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Abstract. Tropospheric ozone affects the earth’s radiative balance, oxidative capacity and air 11 

quality, yet the long-term ozone trend in East Asia and its driver(s) remain poorly understood. 12 

Here we present ozone measurements obtained during 1994-2018 on China’s southern coast. 13 

The measurement location intercepts China’s outflow most of the time and the inflow of 14 

tropical maritime air during summer. We found an overall increase in the ozone level (0.35 15 

ppbv year-1), and the increase occurred mainly during the first half of the 25-year period but 16 

appeared to level off in recent years in Chinese outflow. Large ozone increase (~20% decade-17 

1) was found in maritime air. Model simulations show that recent weather conditions have18 

reduced maritime ozone, counteracting the forcing from the growing Southeast Asia’s 19 

emissions. Our results fill the gap in the long-term ozone trend in Asia and highlight the 20 

complex interaction of climate and emission in driving the ozone change.  21 

22 

Plain Language Summary. Tropospheric ozone has great influence on environmental issues 23 

ranging from air quality, ecosystem productivity and climate warming. Assessing the ozone 24 

impacts in fast-developing Asia has been hindered by the lacking of continuous and long-term 25 

measurements. We present here the longest continuous record of surface ozone in non-urban 26 

areas of subtropical Asia. Using comprehensive tools, we reveal that the measurements on the 27 

south China’s coast detected different ozone trends in air from eastern China (increasing in 28 

early years but stabilizing lately) and from Southeast Asia (continuous rise and at the largest 29 

rate). The latter finding is particularly striking, and we show that climate change actually 30 

counteracted the forcing from emission increases from Southeast Asia. Our results fill the gap 31 

in the long-term ozone trends in Asia and highlight the complex interaction of climate and 32 

emission in driving the ozone trend.  33 

34 

Key points. 35 

• We present the first long-term measurements of background ozone and CO in36 
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subtropical East Asia, which shows an overall ozone increase rate of 0.35 ppbv year-1. 37 

• The ozone increase occurred during the first half of the 25-year period but appeared to 38 

level off during recent years in China’s outflow. 39 

• Maritime air has shown the largest rate of ozone increase, and climate change has 40 

counteracted the forcing from the growing Southeast Asia’s emissions. 41 

 42 

1. Introduction 43 

Tropospheric ozone is a greenhouse gas that contributes directly to climate warming (Pachauri 44 

et al. 2014). It is the major source of hydroxyl radicals that determine the removal rates of many 45 

chemically and radiatively active gases in the atmosphere (Warneck 1999). High concentrations 46 

of ozone at the ground level have adverse effects on human health and vegetation (Council 47 

1992). The tropospheric ozone burden is influenced by emissions of ozone precursors – oxides 48 

of nitrogen (NOx), carbon monoxide (CO) and volatile organic compounds (VOCs) – and by 49 

meteorological conditions that affect the emission and chemistry of the precursors and 50 

atmospheric transport patterns (Monks et al. 2015; Jacob and Winner 2009). Ozone levels in 51 

urban and rural areas in North America and Europe have mostly decreased in recent decades 52 

due to reductions in anthropogenic emissions (Parrish et al. 2014; Gaudel et al. 2018; Akimoto 53 

2003), but the trend and drivers in some regions are quite complicated. Despite the decreases 54 

in the regional emission of ozone precursors, the ozone levels in rural areas of the western 55 

United States have shown upward trends (Lin et al. 2017), which are attributed to increases in 56 

Asian emissions (Lin et al. 2017; Jacob, Logan, and Murti 1999; Cooper et al. 2010), increased 57 

frequency of biomass burning (Westerling et al. 2006; Jaffe et al. 2008; Lin et al. 2017) and 58 

strengthened downward transport from the stratosphere (Neu et al. 2014; Lin et al. 2015). The 59 

tropospheric ozone in the remote central Pacific Ocean is strongly affected by the decadal 60 

changes in atmospheric circulation, which weakens the impact of Asian emissions during the 61 

spring but enhances it during autumn (Lin et al. 2014). Springtime ozone at Mt Happo, Japan 62 

has been suppressed by reduced long-range transport from China in recent years (Okamoto et 63 

al. 2018). A modelling study suggested that the trend of shifting ozone precursor emissions to 64 

low-latitude regions of Asia has significantly affected the global distribution and burden of 65 

tropospheric ozone (Zhang et al. 2016). The tropical and subtropical regions of East Asia are 66 

strongly influenced by the monsoon climate and have seen rapid industrialisation in China and 67 

Southeast Asian countries over the past 30 years. Here we report surface ozone and carbon 68 

monoxide (CO), an ozone precursor and pollution tracer, measured from 1994 to 2018 at Hok 69 
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Tsui (HT), a background site on China’s south coast, in Hong Kong. These data represent the 70 

longest record of surface ozone and CO in this important region of Asia and provide a critical 71 

dataset to assess the impact of ozone on the climate and ecosystem. We examined the 25-year 72 

ozone change in all four seasons and in major air masses and also compare the data with 73 

ozonesonde. We focused on the surprisingly large concentration increase in maritime ozone 74 

during summer and used large-scale meteorological and satellite-derived chemical data and a 75 

regional chemistry transport model to assess the impact of climate change and emissions on 76 

marine ozone. 77 

 78 

2. Methods 79 

2.1. Observations and trend analysis  80 

Ozone and carbon monoxide were measured at a coastal background site (HT) by the research 81 

team of the Hong Kong Polytechnic University with the ultraviolet absorption and infrared 82 

absorption techniques, respectively. The data for 1994-2007 were reported by Wang et al. 83 

(2009), to which the reader is referred for a detailed description of the site and data quality 84 

control. Ozonesonde was launched by the Hong Kong Observatory at King’s Park in the centre 85 

of urban Kowloon since 1993, initially on a monthly basis, with the frequency increased to 86 

weekly in 1993-1994 and 2000-2001 and after April 2003 87 

(http://www.weather.gov.hk/publica/reprint/r1173.pdf). The ozonesonde data are accessible at 88 

the World Ozone and Ultraviolet Radiation Center (http://woudc.org/data/stations/id=344). 89 

 90 

To determine the magnitude of the trend’s direction, we adopted the nonparametric Theil-Sen 91 

(T-S) estimator(Sen 1968) and the Mann-Kendall (M-K) test (Mann 1945) because they do not 92 

require prior assumptions of statistical distribution for the data and are resistant to outliers 93 

(Lefohn et al. 2017). The T-S estimator was used to compute the rate of change, and the M-K 94 

test was used to determine the level of significance. We computed the linear trend for annual 95 

and seasonal means and according to air mass groups. For the surface ozone, we also computed 96 

the trend for each 5-ppb concentration bin and the non-linear trend for the annual data. For p 97 

values greater than 0.05, the exact values are given because they may still have statistical 98 

significance (Wasserstein, Schirm, and Lazar 2019). Only the mean values with more than 50% 99 

of the data available in a period (i.e., annual and seasonal, air groups) were used for trend 100 

analysis. 101 

 102 

2.2. Backward trajectories classification  103 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/observatory
http://www.weather.gov.hk/publica/reprint/r1173.pdf
file:///C:/Users/liqy/AppData/Local/Microsoft/Windows/Temporary%20Internet%20Files/Content.Outlook/NL2S7LTC/Ultraviolet%20Radiation
http://woudc.org/data/stations/id=344
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/statistical-distribution
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Ten-day backward trajectories were calculated for each hour during 1994-2018 using the 104 

Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model 105 

(https://www.ready.noaa.gov/hyreg/HYSPLIT_linux.php) driven by 6-hourly Air Resources 106 

Laboratory (ARL) FNL archive data with a resolution of 190 km 107 

(ftp://arlftp.arlhq.noaa.gov/pub/archives/reanalysis/). The endpoint of the trajectories was 300 108 

m above ground level at HT, which is in the middle of the marine boundary layer. Classification 109 

analysis was then used to group trajectories into four main clusters (‘Eastern China’, ‘Aged 110 

continental’, ‘Central China + PRD’ and ‘Marine’) based on the source of the region (Wang et. 111 

al., 2009).  112 

 113 

2.3. Meteorological and satellite data 114 

The National Center for Atmospheric Prediction and National Center for Atmospheric 115 

Research (NCEP/NCAR) global reanalysis data (https://rda.ucar.edu/datasets/ds090.0/) were 116 

used to analyse long-term trends and yearly variations in meteorological variables (temperature, 117 

solar radiation, relative humidity and precipitation) in Southeast Asia including the South 118 

China Sea (0-25 °N; 100-120 °E) for period of June through August. 119 

 120 

Satellite data were used to examine the long-term trend of the tropospheric NO2 and 121 

formaldehyde column concentrations as indicators of changes in ozone precursors in Southeast 122 

Asia. The formaldehyde column data (http://h2co.aeronomie.be/) were obtained from GOME 123 

for the 1997–2002 periods, SCIAMACHY for 2003-2004 and OMI for 2005-2016 (De Smedt 124 

et al. 2008; De Smedt et al. 2012). The OMI data were adjusted by multiplying by a factor of 125 

1.25 to correct the systematic difference between OMI and SCIAMCHY (De Smedt et al. 2015). 126 

The NO2 column data were obtained from OMI (http://www.temis.nl/airpollution/no2.html) for 127 

1997-2017 (Boersma et al. 2011). The NO2 and formaldehyde column concentrations in land 128 

and sea mask were separated according to the ‘landcover’ parameter in the NCEP/NCAR 129 

reanalysis data. 130 

 131 

2.4. Chemical transport model simulations  132 

Six simulations were conducted with a modified WRF-Chem (v3.6.1) 133 

(https://www2.acom.ucar.edu/wrf-chem) with 27×27 km2 horizontal resolution (Grell et al. 134 

2005; Zhang et al. 2017). The simulations were driven to NCEP/NCAR global reanalysis data 135 

in July 1994, 1995,1996, 2016, 2017 and 2018, with the 2016 emission inventory (EI). The 136 

outputs from the Model for Ozone and Related Chemical Tracers model were used as the initial 137 

http://h2co.aeronomie.be/
http://www.temis.nl/airpollution/no2.html
https://www2.acom.ucar.edu/wrf-chem
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and boundary chemical data. We used the 2016 EI from the Hong Kong Environmental 138 

Protection Department for Hong Kong (HKEPD) (https://www.epd.gov.hk/), the 2016 Multi-139 

resolution Emission Inventory for China (MEIC) for the rest of China, MIX for year 2010 for 140 

the rest of Asia (http://meicmodel.org/) and the 2012 EDGAR EI for ship emissions 141 

(http://edgar.jrc.ec.europa.eu). The emissions are the lower limit for 2016 because land and 142 

ship emissions both increased in recent years in Southeast Asia and around the South China 143 

Sea. 144 

 145 

3. Results 146 

3.1 Ozone and CO trends in the overall data and in different air masses  147 

The yearly mean surface ozone level at HT showed an upward trend during 1994-2018 at rate 148 

of 0.35 ppbv year-1 (y-1) (p<0.01), and the average ozone mixing ratio at 0 to 1 km obtained 149 

with ozonesonde during 1994-2017 increased by 0.59 ppbv y-1 (p<0.01) (Figure 1), which 150 

suggests an increase in ozone levels in the entire planetary boundary layer on the South China 151 

coast. The increases in surface ozone are mainly in concentrations above 50 ppbv, whilst the 152 

mixing ratios below 20 ppbv decreased, which can be explained by increases in NOx emissions 153 

(Lefohn et al. 2017). The ozone increase occurred mainly during the early years but appeared 154 

to have slowed in the most recent decade (0.62 ppbv y-1 in 1994-2006 (p<0.05) versus 0.10 155 

ppbv y-1 in 2007-2018, p=0.38). A polynomial fit gives [O3] (ppbv) = 29.2 + 0.92 × t -0.02 × t2 156 

(at 95% confidence level) (t is year). The increase in surface ozone was seen in all four seasons 157 

(0.33 ppbv y-1 in spring, 0.50 ppbv y-1 in summer, 0.40 ppbv y-1 in autumn and 0.36 ppbv yr-1 158 

in winter; Figure S1). Particularly interesting was the highest rate of increase in summer, when 159 

the south China coast receives the cleanest air of any season. (Indeed, the lowest mean value 160 

is found during the summer monsoon season). We further segregated the hourly ozone data 161 

according to the four major air masses (Figure 2a). The rate of the ozone increase was 0.36 162 

ppbv y-1 in the marine air masses (80% of which are in summer and account for 25.8% of the 163 

total trajectories), 0.37 ppbv y-1 in ‘East China’ (32.9% of total trajectories), 0.39 ppbv y-1 in 164 

‘Central China + PRD (Pearl River Delta)’ (11.1% of total trajectories) and 0.34 ppbv y-1 in 165 

‘Aged continental’ (30.1% of the total) (p<0.01 in all cases; Figure 2b). 166 

http://meicmodel.org/
http://edgar.jrc.ec.europa.eu/
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 167 

Figure 1. Long-term ozone trend and variability in Hong Kong. (a) Yearly mean surface 168 

ozone mixing ratios at Hok Tsui (HT) in 1994-2018 (red) and yearly mixing ratios of ozone at 169 

0 to 1 km from ozonesonde at Kings Park (black) in 1994-2017 (black). Shaded area and 170 

vertical bars are 75th and 25th percentiles for hourly surface data and sonde profile, 171 

respectively. Also shown are linear fit results for surface ozone (red) and ozonesonde (black) 172 

for the entire period and surface ozone for 1994-2006 (yellow) and 2007-2018 (blue). 173 

Nonlinear fit of HT data yields y = a + bx − cx2 (with 95% confidence intervals), root-mean-174 

square-deviation (RMSD) of 6.8 ppb and R2=0.50. (b) Theil-Sen trend of percentage change (% 175 

year-1) in each bin of ozone concentration at HT for 1994-2018. 176 

 177 

Ozone increases in the air masses that originated on the continent are expected at least until 178 

2011 because the emissions of ozone precursors continued to increase until 2011, when NOx 179 

emissions began to decrease but those of VOC continued to increase (Liu et al. 2017; Duncan 180 

et al. 2016; De Smedt et al. 2015). Previous studies have shown an increase in ozone in the 181 

range of 1 to 2 ppbv y-1 during various periods of 1995-2015 at several non-urban sites in East 182 

China (Ding et al. 2008; Sun et al. 2016; Ma et al. 2016). We previously reported an increase 183 

in surface ozone at HT at a rate of 0.64 to 0.67 ppbv y-1 in 1994-2007 in two continental air 184 

masses (i.e., ‘East China’ and ‘Central China + PRD’) (Wang et al. 2009). The new data for 185 

2008-2018 at HT revealed no significant change during the past decade in these air masses 186 

(p=0.83 to 0.85), suggesting that the ozone level in the outflow from eastern China may have 187 

reached or is reaching its peak. In Southeast Asia, previous analyses of vertical profiles from 188 

IAGOS aircraft and ozonesondes indicate an increase of about 20 ppbv in the boundary layer 189 

during summer from 1994-2004 to 2005-2014 (Gaudel et al. 2018). Our data suggest that the 190 
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effect of ozone precursors from Southeast Asia can be detected on the south China coast after 191 

the air masses have travelled over 1000 km (Figure 2a). We calculated the percentage 192 

contribution of each air group to the ‘total ozone’ at HT, which was calculated for each year as 193 

the average ozone value of the respective group multiplied by the number of trajectories in that 194 

group divided by the annual mean ozone multiplied by the total trajectories in that year. The 195 

largest contributor was the air mass from ‘Eastern China’ (41.0% ± 5.8%), followed by ‘Aged 196 

continental’ (30.6% ± 4.2%), ‘Marine’ (15.1% ± 3.6%) and ‘Central China + PRD’ (13.3% ± 197 

2.8%) (Figure 2c). No significant trend was found in the transport pattern over the 25-year 198 

period.  199 

 200 

Figure 2. Surface ozone trend in four air-mass groups. (a) Spatial distribution of four types 201 

of 10-day hourly backward trajectories arriving at HT: ‘East China’ (blue), ‘Aged continental’ 202 

(red), ‘Central China + PRD’ (yellow) and ‘Marine’ (green). Percentage of each type during 203 

1994-2018 is shown in parentheses. (b) Yearly mean ozone mixing ratios and linear fit results 204 

for each air mass group. (c) Percentage of contribution of each air-mass group to ozone budget 205 

at HT. 206 

 207 

CO is emitted mainly from combustion processes from vehicles and biomass burning. Because 208 

it has a chemical lifetime of 1 to 2 months and does not dissolve in water, CO is an excellent 209 

tracer of anthropogenic emissions and an ozone precursor. The annual mean CO level at HT 210 

(Figure 3) appeared to decrease from 1994 to 2000, increased until 2006 and then decreased 211 
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again over the final 4 years. Seasonal and air-mass-segregated CO levels (Figure S2) showed 212 

overall negative trends in the continent-originated air masses (p=0.06 to 0.76) and a positive 213 

trend of 1.2 ppbv y-1 in the marine air mass (p=0.23). The CO data reveal opposite emission 214 

trends in the East Asia subcontinent and in subtropical Southeast Asia. We focus the remaining 215 

discussion on the drivers of the large increase seen in the maritime ozone. 216 

 217 
Figure 3. Long-term CO trend and variability in Hong Kong. Yearly mean CO mixing 218 

ratios (ppbv) at HT. Vertical bars indicate 75th and 25th percentiles. Data from March to 219 

September 2006 are not available due to instrument problems. 220 

 221 

3.2. Impact of climate and emission in Southeast Asia on maritime ozone 222 

We examined the NCEP meteorological data for the tropical and subtropical regions of East 223 

Asia (defined here as 0-25 °N and 100-120 °E, hereinafter referred to as Southeast Asia). The 224 

results reveal a dryer climate during the first part of the 25-year period (1994-2006), as 225 

indicated by the negative anomalies of specific humidity (-0.15±0.02 [g.kg-1]) and rainfall (-226 

1.03±0.02 [kg.m-2]) and positive anomalies (0.12±0.07 [g.kg-1] and 0.81±0.08 [kg.m-2]) in the 227 

later period (2007-2018) (Figure 4a). Temperature and solar radiation, on the other hand, did 228 

not show a significant difference between the two periods (Figure 4b). On the ozone precursors, 229 

the satellite-derived column concentrations of nitrogen dioxide (NO2) and formaldehyde 230 

(HCHO), a proxy of VOC emissions, for Southeast Asia show an increasing trend for both land 231 

and sea areas (p<0.01 to 0.05). These results suggest increasing emissions in NOx and VOCs 232 

in Southeast Asia including shipping activities in the South China Sea. 233 

 234 
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 235 

Figure 4. Long-term changes in meteorology and ozone precursors. Anomalies in NCEP 236 

data for Southeast Asia (including the South China Sea) for June-August from 1994-2018. (a) 237 

Specific humidity (g kg-1) (blue, left axis) and precipitation (kg m-2) (orange, right axis). (b) 238 

Temperature (°C) (blue, left axis) and radiation (Wm-2) (orange, right axis). Dashed lines 239 

indicate the mean anomaly for period 1994-2006 and 2007-2018. (The 25-year mean: specific 240 

humidity:19.9 g kg-1, precipitation: 48.6 kg m-2, temperature: 27.4°C, radiation: 227 W m-2). 241 

Yearly mean satellite observed column concentration of (c) NO2 and (d) formaldehyde (1015 242 

molec. cm-2). Black, green and blue lines in c and d represent average value over whole domain, 243 

land and sea, respectively. Also shown are linear fit results. 244 

 245 

 246 

We then evaluated the impact on summertime ozone by the apparent change in the climatic 247 

parameters in the early and later parts of the 25 years in Southeast Asia. We adopted the WRF-248 

Chem model with updated nitrogen and chlorine chemistry and selected 3 months (July) from 249 

1994-96 and from 2016-18 to represent typical summer conditions in the early years and in the 250 

recent years, respectively. Figure S3 shows the changes in the average values of the four 251 

parameters for the two three-summer periods. The emission data for 2016 are estimated from 252 

multiple sources. Model simulations of ozone in East Asia were performed with fixed 253 

emissions for each July of the 6 years (Fig S4), and Figure 5 shows the difference in the average 254 

July ozone level in the lowest 30-meter layer between the later and early years. The results 255 

indicate that the weather conditions in July 2016-2018 actually reduced ozone levels in 256 

Southeast Asia and southern China relative to July 1994-96. The more abundant water vapor 257 

in the early periods increased hydroxyl radicals (Figure S5), but the ozone production from 258 

HO2+NO and RO2+NO (Figure S6) decreased due to lower NO concentrations in Southeast 259 

Asia, which may be due to increase in atmospheric convections. Obviously, the changes in 260 

summer weather conditions in recent years cannot explain the observed increase in the 261 

maritime ozone level at our site, which is most likely due to increases in precursor emissions 262 
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from Southeast Asian countries and shipping activities in the South China Sea. Thus, we 263 

believe that the change in the regional climate has damped the effects of increased precursor 264 

emissions on the surface ozone levels in Southeast Asia. If the future weather condition reverts 265 

to the opposite phase (i.e. drier conditions), we would see a larger increase in maritime ozone 266 

if the precursor emissions in Southeast Asia are not reduced from their present levels. 267 

 268 
Figure 5. Sensitivity of summer surface ozone to meteorology in East Asia. Simulated 269 

ozone difference in the lowest 30-meter layer (Unit: ppbv) by WRF-Chem model in July from 270 

2016 to 2018 and from 1994 to 1996. 271 

 272 

4. Conclusion 273 

We obtained the first long-term (>20 year) record of background ozone (and CO) levels in the 274 

subtropical part of East Asia, which fill in the data gap on the trend of these two trace gases 275 

and have significant relevance to air quality and climate. We find a sharp increase in the ozone 276 

level in maritime air masses influenced by the anthropogenic emissions from Southeast Asia 277 

and the slowing rate of increase in the continental air from China. Recent summer weather 278 

conditions may have masked the large impact of increasing emissions of ozone precursors in 279 

Southeast Asia. It is crucial to continue the long-term observations to detect possible decrease 280 

of ozone levels in China outflow (due to enhanced emission reductions in recent years) and 281 

future changes in maritime air from tropical and subtropical Asia. The increasing background 282 

ozone levels in air masses from both Northeast and Southeast Asia and in all seasons pose 283 

challenges to the mitigation of ground-level ozone pollution in Hong Kong and other coastal 284 

cities in south China. We suggest that regional cooperation is needed for air-quality 285 

improvement, not only among various cities in China but also including countries from 286 

Southeast Asia. 287 
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Figure S1. Trend in seasonal O3 during 1994-2018. 400 
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Figure S2. Trend in (a)seasonal and (b)air-mass segregated CO during 1994-2018. 402 
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 404 

Figure S3. Spatial distribution of difference in NCEP/NCAR meteorological parameters 405 

between July in 2016-18 and 1994-16. (a) Specific humidity (g.kg-1), (b) precipitation (kg.m-406 
2), (c) radiation (W.m-2), (d) temperature (°C). Black arrows represent wind direction at 10-m 407 

height in July 2016-18. Black box shows Southeast Asia including the South China Sea (0-408 

25 °N; 100 -120 °E). 409 
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 429 

Figure S4. Simulated spatial distribution of surface ozone in the lowest 30-meter layer (ppbv) 430 

in July (a) 1994, (b) 1995, (c) 1996, (d) 2016, (e) 2017 and (f) 2018. Black arrows represent 431 

the wind vector at 10-m height in July. 432 
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Figure S5. Simulated spatial distribution of (a) OH, (b) HO2 and (c) RO2 (in July 2016-18) 437 

(pptv) and difference between respective values in July 1994-96 and July 2016-18 (e), (f) and 438 

(g) in the lowest 30-meter layer with 2016 emission. 439 
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Figure S6. Simulated spatial distribution of (a) k1[HO2] [NO] and (b) k2[RO2] [NO] (in July 443 

2016-18) (ppbv h-1) and difference between the respective values in the lowest 30-meter layer 444 

in July 2016-18 and 1994-96 (c), (d). 445 
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