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Abstract

Hong Kong, as one of the densely populated metropolises in East Asia, has been suffering
from severe photochemical smog in the past decades, though the obs@ogeh oxides

(NO,) and totalvolatile organic compounddVOCSs) were significantly reducedhis study,

based ornthe observation data in the autumns of 2007, 2013 and 2016, investigated the
photochemicabzone (Q) formation and radical chemistry during the three sampling periods

in Hong Kong with the aid of a Photochemical Box Model incorpogatine Master
Chemical Mechanism (PBNMCM). While the simulated locally produced;@emained

unchangedp=0.73) from 2007 to 2013the observed £increasedp<0.05)atarate of 1.78

ppbv/yr driven by therise in regionally transported £(1.77 % 0.04 ppbv/yr) Both the
observed and locally produced @ecreasedp&0.05) fromthe VOC sampling days i2013

to those in2016at a rate of-5.31+0.07 and-5.52+0.05 ppbvyr?, respectivelyHowever, a
levelling-off (p=0.32) was simulated for the regionathansported @during 2013i 2016.
The mitigation of autumn £pollution in this region was further confirmed by the continuous
monitoring data, which has never been reported in previous sti#ieefited from the air

pollution control measuretaken in Hong Kongthe local Q production rate decreased
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remarkably (p<0.05) from 2007 to 2016 along with the lowering of recycling rate of
hydroxyl radical (OH) Specifically, VOCs emittedfrom the source ofiquefied petroleum
gas(LPG) usageand galine evaporatiordecreased in this decadeaatate of-2.6114.03
ppbvyr?, leadingto areductionof the O; production raterbm 0.5140. 11 ppbvh™ in 2007 to
0.1040.02 ppbvh™ in 2016 In addition, solvent usage made decreasing contributions to both
VOCs (rate =-2.2940.03 ppbvyr™) and local @ production ratg1.22#.17 and 0144.05
ppbvh™ in 2007 and 2016, respectiviin the same periodAll the rates reported hereere
for the VOC sampling days in the three sampling campai¢inss noteworthy that
meteorological changealso play important roles in the interannual variations of the
observed @ and the simulated Oproduction ratesEvaluationswith more data in lorgy
periods are therefore recommend@&tie analyses on théecadalchanges of the local and
regional photoeemistry in Hong Kongin this study may be a referencéor combating

Chi n a 6 s-witedds pollatioraid near future.

Keywords: Ozone formation;Volatile organic compounds; Radical chemistry; Source

apportionment; Control measures

1 Introduction

Groundlevel azone (Q) is one of themost representativair pollutans in photochemical
smog, produced through photochemical reactions between volatiEniorgompounds
(VOCs) and nitrogen oxides (Nin presence of sunligiNRC, 1992; Jacob et al., 1999;
Guo et al., 201y It is well documented that{ds harmful to human healtiBéll et al., 200,
crops Wang et al., 200pbandnatural €osystemgAshmore, 200b Through the last 30 years,
extensiveefforts have beemadeby the local and federafgjovernmerd to alleviatethe
tropospherid; pollution aroundthe world NRC, 1992 NARSTO, 2000Wanget al., 2013;

Wang et al., 2018. Effectivenesshas gradually shown in some counthiegions such as
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Switzerland, Germany, Ireland and eastern North Ametiefofin et al., 2010Cui et al.,
2011; Derwent et al., 2018arrish et al., 2014;in et al., 2017. In contrastthe Q levelsin

many placesare still increasingor not decreasing at the expected rapesticularly in East
Asia Ding et al., 2008Xu et al., 2008; Parrish et aRp14 Xue et al., 2014 Wang et al.,

2017).

Hong Kong, as one of the densely populated metropalis&ast Asia hasbeensuffeiling
from severe photochemicamogin the past decads thoughthe locally-emitted NQ and
total VOCs (TVOCs)eresignificantly reducedXue et al., 2014 Ou et al., 2015, yu et al.,
2016y Wang et al., 2014). On one hand, this indicatéfse nonlinear relationship between
Oz and its precursor©n the other handn addition to local @formation,the observed &in
Hong Kongis also influenced by theegionaltransport due to the proximity of the highly
industrialized Pearl River Delta (PRD) regidBarlier studiesrevealedthat thelocal O
productionis typically limited by VOCs in urban and some suburban areas in Hong Kong
(Zhang et al., 2007;ing et al.,2014 Wang et al., 2013). Namely, cutting VOCs emissions
will reduce Q production while the reduction of NOmay cause an £Increment Cheng et

al., 2010, 2013; Guo et al., 2011; Wang et al., 2DIHrevious studies also documented that
photochemicaDs;formationis dependent upothe ratios between TVOCs and NEillman,
1999; Guo et al 2013 Ling et al., 201} reactivity of VOC specieZbang et al., 2007; Liu

et al.,, 2008Cheng et al., 20)(and the composition of N{i.e. relative abundances NO;

and NO) Richter etal., 2005; Xu et al., 2008; Wang et al., 3aL Moreover, located ithe
subtropical region, Hong Kong has relatively high temperature and strong solar radiation,
which are favourablefor local O; formation. For regional transport, studi€g/ang et al.,
2001;Ding et al., 2004; Wang et al., 2dd1ndicated that @was generally built up in Hong
Kong under the northerly windsyhereast was often driven down by the sea breefrtem

South China Sea (SCS) and by the southwest morieogarm seasond he contribution of
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regional transport to £in Hong Kongeven reached@(% under the dominance of tropical
cyclone(Huang et al., 2005a typical synoptic condition conducit@sewere Q pollution in
the Northern Hemisphergso and Wang 2003; Huang et al., 200ham et al., 200pb To
improve the air quality in Hong Kona seriesof control measures aiming at restriction of
VOC emissions have been implemented by Hong Kgogernmentsince 2007 which
effectively reduced the concentrations sime VOCs, such agpropane and-/n-butanes
emittedfrom taxis and public light buses fuelled by liquefied petroleum gas (I(Py) et al.,
2016), the aromatics mainly attributable swlventusage and thealkenes in association
with diesel exhausfLyu et al., 2013). As a result,Xue et al. 20149 and Wang et al.
(2017) found that the locally produced ©decreased. Howevethe regional and super
regionaltransportof Os; and its precursorBom PRD and eastern China to Hong Kdrap
offset thedecrease of thimcal O; production,resuling in an overallincreaseof the observed
Oz in Hong Kong from 2005 t@013 Overall, the previous studies have greatly enhanced our
undestandingon G; pollution in Hong Kong, and details about the studi@sbe referred to

in Table S1

Despite many previous studi€sue et al., 2014 2016 Ou et al., 2015; Lywet al., 2016a;
Wang et al., 2017aWang et al., 2018, the inter-annualvaridions of the Q formation
regimesand radical chemistry have yet been fullyderstoodn Hong Kong Additionally,

the online measurement data used in previous-temg & study might hamper the exact
understandingof the local Q formation mechanisms, due to the unavailability of many
reactive VOCs such as formaldehyddBesides,the trends of the local production and
regional transport of Ywere only updated to 2013 in previous studi€sq et al., 2014
Wang et al., 2018. In fact, many measures were takinreduce air pollutanie&missions in
the latest years in Hong Kong and PRD. For examplearly 75% of theold catalytic

converters on LP@uelled vehicles were nrewedduring September 2013May 2014. A
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programto eliminate the précuro 1V diesel vehicles dp upgrade their emission standards to
Euro IV wasinitiated in March 2014nd is still ongoing till 2019 at its third phase PRD,

the second stage of the clean air controlling program was implemented in- 2%
(DGEPD, 2013 In 2014, the Guangdong provincial government has launchedicaon

Plan for Air Pollution Prevention and ContrMEE PRC, 2014)putting the emphases on the
emission control ofraffics, coalired power plantsaand industrial sourcesnvestigations on

the post2013 variations othe localO3 production in Hong Kong and the regional impacts
provide a good opportunity for us to examine the effectiveness of these local and regional

measures.

The objectives of this study were teeramne the Qtrend in the pr&013 and trace thez;O
evolution in the pos2013 in Hong Kong, and to explore the underlying mechanisms for the
variations of Q formation and radical chemistry. With the aid of a photochemical box model,
the locally produced andegionally transported @ as well as their variation trends, were
determinedsee sectioR.5). Under the assumption that the localpgfoduction in these years
was changed due to a series of control measures in Hong Kong, we also aimed to evaluate the
actual effectiveness of these control measu@¥sna is suffering from severez@ollution,
almost second to none over the world. Whilgll@gan to decrease in most areas of North
America and Europe; h i n g f@obutio®@was everaggravated in recent yea#s series of

air pollution control strategies have been implemented in Ckhwagh most othemwere

not specifically designed for @ abatementlnvestigatios on G; trends and the potential
causes in Hong Kongvould provide a good example assessinghe evolution of @
pollution and the effects of artificial interventions in Chiiraaddition the changes ithe
regional contribution to ©in Hong Kongdetermined in this studyould throw light upon
thevariations of Qin China, particularly in SotitChina.lt is expectedhatthis study would

have some inspiration tbe G pollution control inother cities and regions {@hina.



125 2 Methodolgy

126 2.1 Sampling site

127 Hong Kong is locatedn the southern coast of China with Guangdong province to the north
128 and Pearl River Estuary (PRE) to the northwest. The sampling site (22.29N, 113.94E), Tung
129 Chung (TC),was in a newlydeveloped suburban area in western Hong Kong, with a
130 population of~77,400in 2016 (CSD, 2011, 2018 The urban centref Hong Kongis ~20 km

131 northeastof TC. Hong Kongis dominated by thesubtropical oceanic monsoon climate.
132 During warm seasons, the prevailing winds mainly come fB@8at a relatively low speed
133 (southwest winds). In cold seasotiw eastand northeaswinds arepredominantGenerally,

134 the sampling site receivaglatively polluted air masses from mainland Ching. PRD

135 region, Yangtze River Delta&egionand even North Chinaetween October and March, when
136 high G; levels ae often observed\(Vang et al., 2009 Therefore the samplings were mainly
137 conducted in October and Novemiderthis study, except fo# out of 45 sampling days in
138 SeptemberThesampling sitavasclose to a highwalinking to the Hong Kong International

139 Airport (HKIA), and the HKIAwasaround 3 km to the noribf the site In addition, the local

140 emissions from residential activities manpdulate the air quality at this sité wasexpected

141 that @ at TC would besignificantly influenced by NO emitted from the aforementioned
142  sources. As shown in Figu&d, the G titrated by NO( Os-1) was equivalent t@9.948.8%,

143 26.7#12.7% and 32.5#16.6%f the photochemically formedsd Os-2) in the 2007, 2013
144 and 2016 sampling campaggrespectively conirming the importance of NO titration in
145 modulating Q at the siteFigure 1shows the locatianof the sampling sit¢TC) and the 12

146  air quality monitoring stations in PRD, which witnessed the evolution of air quality in PRD
147 over the last decade and is used to demonstrate the variations of regionahi® study

148 More detailed description of trete can be found iour previousstudies(Jiang et al., 2010:

149 Chengetal., 2010; Ling et al., 2013; Ou et al., 2015
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151 Figurel. Location of the sampling site (yellow circle) and the surrounding environment. The
152 red line in the right panel shows therder between Hong Kong and Shenzhen, Guangdong.
153 The threeregional and nine urban air quality monitoring stations in PRD are symbolized by

154  orange blocks and green circles, respectively
155 2.2Continuous measuremert of trace gases and collection of VOC/OVOC samples

156 Trace gase$SQO,, CO, NO, NGO, and O3) and meteorological conditiongere continuously
157 measured at TC siter three autumnperiods in 2007, 2013 and 2016eeTable 2 for the
158 specific sampling periogisincluding 25 O3 episode days with the maximum hourly average
159 Os; exceeding 100 ppbv (Level 1l of China National Ambient Air Quality Standard)L86d
160 nonepisode daysvOC andOVOC samples werselectivelycollected on 8, 19 and 18 days
161 in 2007, 2013 and016, respectivelyseeTable  for the specific sampling dajed he three
162 sampling periods were used as representatives @iufaennsn the three years in this study

163 and the rationalityvill be discussed igection3.1

164 Trace gases wedntinuouslymeasuredtthe TCair qualitymonitoring station operated by

165 the Hong Kong Environmental Protection Department (HKEPD)8 km to our sampling

166 site The instruments were the same as those used in the US air quality monitoring program
167 (HKEPD, 2017a). TalklS3 summarizes the instruments, analysis techniques, detection limits

168 and the time resolutions for measurements of the trace gases. The high resolution data were
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collected and averaged into the hourly averages. All the analysers excepal(ser were
zeroed daily by analysing scrubbed ambient air and calibrated every two weeks by a span gas
mixture with a NIST (National Institue of Standards and Technology) traceable standard,
while the Q analyser was calibrated using a transfer standard (Thermo Emental
Instruments (TEI) 49PS) every two weeks. Details about the quality assurance and control
procedures can be found in Ling et al. (2818he meteorological parametersicluding
temperature, relative humidity, pressure, wind speed, wind directieaipgation and solar
radiation,were also continuously monitored lymini weather statiofVantage Pro TM &
Vantage Pro 2 Plus TM Weather Stations, Davis Instrumeitsng thesamplingperiods

Data wereintegrated into 30ninute averageby a builtin program in the weather station.
The collection and analysis of VOCs and OVOCs were detailedriprevious studiesuo

et al., 2009; Wang et al., 204)8 Briefly, precleaned and evacuated 2 L electropolished
stainlesssteel canisters were e to collectVOC samplesOn O; episode days, oAsour
sample wascollectedin each hourduring the daytime (07:009:00 LT), generatingl3
samples per daywhile 57 onehour samples were collectegivery other houon norOs;
episode daysrom 07:00 t019:00LT in the 2013 and 2016 sampling campaigi®wever,

12 onehoursamples were collected on each VOC samplingladyween07:00and18:00in

2007, regardless ofg@pisodes or neepisodesThe G episode days were predicted prior to
sampling basedroweather forecast and numerical simulatéi®©;. Overall the O; episodes

were usually associated with high temperature, strong solar radiation, low hunaddy,
weakor northerly windsA total of 414 canister samples, including 96 samples in 2007, 146
samples in 2013 and 172 samples in 20&ére collected and analysed during the three
sampling periodsTable ).

In addition toVOC samplesOVOC samples were also collected on gsnedaysasthose

for the collection of VOCsDinitrophenylhydrazindDNPH)-silica cartridges (Waters Sep



194 Pak DNPHSilica, Milford, MA) were used to collect tt@VOC samples. An ozone scrubber
195 (SepPak; Waters Corporation, Milford, MA) was connected in front of the DNRItlidge

196 to prevent interferencef ozone.The ozone scrubber was replaced every two OVOC samples.
197 For each OVOC sampleiravasdrawnto passhe Os; scrubber and theartridgefor 2 hours

198 (2.5 hours in 2007 sampling campaigi)a flow rate of 0.5 L mifh, which was controlled by

199 a rotameter During the sampling periods in 2013 and 201& 6VOC samples were
200 collected every two hours from 06:20:00LT on both Q episode and neapisode daysnl

201 2007 only 2 samples were collected on rOnepisode dayat10:3013:00and13:00-15:3Q

202 and4 samples betweedB:00and18:000n G; episode daydn total, 2750VOC samples (28

203 in 2007, 124 in 2013 and 124 in 2016) were collected and analydéé ihree sampling

204 campaigngTable ).
205 2.3Chemicalanalysis

206 2.3.1 Analysis of VOCs

207 The concentrationsof 48 speciatednonmethane hydrocarbon®NMHCSs) in the canisters
208 were determinedvith an Entech Model 7100 Preconcentrator (Entech Instruments Inc.,
209 California, USA)couplingwith a gas chromatographmass selecie detector (Model 5973N,
210 Agilent Technologies, USA a flame ionization detectprandan electron capture detector
211 (GC-MSD/FID/ECD). TheNMHCs were analyseth Guangzhou Institute of Geochemistry
212 (GIG), Chinese Academy of Sciersder the samples collected both 2007 an@013 and in

213 The Hong Kong Polytechnic UniversiffdiKPolyU) for the samples collected in 2016t

214 should be noted that the @@SD/FID/ECD system in the l&r two institutes wsthe same

215 as thatat UCI, and inte-comparisonsvere performedregularly among the threestitutes

216 which showed reasonably good agreemduntsy(et al., 2014Wang et al., 2018 Zeng et al.,

217 2018. Detailed information about the analysis procedures and quality assurance and control



218 can be found irColman et al. (2001and Simpson et al. (20)0Table S summarizes the
219 limits of detection (LoDB), precisiors and accurages of the VOC analyses in the tke

220 institutes

221 The OVOC samples were stored in a refrigerator at 4C after samplig. analyses of

222 OVOCs, he cartridges were eluted slowly with 2 ml of acetonitrile in&ral volumetric

223 flask. A highperformance liquid chromatography (HPLC) systétarkin Elmer Series 2000,

224 MA, USA) coupled with an ultraviolet (UV) detector operating at 360 nm was fmed

225 analysis The instrument was calibrated using standards of 5 gradient concentrations covering
226 the concentrations of interefstr different OVOCsin ambient air. Good linear relationships

227 (R®> 0.999) between the standard concentrations and responses of the instrument were
228 obtainedfor the 16 analysed OVOC speci@$e builtin computerized programs of quality

229 control systems such as aditeearization and autecalibration were usetb guarantee the

230 data quality Detailed information about the analysisd quality controbf OVOC samples

231 wasprovided inCheng et al(2014, Cui et al.(2016 andLing et al.(2016). Due to the low

232 detection rateof many OVOCSs, this studyonly focuged on formaldehyde, acetaldehyde,

233 acetone and propionaldehyaéhich hadrelatively highconcentrations
234 2.4 Model description

235 2.4.1 Positive matrix factorization (PMF)

236 PMF is a receptor model that has been extensiveadyg for source apportionment of airborne
237 particulate matters and VOCkef et al., 1999Brown et al., 200) In this study, US EPA
238 PMF 5.0 model YS EPA, 201y was applied to identifyhe sources of ©precursors,

239 according tEquation (1XPaaterol1997; Ling et al., 2014

240 () MNQ Q Equation (1)

1C



241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

where % is the measuredconcentrationof jth speciesin ith sample,gi representshe
contribution ofkth source tath samplefy; denoteshe fractionof jth species irkth source
and g is the residualfor jth speciesin ith sample.p stands forthe total number of

independent sourceBdatero, 2004 b.

The uncertaintiesf the concentrations applied to PM#eresetin the same way aBolissar

et al. (1998 andReff et al.(2007). Valuesbelowor equal tathe LoD were replaced by half

of the LoDs and the uncertaintidsr these valuewere set as 5/6 of theorrespondind.oDs.

For thevalues greater than LoDs, the uncertainties were calculated as [(Error Fraction x

concentrabn)? + (LoD)**?

where 10% was assigned as the error fractissing values
(mainly due to maintenance or malfunction of the instrumentsie replaced by the
geometric mean of the measured values and their accompanying uncertainties vasre set

four times the geometric mean valu®lore details about the settings of the uncertainty were

provided inNorris et al.(2008 andZhang et al(2012.

The model wasun for 20 times with a random seed, atebts with different number of
factors were conducted@he optimum solution wasinally determined based on both a good
fit to the observed data and the most reasonaik interpretableesultsaccording to the
knowledge on the sources of Precursors in Hong Kon@.ing et al., 20112014 Ou et al.,

2015.

2.4.2 Observation-based model (OBM)

A photochemical box model coupled with the Master Chemical Mecharm8iw-{(MCM)
was used to simulate the photochemicalf@mation on the VOC sampling day$n this
study, MCM v3.2, a near explicit chemical mechanismnsasting of 5,900 species and
16,500 reactionswhich fully describes the homogeneowms phasereactions in the

atmosphereJenkin et al., 1997, 2003; Saunders et al., p008s usedThe observation data

11



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

of temperaturgrelative humidity, @, SO, CO,NO, NG, and 52 G-C;, VOCYOVOCswere

input into the modelSpecifically,the 52 VOCs/OVOC#cluded19 alkanes, 16 alkenes, 13
aromaticsand 40VOCs asshown inTable %, wherethe statistics of the mixing ratios of
VOCs/OVOCs are also presentdthoughpreviousstudies(Guo et al., 2018 Ling et al.,
20168 indicated that secondary formation dominated the sources of OVOCs in Hong Kong,
the primary emissiongould not be neglected. Therefore, formaldehyde, acetaldehyde,
acetone and propiafdehydewith reldively high abundancesvere constrained to the
observed concentratioms the model while the other OVOCwith low concentrations and

low detection ratesvere simulated by the mod&litrous acid (HONO) was not monitored in

this study. The average diurnafcle of HONO mixing ratios measured at the same site in
autumn in2011(Xu et al., 201%was input into the modéb roughly represent its rola Os
formation and atmospheric radicdlemistry.Due to the data limitation, the trends of HONO

at TC in the three sampling campaigns were not traceable. However, the measurements at a
background site in Hong Kong indicated comparable levels of HQMO.1) between the
autumn in 2012 anpoh 2018 (npublshed data Thereforeadopting the HONO measured in
2011 as the inputs of the simulations in the three sampling campeagnikelya plausible
assumption, despite some uncertaintidee model was also tailored to the real situations in
Hong Kong. Spefically, the height of the planetary boundary layer was allowed to vary
from 300m at night to 1400n at noon. The photolysis rates were calculated according to the
measued solar radiations by the Tropospheric Ultraviolet and Visible Radiation model
(Madronich and Flocke, 1999; Wang et al., 201 7aith the detailedmethoddescribedin

Lyu et al.(2017b). In addition to the chemical processes, the exchange between the lower
troposphere and free tropospheaed dry deposition were also considered in the model. The
concentrations of air pollutants in the free troposphere were set according to the observations

at a mountainous site in Hong Konga( et al., 2018 The dry deposition rates were

12
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adopted from theprevious studiesSaunders et al., 2003; Lam et al., 201Bhe other
physical processes were not included in the model, which might lead to insufficient
description of the transport. However, since the model was constrained to the observations
which included the transported air pollutants, the regional transport was partially considered.
Besi des, the observations at O07:00 ©Wbng, each
through which the effect of regional transport before the daytime Iimafevas also
consideredWe admit that the PBNMCM cannot perfectly reproduce the real atmospheric
processes. However, it performed well in describing th&itin photochemistry in previous
studies(Lam et al., 2013; Ling et al., 2014; Lyu et al., 2017b; Warag.eR0173 Actually,

the deficiency of PBMMCM in consideration of the atmospheric dynamics enabled us to
assess the contributions of regional transport§an@Hong Kong, based on the differences

between the observed and simulated\Wang et al., 2013).

2.5Simulation scenarios

The PBMMCM simulates the in-situ O3 photochemistrypased on the observed frecursors.
Figure @ shows the average mixing ratios of somgp@ecursors in different wind sectors.
The higher levels ofCO, ethyne, ethangyropane and toluenender northwest winds
indicated the transport of these species from PRD to Hong Hegawhile, Q might also
be transported to Hong Kongext S1 discusses the determinatainthe locallyproduced
and regionallytransported @ as vell as theuncertainties.Furthemore, to evaluatethe
contributions of VOC sourcds thelocal O; production,two scenarios ofmodel simulation
were performedi.e., ScenarioA and ScenarioB. The scenaricA simulated the @
photochemistry in the whole air, which was constrained byliservedconcentrations odll
the Q precursorsThe model simulatiosin scenarioB (including six assumedubscenaris)
wereconstrained byhe concentrations oDs; precursos with those contributed bindividual

sourcesbeing subtractedfom the observedoncentrationsTextS2 elaborate the setup of

13
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these scenario3.he simulated @in scenario Awas regarded as the locaplyoduced @, as
the observed ©concentrationsvere not input to constrain the modBkaringin mind that
the regional effects cannot be completely eliminated in this apprdaehto the impacts of
regional air on the observed concentrations gfp@cursorsThe differences between the
scenario A ad scenariosB reflected the contributions of the individual sources to the
simulated @ production ratelt should benoted that due to the nonlinear relationships
between @ and its precursorsthe subtraction approach only qualitativehather than

guantitatively evaluatethe contributionsof VOC source$o Oz production

3 Results and discussion

3.1 Observation overview

Figure 2showsthe hourly mixing ratios of @ observedat TC in the autunsiof 20072017
with the dateon VOC sampling days beirfgghlighted in redIt was found that the autumn
Os; increasedsignificantly from 2007 to 2013 (p<0.01) with arate 0f0.344.002ppbvyr™.
Thiswasconsistent withVang et al. (2018 who reported an overall increase rat@aofumn

O; of 0.670.07ppbvyr™ at the same sitéor the period 0f2006-2013.0On one hand, the
discrepancy in @increasingrates might be due to the different statistics used to draw the
rates,i.e. hourly values in this study and monthly averaged$Viang et al. (2017a)0On the
other handthe autumn @increased substantially from 23.94.97 ppbv in 2005 to 30.240.97
ppbv in 2007, much quicker than the increase between 2007 andvZiii@ut the inclusion

of the period of 2002007 might be another reason of the legefhamementcalculated
here In contrast to the increased autumg ddiring 20072013 the autumn @ decreased
obviously from 2013 to 2017p<0.01) at a rate of-2.27 +0.003ppbvyr?, indicatinga
fundamentalalleviation of O3 pollution in Hong Kongin the latest5 years Overall, a
statistically significant decreasing trefréte =-0.4440.001ppbv yi') was observed for the

autumn Q at TC through 2007 to 201(p<0.05) The average £on VOC sampling days in

14
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the three sampling campaigns also followed the same pattern, which increased from
32.82.6 ppbvin 2007 t036.9+2.3 ppbvin 2013, while decreased 82.4+1.9 ppbv in 2016
Further, weinvestigatedthe number of @episodedays in the autums of the three VOC
sampling yeargseeFigure S3) and identified15 (16.9% of the autumndays same beloy
and16 (17.6%)03 episode days in 2007 and 2013, respectively. Howdlere wasonly 5

(5.5%) Q episode days in the autumn 20816.Similarly, the G episode dayaccoungd for

12.5%, 26.3% and 5.6% of the 2007, 2013 and 2016ampling campaig, respectively
Therefore the increase of 9from 2007 to 2013 and the decrease in the following years

could be represented & observed irthethreesamplingperiods

Hourly O in autumns of 2007-2017
® Hourly O; on the VOC sampling days

=== Trendline of continuous hourly O; (2007-2013): 0.3840.002 ppbv yr-1, p<0.01
=== Trendline of continuous hourly O (2013-2017): -2.0240.003 ppbv yr-1, p<0.01
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Figure 2. Longterm trends of the observed @& TC from 2007 to 2017. Hourlys®@alues on

the VOC sampling days in the autumns of 2007, 2013 and 2016 are marked in red. The
hourly variation rates of £are converted to yearly rates in periods of 20@013 and 2013

i 2017.

Table landTable % present the observéds, CO, NQ NO,, SG, and TVOCsas well aghe
meteorologicalconditiors averaged on the VOC sampling daps2007, 2013 and 2016
respectiely. From 2007 to 2013, the TVOCs decreased by nednbif, which was expected
to result in the reduction of n view of the VOCIimited regime of Q formation at TC

(Cheng et al.,, 2010; Wang et al., 2017dpwever,the increases of CO and the notable
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359 decrease of NO in 2013 could enhative O3 production. e higher @ in 2013indicated
360 that this effectoverrode the reduction of TVOGs influencing the @ production In
361 particular, thedecrease olNO meantthe reduced NO titration to {Dwhich has been
362 recognized as a primamgasonof Oz increase in VOdimited regime(Chou et al., 2006;
363 Wang et al.,, 2018. From 2013 to 2016, the decrease of las accompanied by the
364 reductions of TVOCs and NDthough COremained increasingt the same timeéNO,, as a
365 direct source of @through photolysisplays important role in modulating the; @ariation.
366 Though the causes of N@eduction are unknown tas, it might be one of the critical factors
367 contributing to the decline of {dn Hong Kong inrecentyears. On the contraryh¢increase
368 of CO was also confirmed by theontinuous monitoring data at TC, with rate of
369 33.910.7 ppbvyr' between 2013 and 201 fact, the consisterihcreasingtrend (p<0.05)
370 was also observed at theadside sites in Hong Kor(got shown here)While the causes of
371 CO increase in Hong Kormgay be complicatedhe increased vehicle emissioraiplausible
372 explanation Studies Johnson, 2008Yao et al., 200B8revealed that while theew engine
373 technologes performed well inreducingNOy emission, they might leatb the increased

374 emission of CO, with the application of lowar-to-fuel ratio and engine temperature.

375 In addition studies have confirmed that continental anticyclones and tropical cy@danes
376 conducive tosevereO; pollution in Hong Kong,becausdhese synoptic systems are often
377 accompanied witmortherly winds, high temperature, strong solar radiation, and relatively
378 high pressure in Hong Konding et al., 2004; Huang et al., 2005; Jiangakt 2015.

379 TableS7 summarizesnumber of Oz episode days with tropical cyclone, continental
380 anticycloneand low pressure trough the autumsof 2007, 2013 and 2016. &utumn2007,

381 8, 8 and 10; episodeday(s) were found to berelated tothe tropical cyclone continental

382 anticyclone andlow-pressuretrough, respectivelywith 2 O; episode days under the

383 combinednfluence of tropical gclone and continental anticyclanenere were also 11 and 5
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O3 episode days in association with tropical cyclone amtigental anticyclone in autumn
2013, respectivelfWang et al., 208b). However, 4 out of the 5episodedaysfound in
autumn 2016 were associated witlopical cyclone with the other oneelaied to low-
pressure troughTherefore, thdower Oz andlessO; episodedays in 2016werealsobenefited

from the meteorological conditions

Table 1. Mixing ratios of the measured trace gases and TVOCs averaged on the selective 45
VOC sampling days in 2007, 2013 and 2016.

2007 2013 2016

Unit: ppbv Mean +95% C.I. Max. =~ Mean +95% C.I. Max. Mean £95% C.I. Max.
Os 32.82.6 137.0 36.9#2.2 121.2 24.44.9 124.9
CO 456.3#19.8 847.0 585.0#41.9 1047.9  691.889.5 1074.7
NO 17.2483.2 1247 10.94.3 98.6 11.34.4 94.6
NO; 27.72.1 69.6 31.5#.4 80.8 22.04.1 103.2
SO, 6.940.4 21.8 7.0#.2 18.0 3.00.1 10.7
TVOCs 49.7#4.4 111.1 25144 68.0 21.14.4 71.9

3.2Model smulation of O3
3.2.1Model validation

Figure3 compares the simulated; @ scenaricA and the observed{®n the VOC sampling

days Overall, both the magnitudes and ttesmporal patterrs of the observed @ were
reasonably reproducethough he meanof the simulated Q (33.8:1.9 ppbv) was slightly

lower than the observed averaf#/.1#2.0 ppbv). To quantitatively evaluate the model
performance, the index of agreement (I0OA) was used to examine the goodness of fit between

simulated and observed; QVithin the range of @, higher IOA represents better agreement
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between the simulated and observed va(\édimott, 1982).In this study, the overall IOA

for the three sampling periods w@34, within therangeof I0A (0.67-0.89)accepted byhe
previous studiesWang et al., 2015; Lyu et al., 2015, 2016aWang et al., 201a 2018).

Good corrégtions (R=0.61) were alsshownbetween the simulated and observed hougly O
Bearing in mind the deficiencies of the box model in describing the atmospheric dynamics,
we believel that the modéing resultswere acceptablebut special attention and explanation

to the discrepancidsetween the simulated and observedM@sneeded

It was found thathte discrepancies weraostlikely caused by théransport processgse.,
vertical and horizontal transpowhich were nofully representedh the PBMMCM model
(George et al., 2013; Lakey et al., 20¥8ang etal., 20173. For example, the simulated; O
(maximum:122.6 ppbv) was much higher than the observed(i@aximum: 44.3pbv) on
November 16, 20QAvhen the strongoutheast windgwind direction: 90°180} with the
highest wind speed of 58 s* prevailed in Hong Kong. Theouth sector windrom SCS
mightdilute the locally produced £and theO3; precursors/intermediates (such as the radicals)
which were not constrainda the observationsThe same circumstances waisoobserved

on October 27,November 17,2007 and September -2, November 20, 2013, with
southeast windgominated(74.4%) duringthe daytime (Figure 3). For thosedays with tle
simulated Q lower than the observeds;Q.e. October 3, 225, 2013 and November 6, 2016
69.3% of the windsduring the daytimecamefrom the north (wind directia 0-90°and
270%-360y, which might transport the air masses laden with O3 and/or Q
precursoréntermediates not constrained to the observafi@ms inland PRD tdhe sampling

site. The observed ©mixing ratios are plotted against the wind fieldsFigure $4. It is
obvious thatO; were higher under the north winds, while lower in the south wind sectors,
confirming theeffect of dilution and regional transport of the south and north word®;

pollution in Hong Kongrespectively.
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Figure 3. Hourly mixing ratio of the simulatednd observed 9at TC during the VOC
sampling periods in 2007, 2013 and 20I6&e arrows represent the hourly wind sectors

monitored at the sampling site

3.2.2Inter -annual variations of the locally produced and regional transported Q

As discussed in stion 2.5, the simulated @in scenario A could be regarded as the locally
produced @ Therefore the differences between the observeg @dd Q simulated in
scenario Awere treated aghe regionally transported ;O(Wang et al., 201%a It is
noteworthy that some negative values were generated with this method, corresponding to the
dilution of the south winds to the locally produceglad elaborated in sectié?2.1 Figure4
shows thehourly mixing ratios of the observed, local aregional Q at TC indaytimehours
(07:0019:00 LT) ofthe three sampling campaigr@verall, theobserved @ was mainly
(88.7%2.5%) contributed by the local photochemical production, with regional transport only
accounting forl1.3t2.5% of the observeddaily maximumOs;. However, regional transport
was responsible for as high 88.0t5.4% of the observedaily maximumOs; in Hong Kong

on the Oz episode daysvhen northerly winds prevailedndicating theheavy Os; burden
superimpose by regional air massésom PRD From 2007 to 2013he simulatedliocally-

produced @remained statistically unchangqutQ.1), in contrast tdheincrease obbserved
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O; andregional Q atratesof 1.7&0.05 ppbvyr™ (p<0.05) andL.77+0.04 ppbvyr™ (p<0.05)
respective}, the same trends athosereported byWang et al. (2017afor the autumnO;
during 20052013 However,the decease dhe localy producedOs in the same periods
thatsimulatedoy Wang et al. (2017ajas not seehere according to the simulated i@ the
2007 and 2013 sampling campaigiis discrepancy was likely caused by the limited
samples in this study, n@VOCs consideredn Wang et al. (2017axnd/or theinexactly
samestudy perioddetween the two studiekstead we found thatlte locallyproduced @
showeda significant declineat a rate of -5.5240. 05 ppbv yr* during 20132016 (p<0.05)
whenthe regiondy transportedd; did not chang€p=0.32), resulting ina downwardtrend ¢
5.310.07) of the observed © As suchtheincrease of the observed ®@om 2007 to 2013
was reversed by the decrease between 2013 and 2016, leadingveralhdecreasing trend

of the observe®; during 20072016(rate =-0.57+0.03 ppbvyr™*, p<0.05.

@ Observed O, 4 Simulated O,
@ Regional transported O,

100 —
50—
0
.50 -

——Average annual trend (2007-2013): 1.78+0.05 ppbv yr'w, p<0.05
Average annual trend (2013-2016): -5.31+0.07 ppbv yr’ﬂ, p<0.05
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Median
50 25th

Min
0 -

B Mean value of observed O,
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—Average annual trend (2007-2013): 1.77+0.04 ppbv yr", p<0.05 @ Mean value of regionally
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Figure 4. Hourly values (first panel) aftite throughoutampaign statistical results (second
to fourth panels) of the observed, simulated (lgeptoducedl and regional @mixing ratios

in daytimehours(07:007 19:00LT) in the three sampling campaigns.

The significant alleviation of ©pollution in Hong Kongfrom 2013 to 2016 mighte related

to the measures taken to control the emissions ppr@Gcursors in Hong Kong anich
mainland ChinaThe effectiveness of the actions launched by Hong Kong governmeast in O
abatementvasfully demonstrated in previous studiesug et al., 2014 Lyu et al., 201&
Wang et al., 201jaandwould be further evaluated ithis study §ection3.4). Besidesthe
emission controls in mainland China might contribute to the decreasgarfad leastlessen

the regional @ burdenin this period. For examplé, h e  C NQ, pnaisdigngor the first

time showed a decreasing treindm 2013, benefited fromhe i mpl ement ati on o
Clean Air Action Plar(Zheng et al., 200)8Furthemore welooked into thenonthlyaverage

O3 observed athe 12 air quality monitoring stations across the inland PRD, inclutineg
regional monitoringstations, i.e. Tianhu, Wangingsha and Jinguowasnd nine urban
monitoring stationsi.e. Xiapu, Jinjuzui, Donbu, Tangjia, Liyuan, Huijingcheng, Zimaling,

Luhu and Chengzhong  (https://www.epd.gov.hlepd/sc_chi/resources pub

[publications/m_report.htpl As shown inFigure5, Oz at these stations remained relatively

stable p=0.68) during 20062013 which however showed a contrastively decreasing ta¢nd
arate of-1.27+0.25 ppbv yf* from 2013 to 2016This corroborated our modelling results
that the regional contribution to £in Hong Kongceasedincreasing or even began to
decrease since 201@/hile the substantial decrease of N®as a plausible reason for the
alleviated regional Q pollution, meteorological variations might also play roles in
modulating Q variations in these years (Li et al., 2019hwever,analyse®nthe causes are

out of the scope of this studyn addition tothe reduced local formation and regional
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transportof Oz, the more favourable meteorological conditions in 2016 migharimthe

reason of th&®; decrease, as discussed in secBdn

- Linear regression of monthly average O, at the 12 monitoring
stations in PRD (2006-2013), rate: 0.1140.09 ppbv yr '1, p=0.68.

= Linear regression of monthly average O, at the 12 monitoring
stations in PRD (2013-2017), rate: -1.2740.25 ppbv yr '1, p<0.05.

B Xiapu @ Jinjuzui A Donghu @ Tangjia A Liyuan B Huijingcheng
® Zimaling A Luhu @ Chengzhong © Wangingsha @ Tianhu A Jinguowan

O3 (ppbv)

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Figure5. Trends othe observedmonthly averag®; at thel2 air quality monitoring stations

in inland PRD.

3.3Local production and destruction pathways of G; and OH radical
3.3.1In-situ net Oz production

Figure 6 shows the average diurnal profiles of the simulated @oduction and destruction
pathwaysduringthe threesamplingcampaignsAlso shown are the average diurnal cycles of
the simulated @ The shift of the peaks betwe#re net Q production rate and the simulated
O3z was due to the accumulation of the newly generategalv@r time in the model, which was
also true in the real situations. The reactions betweenaN®@Q, leading to the formation of
NO3; and NOs, in addition to dry dposition and aloft exchange, were the main depletions of

the simulated @in the late afternoorConsistent with previous studidsgnaya et al., 2009;
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Liu et al., 2012; Xue et al., 2014hhese pathwaywere notincluded in the calculation of the
net G productionrate because we mainly focused tre photochemicaprocessesn the
hourswhen Q was accumulatedlt was found that he reaction betweenHO, with NO
dominated theD; productionratesin all the caseswith an average ratef 3.7+0.7 ppbvh™
(56.5+1.1%, percentageof the total O; production rate same beloyy 2.5# .3 ppbvh*
(64.3:0.8%) and 1.4+0.2 ppbvh? (67.70.7%) in the 2007, 2013 and 2016&ampling
campaigs, respectivelyln addition, the sum of the reaction ratetweenRO, radicals and
NO contributed 3.0+0.6 ppbvh?® (43.51.1%), 1.5-02ppbvh® (35.%#0.8%) and
0.7+0.1 ppbvh™ (32.3:0.7%) to the O; productionratein 2007, 2013 and 2016espectively.
The formation of HNQ though the reaction betweegdH and NO, served ashe main
scavengemathway of Oz, as NQ would be photolyzed and produce; Otherwise. On
average, @was consumed in this way arate of-1.3+0.2 ppbvh™ (80.7%3.3%, percentage
of the total @ destruction rate same beloyy -1.0+0.1ppbvh® (79.3:1.8%)
and-0.6+0.07 ppbvh™ (81.6:2.0%) in 2007, 2013 and 2016espectively The photolysis of
O3 was the second contributor tg @estruction with an average contribution 60.114.01
ppbvh? (8.5+0.5%) for the three sampling periodBesides, thezonolysis of unsaturated
VOCs and the reactions betwe®gand radicals (OH and HPwere responsible f@.50. 3%
and1.7+0.2% of the total destruction rate of the locally producedr&spectively

Overall, the net local ©production rate decreased fronb.2+1.1 ppbv h™ in 2007 to
2.7+04 ppbv h in 2013, till 1.4+0.3 ppbv h® in 2016, corresponding to thdeclineof the

locally produced @through 2007 to 201@ection3.2.2.
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Figure 6. Average diurnal profiles of the localz;(roduction and destruction raten the
sampling campaigns of (a) 2007, (b) 2013 and (c) 2016.

3.3.2Recycling of OH radical

As one of the most important radicals in the atmosphere, OH initiates the oxidation of VOCs,
leading to @ formation. Figure7 presentsthe averagealiurnal profiles of thesimulated OH

and theformation and loss pathwaydominating the recycling of OHluring thethree
sampling periods which rowghly followed the typical patternof the intensies of
photochemical reactionse. higherat noon and lower at the beginning and end of the day
On averagethe simulatedOH concentration as comparable §=0.4) between the 2007
sampling campaign (1.6#0.3xmoleculexm®) and the 2013 sampling campaign
(1.540.2x10° moleculecm’®), but it decreasedp&0.05)to 1.040.2x10° moleculecm?®in the

2016sampling campaign

As expected, the formation and loss rates of OH were basically balanakthe casesOH

was mainly formed from the reaction BO,+NO, which accounted f089.8:1.1% of the

total OH production ratever the three sampling campaighke photolysis of HON®@anked

the second irsupplying OH with thecontributionof 22.041.4%. As stated in section 2.4.2,

the average diurnal cycle of HONO measured at TC in 2011 was adopted in the simulations.

To assess the uncertainties, we atatculated the HONO concentrations according to the
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measured HONO/NQratios and the N concentrations taTC in the three sampling
campaigns (Figure S5). The uncertainties in HONO concentrationa #melcontributions of
HONO to OH formation and loss rates are discussed in Texit&¥ormation ofOH from
HONO photolysiswas most efficienin the early morning, whichwas explained by the
morning peak oHONO concentrationdue to thenocturnalheterogeneous formation and the
vehicle emissions in morning rush houipart from the two domina pathways, O3
photolysis (6.34#.2%), ozonolysis of ursturated VOCS1.54.2%) and H,O, photolysis
(0.249.01%) also made some contributions to the formation of @tth the highest rates at
noon or in theearlyafternoon when the productions of énd HO, werethe most intensive
To sum up, theotal formation rates of OH from the primary sour¢photolysis of HONO,
O3z and HO,, andozonolysis of VOCpwere lower than the recycling rates of OH (HQO)
throughout the day at T,Consistentwith the results in Xue et al. (2016) simulated the
samesite. The dominant role of HO-NO in OH formation at TQaverage contribution of
69.841.1%) might be relatal to the abundant NGat this site The samepathway was
simulatedand accounedfor only 42.74.2% of the total OH formation ratat an island more
than 40 km away from Hong Kongith very low NO concentrationsi.e. maximum of 0.56

ppbv(Wang et al., 2018.

OH was mainlydepletedby the reactions withVOCs (32.3+1.2%), NO, (31.90.9%), CO
(19.3£0.6%) and NO {6.5t1. 1%). Thereaction rates of OHNO (formation rates of HONO)
had the higheswaluesin the morningapproximatelyin line with the diurnal pattern afhe
HONO photolysis rateswhich loweverwere not completelybalanceddue to the constraint
of HONO to observations in the modelhe averagenet photolysis rates of HONO
(differences betweerthe HONO photolysis and formation ratewere 0.6840.21x10°,
0.7040.12x1.0° and 0.874.12x16 molecules cii s* in the 2007, 2013 and 2016 sampling

campaigs, respectively The losses of OH through the other pathwailsexhibited the
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highest efficiencies at noon or in the early afterndbrshould be noted that the reaction
between OH and NOwas not only the sink of OHbut also a termination reaction in the
photochemical systenin comparison, the termination reaction rates were lower than the OH
formation rates from the primary sourcefdtolysis of HONO, @and HO,, andozonolysis

of VOC9 in the morning (7:00 10:00 LT), which were reversed in the following hours of

the day due to the increases in OH concentrations.

Consistent withthe variations of the local ©production, both the local formation and loss
rates of OH decreased through 2007 to 2@%®.05) with much more obvious reductions in
the later phase (2013016) On one hand, the continuous reduction of VOCs resulted in
lower HO, and RQ concentrations Higure S6), hence the lower production rate of OH
through the reaction of H@®NO. At the same timethe destruction rates of OH also
decreased due to the reductions of OH and ther€cursors, except for CEigure 7 and
Table 1). The decreases of the OH production and destruction rates inditetedhe
propagation of the reaction cycles, namely the recycling of i#dame slower from 2007 to
2016. This also explained why the locally producedl€creased ithese ten yearsince Q

is formed with the consumption and recycling of OH ratic

Formation pathway: Loss pathway: .
= HO,+NO HONO+hv mm O(lD)+HZO OH+CO W OH+VOCs —e— Simulated OH
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Figure 7. Average diurnal cycles of the Ofdrmation and lossatesduring the sampling

26



577 periods in(a) 2007,(b) 2013 andc) 2016

578 3.4 Source contributionsto the production of O; and radicals
579 3.4.1Source apportionment

580 To resolve the sources of;@recursors27 speces, including CONO, NQ, 12 alkanes, 4
581 alkenes and 8 aromatics, wexgplied to PMF fosource apportionment. These species were
582 either of high abundances or typical tracers of VOC sources in Hong Kamgce

583 apportionment was conducted fotagal of 414 samplesovering the three sampling periods,
584 so that the uncertainty of the source apportionmesuiltscould be reducedcompared to

585 separate source apportionmefds each of thehree sampling period$igure 8 shows the

586 averageprofiles of thesix sources resolved by PMF. The modelling errors were estimated

587  with the bootstrap method integrated in P{@Ffown et al., 201p

588 Factor lwasassigneds the combination of LPG usage and gasoline evaporation, in view of
589 the highloadingsof C,-Cs hydrocabons. Specifically, propane andn-butanes are the main
590 components of LPG@n Hong Kong and gasoline evaporation generally contains large
591 quantities ofi-/n-pentanesin particularlyi-pentane(Guo et al., 2018 Lyu et al., 2013).

592 Factor 2was characterized bynoderate tohigh percentagesf i-/n-pentanes and TEX
593 (toluene, ethylbenzene and xylenes). These species are commonly gasaliime exhausts
594 Therefore,we definal this factoras gasoline exhaust Both the third and fourth factors
595 indicatal solventrelated emissions While Factor 3 likelyrepresentechousehold solvent
596 usage, due to the dominance of hexane and hexane isocmeth{@pentane)ling and Guo,
597 2014 Ou et al., 201p Factor4 wasmore related t@missions frontoatingsand paints, in
598 view of the dominancef the aromaticg¢Ling and Guo, 2014 Factor Svasdistinguished by
599 the high concentrationsf ethane, ethene, ethyne and benzene, together witteldisely
600 heawy (C;-Cy0) alkaneswhich are typical species in died exhaustgSchauer et al., 1999;

601 Kashdan et al.2008 Sahoo et al., 20)1 Therefore, this factowas designated as diesel
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602 exhaust. The last factordenotedfor biogenic emissions (BVOCsjue to the exclusive

603 dominance ofsoprene Guenther, 2006).
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604
605 Figure 8. Average profiles of the Q precursors sources at TC in the three sampling
606 campaignsThe uncertainties were estimated with the bootstrap method in PMF.

607 Figure S7 presents the totamixing ratio of VOCs emitted from each individual source
608 extracted from PMF durinthe threesampling periodén Hong Kong The VOC emissios
609 from LPG usageand gasoline evaporatiodecreased significantlyp€0.05) at a rate of -
610 2.614.03 ppbwr! from 2007 t02016. However the VOCs in association with gasoline
611 exhauss experienced an increaseate = 1.324.02 ppbwr®, p<0.05) in these years
612 indicating thatthe reduction of VOC emissions from LPG usael gasoline evaporation
613 was not attributable to the changeamissions of gasoliAelled vehiclesinsight into the
614 mixing ratios ofpropane and-/n-butaneqLPG tracers)n this sourceevealeda significant

615 decline from3.514.52 ppbv in the 2007 sampling campaignlt@74.11 ppbv in the 2016
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samplingcampaign Therefore the reduction of VOC emissions from LPG usages most
likely the reason of the decrease of VOCs allocated to the source of LPGauslagesoline
evaporation In fact,it was confirmed by ouprevious studiesL{yu et al., 2016pYao « al.,
2019 thatthe replacement of catalytic converters on Hie€lled vehiclesluring September
2013May 2014 effectivelyreducedthe VOC emissiondrom LPGfuelled vehicles in Hong
Kong. In addition,the variations in LPG usage in inland PRD, where W45 extensively
used as vehicular and domestic fuglsl et al.,2008, might also contribute to the emission
reduction of VOCs, in view of the decrease of LPG tracers in this source from 2007
(3.5140.52 ppby to 2013 2.044.27 ppby, when no control wa performed againdtPG
fuelled vehicle emissions Hong Kong.The VOCs emitted from solvent usa@iecluding
the household solventoatings and paintsilso decreasedignificantly (p<0.05)from 2007
to 2016 likely benefiting from the actions taken teestrict the VOC contents insolvent
productsstarting from2007 (phase 1) and 2010 (phaseihlHong Kong(Lyu et al., 2013).
VOCs attributable to diesel exhaustiecreasedp<0.05) fromthe 2007 (2.60.3 ppbv) to
2013sampling campaign (2.0#0.@pbv), which howevemwere unchangebletween2013 and
2016(2.240.2 ppbv). In fact, a subsidy program haseenimplemented in Hong Kong since
2007 to progressively eliminate the aro IV diesel vehiclesr to upgrade their emission
standards to Euro IM\HKEPD, 20170, and the effectiveness of this program VOC
reductiondill 2013 wasconfirmed byLyu et al. (201@) with the online measurement datia
the same siteHowever,while the phase Il of this progra(@0142019)is still ongoing,the
VOCs emitted fran diesel vehicles remained stable between the 2013 and 2016 sampling
campaigns.This undesirablgesult might be due tahe fact that the actions were mainly
targeted at the prEuro,Euro | andeuroll diesel vehicledefore 2013whereaghe phase lll
of the program initiated 2014 focused on the Euro 1l vehicldsiKEPD, 201D, 2018§.

Since the formewere vehiclesvith higher emissionst is not unreasonable that reduction of
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VOCswas more discerniblbetween 2007 and 201Burther the effectivenes®f the phase
lll programmight be somewhat offset by the wearmgf of thepre-existing vehiclesand the
increase of diesel vehicle populatiof@@ompetition Commission, 201 7Further evaluation
with more datan a longer period is recommendeékt last,the increase of BVOCsom 2007
to 2013but comparable levelbetween 2013 and 201&emed to beelated to thdower

(p<0.05)temperature ithe 2007 sampling campaignHgure S8andTable $). Besides, the
more frequent(62.8%) southeast windfrom SCSwith higherwind speed (2.39.2 m s

mightdilute BVOCs emitted from the terrestrial plants in the 2007 sampling campaign.

3.4.2Source contributionsto O3 production

Figure 9 presents thecontributions of VOCs emitted from individual sourceso the
production and destruction rates O, as well asthe simulatedcontributions tothe O3
mixing ratics. NOy was not included in thse analy®s, because ofts relatively high
uncertainties in source apportionment results due to the short life@oasistent with the
O3 production and destruction in the whole air, the pathway ofHN® dominatecbver the
reactions between ROand NO in O3 production for all the individual sources The
destruction of @was mainly driven b\NO, reacting with OHFor the net @productionrate
VOC:s attributable to theoatings and paintsade the largest contributi¢0.384#.05 ppbvh

1), followed by gasoline exhaust(0.224.03ppbv h™'), LPG and gasoline evaporation
(0.2140. 03ppbvh™), BVOCs (0.19#.0%pbvh™), household solvent usage 168:. 04 ppbv
h!) and diesel exhaust(0.13#0.01ppbv h?). Despite some peak shifts for the reasons
illustrated in sectior8.3.1 the Q mixing ratios elevated by the individual sources followed
the same patterasthe net Q production rates, with the highesg €nhancement (2240.21
ppbv) by the source of coatings and paints and the lowestaseby household solvent
usage (0.86#.06ppbv) anddiesel exhaust(0.83#.06 ppbv) The contributions of souree

specific VOCs to @production, particularly the importance of solvent usagejifio@mation
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666 in Hong Kong,were generally in line withrpvious studiesL{ng and Guo, 20140u et al.,
667 2015. Thiswasactually expected according to the reactivity of major VOCs in each source
668 For example, the TEX the source ofoatings and paints-{gure § have beendentified to
669 be of high Q formation potentialsliau et al., 2010; Ling et al., 2012013. However the
670 PBM-MCM model simulationsenablel us to quantitatively evalta the contributions of

671 VOC sources$o O; productionrates

672

673 Figure9. Contributions of VOCs in individual sourcesth® production and destruction rates

674 of Oz andto the O3 mixing ratiosin the three sampling campaigns.
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