (PRD) is one of the most economically developed areas in China.
It is located in the southern part of the mainland as shown in Figure 1. In the past two
decades, with the rapid growth in economy and vehicle population, the PRD region has
been suffering from serious air quality problems, especially O3 pollution [1]. In Hong
Kong, the highest hourly average of 171 ppbv had been recorded [2]. At Tai O, a costal site
which is 32 km west of the centre of Hong Kong, the highest hourly averages of 142 ppbv
and 189 ppbv were observed in November 2001 and July 2002, respectively [1,3]. However,
the formation mechanism of ground level O3 was not adequately investigated in this area.
As a co-product of O3, peroxyacyl nitrates (RC(O)OONO2, PANs) could be indicators for
understanding O3 formation processes.

In fact, PANs were first identified in Los Angeles photochemical smog, and received
a lot of attention as a tracer for secondary air pollutants, and also for their negative effects
on human health, crop yield, and forest productivity [4–7]. PAN (CH3C(O)OONO2) and
PPN (CH3CH2C(O)OONO2) are the most abundant species in the PANs family [8,9].
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Quantification of PANs was complex work, since they were a kind of short-life trace
gases prone to thermo-destruction. Results from off-line measurement in China were
reported only once so far [10]. On-line methods were reported in late 1990s. They
quantified PAN in every 5–10 minutes, and the detection limits were about 5–50 pptv [e.g.
11,12]. On-line measurements of PAN in China were also reported recently [12,13]. This
manuscript presents the first online PAN and PPN measurements in PRD. We employed a
state-of-the-art online GC-ECD system (gas chromatography equipped with an electron
capture detector) from NOAA (Boulder, CO.). Air samples were injected every 5 minutes,
and the detection limits were 5 pptv for PAN and PPN. It is the fastest online PANs
analytical GC system with the lowest detection limits so far.

As co-products of photochemistry, O3, PAN, and PPN are closely linked to each other,
and high correlations are usually found among these species. From the intercept of the
ratio of O3 versus PAN, the background level of O3 can be estimated [14,15]. Based on the
slope of the linear regression line of PPN/PAN, the predominant sources (anthropogenic
or biogenic) of precursor VOCs of O3 can be identified [15–17]. Even though the life time
of PAN is generally short under ambient conditions, in some cases, they can be well
preserved and transported to downwind regions [18–21]. As an intermediate reservoir
for nitrogen oxides (NOx) and organic peroxy radicals (RO2), PAN can release these
pollutants and cause serious pollution remote areas [18,22–25].

Figure 1. Location of the Back Garden Site in the Pearl River Delta (map from Google Earth).
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To understand the regional O3 chemistry in the Pearl River Delta region, a field
campaign, PRIDE-PRD 2006, was organised in summer 2006. The ambient concentra-
tions of PAN, and PPN, together with NOx, CO, O3, non-methane hydrocarbons
(NMHCs), and free radicals (ROx), were continuously measured. The role of
anthropogenic and natural VOCs in ozone formation was explored by the relationship
between PAN and PPN, and the influence of local chemistry versus transport.

2. Experimental

2.1 Site description

BGS (113.02�E, 23.28�N) is located at a rural area in the Pearl River Delta (PRD) in the
south of China, which is about 60 km to the northwest of Guangzhou city, as shown in
Figure 1. The sampling site was set up on top of a 3-floor building surrounded by trees,
farmlands, and a reservoir. There were no industries in vicinity of the site. As the
prevailing wind is from the south or southeast in summer, BGS was selected as a receptor
site to study the impacts of urban plume from Guangzhou.

2.2 Instrumentation

An on-line gas chromatography equipped with an electron capture detector (GC-ECD)
was used to do the PAN, PPN measurements in the PRIDE-PRD campaign. It was on
loan from the Chemical Sciences Division of the Earth System Research Laboratory
(ESRL) of National Oceanic and Atmospheric Administration (NOAA), and was
employed in a series of field studies in USA [16,17,24,26].

Ambient air samples were drawn through the main inlet, which was a 6-metre long
PFA tubing (0.5 inch, ID) with one end connecting to a pump and the other end setting
at about 3 metres above the top of a 3-floor building. A small flow was drawn into the
GC injection valve, through a 0.125 inch ID PFA tube. Both the main flow and the branch
flow were controlled by mass flow controllers (MFC), with the flow rates setting at
1 standard litre per minute (slpm) and 20 standard cubic centimetres per minute (sccm),
respectively. Two ambient cc was injected for each sample. The temperatures of the
capillary column (RTX-200, Restek) and the ECD detector (Shimadzu, mini-2) were
consistently controlled at 15�C and 40�C under operating conditions (more specific
information can be found in [11]).

Gaseous PAN standard was synthesised in a ‘Photo-source’ cell. PAN was made
photochemically via the 285 nm photolysis of acetone in the presence of a calibrated NO
flow. The flow rates of NO and acetone were set to 1 sccm and 40 sccm by MFCs,
respectively. The concentration of NO and acetone were both 1.01 ppmv (Scott Specialty
Gases). Since acetone was always in excess in this system, the PAN concentration was
determined by the NO standard concentration and flow rate, and the conversion efficiency
of 93� 5%. Dilution air was made by ambient air. During calibrations, the ambient air
was diverted through a decomposition chamber heated to 125�C prior to entering the
sample loop. The chamber consisted of a 2.1-m length of 4-mm ID Teflon PFA tubing,
sufficient to provide at least 99% decomposition of PAN and PPN their parent peroxyacyl
radical and NO2.

PPN was synthesised in the liquid phase following the method described by [11].
The resulting mixture was placed in a diffusion cell, which was used to produce a stable
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concentration of PPN in the sample stream. The outflow first went to NOy instrumen-
tation to quantify the concentrations of PPN, and then switched to PANs instrument
for calibration [11]. The detection limits for both PAN and PPN were 5 pptv, and the
method uncertainties in the measurements is �15% for PAN and �20% for PPN.
Generally the calibrations were carried out during midnight, because the ambient PAN
and PPN mostly peaked in the afternoons [14,27,28].

Ambient PAN and PPN levels were continuously measured from 0:00 on 7 July to
24:00 on 30 July, with a time resolution of 5 minutes during the whole campaign, and
5826 valid data points were obtained.

2.3 Quality assurance and quality control

Before measurements, the instrument was checked by zero gas which was the dilution air
described above. The responses of PAN and PPN were actually zero, indicating no
interferent was contained in the instrument. Since PAN and PPN were sensitive to thermo-
destruction, the room temperature of the lab was strictly controlled at 20� 4�C,
contributing a variation of less than 1.5% to the volume of injected air samples, according
to Clapyron equation. On-line system calibrations were performed roughly every 3 days,
and the response factor of PAN and PPN were varied in a range of 9%. The detection
limits were identified by [11], and the data below this limit were excluded for interpretation
and discussion.

3. Results and discussion

3.1 Mixing ratios of PAN and PPN

Figure 2 shows the diurnal variations of PAN and PPN. During the campaign, the highest
mixing ratios for PAN and PPN were 3.9 ppbv and 0.7 ppbv, the mean levels were
1.32 ppbv and 0.21 ppbv (Figure 2a and b), and the lowest values were both under
detection limits of 5 pptv. These results are comparable to those observed in Beijing in
the summer of 2005 [13], but much lower than the concentrations measured in Mexico City
and Santiago [14,28].

PAN and PPN showed strong diurnal patterns. The daily maximum mixing ratios were
usually detected in the afternoon, and the minimum levels generally occurred at about
6:00 am (Local Time, LT). However, two night-time peaks of PAN and PPN were
observed during the campaign, and O3 also increased at the same time (Figure 2c and d).

3.2 The correlation between PAN and PPN

PAN and PPN are co-products of VOCs-NOx photochemistry, and strongly correlated
with each other. The result of this study is shown in Figure 3, the linear regression
coefficient R was 0.96. PAN can be formed by VOCs from both anthropogenic and
biogenic origins, while the VOC precursors for PPN are solely from anthropogenic
origin [16,29–31]. Therefore, the slope of the linear regression line between PPN and PAN
will provide an approach to evaluate the relative importance of manmade and natural
VOCs in photochemistry. The use of this relation as a general indicator has been
intensively discussed by Roberts et al. [17,26], the ratio PPN/PAN between 13.5%
and 17.2% indicates AVOCs dominance, while the ratio lower than 10% stands for
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Figure 2. Diurnal variations of (a) PAN and (b) PPN. Black solid circles and squares are the
medians of PAN and PPN, respectively. The error bars in each panel are the percentiles of 25%
(lower limits) and 75% (upper limits). Figure 2(c) and (d) show night-time peaks of PAN and PPN
on 21 July and 23 July, respectively. In each panel PAN is shown by a solid line and PPN is shown
by a dashed line.
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BVOCs dominance. The overall ratio of this study was 17%, lying very close to the upper
trend line of 17.2% (Figure 3), suggesting that AVOCs were dominating the
photochemical production of O3 at BGS.

3.3 O3 and PAN

Figure 4 shows the temporal profiles of O3 and PAN. They usually peaked in the
afternoon and then decreased till next sunrise. On 7 of the 23 sampled days, the mixing
ratios of O3 exceeded the second level criterion of the Chinese National Ambient Air
Quality Standards (NAAQS, 80 ppbv). On 4 of the 7 days, 10, 18, 23 and 24 July, high
levels of PAN were also measured. The ratios between the daily maximum of PAN and
O3 were 1/36, 1/28, 1/43, and 1/33, respectively. The highest mixing ratios of PAN and O3

in this campaign were both measured on 23 July, which were 3.9 ppbv and 141 ppbv
(hourly average). On the other 3 days, 12, 20 and 21 July, the levels of PAN were much
lower. The ratios of PAN/O3 were 1/65, 1/66, and 1/68, respectively.

800

600

400

200

0

[P
PN

],
pp

tv

500040003000200010000
[PAN],pptv

17.2%

13.5%

10%

 Data on 7 Jul.
 Data on 23 Jul.
 Rest data
 Fit line

Figure 3. Correlation between PPN and PAN. The solid grey circles show the data from 10:00
to 19:00 of the whole campaign except 7 July and 23 July which are demonstrated by open triangles
and solid squares, respectively. The data on these two days are also interpreted by time colour-scales.
The dashed line is the fit line of the correlation between PPN and PAN; the two solid lines are trend
lines of 17.2%, 13.5% and 10%.
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Since O3 could be formed nearly by all reactive VOCs but PAN could only be produced
by precursors to PA radicals (CH3C(O)OO), the correlation between their daily
maximums could reveal the composition of the precursor VOCs and provide useful
information on the formation processes of PAN and O3. The values on the violation days
of this study fell into two groups, the averages of which were 0.029 and 0.015, respectively,
indicating that, on average, 14 more PAN molecules were produced for per 1000 O3

molecules formed in the airshed on 10, 18, 23 and 24 July than those on 12, 20 and 21 July.
Similar ratios were reported for other areas, e.g. Mexico City (0.02) [32], Nashville (0.025)
[17]. A much higher value (0.091) was reported by a recent study in western China [12],
possibly because the important precursors of PAN, ethane, propene, and olefins, were
dominant VOC species in LZ airshed.

As general products of photochemistry, the formation mechanism of O3 and PAN are
closely linked [26], and good correlations have been found during numerous studies
[7,14,13,28,33]. The results of this work are shown in Figure 5. A moderate correlation
between O3 and PAN was found, with linear regression coefficient R¼ 0.73. According to
[16], the intercept of the linear regression line of O3/PAN can reveal the background
mixing ratio of O3. PAN is prone to thermo dissociation and sensitive to the ambient
temperature. From this concern, ambient temperature may lower the ratio of PAN and O3.
Actually, the dependence of PAN levels with temperature is more complex. At day-time,
the formation and loss processes both exit. The variation of PAN is the net result of both
effects. Although higher temperature tends to destruct PAN molecules faster, positive
correlation between daily maximums of temperature and PAN has been found by many
studies [e.g. 24]. In the same work, similar positive correlation was also found between
daily maximums of temperature and O3. Therefore, temperature may have little effect on
lower PAN/O3, and ambient data could be directly used for discussion [12].

In this study, from the intercept in Figure 5, the background level of O3 was estimated
to be 28 ppbv (�15 ppbv). This value is comparable to the result by [3], in which about
30 ppbv was measured to be the background O3 level of the continent outflow. According
to the review by Vingarzan [34], annual average background O3 levels over the mid-
latitudes of the Northern Hemisphere range between 20 and 45 ppbv, and increase with
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Figure 4. Temporal profiles of PAN and Ozone. The grey dashed line is PAN and the red dotted line
is Ozone.
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a speed of 0.5–2% per year. In addition, this value was also in good agreement with that
reported by a 14-year measurement at a background site Hok Tsui in PRD [35]. Thus,
28 ppbv (�15 ppbv) is reasonable for the regional background O3 level in PRD.

3.4 Case study

3.4.1 Night-time transportation of secondary pollutants from Guangzhou city

Night-time peaks of PANs were believed to be the evidence for air mass transport [12].
In this study, high night-time PAN plumes were measured on 21 July and 23 July
(Figure 2c and d). Both plumes were observed around midnight, at 21:00–23:00 (LT)
on 21 July and 0:00–3:00 (LT) on 23 July. The mixing ratio of PAN and PPN were even
higher than the day-time maxima on 21 July. Although O3 increased with PANs, since
there was no light during such time, the increase of the secondary pollutants could not be
caused by local photochemical production. The decrease of the planetary boundary layer
(PBL) during nights could increase mixing ratios of air pollutants. If this was the reason,

10:00

11:00

12:00

13:00

14:00

15:00

16:00

17:00

18:00

19:00

160

140

120

100

80

60

40

20

0

[O
3]

,p
pb

v

500040003000200010000

[PAN],pptv

 Data on 7 Jul.
 Data on 23 Jul.
 Rest data
 Fit line

Figure 5. Correlation between PAN and Ozone. The solid grey circles show the data from 10:00 to
19:00 of the whole campaign except 7 July and 23 July which are demonstrated by solid triangles
and solid squares, respectively. The data on these two days are also interpreted by time colour-scales.
The dashed line is the fit line of Ozone and PAN, with the equation of [O3]¼ 0.27 [PAN]þ 28.88.
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all the air pollutants should show similar variation. However, as shown in Figure 6a, while
CO and SO2 varied in the same way, PAN, PPN, and O3 showed very different patterns.
Thus, the change of PBL was not the reason of the detection of high level secondary
pollutants.

The pollutants could be transported from upwind areas, and the backward trajectory
computed by HYSPLIT was used as a tool to explore the transport pathways and possible
source regions. As shown in Figure 6a, the ratio of NO/NO2 was lower than 0.1, indicating
the air mass had been highly photochemical processed. The timing of elevated PANs and O3

corresponded very well with the local wind vectors. The back trajectories computed by
HYSPLIT (NOAA) revealed that the air parcel was moving at ground level, and passed the
Guangzhou metropolitan area 8 hours before they arrived at the sampling site (Figure 6b).
Therefore, it is reasonable to conclude that the pollutants contained in the plume were
formed at Guangzhou during the day-time, and transported to the BGS and detected at
nights.

The very similar event of the transportation was also found during 0:00–3:00
(Beijing time) on 23 July, hinting that impact of urban plumes to the receptor site could be
an important issue in understanding variations of PANs.

3.4.2 Day-time impacts from anthropogenic VOCs

Two day-time episodes of 7 July and 23 July were well identified in the campaign, as
indicated by the ratio PPN/PAN in Figure 3. Both episodes were showing significant
influence from anthropogenic sources. July 7 showed a shift from BVOCs to AVOCs
dominance, and strong impacts of fresh emissions. However, 23 July showed a severe
photochemical O3 pollution dominated by AVOCs.

(1) Episode 7 July day-time shifting from BVOCs to AVOCs dominance. As illustrated
by the colour-scale in Figure 3, the locally emitted BVOCs were dominating the

(a) (b)

Figure 6. (a) Night-time peaks on 21 July. Black arrows show the wind vectors; the dotted line
shows the variation of NO/NO2; the dashed line is O3; the blue line is CO; the red line is SO2; the
solid line is mixing ratios of PAN; and the solid line with black diamonds is PPN. (b) 12 hours back
trajectories computed by Hysplit Model (NOAA), showing the plumes which reach BGS at 22:00
21 July (LT).

556 B. Wang et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
4
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



photochemistry of PAN production at noon. The ratios of PPN/PAN between 12:00 and

14:30 were lower than 10%, indicating BVOCs dominance. This was a common

phenomenon since BVOC emissions were highly correlated with temperature and solar

radiation which were strongest during noon. These points corresponded to medium levels

of O3, lower than the second level criterion of NAAQS.
After 14:45, the PAN photochemistry shifted to AVOCs dominance, and lasted to the

end of the episode. The ratios of PPN/PAN increased to much higher than 10%. This

phenomenon was following the rapid change of wind direction, which turned from

‘south-southeast’ to ‘southwest’ with much higher speed (arrows in Figure 7). A sharp

increase in NOx (from 5ppbv to 25 ppbv) and decrease in O3 (from 65 ppbv to 48 ppbv)

was observed in the next 15 minutes. In the following hour, NOx and O3 showed almost

opposite trends, while the total oxidants (Ox, Ox¼NO2þO3 in this study) was growing

steadily. This process is often attributed to the impact of the fresh emission of NOx [36].

The photochemical age indicated by ethylbenzene/m,p-xylene showed a similar sudden

decrease almost at the same time and stayed at a low level in later hours, suggesting that

the plume mainly consisted of fresh primary pollutants. All these changes were associated

with the rapid change in wind direction and therefore in sources and atmospheric

pathways between emissions and the sampling site, indicating that the plume was

transported from an area with abundant anthropogenic emissions, which probably was the

industrial area in the west of Guangzhou city.

(2) Episode 23 July severe O3 pollution. On this day, the most severe pollution in this

campaign was recorded. The highest mixing ratio of O3 and PAN were measured, and

ground level O3 stayed above 80 ppbv for nearly 8 hours and above 100 ppbv for more

than 6 hours. PPN/PAN ratio was almost 17% at noon (indicating by the colour-scale in

Figure 3), implying that AVOCs were dominant in the photochemical processes even when

local BVOCs emissions were strongest in the day. Based on the discussion on 7 July, the

possibility of local PAN formation could be excluded. If PAN was formed locally, it must

Figure 7. Day-time episode of 7 July, showing PAN the blue line, Ozone the red line, wind vectors
the black arrows, NOx the dashed line, NO/NO2 the green dotted line, Ox the shaded area, and
Ethylbenzene/m,p-xylene the black solid line and solid diamonds.
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show a strong influence from BVOCs at noon, and PPN/PAN should be similar to that on
7 July. Given the fact that the air mass was very stagnant (wind speed 51m s�1), and
Guangzhou city was the nearest most possible source, this phenomenon was probably
attributed to the dispersion of pollutants from Guangzhou city to suburban and rural
areas.

4. Conclusions

PAN and PPN were continuously measured at a BGS as part of the PRIDE-PRD2006
campaign. This was the first time that they were measured in this region. Both of them
showed obvious diurnal patterns. The mixing ratios were comparable with that of Beijing
city, but much lower than Mexico City and Santiago.

PANs were good indicators for understanding O3 pollution. By the correlation
coefficient and the slope of the linear regression line of PPN/PAN, AVOCs were
dominating the O3 production process. By the intercept of the linear regression line of
O3/PAN, the background O3 level was estimated to be 28 ppbv (�15 ppbv). However,
since MPAN (peroxymethacryloyl nitrate), the distinct indicator for BVOCs, was not
measured, the role of BVOCs could not be discussed in this study.

The BGS was heavily impacted by pollutants transported from Guangzhou city. Two
night-time plumes containing elevated PAN were observed, which were highly
photochemically processed and carrying a large magnitude of secondary pollutants.
Two typical day-time episodes were well identified, both showing strong influence from
Guangzhou city. To know more about the regional O3 problem and impacts from
megacities to suburban and rural areas, PAN, PPN and MPAN should be simultaneously
measured and analysed at more sites in the PRD.
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