
Spatiotemporal variation of ozone precursors and ozone formation in Hong Kong: Grid field 

measurement and modelling study 

 
X.P. Lyu

1
, M. Liu

1
, H. Guo*

1
, Z.H. Ling

1
, Y. Wang

1
, P.K.K. Louie

2
, C.W.Y. Luk

2
 

 
1. Air Quality Studies, Department of Civil and Environmental Engineering, The Hong Kong Polytechnic 

University, Hong Kong 

2. Air Group, Hong Kong Environmental Protection Department, Hong Kong 

 

*Corresponding author. ceguohai@polyu.edu.hk 

 

Abstract 

Grid field measurements of volatile organic compounds (VOCs) covering the entire territory of 

Hong Kong were simultaneously carried out twice daily on 27 September 2013 and 24 

September 2014, respectively, to advance our understanding on the spatiotemporal variations of 

VOCs and ozone (O3) formation, the factors controlling O3 formation and the efficacy of a 

control measure in Hong Kong. From before to after the control measure on liquefied petroleum 

gas (LPG) fueled vehicles, the VOCs originated from LPG vehicle exhaust deceased from 41.3 ± 

1.2 μg/m
3
 (49.7±1.5%) to 32.8±1.4 μg/m

3
 (38.8±1.7%) (p<0.05). In contrast, the contribution to 

VOCs made by gasoline and diesel vehicle exhaust and solvent usage increased (p<0.05). VOCs 

and nitric oxide (NO) in LPG source experienced the highest reductions at the roadside sites, 

while the variations were not significant at the urban and new town sites (p>0.05). For O3 

production, LPG vehicle exhaust generally made a negative contribution (-0.17±0.06 ppbv) at 

the roadside sites, however it turned to a slightly positive contribution (0.004 ± 0.038 ppbv) after 

the control measure. At the urban sites, although the reduction of VOCs and NO was minor 

(p>0.05), O3 produced by LPG vehicle significantly reduced from 4.19±1.92 ppbv to 0.95±0.38 

ppbv (p<0.05). Meanwhile, O3 produced by LPG at the new town sites remained stable. The 

analysis of O3-precursor relationships revealed that alkenes and aromatics were the main species 

limiting roadside O3 formation, while aromatics were the most predominant controlling factor at 

urban and new town sites. In contrast, isoprene and sometimes NOx limited the O3 formation in 

rural environment. 
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1 Introduction 1 

Well known as a major air pollutant in the atmosphere, ozone (O3) has attracted increasing 2 

concerns in recent years due to its adverse effects on human health, visibility and ecosystem 3 

(Louie et al., 2013; Wang et al., 2008). O3 is formed by a series of complex photochemical 4 

reactions involving volatile organic compounds (VOCs) and nitrogen oxides (NOx) in the 5 

presence of sunlight (Seinfeld and Pandis, 1997). Since photochemical O3 formation has a 6 

nonlinear relationship with its precursors, i.e., VOCs and NOx, it is difficult to remediate the 7 

photochemical pollution, especially in the regions with frequently high O3 events, such as the 8 

Pearl River Delta (PRD).  9 

Continuously rapid urbanization and population growth in Hong Kong coupled with high surface 10 

VOCs and NOx emission, high solar radiation and hot weather make this region a 11 

photochemically polluted area. Previous studies have reported that the photochemical O3 12 

formation in Hong Kong is generally VOC-limited (Cheng et al., 2010a, b; Zhang et al., 2007). 13 

Furthermore, a number of studies were carried out on the contributions to O3 in Hong Kong of 14 

regional transport from PRD and superregional transport from eastern China (Xue et al., 2014; Li 15 

et al., 2012, 2013; Ling et al., 2013; Wang et al., 2009), and several efforts have been made to 16 

study formation mechanism of O3 pollution in Hong Kong (Ling et al., 2014; Xue et al., 2014). 17 

Although Ling et al. (2014) revealed that photochemical reactivity and ozone production were 18 

absolutely different between a semirural site and an urban site in Hong Kong, there is little 19 

knowledge about the spatial patterns of the relationship between O3 and its precursors.  20 

In addition, a series of control measures have been implemented in Hong Kong to reduce VOCs 21 

emitted from different anthropogenic sources, including VOC-containing products, road 22 

transport and industry emissions to mitigate O3 pollution (HKEPD, 2015a; Louie et al., 2013). 23 

Hence, grid field measurements pre- and post- a control measure would help assess the 24 

effectiveness of the measure. For example, promotion of LPG as a substitute fuel for taxi and 25 

public light buses in Hong Kong was the most striking measure to reduce VOC emissions in the 26 
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past decade. However, recently, LPG usage was found to become major contributor to ambient 27 

VOCs in Hong Kong due to poor maintenance (Lau et al., 2010; Ling et al., 2014). In general, 28 

the catalytic converters in the LPG-fueled vehicles should be replaced every 1-2 years, 29 

depending on maintenance and mileage. In Hong Kong, about 80% of taxis and 45% of public 30 

light buses using LPG as fuel have defective converters, resulting in excessive emissions of 31 

vehicle exhaust (HKEPD, 2013). As such, to reduce LPG-fueled vehicle emissions, the Hong 32 

Kong government set aside $150 million to replace the catalytic converters and associated 33 

components on LPG-fueled taxis and public light buses, which commenced in October 2013 and 34 

completed in April 2014. It is well known that properly functioning catalytic converters in the 35 

LPG-fueled vehicles could reduce emissions up to 90%.  36 

Therefore, the objectives of this study were to evaluate the benefit of replacing catalytic 37 

converters and oxygen sensors on LPG-fueled vehicles, to examine the spatiotemporal variations 38 

of O3 production by LPG, and to study the spatial characteristics of O3-precursor relationships in 39 

Hong Kong. 40 

2 Methodology 41 

2.1 Grid sampling campaigns  42 

Totally 30 sampling sites were selected in different districts covering the entire territory of Hong 43 

Kong. The grid measurement campaigns were conducted on 27 September 2013 and 24 44 

September 2014, respectively. At each of the 30 sites, 3-minute VOC canister samples were 45 

collected once in the morning between 9:00 and 11:00 and another in the afternoon between 2:00 46 

and 4:00. Two of the 30 sites had duplicate samples. In total, 64 samples were collected for each 47 

campaign. The 30 sites included 24 roadside sites and 6 general sites (Figure 1 and Table S1). 48 

Thirteen out of the 30 sites were the Hong Kong Air Quality Monitoring Stations (AQMS) 49 

(http://epic.epd.gov.hk/EPICDI/air/station/) (Table 1), where trace gas data were available. These 50 

sites covered the entire territory of Hong Kong and could provide a full picture of photochemical 51 

O3 formation. The 13 AQMSs were categorized into four types according to the land usage and 52 

http://epic.epd.gov.hk/EPICDI/air/station/
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the distance from urban center, i.e., 3 urban roadside sites, 5 urban sites, 4 new town sites and 1 53 

rural site (Figure 1 and Table 1). 54 

 55 

Figure 1 Geographic location of the sampling sites and surrounding environments.  56 

 57 

Table 1 Description of the 13 AQMS sites 58 

Type Site No.
*
 Description 

Urban Central Western 

(CW) 

10 General urban air quality monitoring 

stations in residential areas and some mixed 

with commercial and/or industrial areas. Kwun Tong (KT) 21 

Sham Shui Po 

(SSP) 

22 

Kwai Chung 

(KC) 

13 

Tsuen Wan (TW) 7 

 
Suburban/ 
New Town 

 

Yuen Long (YL) 

 

6 

 

Mainly residential areas in new territories. 

Tung Chung (TC) 9 

Tai Po (TP) 29 

Sha Tin (ST) 18 

 

Rural 

 

Tap Mun (TM) 

 

8 

 

Remote island off the northeast coast of 

Hong Kong 

Roadside Causeway Bay 

(CWB) 

2 Commercial centers with high-rise 

buildings along the streets, high traffic and 

pedestrian flow, and frequent traffic jam in Central 3 
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Mong Kok (MK) 1 rush hours 

* Sequence number in Figure 1. 59 

 60 

2.2 Collection and analysis of VOC samples 61 

Ambient VOC samples were collected using cleaned and evacuated 2 L electro-polished stainless 62 

steel canisters. The canisters were prepared and delivered to Hong Kong by the Rowland/Blake 63 

group at University of California, Irvine (UCI). A flow-controlling device was used to collect the 64 

samples for 3 minutes.  65 

Before sampling, all canisters were cleaned at least five times by repeatedly filling and 66 

evacuating with humidified pure nitrogen gas (N2). To test for any contamination in the canister, 67 

the evacuated canister was filled with pure N2, stored for at least 24 h, then checked by the same 68 

VOC analytical methods to ensure that all the target compounds were not found or were under 69 

the method detection limit (MDL). In addition, duplicate samples were regularly collected to 70 

check the precision and reliability of the sampling and analytical methods. After sampling, the 71 

VOC samples were returned to the laboratory at UCI for chemical analysis. The analytical 72 

system, which was fully described in Simpson et al. (2010), used multicolumn gas 73 

chromatography (GC) with five column-detector combinations. The oven parameters employed 74 

for each GC can be found in Colman et al. (2001). In total, 39 non-methane hydrocarbons 75 

(NMHCs), methane (CH4) and carbon monoxide (CO) were quantified from the canister samples.  76 

VOCs were identified via their retention time and mass spectra. The quantification of target 77 

VOCs was accomplished using multipoint external calibration curves, obtained from a 78 

combination of National Bureau of Standards, Scott Specialty Gases (absolute accuracy 79 

estimated to be within ±5 %) and UCI made standards. The detection limit, measurement 80 

precision and accuracy for each VOC varied and were listed in Simpson et al. (2010). Generally, 81 

alkanes, alkenes and aromatics had a detection limit of 3 pptv, a precision of 3%, and an 82 

accuracy of 5%. 83 
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For on-line measurements of VOCs, which were mainly used in section 2.5, a built-in 84 

computerized program, including auto-linearization, auto-calibration and calibration with span 85 

gas, was adopted to control the quality. The accuracy and precision of VOC measurements were 86 

1.0-10.0% and 2.5-20.0 %, respectively. 87 

2.3 PMF model 88 

US EPA PMF model (version 5.0) was applied to the measurement data for receptor-based 89 

source appointment. The PMF model is a multivariate factor analysis tool that decomposes a 90 

matrix of speciated sample data into two matrices - factor contributions and factor profiles which 91 

can be interpreted by an analyst as to what sources are represented based on observations at the 92 

receptor site (Paatero, 1997; Paatero and Tapper, 1994).  93 

The details of PMF applied to VOC data for source profiles and the contributions of individual 94 

VOC species have been introduced somewhere else (Guo et al., 2011a; Ling et al., 2011; Ou et 95 

al., 2015). Briefly, 18 NMHCs were input into the PMF model and the uncertainties for each 96 

sample/species were determined as the sum of 5-15% of VOC concentration and two times the 97 

method detection limit (MDL) of the species (USEPA, 2008). Values below the MDL were 98 

replaced by half of the MDL values and their overall uncertainties were set as 5/6 of the MDL 99 

values. Results were constrained so that no samples had negative source contributions. Different 100 

number of factors and uncertainties were tested, and an optimum solution was determined based 101 

on a good fit to the observed data and the most meaningful results by comparing with previous 102 

studies (Guo et al., 2011a, b; Lau et al., 2010). 103 

2.4 Calculation of VOCs diurnal profiles 104 

Since VOCs canister samples at the 30 sites were only collected at ~10:00 and 15:00, 105 

respectively, it was impossible to use them for a photochemical box modeling as the model 106 

required hourly data input for consecutive hours. Hence, it is necessary to derive time-dependent 107 

concentrations from the two canister samples for the use in the photochemical box model 108 

incorporating master chemical mechanism (PBM-MCM). The procedures to obtain hourly VOC 109 
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profiles from two samples were similar to the method described in Zhang et al. (2007). Briefly, 110 

the method was based on the mass conservation of a species inside a fixed Eulerian box, namely, 111 

the Eulerian box model (Seinfeld and Pandis, 1997). The entraining equations are: 112 
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where, Ci: Concentration of species i (µg m
-3

),     115 

qi : Emission rate of species i (µg m
-2

 s
-1

),  116 

H(t): Mixing height as a function of time t (m), 117 

Ri: Chemical destruction rate of species i (µg m
-3

 s
-1

), 118 

υd,i: Dry/wet deposition rate of species i (m s
-1

),    119 

C
0 

i : Background concentration of species i (µg m
-3

), 120 

τγ:  Residence time of air over the area (s),  121 

C
a 

i : Concentration of species i above the boundary layer (µg m
-3

).   122 

 123 

Equations (1) and (2) mathematically describe the concentration of species above a given area, 124 

assuming that the corresponding airshed is well mixed, accounting for emissions, chemical 125 

reactions, removal, advection of material in and out of the airshed, and entrainment of material 126 

during growth of the mixing layer. Before the numerical solutions of equations (1) and (2) are 127 

solved with Gear's backward differentiation formula (Jacobson, 2005), the parameters in 128 

equations (1) and (2) need to be determined. 129 

Emission Rates: the Hong Kong emission inventory of total anthropogenic VOCs from different 130 

sources in 2013 was used to estimate the annual emission amount (HKEPD, 2015b). This annual 131 

emission amount was then equally allocated to 52 weeks and the area of 1104 square kilometers 132 

covering Hong Kong territory. The area of Hong Kong was obtained from Censtatd (2016), while 133 

the days were classified as weekdays and weekends, and the emission factors of each day of a 134 
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week were determined by Cardelino (1998). Hence, the daily initial emission amount of total 135 

VOCs per unit area was calculated. This value was multiplied by the typical profile of ambient 136 

VOCs, which was obtained by averaging all canister data at different sites, to derive the daily 137 

initial emission rates of speciated VOCs at different sites. The diurnal variations of the 138 

anthropogenic VOC emissions were estimated according to source types. Industry and power 139 

generation were assumed to have no diurnal variations, while mobile emission had the same 140 

pattern as traffic flow in Hong Kong (Lam et al., 2006; Xia and Shao, 2005). The diurnal 141 

variation of biogenic VOCs (i.e., isoprene) was estimated by considering the temperature 142 

variations and the best fit value coefficient TM, which affected the predicted emission behavior at 143 

high temperatures (Guenther, 1993, 1999). In this way, the speciated VOCs emission rates from 144 

different sources were determined.  145 

Mixing Height Profile: The mixing height was estimated using the Holzworth method 146 

(Holzworth, 1967). The Holzworth method provides twice-per-day (morning and afternoon) 147 

mixing heights based on calculations using routine upper-air data and minimum and maximum 148 

temperature of the day. The upper air sounding data were obtained from the University of 149 

Wyoming (http://weather.uwyo.edu/upperair/sounding.html). The minimum temperature was 150 

determined from the data of King's Park station operated by Hong Kong Observatory (HKO) 151 

(http://www.hko.gov.hk/) for the time period of 0200-0600 local standard time (LST). Here, we 152 

followed the method of Zhang et al. (2007), which also calculated the mixing height in Hong 153 

Kong by using “plus 2 °C” to the morning minimum surface temperature to calculate the 154 

morning mixing height. The afternoon mixing height was calculated using the maximum surface 155 

temperature observed at 1200-1600. The hourly mixing heights, often used in regulatory 156 

dispersion modeling, were interpolated from these twice-per-day estimates. The recommended 157 

interpolation procedure is provided in the user’s guide for the Industrial Source Complex (ISC) 158 

dispersion model (USEPA, 1985).  159 

The dry/wet deposition rate and the concentration above the boundary layer were assumed to be 160 

http://weather.uwyo.edu/upperair/sounding.html
http://www.hko.gov.hk/
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zero for all VOCs. Background concentrations of VOCs were expressed as geometric mean 161 

concentrations at general sites. Residence time of air over the area was the ratio of length of the 162 

box to wind speed, and the time-dependent wind speed was determined by curve fitting using the 163 

in-situ hourly wind speed obtained from the HKO. Since length of the box and emission rates of 164 

VOCs at different sites were different and the VOC chemical destruction rates were unknown, 165 

we adopted an iterative approach to determine these parameters based on canister data at 10:00 166 

and 15:00. We first used a typical OH profile in clean marine atmosphere (Creasey et al., 2003) 167 

and the initial emission rate of propane to calculate the temporal variations of propane from 168 

10:00 to 15:00 with the box length ranging from 0 to 60 km (i.e., beyond the longest range of 169 

Hong Kong territory). Propane was selected due to its high concentration and lower reactivity 170 

with OH compared to alkenes. The optimal emission rate and the length of box were adjusted by 171 

matching the calculated propane level at 15:00 with the observed value, using a 5% agreement 172 

for consistency. The ratio of optimal emission rate to initial emission rate of propane was defined 173 

as emission rate factor. The temporal variation of more reactive propene from 10:00 to 15:00 was 174 

calculated in the same way, but the length of box was fixed and the emission rate of propene was 175 

modified by multiplying the initial emission rate of propene by the emission rate factor 176 

determined by propane above. As such, the original OH profile used above was refined to fit the 177 

real situation in Hong Kong. The refined OH profile was then used to recalculate the temporal 178 

variation of propane. The entire procedure was called iteration. Iterations were repeated until 179 

convergence was obtained. Thus the length of box, emission rates of VOCs and OH profiles at 180 

different sites were obtained via this iterative approach.  181 

2.5 PBM-MCM model 182 

The photochemical box model (PBM) incorporating Master Chemical Mechanism (MCM) is a 183 

near-explicit chemical mechanism which describes the detailed gas-phase chemical processes 184 

involving the tropospheric degradation of a series of primary VOCs. The chemical mechanistic 185 

information was extracted from the Master Chemical Mechanism, MCM v3.2 (Jenkin et al., 1997; 186 
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Saunders et al., 2003), via website http://mcm.leeds.ac.uk/MCM.  187 

The model was constructed with measured CO, NO, NO2, SO2, C2-C9 NMHCs, temperature and 188 

relative humidity. Data were read every hour to calculate the in-situ rates of O3 production and 189 

destruction. The model has been widely used in Hong Kong (Ling et al., 2014; Lyu et al., 2015b, 190 

2016). 191 

3 Results and discussion 192 

3.1 Meteorological conditions 193 

Figure 2 shows the average geopotential height (HGT) and wind field on 1000 hPa for East Asia 194 

during the two sampling campaigns. The pressure (represented with HGT) over Hong Kong was 195 

comparable between the two campaigns. The wind was northeasterly on 27 September 2013, 196 

while it was calm on 24 September 2014 in Hong Kong. The lower wind speed in the latter 197 

campaign was expected to elevate the VOC concentrations. However, the levels of most VOCs 198 

remained similar, whereas those emitted from LPG source decreased between the two campaigns 199 

(see sections 3.2 and 3.3), indicating that meteorological parameters did not have substantial 200 

influence on the VOC levels of the two campaigns. 201 

 202 

Figure 2 Average geopotential height and wind field on (a) 27 September 2013 and (b) 24 203 

September 2014. The figures are made using NCEP FNL (final) data with a horizontal resolution 204 

of 1
°
×1

°
. 205 

 206 

http://mcm.leeds.ac.uk/MCM


 10 

3.2 Comparison of VOCs between the two campaigns 207 

Table 2 presents the average mixing ratios of VOCs at the 24 roadside sites and 6 general sites 208 

during the two campaigns. It is noteworthy that the average VOC values for the sites should 209 

reflect the real situation though uncertainties could exist for the samples at individual sites. It 210 

was found that the alkanes dominated the total VOC composition, followed by aromatics and 211 

alkenes, and the mixing ratios at roadside sites were much higher than those at general sites due 212 

to their proximity to the emission sources (p<0.05). From September 2013 to September 2014, 213 

values of most species remained unchanged except for n/i-pentanes, which increased at the 214 

general sites (p<0.05), indicating possibly increased emission of gasoline-fueled vehicles. 215 

Furthermore, aromatics such as xylenes and propylbenzenes increased significantly (p<0.05), 216 

perhaps due to the increase of solvent usage and/or vehicular emissions. In contrast, LPG related 217 

VOCs (propane and n/i-butanes) remained unchanged, while propene, the tracer of LPG 218 

combustion, even decreased at the roadside sites (p<0.05). In view of the above fact, to examine 219 

whether the replacement program was actually effective, it is necessary to conduct source 220 

apportionments to obtain the emission variations of LPG-fueled vehicles before and during the 221 

replacement program. 222 

 223 

Table 2 Mixing ratio of VOCs collected at the 30 sampling sites during the 2 sampling 224 

campaigns (average±95% confidence interval, pptv) 225 

 Species Roadside sites (n=24) 
a
 General sites (n=6) 

a
 

 Sept. 2013 Sept. 2014 Sept. 2013 Sept. 2014 

Alkanes Ethane 2518±209 2704±206 1833±179 1884±280 

 Propane 7723±1872 6996±1039 3631±2478 2849±1076 

 n-Butane 11166±3104 9003±1645 2828±1876 2694±1247 

 i-Butane 6413±1726 5455±931 1866±1227 1762±799 

 n-Pentane 773±197 1209±457 331±74 866±321 
*
 

 i-Pentane 1331±324 2097±1127 608±112 1372±499 
*
 

 n-Hexane 323±92 529±86 
*
 148±42 415±177 

*
 

 2,3-

Dimethylbutane 

118±46 186±51 48±22 137±58 
*
 

 2-Methylpentane 593±193 847±223 301±137 754±408 

 3-Methylpentane 315±95 588±153 
*
 174±85 552±285 

*
 

 n-Heptane 437±242 480±122 122±35 226±93 
*
 

 2-Methylhexane 444±235 416±82 151±51 255±123 
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 3-Methylhexane 449±243 510±90 145±51 353±156 
*
 

 n-Octane 106±37 137±46 47±10 74±24 

 2,2,4-

Trimethylpentane 

255±132 316±81 37±8 109±66 
*
 

Alkenes Ethene 4631±917 3748±669 1097±327 1082±398 

 Propene 1798±417 
*
 1084±230 233±70 201±93 

 1-Butene 197±40 161±32 53±21 48±25 

 i-Butene 566±145 
*
 371±87 150±58 94±33 

 trans-2-Butene 132±36 99±26 20±8 21±8 

 cis-2-Butene 82±25 56±15 14±4 13±5 

 1-Pentene 55±11 93±49 19±6 28±11 

 1,3-Butadiene 149±37 119±24 29±5 17±10 

 Isoprene 531±90 627±115 500±230 777±285 

Alkyne Ethyne 3916±671 3375±391 1978±426 2037±404 

Aromatics Benzene 886±138 
*
 662±64 556±67 518±105 

 Toluene 3270±1751 3371±527 1634±610 2745±1136 

 Ethylbenzene 643±127 674±87 438±150 703±230 

 p-Xylene 291±85 420±69 
*
 130±39 378±163 

*
 

 m-Xylene 483±178 703±153 161±50 602±296 
*
 

 o-Xylene 337±103 471±79 142±44 428±180 
*
 

 i-Propylbenzene 39±13 42±6 17±4 34±10 
*
 

 n-Propylbenzene 92±39 79±14 30±9 53±16 
*
 

 3-Ethyltoluene 380±210 212±59 66±23 113±47 

 4-Ethyltoluene 187±112 119±28 37±10 75±30 
*
 

 2-Ethyltoluene 164±76 87±22 41±12 53±22 

 1,3,5-TMB 234±127 
*
 78±24 40±14 37±15 

 1,2,4-TMB 821±486 
*
 288±85 128±54 145±67 

 1,2,3-TMB 228±102 84±22 56±24 45±19 
a
 Number of sites; 

*
 higher mixing ratios as compared to those in another sampling campaign at 226 

the confidence level of 95% (p<0.05). TMB refers to the trimethylbenzene isomers hereafter. 227 

 228 

3.3 Source apportionments of VOCs and trace gases 229 

Twenty main anthropogenic VOC species quantified in the 64 samples were applied to PMF for 230 

source apportionment for the two campaigns, respectively. The source profiles before and after 231 

the intervention program are similar (Figure 3). Three factors were extracted from the PMF 232 

model simulation. Since most of the samples were collected at roadside sites, it is expected that 233 

vehicular emissions were the dominant sources of VOCs in this study. The first factor was 234 

distinguished by the dominance of propane, n/i-butanes, ethene and propene, representing LPG-235 

fueled vehicle exhaust. Factor 2 had high percentages of all VOCs and trace gases except LPG 236 

related component and the trimethylbenzene isomers. It was assigned as gasoline and diesel 237 

vehicle exhaust. The third factor was closely associated with solvent usage because of high 238 
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loadings of xylenes and trimethylbenzenes. The profiles of factors identified were based on the 239 

results of previous source apportionment studies (Guo et al., 2007, 2011a; Lau et al., 2010; Ling 240 

et al., 2011) and VOCs source emission studies (Borbon et al., 2002; Guo et al., 2006, 2011b; Ho 241 

et al., 2009). Many different starting seeds were tested and no multiple solutions were found. In 242 

addition, good correlations were found between the observed and predicted VOC concentrations 243 

for the whole dataset (R
2
 = 0.95 and 0.96, respectively) before and after the replacement program. 244 

Moreover, all of the selected species had scale residuals normally distributed between -3 and 3, 245 

confirming that the measured data were well reproduced (USEPA, 2008). 246 

 247 

Figure 3 Source profiles of the three sources extracted from PMF in September 2013 (before the 248 

program) and September 2014 (after the program). The standard errors are estimated with the 249 

bootstrap in the PMF model. 250 

 251 

To sum up the VOC concentrations in each source, the mass and percentage contributions of the 252 

sources to VOCs are summarized in Table S2. Noticeably, the vehicle emissions were the 253 

dominant source of VOCs, with the contribution of 71.1±1.8 μg/m
3
 (85.5±2.1%) and 77.7±1.3 254 

μg/m
3
 (92.0±1.6%) before and after the program, respectively. From 2013 to 2014, the VOCs 255 

emitted from gasoline and diesel vehicles increased remarkably (p<0.05), whereas those 256 
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originated from LPG vehicle exhaust decreased significantly (p<0.05) from 41.3±1.2 μg/m
3
 257 

(49.7±1.5%) to 32.8±1.4 μg/m
3
 (38.8±1.7%). Table 3 shows the average concentrations of VOCs 258 

and trace gases in LPG vehicle exhaust. Clearly, CO, ethene, propane, propene, n/i-butanes and 259 

trimethylbenzene isomers all reduced significantly from before to after the replacement program 260 

(p<0.05). The emissions of NO and NO2 from LPG-fueled vehicles were minor, and the decrease 261 

of NO was insignificant (p>0.05). Table 4 presents the reductions of VOCs and NO at different 262 

sites. The mass and percentage contribution of LPG vehicle exhaust to VOCs experienced the 263 

greatest decrease at the roadside sites (p<0.05), with the contributions of 54.7±23.2 μg/m
3
 264 

(54.6±10.0%) before and 25.0±11.2 μg/m
3
 (30.8±9.9%) after the program, respectively. The 265 

effects were much weaker at the urban and new town sites, where the mass and percentage 266 

contribution to VOCs decreased slightly or even increased (p>0.05). Similarly, NO decreased 267 

noticeably (p<0.05) (before: 0.66±0.28 μg/m
3
; after: 0.04±0.02μg/m

3
) at roadside sites, while the 268 

reductions were not significant at the urban and new town sites (p>0.05). This inter-site 269 

difference was possibly caused by higher traffic flow and more dense LPG-fueled vehicles 270 

(particularly taxis) in the vehicle fleet at roadside sites.  271 

 272 

Table 3 Concentrations of VOCs and trace gases emitted from LPG-fueled vehicles (μg/m
3
) 273 

Species LPG vehicle exhaust 

before after 

NO 0.49 ± 0.44 0.03 ± 0.44 

NO2 0.00 ± 0.94 0.00 ± 1.05 

CO 336.24 ± 12.71 149.5 ± 11.1 

Ethane 0.71 ± 0.06 1.03 ± 0.05 

Ethene 2.83 ± 0.05 2.00 ± 0.05 

Ethyne 0.89 ± 0.06 0.87 ± 0.07 

Propane 7.63 ± 0.16 6.07 ± 0.14 

Propene 1.76 ± 0.02 0.91 ± 0.02 

i-Butane 8.93 ± 0.16 6.98 ± 0.13 

n-Butane 16.00 ± 0.26 11.52 ± 0.20 

i-Pentane 0.30 ± 0.05 0.75 ± 0.09 

n-Pentane 0.14 ± 0.03 0.38 ± 0.06 

n-Hexane 0.05 ± 0.02 0.17 ± 0.03 

n-Heptane 0.14 ± 0.01 0.20 ± 0.03 

Benzene 0.37 ± 0.05 0.44 ± 0.04 

Toluene 0.56 ± 0.16 0.94 ± 0.25 

Ethylbenzene 0.13 ± 0.05 0.17 ± 0.06 



 14 

p-Xylene 0.08 ± 0.02 0.10 ± 0.04 

m-Xylene 0.14 ± 0.02 0.11 ± 0.05 

o-Xylene 0.08 ± 0.02 0.08 ± 0.04 

1,3,5-TMB 0.12 ± 0.01 0.00 ± 0.01 

1,2,4-TMB 0.32 ± 0.03 0.00 ± 0.03 

1,2,3-TMB 0.11 ± 0.01 0.01 ± 0.01 

Bolded are the species with significant reduction in LPG vehicle exhaust (p<0.05). 274 

 275 

Table 4 Mass and percentage contribution of LPG vehicle exhaust to VOCs and NO at different 276 

sites before and after the program 277 

Species Site Mass concentration (μg/m
3
) Percentage contribution (%) 

before after before after 

VOCs Urban roadside 54.7 ± 23.2 25.0 ± 11.2 54.6 ± 10.0 30.8 ± 9.9 

Urban 28.7 ± 35.8 23.7 ± 11.8 29.3 ± 30.3 31.1 ± 10.5 

New town 11.5 ± 9.8 16.5 ± 17.1 27.9 ± 23.6 20.8 ± 20.3 

NO Urban roadside 0.66 ± 0.28 0.02 ± 0.01 0.04 ± 0.02 0.005±0.002 

Urban 0.34 ± 0.42 0.02 ± 0.02 0.03 ± 0.03 0.005±0.004 

New town 0.14 ± 0.12 0.02 ± 0.02 0.01 ± 0.01 0.003±0.004 

 278 

3.4 Impact of replacement program on O3 formation 279 

3.4.1 Model validation and O3 simulation 280 

Since the estimated diurnal profiles of VOCs were used to simulate O3, it is necessary to validate 281 

the results with the online measured VOCs. Figure 4 shows the estimated and online measured 282 

diurnal patterns of total VOCs at MK, YL and TC, where the real-time VOCs data were available. 283 

26 VOC species were included in the total VOCs for calculation. The diurnal patterns of total 284 

VOCs estimated from the two points of canister sample data agreed well with the real-time 285 

measurements. Table S3 lists the Index of Agreement (IOA) values between the calculated and 286 

measured data of the 26 VOC species. Within the range of 0~1, higher IOA value indicates better 287 

agreement (Wang et al., 2015; Jiang et al., 2010). Fair to good agreement between the calculated 288 

and measured profiles of individual VOCs at these three types of sites suggested that the 289 

proposed method provided a reasonable estimate of VOC profiles based on the two canister 290 

samples. It is noteworthy that the measured and estimated VOC profiles during 01:00-09:00 did 291 

not fit very well at MK, probably due to the fact that the concentrations of VOCs, on one hand, 292 

were significantly influenced by in-situ traffic emissions as MK was a roadside site. On the other 293 



 15 

hand, the method for estimating VOC diurnal profiles in this study was based on emission 294 

inventory, which was an averaged profile. This discrepancy in early morning would not 295 

substantially influence the simulation of O3 formation, because O3 formation was mainly 296 

simulated at daytime hours (i.e., 07:00~19:00), and the photochemical reactions of VOCs were 297 

weak between 01:00 and 09:00. 298 

 299 

Figure 4 Estimated and real-time measured diurnal profiles of total VOCs at MK, YL and TC. 300 

 301 

The calculated VOC diurnal profiles were then input into the PBM-MCM model for O3 302 

simulation. Figure 5 shows the daytime (07:00~19:00) simulated and observed O3 in 2013 and 303 

2014 at 13 sites where the online data of trace gases were available from the air quality 304 

monitoring network of HKEPD. In general, the simulated O3 agreed well with the observations, 305 

with the consistence of the peaks and troughs. The IOA between the simulated and observed O3 306 

was 0.7, indicating fairly acceptable performance of the model. In other words, in-situ O3 307 

formation dominated its ambient level at most sites. The difference between model simulation 308 

and observation at some other sites was likely due to the fact that the PBM-MCM model only 309 

considers O3 produced from photochemical reactions while the observed O3 is also influenced by 310 

the downward transport of stratospheric O3, dry deposition and horizontal transport from other 311 

regions/locations (Cheng et al., 2010a; Creilson et al., 2003; Lam et al., 2013; Xue et al., 2011). 312 
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 313 

Figure 5 Comparison between simulated and observed O3 in (a) September 2013 and (b) 314 

September 2014. 315 

 316 

3.4.2 Impact of the program on O3 formation 317 

Given the reduction of VOCs and NO emitted from LPG-fueled vehicles, it is interesting to 318 

explore the impact of these changes on O3 formation at different sites. 319 

Sensitivity experiments give the differences in O3 production between the scenarios with and 320 

without the LPG source as input. Through this approach, the O3 produced by LPG source before 321 

and after the program were obtained (Figure 6). Since O3 formation was usually limited by 322 

VOCs and suppressed by NO titration, the VOCs and NO in LPG made positive and negative 323 

contributions to O3 production, respectively. Considering the combined effect of VOCs and NO 324 

on O3 formation, LPG generally made a net positive contribution to O3. However, the 325 

contribution of LPG vehicle to O3 formation at roadside sites was negative before the program, 326 

mainly due to higher levels of NO emitted from LPG-fueled vehicles (0.66±0.28 μg/m
3
) than 327 

those at urban (0.34±0.42 μg/m
3
) and new town sites (0.14±0.12 μg/m

3
), resulting in higher NO 328 

titration to O3. 329 

Table 5 lists the average contributions of LPG vehicle exhaust to O3 at different types of sites 330 



 17 

before and after the replacement program. At the roadside sites, the contribution of LPG vehicle 331 

turned from O3 destruction (-0.17±0.06 ppbv) before to O3 formation (0.004±0.038 ppbv) after 332 

the program. However, the resulting O3 increase was minor (only 0.18 ppbv, 3.1% of the average 333 

roadside O3 value). Although the decrease of VOCs and NO was not significant at the urban sites 334 

(p>0.05), O3 produced by LPG source decreased significantly (p<0.05), reflecting nonlinear 335 

relationship between O3 and its precursors, and also indicating the effectiveness of the program 336 

on O3 production at urban sites. At the new town sites, no significant change in the contribution 337 

of LPG vehicle to O3 production were observed (p>0.05). 338 

 339 

Figure 6 Contribution of LPG vehicle exhaust to O3 production before and after the program. O3 340 

production by LPG at the roadside sites is enlarged in the insert panel. 341 

 342 

Table 5 Site-dependent average contributions of LPG vehicle exhaust to O3 production (Unit: 343 

ppbv) 344 

 Before After 

Urban roadside -0.17 ± 0.06 0.004 ± 0.038 

Urban 4.19 ± 1.92 0.95 ± 0.38 

New town 3.37 ± 1.56 4.47 ± 1.89 

 345 

3.5 Spatial characteristics of O3-precursor relationship 346 

Figure 7 shows the relative incremental reactivity (RIR) of anthropogenic VOCs (AHC), 347 

biogenic VOCs (BHC), CO and NOx, as a measure of the sensitivity of O3 formation to the 348 
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changes of the precursors (Cardelino and Chameides, 1995). The VOC groups and CO had 349 

positive RIR values, and the RIR values of VOC groups were higher than that of CO, indicating 350 

that O3 production was VOC-limited. The RIR values of AHC were mostly the highest, followed 351 

by BHC and CO. In contrast, the average RIR for NOx was negative, suggesting that cutting NOx 352 

led to O3 increase. Different from other sites where O3 formation was limited by AHC, BHC at 353 

the rural site TM was the most predominant reagent limiting O3 formation in September 2013, 354 

whereas the RIR of NOx in September 2014 became positive, same as VOCs and CO, indicating 355 

that O3 formation was limited by both VOCs and NOx. To understand the dominant VOC 356 

groups/species responsible for O3 formation, Table 6 shows the average RIR values of VOC 357 

groups/species at different types of sites (The RIR value of each VOC species is given in Table 358 

S4). The alkenes (6.91) and aromatics (7.01) had comparable RIR values and were the highest at 359 

the roadside sites, indicating that vehicular emissions were the most important sources of O3 360 

formation at roadside sites. On the other hand, the aromatics at the urban and new town sites 361 

were the most predominant VOCs for O3 formation, with the RIR values of 20.48 and 24.15, 362 

respectively. Solvent usage and traffic emissions were likely the main contributors at these two 363 

types of sites. In contrast, isoprene was responsible for O3 formation at rural site with the RIR of 364 

19.38.  365 
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 366 

Figure 7 RIR values of VOC groups, CO and NOx at different sites on (a) 27 Sept. 2013 and (b) 367 

24 Sept. 2014  368 

 369 

Table 6 Average RIR of VOC groups or species at different sites (Unit: %/%) 370 

 Urban roadside Urban New town Rural 

Alkanes 4.22 8.72 9.67 7.98 

Alkenes 6.91 10.24 11.35 8.35 

Aromatics 7.01 20.48 24.15 15.19 

Isoprene 1.31 4.18 8.56 19.38 

Ethyne 0.02 0.19 0.31 0.81 

 371 

4 Conclusions 372 

VOC canister samples were collected at 30 sites in Hong Kong before and after the LPG 373 

converter replacement program. Source apportionment revealed that the VOCs emitted from 374 

LPG-fueled vehicles significantly decreased at urban roadside sites after the program, while they 375 

remained unchanged at urban and new town sites. LPG vehicle exhaust was destructive to O3 376 

formation at the roadside sites before the program, whereas it switched to positive contribution 377 

after the program. Nevertheless, the resulting O3 increase was minor (3.1%). Although the 378 

decrease of VOCs and NO in LPG emissions was insignificant at the urban sites, O3 produced by 379 
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LPG vehicle reduced significantly during the program. The above results confirmed the success 380 

of the program, particularly in roadside and urban environments. Furthermore, O3 formation was 381 

mainly limited by VOCs regardless of locations, while VOCs and NOx could co-control the O3 382 

formation in rural areas. In addition, anthropogenic VOCs were the main species dominating O3 383 

formation, i.e., alkenes and aromatics in urban roadside environments, and aromatics at urban 384 

and new town sites, while O3 formation at rural sites was most sensitive to biogenic VOCs. The 385 

spatial characteristics of O3-precursor relationships provided useful guideline for the formulation 386 

and implementation of O3 abatement strategies in different-function areas of Hong Kong. 387 
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Abstract 

Grid field measurements of volatile organic compounds (VOCs) covering the entire territory of 

Hong Kong were simultaneously carried out twice daily on 27 September 2013 and 24 

September 2014, respectively, to advance our understanding on the spatiotemporal variations of 

VOCs and ozone (O3) formation, the factors controlling O3 formation and the efficacy of a 

control measure in Hong Kong. From before to after the control measure on liquefied petroleum 

gas (LPG) fueled vehicles, the VOCs originated from LPG vehicle exhaust deceased from 41.3 ± 

1.2 μg/m
3
 (49.7±1.5%) to 32.8±1.4 μg/m

3
 (38.8±1.7%) (p<0.05). In contrast, the contribution to 

VOCs made by gasoline and diesel vehicle exhaust and solvent usage increased (p<0.05). VOCs 

and nitric oxide (NO) in LPG source experienced the highest reductions at the roadside sites, 

while the variations were not significant at the urban and new town sites (p>0.05). For O3 

production, LPG vehicle exhaust generally made a negative contribution (-0.17±0.06 ppbv) at 

the roadside sites, however it turned to a slightly positive contribution (0.004 ± 0.038 ppbv) after 

the control measure. At the urban sites, although the reduction of VOCs and NO was minor 

(p>0.05), O3 produced by LPG vehicle significantly reduced from 4.19±1.92 ppbv to 0.95±0.38 

ppbv (p<0.05). Meanwhile, O3 produced by LPG at the new town sites remained stable. The 

analysis of O3-precursor relationships revealed that alkenes and aromatics were the main species 

limiting roadside O3 formation, while aromatics were the most predominant controlling factor at 

urban and new town sites. In contrast, isoprene and sometimes NOx limited the O3 formation in 

rural environment. 
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 1 

1 Introduction 1 

Well known as a major air pollutant in the atmosphere, ozone (O3) has attracted increasing 2 

concerns in recent years due to its adverse effects on human health, visibility and ecosystem 3 

(Louie et al., 2013; Wang et al., 2008). O3 is formed by a series of complex photochemical 4 

reactions involving volatile organic compounds (VOCs) and nitrogen oxides (NOx) in the 5 

presence of sunlight (Seinfeld and Pandis, 1997). Since photochemical O3 formation has a 6 

nonlinear relationship with its precursors, i.e., VOCs and NOx, it is difficult to remediate the 7 

photochemical pollution, especially in the regions with frequently high O3 events, such as the 8 

Pearl River Delta (PRD).  9 

Continuously rapid urbanization and population growth in Hong Kong coupled with high surface 10 

VOCs and NOx emission, high solar radiation and hot weather make this region a 11 

photochemically polluted area. Previous studies have reported that the photochemical O3 12 

formation in Hong Kong is generally VOC-limited (Cheng et al., 2010a, b; Zhang et al., 2007). 13 

Furthermore, a number of studies were carried out on the contributions to O3 in Hong Kong of 14 

regional transport from PRD and superregional transport from eastern China (Xue et al., 2014; Li 15 

et al., 2012, 2013; Ling et al., 2013; Wang et al., 2009), and several efforts have been made to 16 

study formation mechanism of O3 pollution in Hong Kong (Ling et al., 2014; Xue et al., 2014). 17 

Although Ling et al. (2014) revealed that photochemical reactivity and ozone production were 18 

absolutely different between a semirural site and an urban site in Hong Kong, there is little 19 

knowledge about the spatial patterns of the relationship between O3 and its precursors.  20 

In addition, a series of control measures have been implemented in Hong Kong to reduce VOCs 21 

emitted from different anthropogenic sources, including VOC-containing products, road 22 

transport and industry emissions to mitigate O3 pollution (HKEPD, 2015a; Louie et al., 2013). 23 

Hence, grid field measurements pre- and post- a control measure would help assess the 24 

effectiveness of the measure. For example, promotion of LPG as a substitute fuel for taxi and 25 

public light buses in Hong Kong was the most striking measure to reduce VOC emissions in the 26 
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past decade. However, recently, LPG usage was found to become major contributor to ambient 27 

VOCs in Hong Kong due to poor maintenance (Lau et al., 2010; Ling et al., 2014). In general, 28 

the catalytic converters in the LPG-fueled vehicles should be replaced every 1-2 years, 29 

depending on maintenance and mileage. In Hong Kong, about 80% of taxis and 45% of public 30 

light buses using LPG as fuel have defective converters, resulting in excessive emissions of 31 

vehicle exhaust (HKEPD, 2013). As such, to reduce LPG-fueled vehicle emissions, the Hong 32 

Kong government set aside $150 million to replace the catalytic converters and associated 33 

components on LPG-fueled taxis and public light buses, which commenced in October 2013 and 34 

completed in April 2014. It is well known that properly functioning catalytic converters in the 35 

LPG-fueled vehicles could reduce emissions up to 90%.  36 

Therefore, the objectives of this study were to evaluate the benefit of replacing catalytic 37 

converters and oxygen sensors on LPG-fueled vehicles, to examine the spatiotemporal variations 38 

of O3 production by LPG, and to study the spatial characteristics of O3-precursor relationships in 39 

Hong Kong. 40 

2 Methodology 41 

2.1 Grid sampling campaigns  42 

Totally 30 sampling sites were selected in different districts covering the entire territory of Hong 43 

Kong. The grid measurement campaigns were conducted on 27 September 2013 and 24 44 

September 2014, respectively. At each of the 30 sites, 3-minute VOC canister samples were 45 

collected once in the morning between 9:00 and 11:00 and another in the afternoon between 2:00 46 

and 4:00. Two of the 30 sites had duplicate samples. In total, 64 samples were collected for each 47 

campaign. The 30 sites included 24 roadside sites and 6 general sites (Figure 1 and Table S1). 48 

Thirteen out of the 30 sites were the Hong Kong Air Quality Monitoring Stations (AQMS) 49 

(http://epic.epd.gov.hk/EPICDI/air/station/) (Table 1), where trace gas data were available. These 50 

sites covered the entire territory of Hong Kong and could provide a full picture of photochemical 51 

O3 formation. The 13 AQMSs were categorized into four types according to the land usage and 52 

http://epic.epd.gov.hk/EPICDI/air/station/
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the distance from urban center, i.e., 3 urban roadside sites, 5 urban sites, 4 new town sites and 1 53 

rural site (Figure 1 and Table 1). 54 

 55 

Figure 1 Geographic location of the sampling sites and surrounding environments.  56 

 57 

Table 1 Description of the 13 AQMS sites 58 

Type Site No.
*
 Description 

Urban Central Western 

(CW) 

10 General urban air quality monitoring 

stations in residential areas and some mixed 

with commercial and/or industrial areas. Kwun Tong (KT) 21 

Sham Shui Po 

(SSP) 

22 

Kwai Chung 

(KC) 

13 

Tsuen Wan (TW) 7 

 
Suburban/ 
New Town 

 

Yuen Long (YL) 

 

6 

 

Mainly residential areas in new territories. 

Tung Chung (TC) 9 

Tai Po (TP) 29 

Sha Tin (ST) 18 

 

Rural 

 

Tap Mun (TM) 

 

8 

 

Remote island off the northeast coast of 

Hong Kong 

Roadside Causeway Bay 

(CWB) 

2 Commercial centers with high-rise 

buildings along the streets, high traffic and 

pedestrian flow, and frequent traffic jam in Central 3 
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Mong Kok (MK) 1 rush hours 

* Sequence number in Figure 1. 59 

 60 

2.2 Collection and analysis of VOC samples 61 

Ambient VOC samples were collected using cleaned and evacuated 2 L electro-polished stainless 62 

steel canisters. The canisters were prepared and delivered to Hong Kong by the Rowland/Blake 63 

group at University of California, Irvine (UCI). A flow-controlling device was used to collect the 64 

samples for 3 minutes.  65 

Before sampling, all canisters were cleaned at least five times by repeatedly filling and 66 

evacuating with humidified pure nitrogen gas (N2). To test for any contamination in the canister, 67 

the evacuated canister was filled with pure N2, stored for at least 24 h, then checked by the same 68 

VOC analytical methods to ensure that all the target compounds were not found or were under 69 

the method detection limit (MDL). In addition, duplicate samples were regularly collected to 70 

check the precision and reliability of the sampling and analytical methods. After sampling, the 71 

VOC samples were returned to the laboratory at UCI for chemical analysis. The analytical 72 

system, which was fully described in Simpson et al. (2010), used multicolumn gas 73 

chromatography (GC) with five column-detector combinations. The oven parameters employed 74 

for each GC can be found in Colman et al. (2001). In total, 39 non-methane hydrocarbons 75 

(NMHCs), methane (CH4) and carbon monoxide (CO) were quantified from the canister samples.  76 

VOCs were identified via their retention time and mass spectra. The quantification of target 77 

VOCs was accomplished using multipoint external calibration curves, obtained from a 78 

combination of National Bureau of Standards, Scott Specialty Gases (absolute accuracy 79 

estimated to be within ±5 %) and UCI made standards. The detection limit, measurement 80 

precision and accuracy for each VOC varied and were listed in Simpson et al. (2010). Generally, 81 

alkanes, alkenes and aromatics had a detection limit of 3 pptv, a precision of 3%, and an 82 

accuracy of 5%. 83 
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For on-line measurements of VOCs, which were mainly used in section 2.5, a built-in 84 

computerized program, including auto-linearization, auto-calibration and calibration with span 85 

gas, was adopted to control the quality. The accuracy and precision of VOC measurements were 86 

1.0-10.0% and 2.5-20.0 %, respectively. 87 

2.3 PMF model 88 

US EPA PMF model (version 5.0) was applied to the measurement data for receptor-based 89 

source appointment. The PMF model is a multivariate factor analysis tool that decomposes a 90 

matrix of speciated sample data into two matrices - factor contributions and factor profiles which 91 

can be interpreted by an analyst as to what sources are represented based on observations at the 92 

receptor site (Paatero, 1997; Paatero and Tapper, 1994).  93 

The details of PMF applied to VOC data for source profiles and the contributions of individual 94 

VOC species have been introduced somewhere else (Guo et al., 2011a; Ling et al., 2011; Ou et 95 

al., 2015). Briefly, 18 NMHCs were input into the PMF model and the uncertainties for each 96 

sample/species were determined as the sum of 5-15% of VOC concentration and two times the 97 

method detection limit (MDL) of the species (USEPA, 2008). Values below the MDL were 98 

replaced by half of the MDL values and their overall uncertainties were set as 5/6 of the MDL 99 

values. Results were constrained so that no samples had negative source contributions. Different 100 

number of factors and uncertainties were tested, and an optimum solution was determined based 101 

on a good fit to the observed data and the most meaningful results by comparing with previous 102 

studies (Guo et al., 2011a, b; Lau et al., 2010). 103 

2.4 Calculation of VOCs diurnal profiles 104 

Since VOCs canister samples at the 30 sites were only collected at ~10:00 and 15:00, 105 

respectively, it was impossible to use them for a photochemical box modeling as the model 106 

required hourly data input for consecutive hours. Hence, it is necessary to derive time-dependent 107 

concentrations from the two canister samples for the use in the photochemical box model 108 

incorporating master chemical mechanism (PBM-MCM). The procedures to obtain hourly VOC 109 
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profiles from two samples were similar to the method described in Zhang et al. (2007). Briefly, 110 

the method was based on the mass conservation of a species inside a fixed Eulerian box, namely, 111 

the Eulerian box model (Seinfeld and Pandis, 1997). The entraining equations are: 112 
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where, Ci: Concentration of species i (µg m
-3

),     115 

qi : Emission rate of species i (µg m
-2

 s
-1

),  116 

H(t): Mixing height as a function of time t (m), 117 

Ri: Chemical destruction rate of species i (µg m
-3

 s
-1

), 118 

υd,i: Dry/wet deposition rate of species i (m s
-1

),    119 

C
0 

i : Background concentration of species i (µg m
-3

), 120 

τγ:  Residence time of air over the area (s),  121 

C
a 

i : Concentration of species i above the boundary layer (µg m
-3

).   122 

 123 

Equations (1) and (2) mathematically describe the concentration of species above a given area, 124 

assuming that the corresponding airshed is well mixed, accounting for emissions, chemical 125 

reactions, removal, advection of material in and out of the airshed, and entrainment of material 126 

during growth of the mixing layer. Before the numerical solutions of equations (1) and (2) are 127 

solved with Gear's backward differentiation formula (Jacobson, 2005), the parameters in 128 

equations (1) and (2) need to be determined. 129 

Emission Rates: the Hong Kong emission inventory of total anthropogenic VOCs from different 130 

sources in 2013 was used to estimate the annual emission amount (HKEPD, 2015b). This annual 131 

emission amount was then equally allocated to 52 weeks and the area of 1104 square kilometers 132 

covering Hong Kong territory. The area of Hong Kong was obtained from Censtatd (2016), while 133 

the days were classified as weekdays and weekends, and the emission factors of each day of a 134 
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week were determined by Cardelino (1998). Hence, the daily initial emission amount of total 135 

VOCs per unit area was calculated. This value was multiplied by the typical profile of ambient 136 

VOCs, which was obtained by averaging all canister data at different sites, to derive the daily 137 

initial emission rates of speciated VOCs at different sites. The diurnal variations of the 138 

anthropogenic VOC emissions were estimated according to source types. Industry and power 139 

generation were assumed to have no diurnal variations, while mobile emission had the same 140 

pattern as traffic flow in Hong Kong (Lam et al., 2006; Xia and Shao, 2005). The diurnal 141 

variation of biogenic VOCs (i.e., isoprene) was estimated by considering the temperature 142 

variations and the best fit value coefficient TM, which affected the predicted emission behavior at 143 

high temperatures (Guenther, 1993, 1999). In this way, the speciated VOCs emission rates from 144 

different sources were determined.  145 

Mixing Height Profile: The mixing height was estimated using the Holzworth method 146 

(Holzworth, 1967). The Holzworth method provides twice-per-day (morning and afternoon) 147 

mixing heights based on calculations using routine upper-air data and minimum and maximum 148 

temperature of the day. The upper air sounding data were obtained from the University of 149 

Wyoming (http://weather.uwyo.edu/upperair/sounding.html). The minimum temperature was 150 

determined from the data of King's Park station operated by Hong Kong Observatory (HKO) 151 

(http://www.hko.gov.hk/) for the time period of 0200-0600 local standard time (LST). Here, we 152 

followed the method of Zhang et al. (2007), which also calculated the mixing height in Hong 153 

Kong by using “plus 2 °C” to the morning minimum surface temperature to calculate the 154 

morning mixing height. The afternoon mixing height was calculated using the maximum surface 155 

temperature observed at 1200-1600. The hourly mixing heights, often used in regulatory 156 

dispersion modeling, were interpolated from these twice-per-day estimates. The recommended 157 

interpolation procedure is provided in the user’s guide for the Industrial Source Complex (ISC) 158 

dispersion model (USEPA, 1985).  159 

The dry/wet deposition rate and the concentration above the boundary layer were assumed to be 160 

http://weather.uwyo.edu/upperair/sounding.html
http://www.hko.gov.hk/
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zero for all VOCs. Background concentrations of VOCs were expressed as geometric mean 161 

concentrations at general sites. Residence time of air over the area was the ratio of length of the 162 

box to wind speed, and the time-dependent wind speed was determined by curve fitting using the 163 

in-situ hourly wind speed obtained from the HKO. Since length of the box and emission rates of 164 

VOCs at different sites were different and the VOC chemical destruction rates were unknown, 165 

we adopted an iterative approach to determine these parameters based on canister data at 10:00 166 

and 15:00. We first used a typical OH profile in clean marine atmosphere (Creasey et al., 2003) 167 

and the initial emission rate of propane to calculate the temporal variations of propane from 168 

10:00 to 15:00 with the box length ranging from 0 to 60 km (i.e., beyond the longest range of 169 

Hong Kong territory). Propane was selected due to its high concentration and lower reactivity 170 

with OH compared to alkenes. The optimal emission rate and the length of box were adjusted by 171 

matching the calculated propane level at 15:00 with the observed value, using a 5% agreement 172 

for consistency. The ratio of optimal emission rate to initial emission rate of propane was defined 173 

as emission rate factor. The temporal variation of more reactive propene from 10:00 to 15:00 was 174 

calculated in the same way, but the length of box was fixed and the emission rate of propene was 175 

modified by multiplying the initial emission rate of propene by the emission rate factor 176 

determined by propane above. As such, the original OH profile used above was refined to fit the 177 

real situation in Hong Kong. The refined OH profile was then used to recalculate the temporal 178 

variation of propane. The entire procedure was called iteration. Iterations were repeated until 179 

convergence was obtained. Thus the length of box, emission rates of VOCs and OH profiles at 180 

different sites were obtained via this iterative approach.  181 

2.5 PBM-MCM model 182 

The photochemical box model (PBM) incorporating Master Chemical Mechanism (MCM) is a 183 

near-explicit chemical mechanism which describes the detailed gas-phase chemical processes 184 

involving the tropospheric degradation of a series of primary VOCs. The chemical mechanistic 185 

information was extracted from the Master Chemical Mechanism, MCM v3.2 (Jenkin et al., 1997; 186 
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Saunders et al., 2003), via website http://mcm.leeds.ac.uk/MCM.  187 

The model was constructed with measured CO, NO, NO2, SO2, C2-C9 NMHCs, temperature and 188 

relative humidity. Data were read every hour to calculate the in-situ rates of O3 production and 189 

destruction. The model has been widely used in Hong Kong (Ling et al., 2014; Lyu et al., 2015b, 190 

2016). 191 

3 Results and discussion 192 

3.1 Meteorological conditions 193 

Figure 2 shows the average geopotential height (HGT) and wind field on 1000 hPa for East Asia 194 

during the two sampling campaigns. The pressure (represented with HGT) over Hong Kong was 195 

comparable between the two campaigns. The wind was northeasterly on 27 September 2013, 196 

while it was calm on 24 September 2014 in Hong Kong. The lower wind speed in the latter 197 

campaign was expected to elevate the VOC concentrations. However, the levels of most VOCs 198 

remained similar, whereas those emitted from LPG source decreased between the two campaigns 199 

(see sections 3.2 and 3.3), indicating that meteorological parameters did not have substantial 200 

influence on the VOC levels of the two campaigns. 201 

 202 

Figure 2 Average geopotential height and wind field on (a) 27 September 2013 and (b) 24 203 

September 2014. The figures are made using NCEP FNL (final) data with a horizontal resolution 204 

of 1
°
×1

°
. 205 

 206 

http://mcm.leeds.ac.uk/MCM


 10 

3.2 Comparison of VOCs between the two campaigns 207 

Table 2 presents the average mixing ratios of VOCs at the 24 roadside sites and 6 general sites 208 

during the two campaigns. It is noteworthy that the average VOC values for the sites should 209 

reflect the real situation though uncertainties could exist for the samples at individual sites. It 210 

was found that the alkanes dominated the total VOC composition, followed by aromatics and 211 

alkenes, and the mixing ratios at roadside sites were much higher than those at general sites due 212 

to their proximity to the emission sources (p<0.05). From September 2013 to September 2014, 213 

values of most species remained unchanged except for n/i-pentanes, which increased at the 214 

general sites (p<0.05), indicating possibly increased emission of gasoline-fueled vehicles. 215 

Furthermore, aromatics such as xylenes and propylbenzenes increased significantly (p<0.05), 216 

perhaps due to the increase of solvent usage and/or vehicular emissions. In contrast, LPG related 217 

VOCs (propane and n/i-butanes) remained unchanged, while propene, the tracer of LPG 218 

combustion, even decreased at the roadside sites (p<0.05). In view of the above fact, to examine 219 

whether the replacement program was actually effective, it is necessary to conduct source 220 

apportionments to obtain the emission variations of LPG-fueled vehicles before and during the 221 

replacement program. 222 

 223 

Table 2 Mixing ratio of VOCs collected at the 30 sampling sites during the 2 sampling 224 

campaigns (average±95% confidence interval, pptv) 225 

 Species Roadside sites (n=24) 
a
 General sites (n=6) 

a
 

 Sept. 2013 Sept. 2014 Sept. 2013 Sept. 2014 

Alkanes Ethane 2518±209 2704±206 1833±179 1884±280 

 Propane 7723±1872 6996±1039 3631±2478 2849±1076 

 n-Butane 11166±3104 9003±1645 2828±1876 2694±1247 

 i-Butane 6413±1726 5455±931 1866±1227 1762±799 

 n-Pentane 773±197 1209±457 331±74 866±321 
*
 

 i-Pentane 1331±324 2097±1127 608±112 1372±499 
*
 

 n-Hexane 323±92 529±86 
*
 148±42 415±177 

*
 

 2,3-

Dimethylbutane 

118±46 186±51 48±22 137±58 
*
 

 2-Methylpentane 593±193 847±223 301±137 754±408 

 3-Methylpentane 315±95 588±153 
*
 174±85 552±285 

*
 

 n-Heptane 437±242 480±122 122±35 226±93 
*
 

 2-Methylhexane 444±235 416±82 151±51 255±123 
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 3-Methylhexane 449±243 510±90 145±51 353±156 
*
 

 n-Octane 106±37 137±46 47±10 74±24 

 2,2,4-

Trimethylpentane 

255±132 316±81 37±8 109±66 
*
 

Alkenes Ethene 4631±917 3748±669 1097±327 1082±398 

 Propene 1798±417 
*
 1084±230 233±70 201±93 

 1-Butene 197±40 161±32 53±21 48±25 

 i-Butene 566±145 
*
 371±87 150±58 94±33 

 trans-2-Butene 132±36 99±26 20±8 21±8 

 cis-2-Butene 82±25 56±15 14±4 13±5 

 1-Pentene 55±11 93±49 19±6 28±11 

 1,3-Butadiene 149±37 119±24 29±5 17±10 

 Isoprene 531±90 627±115 500±230 777±285 

Alkyne Ethyne 3916±671 3375±391 1978±426 2037±404 

Aromatics Benzene 886±138 
*
 662±64 556±67 518±105 

 Toluene 3270±1751 3371±527 1634±610 2745±1136 

 Ethylbenzene 643±127 674±87 438±150 703±230 

 p-Xylene 291±85 420±69 
*
 130±39 378±163 

*
 

 m-Xylene 483±178 703±153 161±50 602±296 
*
 

 o-Xylene 337±103 471±79 142±44 428±180 
*
 

 i-Propylbenzene 39±13 42±6 17±4 34±10 
*
 

 n-Propylbenzene 92±39 79±14 30±9 53±16 
*
 

 3-Ethyltoluene 380±210 212±59 66±23 113±47 

 4-Ethyltoluene 187±112 119±28 37±10 75±30 
*
 

 2-Ethyltoluene 164±76 87±22 41±12 53±22 

 1,3,5-TMB 234±127 
*
 78±24 40±14 37±15 

 1,2,4-TMB 821±486 
*
 288±85 128±54 145±67 

 1,2,3-TMB 228±102 84±22 56±24 45±19 
a
 Number of sites; 

*
 higher mixing ratios as compared to those in another sampling campaign at 226 

the confidence level of 95% (p<0.05). TMB refers to the trimethylbenzene isomers hereafter. 227 

 228 

3.3 Source apportionments of VOCs and trace gases 229 

Twenty main anthropogenic VOC species quantified in the 64 samples were applied to PMF for 230 

source apportionment for the two campaigns, respectively. The source profiles before and after 231 

the intervention program are similar (Figure 3). Three factors were extracted from the PMF 232 

model simulation. Since most of the samples were collected at roadside sites, it is expected that 233 

vehicular emissions were the dominant sources of VOCs in this study. The first factor was 234 

distinguished by the dominance of propane, n/i-butanes, ethene and propene, representing LPG-235 

fueled vehicle exhaust. Factor 2 had high percentages of all VOCs and trace gases except LPG 236 

related component and the trimethylbenzene isomers. It was assigned as gasoline and diesel 237 

vehicle exhaust. The third factor was closely associated with solvent usage because of high 238 
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loadings of xylenes and trimethylbenzenes. The profiles of factors identified were based on the 239 

results of previous source apportionment studies (Guo et al., 2007, 2011a; Lau et al., 2010; Ling 240 

et al., 2011) and VOCs source emission studies (Borbon et al., 2002; Guo et al., 2006, 2011b; Ho 241 

et al., 2009). Many different starting seeds were tested and no multiple solutions were found. In 242 

addition, good correlations were found between the observed and predicted VOC concentrations 243 

for the whole dataset (R
2
 = 0.95 and 0.96, respectively) before and after the replacement program. 244 

Moreover, all of the selected species had scale residuals normally distributed between -3 and 3, 245 

confirming that the measured data were well reproduced (USEPA, 2008). 246 

 247 

Figure 3 Source profiles of the three sources extracted from PMF in September 2013 (before the 248 

program) and September 2014 (after the program). The standard errors are estimated with the 249 

bootstrap in the PMF model. 250 

 251 

To sum up the VOC concentrations in each source, the mass and percentage contributions of the 252 

sources to VOCs are summarized in Table S2. Noticeably, the vehicle emissions were the 253 

dominant source of VOCs, with the contribution of 71.1±1.8 μg/m
3
 (85.5±2.1%) and 77.7±1.3 254 

μg/m
3
 (92.0±1.6%) before and after the program, respectively. From 2013 to 2014, the VOCs 255 

emitted from gasoline and diesel vehicles increased remarkably (p<0.05), whereas those 256 
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originated from LPG vehicle exhaust decreased significantly (p<0.05) from 41.3±1.2 μg/m
3
 257 

(49.7±1.5%) to 32.8±1.4 μg/m
3
 (38.8±1.7%). Table 3 shows the average concentrations of VOCs 258 

and trace gases in LPG vehicle exhaust. Clearly, CO, ethene, propane, propene, n/i-butanes and 259 

trimethylbenzene isomers all reduced significantly from before to after the replacement program 260 

(p<0.05). The emissions of NO and NO2 from LPG-fueled vehicles were minor, and the decrease 261 

of NO was insignificant (p>0.05). Table 4 presents the reductions of VOCs and NO at different 262 

sites. The mass and percentage contribution of LPG vehicle exhaust to VOCs experienced the 263 

greatest decrease at the roadside sites (p<0.05), with the contributions of 54.7±23.2 μg/m
3
 264 

(54.6±10.0%) before and 25.0±11.2 μg/m
3
 (30.8±9.9%) after the program, respectively. The 265 

effects were much weaker at the urban and new town sites, where the mass and percentage 266 

contribution to VOCs decreased slightly or even increased (p>0.05). Similarly, NO decreased 267 

noticeably (p<0.05) (before: 0.66±0.28 μg/m
3
; after: 0.04±0.02μg/m

3
) at roadside sites, while the 268 

reductions were not significant at the urban and new town sites (p>0.05). This inter-site 269 

difference was possibly caused by higher traffic flow and more dense LPG-fueled vehicles 270 

(particularly taxis) in the vehicle fleet at roadside sites.  271 

 272 

Table 3 Concentrations of VOCs and trace gases emitted from LPG-fueled vehicles (μg/m
3
) 273 

Species LPG vehicle exhaust 

before after 

NO 0.49 ± 0.44 0.03 ± 0.44 

NO2 0.00 ± 0.94 0.00 ± 1.05 

CO 336.24 ± 12.71 149.5 ± 11.1 

Ethane 0.71 ± 0.06 1.03 ± 0.05 

Ethene 2.83 ± 0.05 2.00 ± 0.05 

Ethyne 0.89 ± 0.06 0.87 ± 0.07 

Propane 7.63 ± 0.16 6.07 ± 0.14 

Propene 1.76 ± 0.02 0.91 ± 0.02 

i-Butane 8.93 ± 0.16 6.98 ± 0.13 

n-Butane 16.00 ± 0.26 11.52 ± 0.20 

i-Pentane 0.30 ± 0.05 0.75 ± 0.09 

n-Pentane 0.14 ± 0.03 0.38 ± 0.06 

n-Hexane 0.05 ± 0.02 0.17 ± 0.03 

n-Heptane 0.14 ± 0.01 0.20 ± 0.03 

Benzene 0.37 ± 0.05 0.44 ± 0.04 

Toluene 0.56 ± 0.16 0.94 ± 0.25 

Ethylbenzene 0.13 ± 0.05 0.17 ± 0.06 
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p-Xylene 0.08 ± 0.02 0.10 ± 0.04 

m-Xylene 0.14 ± 0.02 0.11 ± 0.05 

o-Xylene 0.08 ± 0.02 0.08 ± 0.04 

1,3,5-TMB 0.12 ± 0.01 0.00 ± 0.01 

1,2,4-TMB 0.32 ± 0.03 0.00 ± 0.03 

1,2,3-TMB 0.11 ± 0.01 0.01 ± 0.01 

Bolded are the species with significant reduction in LPG vehicle exhaust (p<0.05). 274 

 275 

Table 4 Mass and percentage contribution of LPG vehicle exhaust to VOCs and NO at different 276 

sites before and after the program 277 

Species Site Mass concentration (μg/m
3
) Percentage contribution (%) 

before after before after 

VOCs Urban roadside 54.7 ± 23.2 25.0 ± 11.2 54.6 ± 10.0 30.8 ± 9.9 

Urban 28.7 ± 35.8 23.7 ± 11.8 29.3 ± 30.3 31.1 ± 10.5 

New town 11.5 ± 9.8 16.5 ± 17.1 27.9 ± 23.6 20.8 ± 20.3 

NO Urban roadside 0.66 ± 0.28 0.02 ± 0.01 0.04 ± 0.02 0.005±0.002 

Urban 0.34 ± 0.42 0.02 ± 0.02 0.03 ± 0.03 0.005±0.004 

New town 0.14 ± 0.12 0.02 ± 0.02 0.01 ± 0.01 0.003±0.004 

 278 

3.4 Impact of replacement program on O3 formation 279 

3.4.1 Model validation and O3 simulation 280 

Since the estimated diurnal profiles of VOCs were used to simulate O3, it is necessary to validate 281 

the results with the online measured VOCs. Figure 4 shows the estimated and online measured 282 

diurnal patterns of total VOCs at MK, YL and TC, where the real-time VOCs data were available. 283 

26 VOC species were included in the total VOCs for calculation. The diurnal patterns of total 284 

VOCs estimated from the two points of canister sample data agreed well with the real-time 285 

measurements. Table S3 lists the Index of Agreement (IOA) values between the calculated and 286 

measured data of the 26 VOC species. Within the range of 0~1, higher IOA value indicates better 287 

agreement (Wang et al., 2015; Jiang et al., 2010). Fair to good agreement between the calculated 288 

and measured profiles of individual VOCs at these three types of sites suggested that the 289 

proposed method provided a reasonable estimate of VOC profiles based on the two canister 290 

samples. It is noteworthy that the measured and estimated VOC profiles during 01:00-09:00 did 291 

not fit very well at MK, probably due to the fact that the concentrations of VOCs, on one hand, 292 

were significantly influenced by in-situ traffic emissions as MK was a roadside site. On the other 293 
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hand, the method for estimating VOC diurnal profiles in this study was based on emission 294 

inventory, which was an averaged profile. This discrepancy in early morning would not 295 

substantially influence the simulation of O3 formation, because O3 formation was mainly 296 

simulated at daytime hours (i.e., 07:00~19:00), and the photochemical reactions of VOCs were 297 

weak between 01:00 and 09:00. 298 

 299 

Figure 4 Estimated and real-time measured diurnal profiles of total VOCs at MK, YL and TC. 300 

 301 

The calculated VOC diurnal profiles were then input into the PBM-MCM model for O3 302 

simulation. Figure 5 shows the daytime (07:00~19:00) simulated and observed O3 in 2013 and 303 

2014 at 13 sites where the online data of trace gases were available from the air quality 304 

monitoring network of HKEPD. In general, the simulated O3 agreed well with the observations, 305 

with the consistence of the peaks and troughs. The IOA between the simulated and observed O3 306 

was 0.7, indicating fairly acceptable performance of the model. In other words, in-situ O3 307 

formation dominated its ambient level at most sites. The difference between model simulation 308 

and observation at some other sites was likely due to the fact that the PBM-MCM model only 309 

considers O3 produced from photochemical reactions while the observed O3 is also influenced by 310 

the downward transport of stratospheric O3, dry deposition and horizontal transport from other 311 

regions/locations (Cheng et al., 2010a; Creilson et al., 2003; Lam et al., 2013; Xue et al., 2011). 312 
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 313 

Figure 5 Comparison between simulated and observed O3 in (a) September 2013 and (b) 314 

September 2014. 315 

 316 

3.4.2 Impact of the program on O3 formation 317 

Given the reduction of VOCs and NO emitted from LPG-fueled vehicles, it is interesting to 318 

explore the impact of these changes on O3 formation at different sites. 319 

Sensitivity experiments give the differences in O3 production between the scenarios with and 320 

without the LPG source as input. Through this approach, the O3 produced by LPG source before 321 

and after the program were obtained (Figure 6). Since O3 formation was usually limited by 322 

VOCs and suppressed by NO titration, the VOCs and NO in LPG made positive and negative 323 

contributions to O3 production, respectively. Considering the combined effect of VOCs and NO 324 

on O3 formation, LPG generally made a net positive contribution to O3. However, the 325 

contribution of LPG vehicle to O3 formation at roadside sites was negative before the program, 326 

mainly due to higher levels of NO emitted from LPG-fueled vehicles (0.66±0.28 μg/m
3
) than 327 

those at urban (0.34±0.42 μg/m
3
) and new town sites (0.14±0.12 μg/m

3
), resulting in higher NO 328 

titration to O3. 329 

Table 5 lists the average contributions of LPG vehicle exhaust to O3 at different types of sites 330 
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before and after the replacement program. At the roadside sites, the contribution of LPG vehicle 331 

turned from O3 destruction (-0.17±0.06 ppbv) before to O3 formation (0.004±0.038 ppbv) after 332 

the program. However, the resulting O3 increase was minor (only 0.18 ppbv, 3.1% of the average 333 

roadside O3 value). Although the decrease of VOCs and NO was not significant at the urban sites 334 

(p>0.05), O3 produced by LPG source decreased significantly (p<0.05), reflecting nonlinear 335 

relationship between O3 and its precursors, and also indicating the effectiveness of the program 336 

on O3 production at urban sites. At the new town sites, no significant change in the contribution 337 

of LPG vehicle to O3 production were observed (p>0.05). 338 

 339 

Figure 6 Contribution of LPG vehicle exhaust to O3 production before and after the program. O3 340 

production by LPG at the roadside sites is enlarged in the insert panel. 341 

 342 

Table 5 Site-dependent average contributions of LPG vehicle exhaust to O3 production (Unit: 343 

ppbv) 344 

 Before After 

Urban roadside -0.17 ± 0.06 0.004 ± 0.038 

Urban 4.19 ± 1.92 0.95 ± 0.38 

New town 3.37 ± 1.56 4.47 ± 1.89 

 345 

3.5 Spatial characteristics of O3-precursor relationship 346 

Figure 7 shows the relative incremental reactivity (RIR) of anthropogenic VOCs (AHC), 347 

biogenic VOCs (BHC), CO and NOx, as a measure of the sensitivity of O3 formation to the 348 



 18 

changes of the precursors (Cardelino and Chameides, 1995). The VOC groups and CO had 349 

positive RIR values, and the RIR values of VOC groups were higher than that of CO, indicating 350 

that O3 production was VOC-limited. The RIR values of AHC were mostly the highest, followed 351 

by BHC and CO. In contrast, the average RIR for NOx was negative, suggesting that cutting NOx 352 

led to O3 increase. Different from other sites where O3 formation was limited by AHC, BHC at 353 

the rural site TM was the most predominant reagent limiting O3 formation in September 2013, 354 

whereas the RIR of NOx in September 2014 became positive, same as VOCs and CO, indicating 355 

that O3 formation was limited by both VOCs and NOx. To understand the dominant VOC 356 

groups/species responsible for O3 formation, Table 6 shows the average RIR values of VOC 357 

groups/species at different types of sites (The RIR value of each VOC species is given in Table 358 

S4). The alkenes (6.91) and aromatics (7.01) had comparable RIR values and were the highest at 359 

the roadside sites, indicating that vehicular emissions were the most important sources of O3 360 

formation at roadside sites. On the other hand, the aromatics at the urban and new town sites 361 

were the most predominant VOCs for O3 formation, with the RIR values of 20.48 and 24.15, 362 

respectively. Solvent usage and traffic emissions were likely the main contributors at these two 363 

types of sites. In contrast, isoprene was responsible for O3 formation at rural site with the RIR of 364 

19.38.  365 
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 366 

Figure 7 RIR values of VOC groups, CO and NOx at different sites on (a) 27 Sept. 2013 and (b) 367 

24 Sept. 2014  368 

 369 

Table 6 Average RIR of VOC groups or species at different sites (Unit: %/%) 370 

 Urban roadside Urban New town Rural 

Alkanes 4.22 8.72 9.67 7.98 

Alkenes 6.91 10.24 11.35 8.35 

Aromatics 7.01 20.48 24.15 15.19 

Isoprene 1.31 4.18 8.56 19.38 

Ethyne 0.02 0.19 0.31 0.81 

 371 

4 Conclusions 372 

VOC canister samples were collected at 30 sites in Hong Kong before and after the LPG 373 

converter replacement program. Source apportionment revealed that the VOCs emitted from 374 

LPG-fueled vehicles significantly decreased at urban roadside sites after the program, while they 375 

remained unchanged at urban and new town sites. LPG vehicle exhaust was destructive to O3 376 

formation at the roadside sites before the program, whereas it switched to positive contribution 377 

after the program. Nevertheless, the resulting O3 increase was minor (3.1%). Although the 378 

decrease of VOCs and NO in LPG emissions was insignificant at the urban sites, O3 produced by 379 
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LPG vehicle reduced significantly during the program. The above results confirmed the success 380 

of the program, particularly in roadside and urban environments. Furthermore, O3 formation was 381 

mainly limited by VOCs regardless of locations, while VOCs and NOx could co-control the O3 382 

formation in rural areas. In addition, anthropogenic VOCs were the main species dominating O3 383 

formation, i.e., alkenes and aromatics in urban roadside environments, and aromatics at urban 384 

and new town sites, while O3 formation at rural sites was most sensitive to biogenic VOCs. The 385 

spatial characteristics of O3-precursor relationships provided useful guideline for the formulation 386 

and implementation of O3 abatement strategies in different-function areas of Hong Kong. 387 
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