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ABSTRACT 

Ozone problem is deteriorating in the mountainous areas in central Taiwan. High level of reactive ozone precursor coming from 
traffic, industrial activities and vegetation upwind produces ozone episodes in the downwind area. Continuously monitoring of ozone
and its precursors with hourly resolution was performed by three photochemical assessment monitoring stations (PAMS) forming a line 
of upwind, midway and downwind observation. A ratio (ethylbenzene/m, p-xylene) which showed high agreement with ozone 
concentrations were used as a sensitive photochemical index to represent the degree of photochemical reaction. It was found that both 
the peaks of the photochemical index and the ozone concentration around noon exhibited a consistent descending order of Jhushan
(downwind) > Caotun (midway) > Chonglun (upwind). Furthermore, when coupling photochemical index of the three PAMS with 
kinetic equations and the trajectory model, OH concentrations were estimated. The results showed that the OH concentration reached the 
maximum (2.1 × 106 - 2.3 × 106 molecule/cm3) at noon to early afternoon on a daily cycle. 
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INTRODUCTION

Owing to the rapid population growth and economic 
development, large amount of air pollutants were released into 
the atmosphere at an unprecedented rate in recent decades. 
However, the instate of effective control policies and application 
of pollutant control equipment, the concentrations of key air 
pollutants, including particulate matter (PM10), carbon monoxide 
(CO), sulfur dioxide (SO2) and nitrogen dioxide (NO2), showed a 
decreasing trend in the last decades, with SO2 being the more 
successfully controlled species. Secondary aerosol and ozone are 
major air pollution issues in Taiwan (Hsieh et al., 2009). 
Surprisingly, the trend of ozone (O3) concentration and the 
number of O3 episode days gradually increased during the same 
time period (Fig. 1). Note that the day which hourly maximum of 
O3 concentration in 24 hours exceeds 96 ppb is defined as O3
episode. O3 is an oxidant with high reactivity and was proved to 
have adverse effect on human health and plants (Beckett, 1991; 
Fuhrer et al., 1997; Leeuw et al., 2000). Moreover, O3 is a 
greenhouse gas by absorbing infrared, thus contributing to 
climate change (Last, 1993; Wilson et al., 2007; Judith et al.,
2008; Son et al., 2008). 

The O3 is a secondary pollutant produced by a series of 
photochemical reactions of nitrogen oxides (NOx) and volatile 
organic compounds (VOCs) (Leeuw et al., 2000; De Leeuw, 
2002; Derwent et al., 2007; Kumar et al., 2008; Martins and 
Andrade, 2008; Yang et al., 2008). The relation between reactants 
and products can be analyzed through observed of VOCs, NOx
and O3 (Kassomenos et al., 1999; De Leeuw, 2000). In Taiwan, 
O3 and its precursors have been systematically monitored by the 
networks of air quality monitoring station (AQMS) and PAMS  
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respectively, for more than a decade. They also provide accurate 
representative information which can be used as an important 
basis for genetic analysis or control strategy. According to the 
station location related pollutant transmission trajectory, PAMS 
can be categorized into four types: Type 1 is the windward 
station with the background characteristic for an interesting area. 
Type 2 is the station with the highest concentration of O3
precursors. Type 3 is the station with the highest concentration of 
O3 and Type 4 is the station with farthest downwind. 

Reactivity of VOCs on O3 formation is highly compound 
dependent and numerous VOCs can be found in the atmosphere, 
including alkanes, alkenes, aromatic compounds, aldehydes, 
ketones and polycyclic aromatic hydrocarbons (PAHs), etc. 
(Cater et al., 1994; Martins and Andrade, 2008). In the actual 
atmospheric environment, VOCs react with hydroxyl radicals 
(OH) involving complex reactions forming O3 (Derwent et al.,
2007; Stroud et al., 2008). During this photochemical process, 
oxidants of VOCs can transform nitric oxide (NO) into NO2
without consuming significant O3. Thus, O3 can accumulate. In 
this studied geographic domain, the east side is adjacent to the 
Taiwan Central Mountain Range, where vegetation could be an 
important source of VOCs (Fig. 2), whereas the west side is the 
coastal areas where is congested with large population and emits 
anthropogenic pollutants. 

The OH radial is a highly reactive species and that formation 
relies on the abundance of solar radiation (Paulson et al., 1999; 
Alicke et al., 2003). Notably, OH radial can react with numerous 
reduced gases such as VOCs and NOx in the atmosphere (Stroud 
et al., 2008). Atkinson et al. (1989, 1991, 1990 and 2000) 
measured the reaction rate constant of alkanes, alkenes and 
aromatic series with OH. The results showed that alkenes have 
higher reactivity and thus O3 formation potential compared to 
alkanes and aromatics in photochemical reactions. 

OH is constantly generated and consumed in polluted air and; 
thus, its high reactivity forbids its accumulation, rendering its 
concentration in the atmosphere at an extremely low level (about 
1 × 106 molecule/cm3 on average). Despite of its low level, OH 
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Fig. 1. The statistical results of air pollution episode days at Jhushan station from 1998 to 2004. (a) The total number of episode days 
(solid thin) and O3 episode days (short dash). (b) The percentage of various air pollution episode days including PM episode days (black 
mesh), O3 episode days (red mesh) and O3 with PM episode days (gray bar). 
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Fig. 2. Map of Central Taiwan shows the distribution of pollutant sources at Tunghsiao power plant (THP), Taichung power plant (TCP) 
and Zhangbin industrial district (ZBI) as well as the distribution of study sites and monitoring stations, including Jhushan PAMS with 
AQMS (A); Caotun PAMS (B); Chonglun PAMS (C); Dali AQMS (D) and Chungming AQMS (E). (a) The shaded area represents the 
number of the O3 episode days in 2003, where the dark region described the total O3 episode days were more than 60 days in the year. (b) 
The shaded area represents the NOx emission and the height contours of 100 m (short dash) and 500 m (solid thin) are also shown.
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plays an important role in photochemical reactions in the 
atmosphere, especially in the reaction of the O3 formation process 
(Fenske et al., 2000; Martinez et al., 2003; Ren et al., 2003; Ren 
et al., 2006). 

Due to the highly reactive characteristic of OH, its spatial and 
temporal distributions are highly variable. Therefore measuring 
OH concentration directly is challenging (Kovacs et al., 2003; 
Ren et al., 2008); however, OH concentration in the atmosphere 
can be estimated indirectly through an empirical formula or 
kinetic equation (Perner et al., 1987; Kramp and Volz-Thomas, 
1997; Derwent et al., 1999; Forberich et al., 1999). For instance, 
Cunnold et al. (1978) utilized CH3CCl3 long-term observation 
data and its emission data to indirectly calculate the average 
atmosphere OH concentration. 

The main purpose of this study is to analyze the observation 
data of three PAMS in central Taiwan. Based on the reaction rate 
differences for VOCs with OH, this study established a group of 
air aging photochemical indices and linked them with the level of 
O3 concentration. This study also compared of the relationship of 
O3 concentration and photochemical index between the upwind 
and downwind sites. Furthermore, OH concentrations were 
estimated base on the photochemical indices. 

METHODOLOGY 

Site and Field Campaign Description
In this study, the study area is in central Taiwan (Nantou 

County) on the west side of the Central Mountain Range (The 
altitude are greater than 500 m, Fig. 2). This area has abundant 
vegetation as a potential natural source of VOCs emissions; the 
types of vegetation include farmlands, grasslands, broadleaf tree 
and coniferous forest. Except for the highly reactive species 
coming from industrial activity, traffic and transportation upwind 
(e.g., Taichung city and Changhua city, Fig. 2(b)), the plants 
along the transmission path is also a very important source of 
VOCs and NOx. Moreover, for NOx other than vehicular and 
industrial sources, large power plants (i.e., Taichung power plant 
(TCP) and Tunghsiao power plant (THP), Fig. 2(b)) are also 
important sources. As a result, high O3 episodes at downwind of 
the stack plumes (such as Jhushan and Caotun) are to be expected 
(Fig. 2) (Ryerson et al., 2001). 

Fig. 2 shows the distribution of the number of O3 episode days 
in central Taiwan in 2003. There were more than sixty O3 episode 
days in Nantou area in 2003 and Jhushan was regarded as a 
typical site for high-ozone concentrations although it located in 
rural site. The VOC data set from the three PAMS and three 
adjacent AQMS were analyzed for the evidence of photochemical 
process from upwind to downwind site (Fig. 2 and Table 1). 

Surface VOC measurements were performed by the network of 
three PAMS at Chonglun PAMS (120˚39 29.0  E, 24˚07 59.2  N), 
Caotun PAMS (120˚41 18.5  E, 23˚58 44.9  N) and Jhushan 
PAMS (120˚40 37.2  E, 23˚45 23.4  N). The Chonglun PAMS 
was regarded as a typical upwind site, and the Jhushan PAMS 
was the downwind site. The Caotun PAMS was in the midway of 
the transport path acting as an authentication station. Thus, a 
complete line of observation comprising upwind-downwind 
transport was established. This network performs year-round 
hourly measurements of 55 VOCs from C2-C12 (Table 1). The 
analytical instruments of Taiwan PAMS are similar to those used 
in U.S. PAMS. Details of the analytical instrument can refer to 
earlier publications by Wang et al. (2005) and Yang et al. (2005). 
Moreover, the AQMS were located in the vicinity of each PAMS, 
including Jhongming AQMS (120˚39 33.1  E, 24˚09 29.8  N), 
Dali AQMS (120˚40 40.0  E, 24˚05 58.1  N) and Jhushan AQMS 
(120˚40 37.2  E, 23˚45 23.4  N). Jhongming AQMS is upward; 
Jhushan AQMS is downwind and Dali AQMS is the midway 
station, which also to form an upwind-to-downwind observation 
line. 

Model System
The Gaussian Trajectory transfer-coefficient modeling system 

(GTx) was developed recently and has been certified by the 
Taiwan Environmental Protection Administration (Taiwan EPA) 
in 2007 (Tsuang, 2003; Tsuang et al., 2003a, b). The GTx, which 
consists of a main program (gtx.982) and its matching wind field 
trajectory model (Traj model, Traj.68), can be used to identify 
pollutant sources of a receptor (Hsieh et al., 2008). The trajectory 
model was developed in order to evaluate the routes of plumes 
from source by interpolating hourly meteorological data observed 
from Taiwan Central Weather Bureau (CWB/Taiwan), Taiwan 
EPA and Taiwan Power Company. In addition, the vertical 
profiles of wind fields and air temperature collected by the 
tethersonde system were also used for determining the 
trajectories (Chen et al., 2002). The horizontal wind vector at 
each trajectory grid is calculated by considering the distance and 
the height between the receptor and each station. The vertical 
wind vector is calculated according to the continuity equation of 
an incompressible flow (e.g. White, 1991). The stability at each 
trajectory grid is based on Pasquill stability (Seinfeld, 1986), and 
the mixing height is determined by the Holzworth method 
(Holzworth, 1972). 

The receptor in this study was set at Jhushan station, and the 
period of backward trajectory was set as 72 hours. The height of 
the backward trajectory line started from 50 meters above ground 
level and changed with the terrain and the meteorological 
condition along the trajectory line.

Table 1. Details of the Chonglun, Caotun and Jhushan PAMS, as well as the name of 55 VOCs species from C2-C12.

PAMS Location Environment 
Chonglun
(Upwind)

120 39 29.0  E 
024 07 59.2  N 

This site locates in a typical City Park with many trees. The park surrounded with 
major access road and surrounded by buildings.  

Caotun
(Midway) 

120 39 54.8  E 
023 58 07.6  N 

This site is mostly rice paddy without high emission industries; it is dozens of 
meters away from road and its traffic flow is low. 

Jhushan
(Downwind)

120 40 37.2  E 
023 45 23.4  N 

This site is surrounded with spacious field and without high pollution industry; its 
population, house and traffic density are low. 

Monitoring of species 
Ethane, Ethylene, Propane, propylene, iso-Butane, Acetylene, n-Butane, t-2-butene, 1-Butene, cis-2-Butene, Cyclopentane, 
iso-Pentane, n-pentane, t-2-pentene, 1-pentene, c-2-pentene, 2,2-dimethylbutane, 2,3-dimethylbutane, 2-methylpentane, 
3-methylpentane, iso-prene, n-Hexane, Methylcyclopentane, 2,4-Dimethylpentane, Benzene, Cyclohexane, 2-Methylhexane, 
2,3-Dimethylpentane, 3-Methylhexane, 2,2,4-Trimethylpentane, n-Heptane, Methylcyclohexane, 2,3,4-Trimethylpentane, Toluene, 
2-Methylheptane, 3-Methylheptane, n-Octane, Ethylbenzene, m,p-Xylene, Styrene, o-Xylene, n-Nonane, Isopropylbenzene, 
n-Propylbenzene, m-Ethyltoluene, p-Ethyltoluene, 1,3,5-Trimethylbenzene, o-Ethyltoluene, 1,2,4-Trimethylbenzene, n-Decane, 
1,2,3-Trimethylbenzene, m-Diethylbenzene, p-Diethylbenzene, n-Undecane, n-Dodecane. 
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Photochemical Index
Because reactivity of VOCs in terms of O3 formation is 

compound dependent, the reaction rate constant (kOH) at which 
each species reacting with OH is used as the potential O3
production. According to the kinetic equation, the species 
concentration gradually reduced as time increased. The 
compounds with larger kOH decrease faster than that with smaller 
kOH given the same time period. It is a common practice to 
exploit ratios of VOCs of similar sources and with a significant 
difference in reactivity. The ratios as indices can be used to assess 
the degree of a photochemical process. High ratios indicate that 
air masses are depleted in regard to reactive compounds 
(denominators); this translates into photochemical aged air 
masses, whereby the amount of O3 produced increases. Low 
ratios produce an opposite result. 

In this study, the VOCs species selected as photochemical 
index substance were measured and calculated the ratios of 
species concentration base on the difference in reaction rate. 
Using the photochemical index facilitates the verification of 
self-consistency and can be used to assess the correlation 
between O3 concentration and the aging degree of an air mass. 
For example, ethylbenzene, m-xylene and p-xylene all mainly 
came from vehicle exhaust in a typical urban environment. Since 
m-xylene and p-xylene cannot be separated by chromatography, 
they were reported as a combined value (m, p-xylene). The 
reaction rates of ethylbenzene and m, p-xylene were 7.1 × 10-12

cm3/molecule/s and 21.67 × 10-12 cm3/molecule/s, respectively. In 
this study, the ratio of ethylbenzene to m, p-xylene was used as a 
photochemical index for air masses (Chang et al., 2006; Tsai et 
al., 2008; Wang et al., 2008). 

The species concentrations were measured by PAMS in the 
upwind and the downwind. When an air mass is transported 
toward the downwind area, the species will be simultaneously 
subjected to the identical photochemical loss process, making the 
more reactive VOC deceasing faster than the less reactive one. 
By taking the ratio of a less reactive species to a more reactive 
species, the ratio tends to be constant in the source area 
dominated by fresh emissions, but could increase as an air parcel 
is subject to photochemical process during transport as the more 
reactive species decreases more rapidly. 

This study take ethylbenzene and m, p-xylene as example of a 
photochemical index that can calculate a ratio of ethylbenzene/m, 
p-xylene. Using the photochemical index, the aging degree of an 
air mass can be determined. The purpose of this study was to 
discuss the characteristic differences of the photochemical index 
and O3 concentration between upwind and downwind, such as 
Chonglun, Caotun and Jhushan PAMS. 

HOx Reaction Mechanism 
The HOx radicals in the atmosphere include the OH radical and 

HO2 radical. These HOx radicals mainly produced by the 
photolysis of O3 (Eq. (1)). The efficiency of photolysis depends 
on ultraviolet wavelength, O3 and water vapor abundance, as well 
as sun intensity; as a result, it is highly susceptible to altitude, 
latitude and seasonality. 

OHPOOhO OH 221
23  (1) 

In addition, some organic compounds under certain 
circumstances would be a source of HOx in the atmosphere. For 
example, when the O3 concentration is not high, aldehydes 
(general formula: R-COH) could become an important source of 
OH radical (Eq. (2)). 
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2
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where R-stands for alkyl group or H (Seinfeld and Pandis, 1998). 
Using the methanal (HCOH) as an example, its main sources are 
from the regional emissions or generated by the CO conversion. 
The reaction equation of methanal is shown in Eq. (3). 
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2

2
2

2
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In addition, the photolysis of nitrite (HNO2) is also an 
important source of OH radicals in the atmosphere. At the general 
atmospheric environment, the OH radicals react with nitric oxide 
(NO) to produce NHO2 without photolysis reaction (Eq. (4)). 
However, in early morning, HNO2 was recycled back to OH and 
NO rapidly through the Eq. (5) (Jenkin and Clemitshaw, 2000; 
Lin et al., 2006). 

2HNOOHNO  (4) 

OHNOhHNO2  (5) 

The OH concentration is extremely low and it varies 
considerably with time and space, which makes directly 
measuring OH concentrations extremely difficult. This study uses 
the observed data of PAMS at different locations, air masses 
trajectory and kinetic equations to estimate the concentrations of 
OH radical in the atmosphere. 

RESULTS 

The increased proportion of O3 episode days has become a 
much more serious concern. In recent years, the number of total 
episode days are decreasing year by year at Jhushan PAMS, but 
the episode days caused by O3 pollution are an increasing trend, 
with approximately 90 percent of O3 episode days in 2003 (Fig. 
1). This study focused on the data analysis and the simulation of 
air mass trajectory in 2003. Moreover, the photochemical index 
ratio of ethylbenzene/m, p-xylene was determined in order to 
identify the degree of photochemical reactions in this study. 

Backward Trajectory and Residence Time 
From the backward trajectory simulations, the routes of air 

masses transported to the receptor can be estimated, and then 
evaluate the location of potential source. Thus, three PAMS were 
set as the targets of backward trajectories in this study. In the 
prevailing northern wind season, Jhushan PAMS was set as a 
receptor (the downwind station) and Chonglun and Caotun 
PAMS were set as sources (the upwind stations). The backward 
trajectories starting from Jhushan PAMS and passing through 
both distances within 2.5 kilometers around Caotun or Chonglun 
PAMS were chosen to discuss the relationship between air mass’s 
transmission time and pollutant concentrations. 

According to the results of the backward trajectory simulation, 
the days when air masses passed through the three PAMS at the 
same trajectory totaled to 101 days in 2003; the dates were 
mainly distributed in the fall, winter and spring, which are the 
seasons of strong northeast monsoons (Fig. 3). We find that 30% 
of ozone episodes occurred in Jhushan PAMS is with the 
backward trajectories passed through Chonglun and Caotun 
PAMS. These phenomena infer that the O3 concentrations in the 
downwind area were related to the air mass transmission from the 
upwind area, especially on the O3 episode days. 

Figs. 4(a) and 4(b) show the distribution map of the backward 
trajectories and the hourly maximum of O3 concentration on May 
26th and October 17th, respectively. The results clearly show that 
the trajectories were impacted by the northeast monsoon, and the 
hourly maximum O3 concentrations near Jhushan PAMS were 
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higher than other areas in central Taiwan. The trajectories also 
indicated that the transporting of an air mass from Chonglun 
PAMS (upwind) to Jhushan PAMS (downwind) took 4 hours on 
May 26th and 8 hours on October 17th. By calculating all of the 

trajectories in 98 days, the mean residence time was 4.8 hours for 
an air mass transported from Caotun PAMS to Jhushan PAMS, 
and 7.0 hours for from Chonglun PAMS to Jhushan PAMS.
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Fig. 3. (a) The number of O3 episode days for each month in 2003. (b) The number of days for the air mass on the same trajectory path 
passed through Chonglun, Caotun and Jhushan PAMS. 
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Time Series and Diurnal Cycle of Compound Concentration
In this study, the two compounds (ethylbenzene and m, 

p-xylene) were used for a photochemical index and to assess the 

correlation between O3 concentrations and the degree of 
photochemical reactions. Fig. 5 shows the time series of 
ethylbenzene and m, p-xylene concentrations measured by the 
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Fig. 5. The time series and X-Y plots of ethylbenzene and m, p-xylene hourly concentration measured by Chonglun, Caotun and 
Jhushan PAMS in May 2003 are shown on (a), (b) and (c), respectively and in October 2003 are shown on (d), (e) and (f), respectively. 
The R2 showed the coefficients of determination for ethylbenzene and m, p-xylene hourly concentrations. 
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three PAMS throughout May and October 2003, since the number 
of O3 episode days are higher in May and October. 

As Fig. 5 illustrates, the concentrations of ethylbenzene and m, 
p-xylene in Chonglun PAMS were higher than those in Caotun 
and Jhushan PAMS, whether in May or October. The maximum 
concentration of ethylbenzene and m, p-xylene at three PAMS are, 
in descending order: Chonglun > Caotun > Jhushan. This 
phenomenon is due to the Chonglun PAMS being located upwind 
in the city where there are a lot of emission sources from the 
traffic. The determination of correlations (R2) of ethylbenzene 
and m, p-xylene concentrations at Chonglun, Caotun and Jhushan 
PAMS were 0.94, 0.49 and 0.81 in May and 0.96, 0.92 and 0.91 
in October, respectively. The results indicated the aged air parcels 
passed Chonglun, Caotun and Jhushan PAMS and had the same 
source emitted from the transportation vehicle exhaust. 

The hourly surface concentrations of ethylbenzene and m, 
p-xylene were compared at three PAMS. Fig. 6 shows their 
composite hourly means concentration of ethylbenzene and m, 
p-xylene throughout May and October 2003. Higher 
concentrations of the two compounds were observed during the 
morning (06-08 LT, “LT” is the acronym of “local time”) and 
evening (18-20 LT) rush hours (Fig. 6). The results indicate that 
the origin of these two compounds are mainly emitted from 
vehicles in the upwind site (Chonglun and Caotun PAMS) and 
become well mixed after transporting to the downwind site 
(Jhushan PAMS). Moreover, the concentrations of the two 
compounds during the daytime (09-17 LT) were lower than those 
during the nighttime (18-08 LT), due to the photochemical 
reactions and atmospheric turbulence being stronger in daytime. 

Time Series and Diurnal Cycle of Photochemical Index 
This study chose ethylbenzene/m, p-xylene as an air mass 

photochemical index. Fig. 7 shows the time series of daily mean 

value of photochemical index (ethylbenzene/m, p-xylene) which 
calculated by the observation data at three different PAMS 
(Chonglun, Caotun and Jhushan PAMS) throughout 2003. 

The values of average daily photochemical index ratios for 
three PAMS are, in descending order: Jhushan (0.51) > Caotun 
(0.49) > Chonglun (0.40). This phenomenon is due to the location 
of the three PAMS. Chonglun located at the upwind near the 
emission source and Jhushan PAMS was at the downwind of the 
transmission path. As the transmission time of the air mass in the 
atmosphere increases, the value of photochemical index also 
increases. Moreover, the values of daily photochemical index are 
higher in the spring (March-May). This phenomenon in the 
Jhushan PAMS is more pronounced and Caotun PAMS also has 
this trend. This season also easily leads to increased O3 pollution. 

Fig. 8 shows the composite hourly values of photochemical 
index (Chonglun, Caotun and Jhushan PAMS) and O3
concentrations (Jhongming, Dali and Jhushan station) between 
the upwind and downwind throughout 2003. The photochemical 
index reaches maximum at noon to early afternoon on a daily 
cycle at the three PAMS. The maximum of the mean 
photochemical index at Chonglun, Caotun and Jhushan PAMS 
are 0.46, 0.70 and 1.02, respectively, which are, in descending 
order: Jhushan (downwind) > Caotun (midway) > Chonglun 
(upwind).

DISCUSSION 

Correlation between Ozone Concentration and Photochemical 
Index

Ozone is a secondary pollutant and a major product of 
photochemical reactions of VOCs in the presence of NOx. During 
the photochemical process, the concentration of VOC species 
decrease with the reaction time. In this study, the photochemical 
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Fig. 6. Composite hourly concentrations of ethylbenzene and m, p-xylene at Chonglun, Caotun and Jhushan PAMS on May 2003 are 
shown on (a), (b) and (c), respectively and on October 2003 are shown on (d), (e) and (f), respectively. The R2 showed the coefficients of 
determination for ethylbenzene and m, p-xylene composite concentrations. 
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Fig. 7. The time series of daily ratio of ethylbenzene to m, p-xylene (et/mp) at Chonglun, Caotun and Jhushan PAMS throughout 2003, 
as well as the O3 daily concentrations at the three corresponding air quality stations Chungming, Dali and Jhushan are also shown. 

index (ethylbenzene/m, p-xylene) was determined to identify the 
degree of photochemical reactions, or the so-called “age” of an i 
air mass, which should be moderately correlated with O3
concentration within the same air mass (Chang et al., 2006; Tsa et
al., 2008; Wang et al., 2008). The value of ethylbenzene/m, 
p-xylene will increases along the path of transport. This 
phenomenon indicated that this air mass is aging, whereby the 
amount of O3 produced increases. This comparison between the 
photochemical index and O3 concentration shows that the 
correlation fluctuates strongly (Figs. 7 and 8). 

The diurnal cycles of O3 concentration were nearly 
synchronous with photochemical index ratio. The maximum of 
hourly average O3 concentration occurs around noon to early 
afternoon at Jhongming, Dali and Jhushan stations that is similar 
to the photochemical index on daily cycle (Fig. 8). The results 
indicate that the photochemistry drives the diurnal cycles of the 
photochemical index ratios and O3 concentration. The composite 
daily cycle of the photochemical index (ethylbenzene/m, 
p-xylene) and the O3 concentration are strongly correlated with 
the determination of correlation (R2) of 0.65, 0.89 and 0.89 (Fig. 
8) for the Chonglun, Caotun and Jhushan PAMS respectively. 
These phenomena demonstrate the cause-and-effect relationship 
between precursors and O3 within the same air mass. 

As an air mass is transported downwind from a source area, the 
photochemical index tends to increase. The photochemical index 
ratio at Jhushan PAMS is higher than those at Caotun and 
Chonglun PAMS (Figs. 7 and 8). The maximum O3
concentrations at the three stations has the same trend which are, 
in descending order: Jhushan AQMS (69 ppb) > Dali AQMS (61 
ppb) > Jhongming AQMS (60 ppb), where Jhongming AQMS is 
situated upwind and Jhushan AQMS downwind (Fig. 2 and 8). 

This phenomenon indicates that the air mass in the downwind 
area is older than the air mass upwind. Furthermore, it is suitable 
for using VOC ratios as indicators of air mass age. 

In comparing the photochemical index with the O3
concentration, it shows that they have similar trends and good 
correlation. Therefore, when large photochemical indicator value 
happened, it may result in high O3 pollution. The photochemical 
index can be indicative of the O3 concentrations at noon and early 
afternoon and tie in with the trajectory model to estimate the 
concentration of other species, such as OH radicals. 

Estimate the Concentration of OH Radicals 
Base on the first order kinetic equation (N = N0 exp(-kt[OH])), 

the concentration of species gradually decreases with the reaction 
time increases. Two VOCs species of A and B are considered to 
pack into the kinetic equation, and the equation becomes as 
follows:

tk
tk

Bttt

Attt

OHexpBB
OHexpAA

0

0  (6) 

where A and B are concentrations of two VOCs species of 
photochemical index; kA and kB are reaction rate constants of A 
species and B species, respectively; and t is the residence time for 
air masses emitted into the atmosphere that is proportional to 
passing through the distance of air mass. When t = 0, which 
represents the air mass is at the location of emission sources or 
upwind. When t = t, which represents the time t for transmission. 
This signifies that an air mass is located in the receptor points or 
downwind.  
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Fig. 8. Composite hourly ratio of ethylbenzene to m, p-xylene 
(et/mp) and O3 concentration at the upwind, midway and 
downwind area throughout 2003. The R2 showed the coefficients 
of determination of composite hourly ratio (et/mp) and O3
concentration for each area. 

After Eq. (6) is simplified and take its natural logarithm, Eq. (6) 
can be rewritten as Eq. (7) and (8): 

tkk AB OHexpNM  (7) 

tkk AB OHM/Nln  (8) 

where M = ([A]/[B])t=t is the photochemical index after time t for 
transmission, which means the aged air mass. N = ([A]/[B])t=0
signifies the photochemical index of the emissions source or 
fresh air mass. Therefore, ln(M/N) can be expressed as an 
indicator of aging degree of an air mass (Eq. (8)). When ln(M/N) 
increases, it is considered that the aging degree of an air mass 
also increases. 

In terms of ethylbenzene and m, p-xylene for example, 
ethylbenzene and m, p-xylene represents the A and B of Eq. (6) 
espectively. Moreover, kA is the reaction rate constant of 
ethylbenzene and kB is the reaction rate constant of m, p-xylene. 
These two species concentrations were monitored at PAMS. 
These data could be incorporated into the Eq. (8), and estimated 
the [OH] × t.  

The value of [OH] × t is the calculation result of the species 
concentration and reaction rate constant, such as (ln(M/N))/(kB-kA)
= [OH] × t. Therefore, when the residence time t of species in the 
atmosphere can be determined, the instantaneous concentration of 
OH can be estimated. In this study, the GTx model was used to 
carry out the simulation of backward trajectory and calculated 
residence time t of species in the atmosphere. The result of 
residence time (t) of air masses indicated that transporting an air 
mass from Caotun PAMS (upwind) to Jhushan PAMS (downwind) 
took 1-18 hours and is 2-24 hours for from Chonglun PAMS to 
Jhushan PAMS. 

Both the OH concentrations calculated from Caotun PAMS to 
Jhushan PAMS and from Chonglun PAMS to Jhushan PAMS 
have similar trends on the daily cycle. The results indicate that 
the maximum of OH concentration reach to 2.1 × 106 - 2.3 × 106

molecule/cm3 at noon to early afternoon and minimum at night in 
the region around Jhushan PAMS (Fig. 9). Table 2 shows the 
maximum OH concentrations in field measurement and model 
simulation in some researches. In this study the OH 
concentrations obtained by mean of calculating ethylbenzene/m, 
p-xylene in aged air parcel at Jhushan PAMS are in the same 
range as other studies. The result showed that the photochemical 
index method can provide a good OH estimation. The average 
hourly OH concentration calculated from Caotun PAMS to 
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Table 2. Maximum OH concentrations in field measurement and 
model simulation. 

Reference Maximum OH concentration 
(molecule/cm3)

Perner et al. (1987) 0.7 to 3.2 (observed) 
Comes et al. (1997) 2.0 to 6.0 (observed) 
George et al. (1999) 1.0 (observed) 
Ren et al. (2003) 5.0 to 10.0 (observed) 
Alicke et al. (2003) 2.0 to 8.0 (observed) 
Ren et al. (2006) 1.3 to 2.6 (observed) 
Ren et al. (2003) 5.0 to 10.0 (simulated) 
Alicke et al. (2003) 4.0 to 16.0 (simulated) 
Ren et al. (2006) 1.3 to 3.6 (simulated) 
This study 2.1 to 2.3 (simulated) 

Jhushan PAMS was 1.04 × 106 molecule/cm3 during the daytime 
(06-17 LT) and 3.39 × 105 molecule/cm3 during the nighttime 
(18-05 LT). Moerever, the OH concentration calculated from 
Chonglun PAMS to Jhushan PAMS was 1.15 × 107 molecule/cm3

and 4.27 × 105 molecule/cm3 during the daytime and nighttime 
respectively. 

CONCLUSIONS 

The monitoring network was used to measure O3 and its 
precursor data from upwind to downwind in central Taiwan. In 
this study, the ethylbenzene and m, p-xylene were selected as 
suitable species for photochemical index based on the different 
reaction rate and consistent source. Moreover, the ratio of 
ethylbenzene to m, p-xylene can represent one kind of age 
indicators, and have high relevance with O3 concentration. 

The daily cycle of the photochemical index (ethylbenzene/m, 
p-xylene) and the O3 concentration are strongly correlated with 
the determination of correlation (R2) greater than 0.65 for each 
PAMS. Both the maximum values of photochemical index and O3
concentration appeared around noon and minimum values 
occurred at night. As an air mass is farther from the source area, 
the photochemical index ratio tends to increase for the 
photochemical processes. Classifying by station location, 
Chonglun PAMS is upward; Jhushan PAMS is downwind and 
Caotun PAMS is midway station. The photochemical index of 
three PAMS are descending order of Jhushan > Caotun > 
Chonglun. Descending order of O3 concentration showed the 
same order of photochemical index in different areas (Jhushan > 
Dali > Jhongming). These results demonstrate that the 
photochemistry and reaction time drives the values of the 
photochemical index and O3 concentration. 

Moreover, the photochemical indexes of three PAMS with 
trajectory model, the residence time and kinetic equations were 
used to estimate the OH concentrations. The results show the OH 
concentrations are to reach the maximum (2.1 × 106 - 2.3 × 106

molecule/cm3) at noon to early afternoon on daily cycle in the 
region around Jhushan station. The daily cycle of OH 
concentration is similar to the daily cycle of O3 concentration that 
due to OH plays an important role in the reaction of O3 formation 
process.
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