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Abstract: Study of Air Quality Objectives (AQOs) and long-term changes of air 16 

pollution plays a decisive role in formulating and refining pollution control strategies. 17 

In this study, 10-year variations of six major air pollutants were analyzed at seven 18 

monitoring sites in Hong Kong. The continuous decrease of annual averaged 19 

concentrations of NO2, SO2, CO, PM2.5 and PM10 and numbers of days with severe 20 

pollution conditions validated the efficiency of the series of air pollution control 21 

schemes implemented by the Hong Kong government. However, there is still a big gap 22 

to meet the ultimate targets described by the World Health Organization. Besides, the 23 

concentration of O3 at roadside and urban stations increased by 135 ± 25% and 37 ± 24 

18% from 2011 to 2020, respectively, meanwhile the highest 8-hr averaged O3 25 

concentration was observed as 294 μg/m3 at background station in 2020, which pointed 26 

out the increasing ozone pollution in Hong Kong. There was a great decrease in the 27 

annual times of air quality health index (AQHI) laying in “high”, “very high” and 28 
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“serious” categories from 2011 to 2020 with the decrease rate of 89.70%, 91.30% and 29 

89.74% at roadside stations, and 79.03%, 95.98% and 72.73% at urban stations, 30 

respectively. Nevertheless, the number of days categorized as “high” or above at 31 

roadside station was twice more than that in the urban station during the past ten years. 32 

Thus, more policies and attentions should be given to the roadside air quality and its 33 

adverse health effect to pedestrians on street. 34 
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Introduction 45 

Due to the rapid economic growth and urbanization, air pollution has drawn much more 46 

public attention over the past couple of years and has been a severe global 47 

environmental issue (Kim et al., 2015; Liu et al., 2019). Hong Kong is one of the most 48 

developed regions in the world and plays an essential role in Guangdong–Hong Kong–49 

Macao Greater Bay Area (GBA) due to its special administrative status in China (Hui 50 

et al., 2020). The air quality in Hong Kong is affected by the intensive human activities 51 

and heavy traffic (more than 900,000 registered vehicles, at the end of 2020) (HKTD, 52 

2021) owing to its large population (7.5 million residents, at the end of 2020) 53 

(HKC&SD, 2021). Vehicle emission has become the primary pollution source in the 54 

urban area of Hong Kong as the migration of most industrial factories from Hong Kong 55 

to Mainland China (Chan and Yao, 2008; Cui et al., 2018; Ho et al., 2013). For example, 56 
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nitrogen oxides (NOX) and carbon monoxide (CO), as the major significant vehicular 57 

gaseous pollutants, were generated from road transport emission for about 16% and 50% 58 

in Hong Kong in 2019, respectively (HKEPD, 2020). In addition, the distance of 59 

vehicle-kilometer-travelled, which was an important variable for evaluating 60 

transportation-related environmental issues, increased by 22% from 2011 to 2019. As 61 

more and more medias are reporting air pollution episodes and the severe poor-visibility 62 

effect, the public has taken notice of controlling the emissions of air pollutants and 63 

improving air quality in Hong Kong and the GBA (Ai et al., 2016; Brimblecombe, 2022; 64 

Hossain et al., 2021). 65 

Ambient air quality objectives (AQOs), based on the causal link between air pollutions 66 

and environmental effects, were set up to standardize the requirements of good air 67 

quality and help to maintain the pollutants within the acceptable levels as far as possible 68 

(Angle, 2014). Hong Kong Air Quality Objectives (HK AQOs) were established by the 69 

Hong Kong government based on the methods from the United States in 1987, and it 70 

was reviewed at least once every five years. The requirements of HK AQOs and latest 71 

World Health Organization Air Quality Guidelines (WHO AQG) for different 72 

pollutants are listed in Appendix A Table S1. Besides, in order to address the critical 73 

air pollution situation and to provide the related information to the public on time, Hong 74 

Kong Environmental Protection Department (HKEPD) had set up the air pollution 75 

index (API), which was calculated by the concentration data of five types of major 76 

pollutants by a weighting system with the range from 0 to 500 and had been reported 77 

in real-time since 1995. Although API provides an assessable system for public to 78 

evaluate the air quality, a big shortcoming is that the calculation of the index ignores 79 

the joint effects from different air pollutants and only considers the deviation from the 80 

reference standard of one single pollutant. A multi-pollutant approach called air quality 81 

health index (AQHI) was pioneered in Canada (Stieb et al., 2008) to address the 82 

deficiency and to fill the gap between the rising concentration of pollutants and lag in 83 

reporting. Based on a multifaceted summary of health risks associated with individual 84 



pollutants, Wong et al. (2013) adapted the Canadian methods and developed the health-85 

risk-related reporting system in Hong Kong to enhance the existing air quality 86 

indicators. The AQHI provides more information about the overall impact of mixed air 87 

pollutants to public, especially to the groups with high health risks and concerns (Chen 88 

et al., 2013; Li et al., 2017; Sun et al., 2016). The government of the Hong Kong Special 89 

Administrative Region (HKSAR) has implemented a wide range of measures targeting 90 

at different local emission sources including motor vehicles, power plants and vessels 91 

(HKEPD, 2015). A series of schemes were launched to upgrade the cleanliness of 92 

automotive exhausts, such as partial franchised buses were retired on May 2012 (for 93 

pre-Euro emission standards) and May 2015 (for Euro I emission standards), and the 94 

statutory vehicle emission standards were progressively tightened to Euro VI since June 95 

2012. Besides, the Franchised Bus Low Emission Zones where a more restrictive 96 

vehicle emission-Euro V was established to further monitor and improve the air quality 97 

at designated roadside areas (HKEPD, 2015). In June 2021, the Clean Air Plan for Hong 98 

Kong 2035 was announced by the Environmental Bureau, which proposed the long-99 

term goals and strategies for a better environment and aimed to build Hong Kong into 100 

a clean metropolis with great air quality by 2035 (HKSAR, 2021). 101 

Although some achievements of air pollution control have been reported by HKEPD 102 

based on the reduction of the concentration of major air pollutants (Huang et al., 2015; 103 

Mason et al., 2019; Ng et al., 2013), detailed analysis of pollutants and their patterns in 104 

different monitoring stations was not conducted especially on a long-term basis. Hence, 105 

a 10-year continuous variation of air pollutants across roadside, urban and background 106 

sites in Hong Kong from 2010 to 2020 was analyzed in this study. The annual change 107 

of the major pollutants (NO2, SO2, O3, CO, PM2.5 and PM10) and the comparisons with 108 

their relevant standards were presented. Moreover, the spatial differences of pollutants 109 

were illustrated, which thus can verify the impact of different geographical factors on 110 

pollution status and transformation and then determine any further measures that could 111 

be proposed and implemented in specific areas. The distribution of AQHI was 112 



calculated seriatim over the past ten years to investigate the improvement of air quality 113 

and provide a comprehensive assessment on human health and control measures in 114 

Hong Kong. 115 

 116 

1 Materials and methods 117 

1.1 Roadside pollutants concentrations retrieved from HKEPD 118 

The HKEPD has set up the air pollution monitoring network comprising 18 fixed 119 

monitoring stations (15 general stations and 3 roadside stations) to continuously 120 

monitor the air pollution across Hong Kong and to forecast the air pollutants and health 121 

risks to the public. Three roadside air pollution monitoring stations located in the 122 

business area of Central (C), Causeway Bay (CB), and Mong Kok (MK) with heavy 123 

traffic and commercial buildings around are our main research targets. Besides, three 124 

general stations near the abovementioned roadside stations, which located in 125 

Central/Western (CW), Eastern (E), and Sham Shui Po (SSP) respectively, were also 126 

selected as urban sites. Moreover, a rural air pollution monitoring station situated in the 127 

island of Tap Mun (TM) with rare human activities was also introduced into this study 128 

as the background point for further analysis and comparison. These seven air 129 

monitoring stations were selected to study the roadside, urban and rural air pollution 130 

situations during the past ten years. The locations of the seven air quality monitoring 131 

stations are illustrated in Fig. 1, and the brief descriptions of the those monitoring 132 

stations are listed in Table 1. 133 

The hourly averaged concentration data from the seven air quality monitoring stations 134 

was retrieved from HKEPD (https://cd.epic.epd.gov.hk/EPICDI/air/station/). The 135 

concentrations of both gaseous pollutants (CO, NO, NO2, O3, and SO2) and particulate 136 

pollutants (fine suspended particulates (FSP), also named as PM2.5 and respirable 137 

suspended particulates (RSP), also named as PM10) were collected from January 2011 138 

to December 2020. The concentration data of CO are not recorded at the three urban 139 

stations. The NO data is not provided at the E station, and the concentration of PM2.5 is 140 

https://cd.epic.epd.gov.hk/EPICDI/air/station/


not available at CB station before March 2011 and CW station before August 2011, 141 

respectively. Other small amounts of discrete missing data are due to the on-site 142 

maintenance and calibration of equipment. 143 

 144 

1.2 Calculation and banding of air quality health index (AQHI) 145 

The AQHI, which replaced the air pollution index (API) in Hong Kong from 2013, is a 146 

short-term health-risk-based air pollution index (HKEPD, 2013). The AQHI considers 147 

the effect of multiple pollutants and is reported on a scale of 1 to 10 and 10+, which is 148 

further grouped into five health risk categories (as shown in Table 2). 149 

The hourly AQHI is calculated from the sum of the percentage added health risk (%AR) 150 

of the 3-hr rolling average concentrations of four criteria air pollutants including 151 

nitrogen dioxide (NO2), ozone (O3), sulfur dioxide (SO2), and PM (PM2.5 or PM10, 152 

whichever poses a higher health risk) (Wong et al., 2013). The %AR was calculated 153 

by equations Eq. (1) and (2): 154 

%AR(X)=[exp(β(X)×C(X))–1]×100%     (1) 155 

where X represents NO2, SO2, O3, PM2.5 and PM10, %AR(X) is the added health risk 156 

of pollutant X, respectively, C(X), is the 3-hr moving average concentration of the 157 

pollutants X in microgram per cubic meter (µg/m3); and β(X) is the added health risk 158 

in Hong Kong of the pollutant X. 159 

β(NO2)= 0.0004462559 160 

β(SO2)= 0.0001393235 161 

β(O3)= 0.0005116328 162 

β(PM10)= 0.0002821751 163 

β(PM2.5)= 0.0002180567 164 

%AR=%AR(NO2)+%AR(SO2)+%AR(O3)+%AR(PM)     (2) 165 

where %AR(PM)=%AR(PM10)  or  %AR(PM2.5), whichever is higher. 166 

 167 

2 Results and discussion 168 

2.1 Long- term variations of air quality 169 



An overall temporal variation of the averaged concentrations of six pollutants in the 170 

seven air monitoring sites from 2011 to 2020 is illustrated in Fig. 2. It is obvious that 171 

the concentration level for most of the pollutants (except for O3) was gradually 172 

decreasing during the past 10 years, which should be attributed to the updating and 173 

tightening of the policies and requirements for on-road vehicles and their emissions 174 

launched by the HKSAR government. Though the air quality was threatened by the 175 

increase of total registered vehicles and the annually travelled vehicle-kilometers in 176 

recent years, the improvement of air quality in Hong Kong indicates that the measures 177 

implemented by the government are effective (HKTD, 2019). 178 

Table 3 lists the variation rates of air pollutants at the seven stations from 2011 to 2020 179 

in order to clearly express the changes. The descent rates of NO2 at the seven air 180 

monitoring stations range from 27.18% (TM) to 45.34% (CB). TM shows the lowest 181 

overall concentration of NO2 and it is the only station that achieves the annual 182 

requirements of both HK AQO and WHO AQG among the studied stations (Fig. 2a), 183 

as TM is a rural station without vehicular emission sources nearby. For other sites, 184 

although the concentrations of NO2 showed a definite tendency to gradually decrease, 185 

they still exceeded the annual standard of both HK AQO and WHO AQG most of the 186 

time, which is 40 μg/m3. Only two urban stations, CW and E, met the annual standard 187 

of HK AQO and WHO AQG after 2017. 188 

SO2 (Fig. 2b) and CO (Fig. 2d) presented an overall decrease trend with slight 189 

fluctuations in the annual averaged concentrations from 2011 to 2020, which ranged 190 

from 44.3% (CB) to 76.33% (E) for SO2 and from 36.3% (TM) to 3.63% (C) for CO, 191 

respectively. There was no annual air quality objective for the pollutants of SO2 and 192 

CO. The concentration of SO2 at TM was higher than many roadside and urban stations, 193 

although TM is deemed as a background station with lowest concentration of NO2, CO, 194 

PM2.5 and PM10. Ship emission was one of the major sources of SO2 pollution in Hong 195 

Kong, which contributed about 36% of ambient SO2 concentrations (Ng et al., 2013; 196 

Yau et al., 2012). TM is not close to any shipping ports in Hong Kong but is close to 197 



several ports based in mainland China (Ng et al., 2013), where there is no strict 198 

regulation on the emission from marine vessels (Mason et al., 2019). Besides, the 199 

highest CO concentration was recorded at MK station. As CO is generally a stable 200 

chemical in the atmosphere and mainly comes from the incomplete combustion of fuels 201 

from traffic vehicles' engines (Han and Naeher, 2006), the highest concentration at MK 202 

is due to its highest traffic intensity among the three roadside stations (shown in the 203 

Appendix A Test S1 and Fig. S1). 204 

Undoubtedly, particle pollution (PM2.5 and PM10) level showed an evident decreasing 205 

tendency over the past 10 years, which is demonstrated in Fig. 2e and Fig. 2f, 206 

respectively. In general, the concentration of PM2.5 decreased by 48.99% (CB) to 64.20% 207 

(SSP), while the concentration of PM10 concentration decreased by 38.28% (E) to 53.15% 208 

(C). In addition, with the implementation of a series of control policies, the 209 

concentrations of PM10 met the HK AQO at all the seven stations from 2016 to 2020. 210 

However, the annual concentrations are still beyond the ultimate targets of the WHO 211 

AQG, which are 10 μg/m3 for PM2.5 and 20 μg/m3 for PM10. 212 

Contrary to other pollutants, O3 showed a continuous increase from 2011 to 2019 and a 213 

slight decline in 2020 (Fig. 2c). As a secondary pollutant formed from the process of 214 

photochemical reactions, the concentration of O3 is largely influenced by its precursors 215 

and meteorological conditions such as VOCs and NOX under sunlight irradiation (Chen 216 

et al., 2020; Tan et al., 2021; Wang et al., 2021). Due to a series of social distancing and 217 

lockdown actions implemented in 2020 to reduce the transmission of COVID-19 in 218 

Hong Kong and GBA, both the emissions and transportations of various O3 precursors 219 

were reduced (Le et al., 2020). Owing to the noticeable decrease of VOCs and NOX, 220 

the O3 generated through the abovementioned photochemical reactions declined 221 

significantly at urban and rural stations, and the overall rates of decrease were 17% 222 

(CW), 20% (E), 8% (SSP) and 10% (TM), respectively. However, the drop of O3 223 

concentration was not obvious at the three roadside stations and the potential reasons 224 

for spatial variability of O3 will be discussed in Section 2.3. Furthermore, the peak 225 



concentration of the daily highest 8-hr average concentration of O3 was measured at 226 

TM in 2020, which was 294 μg/m3. The worsening situation of O3 pollution has drawn 227 

much attention in Hong Kong in the last decade and many O3 episode days have been 228 

reported (Chen et al., 2020; Wang et al., 2017, 2001). 229 

 230 

2.2 Exceedance of Air Quality Standard 231 

To further evaluate the air quality at the seven mentioned air quality monitoring stations, 232 

the frequencies of exceedance for 24-hr PM2.5, 24-hr PM10, 8-hr O3 and 1-hr NO2 were 233 

calculated every year in Appendix A Table S3, which are defined as the ratio of the 234 

numbers of days or hours (1-hr NO2) when the calculated concentrations exceed their 235 

corresponding standards (referred to the HK AQO shown in Appendix A Table S1) to 236 

the total numbers of days or hours in that year. There were great improvements of air 237 

pollution situations for both PM2.5 and PM10 during the past ten years. Their frequencies 238 

of exceedance decreased from 2011 to 2020 and no excessive day was observed at all 239 

stations in the year 2020. There was also a noticeable decline of the frequency of 240 

exceedance for 1-hr NO2, especially for the three roadside stations, which changed from 241 

9.44% to 0.46 % (C), 8.34% to 0.26% (CB) and 6.72% to 0.42 (MK), receptively. 242 

Conversely, the frequency of exceedance for 8-hr O3 demonstrated an unexpected 243 

increase and it should be noticed that the frequency at urban sites was greater than that 244 

at roadside sites. However, the worst situation was observed at the rural site and the 245 

frequency of exceedance ranged from 4.37% to 12.88%. Besides, an unusual large in 246 

quantity of the days with O3 concentrations exceeding the 8-hr standard was spotted in 247 

2019, and the exceeding days were 47 for rural station (TM) and 21 for urban station 248 

(CW). 249 

 250 

2.3 Spatial variability of air quality 251 

As discussed in section 2.1, it can be observed that there are obvious disparities of 252 

concentrations of pollutants regarding to their different station types and locations. The 253 

annual averaged concentrations of all pollutants in the three types of stations are shown 254 



in Fig. 3. In general, roadside stations had the worst air quality with the highest 255 

concentration of NO2, CO, PM2.5 and PM10. It was facile to conclude that concentrations 256 

of NO2, CO, PM2.5 and PM10 at roadside stations were higher than those at the nearby 257 

urban stations as the latter stations are placed far away from the main road and normally 258 

located on the higher roof of the buildings, while roadside stations are located at the 259 

main traffic streets or even at intersections where are the busiest commercial districts 260 

in Hong Kong as well. The heavy traffic motions with large amount of vehicle exhausts 261 

and dusts on road would lead to these severe pollutions. Background station showed 262 

the significant low concentrations of NO2 (Fig. 3a) and CO (Fig. 3d) compared with 263 

the other six roadside and urban stations for its rare vehicle emissions nearby. The 264 

annual variations of PM2.5 and PM10 at three different stations are shown in Fig. 3e and 265 

Fig. 3f. It was not surprising that the roadside concentrations of PM2.5 and PM10 were 266 

the highest due to its heavy traffic and there was apparent consistence in annual changes 267 

compared with other sites from 2011 to 2020. 268 

However, as illustrated in Fig. 3b, the SO2 concentration at the background station was 269 

as high as other sites and was even the highest among the three types of stations in 2013 270 

and 2016 to 2019, which could be explained by the following reasons. As discussed 271 

before, ship emission is the major contributor of SO2 at coastal areas (Lau et al., 2005; 272 

Ng et al., 2013), especially for the place like Hong Kong, which is a major hub port for 273 

South Asian Pacific region and mainland China and serves as the fourth busiest 274 

shipping port in the world (Mason et al., 2019). Moreover, the concentration of SO2 at 275 

TM station was further influenced by the neighboring shipping ports in mainland China 276 

(Mason et al., 2019; Ng et al., 2013). 277 

As a major constituent of photochemical smog, O3 is not considered as a direct-emitted 278 

pollutant, while it is formed by photochemical reactions between NOx and volatile 279 

organic compounds (VOCs) under sunlight radiations (Cheung and Wang, 2001; Xu et 280 

al., 2011).As shown in Fig. 3c, background station owned the highest O3 concentration 281 

level among all types of stations with the 10-year averaged concentration of 70.61 282 



μg/m3, while the concentrations were 21.33 μg/m3 and 44.75 μg/m3 for roadside stations 283 

and urban stations, respectively. One reason for the O3 trend among different types of 284 

sites should be the titration role of NO, which should exhibit highest concentration on 285 

roadsides, then urban sites, resulting in the relatively low concentration of O3 compared 286 

with the rural site. However, the annual average ozone concentrations at the roadside 287 

and urban stations increased by 56.82% and 25.53% from 2011 to 2020, respectively, 288 

while only 0.75% increase was recorded at the rural station. The huge growth of O3 289 

pollution at roadside and urban site was mainly due to the reduction of local NOx 290 

emissions from vehicles. O3 formation was limited by VOCs in urban areas of Hong 291 

Kong (Chen et al., 2020; Cui et al., 2018; Liao et al., 2021; Tan et al., 2021), and the 292 

reduction of NOx does not guarantee a decrease in ozone in VOC-limited regions due 293 

to the nonlinear relationship between NOx and O3 (Atkinson-Palombo et al., 2006; Marr 294 

and Harley, 2002; Sillman et al., 1990). The lessened NOx-titration effect caused by the 295 

reduction of NO will result in more ozone remaining in the atmosphere and lead to a 296 

large increase in measured ozone concentrations (Tonse et al., 2008), which has been 297 

reported in Hong Kong and PRD regions (Li et al., 2013; Xue et al., 2014; Zhang et al., 298 

2021). The generation of O3 in the remote area was affected by many factors, such as 299 

biomass burning, long-range transportation of ozone precursor, i.e., methane, CO, NOX, 300 

volatile organic compounds (VOCs), and atmospheric circulation (Wang et al., 2009). 301 

Therefore, the background station exhibited both regional and super-regional 302 

characteristics and the concentration of O3 became the highest at background station 303 

due to the regional chemical processes and transportation of urban plumes (So and 304 

Wang, 2003; Zheng et al., 2010, 2009). In conclusion, it seems to be a long-term project 305 

to reduce the peak ozone concentration in Hong Kong by only controlling NOx 306 

emissions, in other words, VOC control should also be considered (HKSAR, 2020; Li 307 

et al., 2013). 308 

 309 

2.4 Evaluation of the effectiveness of air pollution control measures and NOX 310 



Pollution source control is often considered to be the most practical and effective way 311 

to deal with air pollution. A wide range of policies were successively implemented by 312 

the government of Hong Kong for the control of vehicular emissions (HKEPD, 2015). 313 

Appendix A Table S4 tabulates the control measures and regulations for vehicles and 314 

their emissions suggested and enforced by HKEPD since 2011. As roadside NOx 315 

concentration is immensely affected by the emissions from on-road vehicles (Pandey et 316 

al., 2008), it would be helpful to use its variations to understand how policy could affect 317 

the emission of pollutants. Fig. 4 visualizes the annual averaged NOX concentration 318 

from three roadside stations with the milestones marking the implementation of 319 

different control measures. The annual concentration of NOX dramatically decreased 320 

from 312.47 ± 14.40 μg/m3 in 2012 to 250.24 ± 6.10 μg/m3 in 2014, which was 321 

attributed to the retirement of pre-Euro buses and tightening to Euro V Emission 322 

standard during that period. With a series of subsequent control measures for 323 

commercial vehicles such as phasing out Pre-Euro IV light buses and stopping using 324 

Euro I buses, the emission of NOX reduced progressively. After a slight increase of NOX 325 

in 2017, another incentive policy was proposed to tighten the first registered vehicles 326 

to Euro VI emission standard. Moreover, more than 8 thousand of highly-polluted 327 

diesel-fueled vehicles were required to be obsolete or upgraded to meet the Euro VI 328 

standard by the end of 2019. Another critical measure was that all the buses need to be 329 

retrofitted to meet the standard of Euro IV. Under the support of these control measures 330 

in Hong Kong, the concentration of NOX was decreased conspicuously by nearly 50% 331 

from 320.16 ± 14.4 μg/m3 in 2011 to 165.36 ± 13.73 μg/m3 in 2020, which indicated 332 

that the implementation of appropriate measures was an effective way to control vehicle 333 

emissions and improve pollution situation of roadside NOX (Ai et al., 2016; Tian et al., 334 

2011). 335 

 336 

2.5 Evaluation of AQHI 337 

As the AQHI is a reporting system that estimates short-term health risk based on air 338 



pollutions and helps to take precautionary measures to protect human health (Wong et 339 

al., 2013), it is therefore reasonable to exclude the background station TM for further 340 

evaluation, where few people may stay. According to the recommended cut-points for 341 

different bands of AQHI and their corresponding health risk categories, the frequencies 342 

of each AQHI band are calculated and recorded. The specific times when the averaged 343 

AQHI is at band 7 or above (which belong to “high”, “very high” and “serious” 344 

categories) at roadside and urban stations from 2011 to 2020 are demonstrated in Fig. 345 

5. In general, with the implementation of a series of air pollution control measures, the 346 

times of AQHI at “high”, “very high” and “serious” categories from 2011 to 2020 went 347 

through a sharp reduce with the rates of 89.70%, 91.30% and 89.74% at roadside 348 

stations, and 79.03%, 95.98% and 72.73% at urban stations, respectively. Besides, the 349 

number of times with high-risk or above at roadside was much higher than that in the 350 

urban stations. Over the past 10 years, the statistic times of AQHI laying in “high”, 351 

“very high” and “serious” categories at roadside stations were 2.45 times, 2.89 times 352 

and 2.30 times higher than those at urban stations, respectively, which indicated that 353 

additional precautions should be taken for the public on roads and sidewalks. 354 

However, it should be noted that the unexpected fluctuations and rises were observed 355 

from 2017 to 2019. The possible reason was the increased concentrations of O3 at both 356 

roadside and urban stations. As shown in Eq. (1), the AQHI was calculated from the 357 

summation of %AR , which was calculated by using the concentrations of four 358 

pollutants, NO2, SO2, O3, and PM10 in this study. The respective regression coefficients 359 

β(O3)  owned the highest value among these four pollutions, which indicated the 360 

highest potential risk to human. Although the long-term evolution conveyed by the 361 

AQHI system shows an improved air quality in Hong Kong, the trend of the increasing 362 

concentration of O3 should not be neglected for human health risk. 363 

 364 



3 Conclusions 365 

A long-term variation of air pollutions was analyzed to evaluate the air quality in Hong 366 

Kong from 2011 to 2020. The annual averaged concentrations of the major air 367 

pollutants (NO2, SO2, CO, PM2.5 and PM10) decreased in the past ten years due to a 368 

series of control strategies implemented by the Hong Kong government. The annual 369 

averaged concentrations of particulate matters all met their related requirements of HK 370 

AQO in 2020. However, the ever-increasing concentration of O3 was observed at all 371 

the monitoring stations. The O3 concentration at the background site was 3.31 times 372 

and 1.58 times greater than the averaged concentrations at roadside sites and urban sites, 373 

respectively. However, huge growths of O3 concentration at roadside stations were 374 

observed with growth rates of 112% (C), 123% (CB) and 170% (MK). The regional 375 

chemical processes (dominant O3-forming precursors) and less transportation effects 376 

may jointly contribute to the increase of O3 concentration at background station, while 377 

the reason for its increase at roadside stations was the reduction of NOx-titration effect. 378 

The increased concentrations of O3 also lead to unexpected fluctuations and rises of the 379 

frequency of high AQHI from 2017 to 2019, which may pose threats to human health. 380 

The AQHI categorized as “high” or above at roadside stations ranked at the first place 381 

indicating that more attentions should be taken for the public who often expose to the 382 

street environment. At the same time, distinct and positive effects on air quality 383 

improvement in Hong Kong were achieved by the current policies, especially for the 384 

control of NOX and particulate matters. In addition, customized and regionalized 385 

control strategies for effectively reduction of O3 are urgently needed and intercity 386 

corporations for policy making and pollution control are expected. 387 
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List of figures  

 

Fig. 1 The locations and appearances of seven air quality monitoring stations. Red color 

represents the roadside stations, green color represents the urban stations, and yellow 

color represent the background station. 
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Fig. 2 Annual concentration of (a) NO2, (b) SO2, (c) O3, (d) CO, (e) PM2.5 and (f) PM10 

from 2011 to 2020 at seven air quality monitoring stations (Detailed data was listed in 

Appendix A Table S2). The black dotted lines marked as new annual Hong Kong Air 

Quality Objectives (HK AQO) and blackish green dotted lines marked as the ultimate 

targets according to World Health Organization's Air Quality Guidelines (WHO AQG), 

respectively.  
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Fig. 3 Spatial variations of (a) NO2, (b) SO2, (c) O3, (d) CO, (e) PM2.5 and (f) PM10 

between roadside, urban and background stations from 2011 to 2020. The red squares 

are the average concentration of three roadside stations; the green squares are the 

average concentration of three urban stations; the whiskers are standard deviation. 
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Fig. 4 Temporal variation of NOX concentration at roadside with the timeline of 

implementation of air pollution control measures from 2011 to 2020. The solid squares 

are the average concentration of three roadside stations; the shaded areas are standard 

deviation; air pollution control measures are listed in text box. 
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Fig. 5 Distribution of the times of different AQHI bands at roadside and urban stations 

from 2011 to 2020. The recommended health risk categories are: high (7); very high 

(8,9,10) and serious (10+). 
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List of tables  

Table 1 Summary and characteristics of air quality monitoring stations 

Type Name Abbreviation Description 
Sampling 

Height (m) 
Remark 

Roadside Causeway Bay CB 

At the roadside of Yee Wo Street with the most bus 

stations nearby among the 3 roadside stations, a 

busy commercial and shopping area surrounded by 

tall buildings and high mansions 

3  

Roadside Central C 
At the intersection of Chater Road and Des Voeux 

Road with very busy traffic in Central 
4.5  

Roadside Mong Kok MK 

At the joint point between Nathan Road and Lai Chi 

Kok Road with heavy traffic throughout the day, 

the most densely populated districts in Hong Kong 

3  

Urban Eastern E 
On the rooftop inside the Sai Wan Ho Fire Station, 

adjacent to Taikoo Shing 
15 

Nearest 

to CB 

Urban Central/Western CW 
On the roof of Sai Ying Pun Community Complex 

and close to the MTR Sai Ying Pun Station 
16 

Nearest 

to C 

Urban Sham Shui Po SSP 
Inside the Sham Shui Po police station, locates at 

the center of Sham Shui Po District 
17 

Nearest 

to MK 

Background Tap Mun TM 
In the northeastern island of Hong Kong, inside Tap 

Mun Police Post, least human activities nearby 
11 Rural 
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Table 2 Summary of health risk category and Air Quality Health Index (AQHI) 

  

Health Risk 

Category 
AQHI 

Added Health Risk 

(%AR) 
Remark 

Low 

1 0 - 1.88 

 2 >1.88 - 3.76 

3 >3.76 - 5.64 

Moderate 

4 >5.64 - 7.52 %AR of 5.64: 0.5 × threshold for people who are sensitive 

to air pollution (%AR of 11.29) to take precautionary 

actions 

5 >7.52 - 9.41 

6 >9.41 - 11.29 

High 7 >11.29 - 12.91 
%AR of 11.29: threshold for people who are sensitive to 

air pollution to take precautionary actions 

Very High 

8 >12.91 - 15.07 
%AR of 12.91: threshold for the general public to take 

precautionary actions 
9 >15.07 - 17.22 

10 >17.22 - 19.37 

Serious 10+ >19.37 
%AR of 19.37: 1.5 × threshold for the general public 

(%AR of 12.91) to take precautionary actions 



Table 3 Rate of change (%) of air pollutants at seven stations from 2011 to 2020 

Stations NO2 SO2 O3 CO PM2.5 PM10 

C -44.82 -67.29 112 -3.63 -56.28 -53.15 

CB -45.34 -44.33 123 -32.86 -48.99 -44.77 

MK -38.44 -64.43 170 -28.22 -50.59 -48.12 

CW -39.88 -69.99 47 N.A. -53.04 -50.46 

E -41.85 -76.33 12 N.A. -52.38 -38.28 

SSP -34.99 -65.31 53 N.A. -64.20 -45.51 

TM -27.18 -59.19 1 -36.30 -55.71 -47.24 
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