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Abstract. Measurements of Volatile Organic Compounds 1 Introduction

(VOC) are analyzed to characterize the sources impacting the

Hong Kong area. The ratios of different VOC species, m,p-Due to the tremendous economic and population growth dur-
xylenes-to-ethylbenzene gB14-to-toluene and p-xylene-to-  ing the past decades, Hong Kong Special Administrative Re-
total xylenes are used for diagnostic analyses. PhotochemBion (HKSAR) and the adjoining Pearl River Delta Eco-
cal age analysis shows that the sources of reactive aromaticBomic Zone (PRDEZ) of China suffer from air quality prob-
the most important contributor to the photochemical reactiv-lems such as photochemical smog characterized by the un-
ity, do not appear to be preferentially located in downtown healthy high concentrations of ozoneg@nd fine particles
Hong Kong. In addition, they do not appear to be domi- (Kok et al., 1997; Wang et al., 2001; CH2M, 2002; Wang,
nated by mobile emissions based on the analyses of speciat€®03; Chan and Yao, 2008). Volatile organic compounds
VOC data from an earlier study, but related to industrial, wa- (VOC) together with nitrogen oxides (N are important
terfront, and fuel-storage activities. The ratios, p-xylene-to-precursors of surface-level ozone. In the Pearl River Delta
total xylenes and dS£dNOy, suggest that the anomalously region, the speciation and sources of VOC have been studied
h|gh po||utant concentrations in western Hong Kong in theintensively in some field measurements. For example, Guo et
early morning hours of two episode days appear to have com@l- (2004a, b, 2006, 2007) focused on source apportionment
from transport of urban-type emissions. Comparison of Ob-Of observations of VOC using statistical analyses. Other pre-
served ambient ratios of selected VOC and their ratios in thevious studies were conducted on the ambient levels of VOC
speciated VOC emission inventories for Hong Kong and ad-in Hong Kong (Sin et al., 2000; Ho et al., 2002; Lee et al.,
jacent Pearl River Delta (PRD) Region gives mixed results.2002; Wang et al., 2002, 2005; So and Wang, 2004; Chan et
The observed ratio H14-to-toluene is consistent with the al., 2006; Tang et al., 2007, 2008; Barletta et al., 2008; Liu
speciated version of the VOC emission inventory. The ra-etal., 2008).

tios of selected alkanes are not. This may be caused by the Our previous analysis (Zhang et al., 2007) of the ozone,

inaccuracies in the inventory and/or the speciation method. NOx and VOC obtained during an intensive field campaign
in the Hong Kong and the Pearl River Delta Pilot Air Mon-

itoring Study from October to December, 2002 showed that
on O3 episode days both local emissions and transport from
Guangdong Province contributed to the high €@ncentra-
tions. From the simulations using an Observation-Based
Model, it was found that the ozone chemistry in Hong Kong
during the campaign was limited by VOC, especially the re-

Correspondence tal. Zhang active aromatics, of which xylenes and toluene dominated.
BY (jingzhang@bnu.edu.cn)

Published by Copernicus Publications on behalf of the European Geosciences Union.



http://creativecommons.org/licenses/by/3.0/

4984 J. Zhang: Source characteristics of VOC duriggfisodes in HK

Table 1. Species quantified from analysis of ambient air samples gathered from the different sites in Hong Kong.

Species TO EPDsites Species TO EPD sites
Methane Y Y Isoprene Y Y
Ethane Y Y Ethyne Y Y
Propane Y Y Benzene Y Y
n-butane Y Y Toluene Y Y
i-butane Y Y o-xylene Y Y
n-pentane Y Y m-xylene Y Y
i-pentane Y Y p-xylene Y Y
n-hexane Y Y Ethylbenzene Y Y
2,2-dimethybutane Y Isopropylbenzene Y Y
2,3-dimethybutane Y Y Propylbenzene Y Y
2-methylpentane Y Y 3-ethyltoluene Y Y
3-methylpentane Y Y 4-ethyltoluene Y Y
n-heptane Y Y Methylcyclopentane Y

n-octane Y Y Cyclohexane Y
2,2,4-trimethylpentane Y Y 1,3,5-trimethylbenzene Y Y
n-nonane Y 2-ethyltoluene Y Y
n-decane Y 1,2,4-trimethylbenzene Y Y
Ethene Y Y a—pinene Y

Propene Y Y B—pinene Y

i-butene Y Y 1-pentene Y
1-butene Y Y 2-methylhexane Y
cis-2-butene Y Y 3-methylhexane Y
trans-2-butene Y Y 1,2,3-trimethylbenzene Y
1,3-butadiene Y Y

Note:
a) “EPD sites” represents CW, YL, TC, TM.
b) “Y” means that species of VOCs was measured at that site.

Some anomalous but interesting VOC phenomena werd-inally, we will assess, in a preliminary fashion, the speci-
also examined. For example, the 24-h average anthropogengted emission inventory and a speciated emission inventory
hydrocarbon concentration observed at Tai O (Plate 1) on #eported earlier by Streets et al. (2003).

November 2002 was higher than or comparable to those mea-

sured at upwind sites Central Western/Yuen Long (Plate 1) in

this campaign, suggesting that some other significant sourcg Experimental data
of VOC existed other than simply transport from Central

\;Vﬁlstern/\t()ueglo_ggg.hOT/(t)mg) episode df_;\ys, 13 Octolber ambur analysis is primarily based on the VOC data collected
ovember , the concentration and total propy-,a the period from October to December 2002 at five lo-

equivalent reactivity in the early morning were much higher cations in Hong Kong: Tai O (TO), Central Western (CW),
. . uen Long (YL), Tung Chung (TC), and Tap Mun (TM). TO
episode days. The anomalous behgwor on these two day\?/as operated by the Hong Kong Polytechnic University and
suggested that unu_sual me_teo_rologlcal patterng caused trﬂﬁe other four were monitoring sites operated by Hong Kong
pollutant accumulation at Tai O in the early morning. Environmental Protection Department (HKEPD). Also used
In this paper, we will focus on the source characteristicswere data collected during an earlier HKEPD study on the
of VOC on the ozone episode days. In order to identify thePRD region (CH2M, 2002) at two other sites, Tsing Yi (TY)
major sources of different VOC species, especially the re-and Tai Po (TP). TP is located in a waterfront park where
active aromatics, first we will speciate the VOC emissionsemission of industrial processes generated from Tai Po In-
from Hong Kong and the Pearl River Delta region based ondustrial Estate could be monitored and TY at the entrance
the emissions by sector of anthropogenic VOC from this re-portal of a tunnel. A map of Hong Kong showing the lo-
gion and the speciation profiles for different source types.cations of each of the sites is presented in Plate 1. The fall
Then, we will focus on the source characteristics affectingseason in Hong Kong is characterized by moderate tempera-
Hong Kong by analyzing the ratios of different VOC species. tures, light winds out of the northeast and little precipitation.
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Table 2. Emission inventory of VOC by sector for the year 2000
from an earlier PRD study (CH2M, 2002). YL TP ™

Sector HKSAR PRDEZ Sherzhen

Energy 0.5 (1%) 7.0 (1%) Deen B
Industry 9.5 (17%) 51.6 (9%)

Transportation 13.6 (24%) 375.9 (66%)
VOC-containing products  31.4 (55%) 92.5 (16%)
Others 1.7 (3%) 47.2 (8%) Tuzn

Fang[T hau

Mirs Bay

“uen Leng

Territories
Sai I
ai ltong

Note: The emissions are in unit of Gg (i.e 2. The data in paren-

thesis are in units of percent of total emissions. HKSAR=Hong et _
Kong Special Administrative Region. PRDEZ=Pearl River Delta Tun Cgung Sy
Economic Zone. 2 LantauTjiang

These conditions favor the transport of polluted air from the
Asian continent to Hong Kong, as well as the accumulationin
Hong Kong of locally emitted pollutants (Wang et al., 2001).
Detailed meteorological conditions during the experimental TO TC TY Cw
campaign as well as the characteristics of the sites were de-
scribed by Zhang et al. (2004). Plate 1 Map of Hong Kong area showing the location of sam-
The ambient air samples were collected up to 7 times pepling sites (TO=Tai O, TC=Tung Chung, CW=Central Western,
day at TO on selected days. At the other four sites operatedL=Yuen Long, TM=Tap Mun, TY=Tsing Yi, TP=Tai Po).
by HKEPD, the ambient samples were collected once per day
every 6 days and lasted for 24 h. A total 73 air samples were
collected at TO and 65 at other four sites. The 138 whole ainwell as particulate matter speciated profiles for a variety of
samples were collected with canisters, and then shipped teources. For this information source, it is assumed that the
and analyzed using gas chromatography in the University ofpecies profile for a given source type in Hong Kong and
California — Irvine (Colman et al., 2001). The VOC detection PRD is the same as that for the same source type in the West.
limit was 5 pptv. And the uncertainty for the VOC was 1%— The speciated VOCs are listed in Table 3.
10% (Colman et al., 2001). Table 1 lists the species that were In general, the speciation of the VOC emissions from the
guantified from the air samples for each of the sites. As carearlier PRD study (CH2M, 2002) is quite different from that
be seenin Table 1, the list of species for TO is somewhat dif-of the TRACE-P (Transport and Chemical Evolution over the
ferent from that of the EPD sites. However, the species thaPacific) emission inventory (Streets et al., 2003). For exam-
were measured common to all sites were the most importanple, the emission of isomers of hexane in Hong Kong from
in terms of ozone photochemistry (accounting for 94—96% ofthe earlier PRD study is about 1/3 of that from the TRACE-
the total VOC reactivity at each site). P inventory, while the emission of toluene in Hong Kong is
12% higher (not shown).

3 Results and discussion 3.2 Source characteristics of VOC: diagnostic analysis

3.1 Speciation of VOC emissions 3.2.1 Sources of VOC: local emissions vs. transport from
distant sources
Using the emission inventories by sector for the year 2000
from the earlier PRD study (CH2M, 2002) shown in Table 2, Inspection of the distribution and the propy-equivalent reac-
which has an uncertainty of below 10%, a detailed analy-tivity of VOCs (see Chameides et al. (1992) for the descrip-
sis of the chemical speciation of VOC emissions from bothtion of this method) revealed that anthropogenic hydrocar-
Hong Kong (HKSAR) and Guangdong Province (PRDEZ) bons dominate, in which reactive aromatics (which encom-
was performed. The VOC emissions were divided into the 47passes all aromatics except benzene and is richest in xylenes,
species measured at TO and other sites operated by HKEP@oluene, and to a lesser extent trimethylbenzene and ethyl-
The speciation profiles for each source type were drawrbenzene) is the dominant species group (Zhang et al., 2004,
from the USEPA SPECIATE 3.2 database (USEPA, 2002,2007). Figure 1 illustrates the propy-equivalent reactivity
available at:http://www.epa.gov/ttn/chief/software/speciate/ fractions of xylenes and toluene to the total reactivity of an-
speciate32.htnl a repository of total organic compounds as thropogenic VOC (AHC in figure) and CO at TO on ozone

www.atmos-chem-phys.net/8/4983/2008/ Atmos. Chem. Phys., 8, 49982008
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Fig. 2. (a)Scatterplot of simultaneous measurements pa0d the
_ _ ratio of m,p-xylenes to ethylbenzene at TO during the measurement
Fig. 1. Fractions of toluene and xylenes to the total propy- campaign;(b) Ratio of the observed 24-h averaged concentrations

equivalent reactivity of anthropogenic VOC at TO on all episode 4f m, p-xylenes to that of ethylbenzene at all five sites on 7 Novem-
days with VOC data. ber 2002.

episode days (defined as a day when the daily peak one-hodi¢ that of xylenes is to be expected, since xylenes are more
averaged @ concentration was greater than 100 ppbv). It reactive than toluene. The large increase in 11 October and 7
can be seen that the reactivity fraction of xylenes in earlyNovember is more difficult to rationalize on the basis of pho-
morning of 11 October and 7 November is much higher thantochemistry. This suggests that the source that caused the
that observed during the daytime. This explains in part thehigh concentration of pollutants at TO on 11 October and 7
high concentrations of anthropogenic hydrocarbons in earlyNovember was rich in xylenes relative to toluene and that the
morning on these two days in Zhang et al. (2007). However,nfluence of this source tended to decline with time as these
as the day progressed, the reactivity fraction from xylenegdays progressed. Below we will discuss the possible sources
decreased while that of toluene increased. At midday the reof these reactive aromatics.

activity fractions of toluene were 4-14% larger than that of Due to the meteorological characteristics in Hong Kong
xylenes. On the days other than 11 October and 7 Novemarea, the monsoon in the fall season favors transport of
ber, on the other hand, the diurnal variations of xylenes andpolluted air from Guangdong Province and accumulation
toluene at TO were more similar, with toluene still tending of locally emitted pollutants in Hong Kong (Wang et al.,
to increase in importance relative to that of xylenes but les2001). The air samples we collected may carry information
so. This modest increase in the reactivity of toluene relativefrom both local emissions and transport from Guangdong
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Province. Zhang et al. (2007) analyzed the relative roles ofrom our previous analysis of VOC reactivity in Zhang et
local emissions and emissions transported from Guangdongl. (2007) also suggest that the additional source of VOC
Province in fostering @pollution in Hong Kong by carrying  that impacted TC and TO (but not CW and YL) were most
out two independent analyses, chemical tracer of dCO/{dNO likely not local but from source located upwind of the TC
and isentropic back trajectories. The analyses showed thand TO but downwind of CW and YL.

both local and transported pollutants could act independently

or in concert to bring about £pollution in the Hong Kong  3.2.2 Source of VOC: nature of high levels of VOC sources
area.

Further insights into the nature of the VOC sources im-Toluene and xylenes were found to be the most reactive
pacting the various sites can be obtained by examining th&/OC during episode days and their concentrations were
ratios of VOC species with different photochemical lifetimes relatively enhanced at TC and TO (Zhang et al., 2004),
(or reactivities) as a measure of the so-called “photochemindicating the existence of an additional source of VOC to
ical age” of the VOC (Nelson and Quigley, 1983). In the these sites. The anomalous diurnal variations of toluene and
analysis presented here, we use the ratio of m,p-xylenes-to<ylenes on 11 October and 7 November further suggest that
ethylbenzene as a metric of photochemical age. We havéhese two reactive aromatics may have differing sources.
chosen these two species because their lifetimes are apprBelow we examine the observations of speciated VOC to
priate for distinguishing source contributions between thegain insight into the sources of toluene and xylenes.
various sites considered here; that is, the transport time be-
tween the various sites on a typical episode day is a fewRatio of GHis-to-toluene
hours while, for a representative afternoon OH concentration
at TO of 5x 10°molec/cn?, the xylenes’ lifetime is about 3h  While ratios of the concentrations of VOC with differ-
and the ethylbenzene’s lifetime is about 8 h. Additionally, ent photochemical lifetimes can be used to assess the
both species fall into the same functional group (i.e. reac-photochemical age of the VOC, the ratios of the concen-
tive aromatics) (Zhang et al., 2004), and thus their ratio will trations of VOC with similar photochemical lifetimes may
be most relevant to this most dominant group. Another reabe used to identify the relative influence of different source
son to choose this ratio is that various sources of these twdypes to the VOC observed at a given site. In the later
species tend to have a similar ratio of about 3.6 (Nelson angase, since the VOC have the same lifetime, variations
Quigley, 1983) as shown in Table 4, so the difference be-in the ratios of the two species must reflect the influence
tween the ratios observed can be attributed to photochemistrgf different source types that emit the species at differing
and not emissions. It is worth noting that from the speci- relative amounts (assuming source output is constant).
ated version of emission inventory from CH2M (2002) dis- To gain insight into the kinds of sources that were re-
cussed in Sect. 3.1, this ratio is 4.4 at Hong Kong and 4.0sponsible for the high concentrations of toluene at TO and
at Pearl River Delta region, respectively, which is consistentTC, we considered the ratio ofg84-to-toluene. (Here
with the value of 3.6 reported by Nelson and Quigley (1983)we use GHi4 to represent the isomers of hexane except
and Na et al. (2004). Figure 2a shows the relation betweer2,2-dimethylbutane since its lifetime is about twice that of
the ratio of m,p-xylenes-to-ethylbenzene angdTO dur-  other isomers.) These species have lifetimes of about 2
ing the measurement campaign. Generally, highgc@h- days due to reaction with OH when the 12-h daytime OH
centrations are indicative of greater photochemical age andoncentration is 1.510° molecules cm®. In general, the
so the strong negative correlation betweenadd the m,p-  major source of gH14 is mobile; while the major sources
xylenes-to-ethylbenzene ratio suggests that the ratio can iof toluene are industrial and fuel storage as well as mo-
fact be used to assess photochemical age. bile (see Fig. 3). Thus, one might expect relatively high

Figure 2b illustrates the averaged m,p-xylenes-to-CgH14-to-toluene ratios for mobile sources and lower ratios
ethylbenzene ratio observed at each of the five sites on Tor more industrial sources and sources that reflect evapora-
November. CW and YL have relatively high ratios (over tive losses and leakages from fuel depots. From the speci-
1.6), while TC, TO and TM have lower ratios (about 1.2). ated version of emission inventory from CH2M (2002) dis-
These results are generally consistent with what might becussed in Sect. 3.1, this ratio is about 0.9 for transportation
expected in the basis of the characteristics of each of thet Hong Kong and Pearl River Delta region, and below 0.1
sites. CW is the most urban site and YL is close to a numbeiffor industrial and VOC-containing products, which is con-
of industrial facilities and thus we would expect the VOC sistent with some earlier studies (Table 4). This expectation
mixture at these sites to reflect their close proximity to is largely confirmed from examination of Fig. 4a based on
sources. TC, TO and TM, being more rural sites, would data collected at two sites in Hong Kong — Tsing Yi and Tai
be expected to have a more photochemically-aged mix oo (see Plate 1) during the earlier PRD study discussed in
VOC, reflecting their greater distance from VOC sources.Sect. 2. Tsing Yi is a roadway site located at the entrance to
This is consistent with the results from So and Wang (2004)a tunnel and thus is generally dominated by mobile sources.
and Guo et al. (2006, 2007). These results and the result¥he ratio of GH14-to-tolulene is therefore generally high at
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Table 3. Non-methane hydrocarbons measured during the Hong Kong intensive campaign and their apportionment among source categories

Percent Apportionment to Source Category

Species HKSAR PRDEZ

Mobile Stationary Natural Mobile Stationary Natural

Ethane 78 22 0 70 30 0
Propane 2 98 0 0 100 0
n-butane 70 30 0 95 5 0
i-butane 16 84 0 60 40 0
n-pentane 75 25 0 91 9 0
i-pentane 74 26 0 96 4 0
n-hexane 50 50 0 80 20 0
n-heptane 11 89 0 49 51 0
n-octane 100 0 0 100 0 0
n-nonane 97 3 0 100 0 0
n-decane 98 2 0 99 1 0
2,2-dimethylbutane 91 9 0 100 0 0
2,3-dimethylbutane 68 32 0 94 6 0
2-methylpentane 86 14 0 100 0 0
3-methylpentane 88 12 0 100 0 0
2-methylhexane 0 100 0 0 100 0
3-methylhexane 92 8 0 100 0 0
2,2,4-trimethylpentane 97 3 0 100 0 0
Methylcyclopentane 88 12 0 100 0 0
Cyclohexane 22 78 0 77 23 0
Ethene 100 0 0 96 4 0
Propene 99 1 0 90 10 0
i-butene 95 5 0 95 5 0
1-butene 64 36 0 78 22 0
1-pentene 77 23 0 100 0 0
1,3-butadiene 100 0 0 23 77 0
Isoprene 0 0 100 0 0 100
Cis-2-butene 67 33 0 97 3 0
Trans-2-butene 43 57 0 95 5 0
Acetylene 90 10 0 88 12 0
Benzene 78 22 0 91 9 0
Toluene 7 93 0 39 61 0
m-xylene 12 88 0 33 67 0
p-xylene 33 67 0 69 31 0
o-xylene 16 84 0 52 48 0
Ethylbenzene 32 68 0 72 28 0
i-propylbenzene 0 100 0 0 100 0
n-propylbenzene 78 22 0 96 4 0
m-ethyltoluene 79 21 0 96 4 0
p-ethyltoluene 0 100 0 0 100 0
o-ethyltoluene 42 58 0 83 17 0
1,3,5-trimethylbenzene 84 16 0 97 3 0
1,2,4-trimethylbenzene 93 7 0 99 1 0
1,2,3-trimethylbenzene 79 21 0 96 4 0
a—pinene 0 0 100 0 0 100
B—pinene 0 0 100 0 0 100

Note: HKSAR=Hong Kong Special Administrative Region
PRDEZ=Pearl| River Delta Economic Zone

Atmos. Chem. Phys., 8, 4988996 2008 www.atmos-chem-phys.net/8/4983/2008/
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Table 4. Ratios of VOC in emission sources based on some earlier studies (unit: C/C).

Sources X/E CgHa14/toluene n-GH10/CoHg C3Hg/CoHg
Seoul Vehicle 4.31 (sp)2.43 (su) 4.09 (w) 1.00 (sp)0.69 (su) 0.65 (w) 9.87 (sp)9.66 (su) 3.86 (w) 1.57 (sp)1.99 (su) 1.99 (w)
(South Kored
Butane fuels 223.38 (sp) 1767.16 (su) 39.24 (w)  13.97 (sp) 40.40 (su) 25.95 (w)
Gasoline 3.69 (sp) 3.46 (su) 3.40 (w) 1.25(sp) 1.46 (su) 1.21 (w)
Paint solvents  3.08 (sp) 0.004 (sp)
Natural gas 0.04 0.32
LPG** 0.10 43.47
Sydney Exhaust 35
Petrol 4.0
Solvents 35
Combined 3.6
Hong Kong' Combined 0.32 10.91 1.43
Guangdong Combined 0.44 2.64 1.51

*: X/E represents m,p-xylenes/ethylbenzene. **: LPG represents liquefied petroleum gas.
Data sources: a: Na et al. (2004); b: Nelson and Quigley (1983); c: Streets et al. (2003).
Note: seasons are represented in parenthesis: sp-spring; su-summer; w-winter.

Tsing Yi. The exception is when the VOC concentrations are The analyses discussed above and in the previous sec-
low (25th percentile), most likely reflecting low-traffic con- tions suggest that the additional toluene impacting TO and
ditions when the site was being impacted by more distanfTC are not local and that they arise from industrial, water-
non-mobile sources. The ratio is also low at 50th percentilefront, and/or fuel-storage activities. A related question is
in observed VOC concentrations becaus#( level was  whether these sources are located in Hong Kong or in Guang-
close to detection limit (0.2 ppbv, CH2M, 2002) at both 25th dong Province. To address this question we first examined
and 50th percentile while toluene level was well above thethe GsH14-to-tolulene ratios observed at a number of sites
detection limit (0.2 ppbv, CH2M, 2002). Tai Po is situated in throughout Guangdong Province during the aforementioned
an industrial waterfront park, and here thgHz4-to-toluene  Hong Kong EPD study (Fig. 4b). We can see that low ratios
ratio was generally low reflecting local industrial processesof CgH14-to-toluene similar to that observed at Tai Po (i.e.,
and/or emissions from ships and other waterborne transpotess than 0.2) were observed at a number of sites in Guang-
systems as well as fugitive emissions arising from the transdong Province. Such low ratios ofgH14-to-toluene were
port of chemicals and fuels by such waterborne systems, exalso observed in some other studies (Tang et al., 2007, 2008;
cept that when the VOC concentrations are low when the sitéBarletta et al., 2008; Liu, et al., 2008). This suggests that
was being affected by more distant non-industrial sources. Guangdong Province cannot be ruled out as a source of the
Figure 5a illustrates the ¢El14-to-toluene ratio observed additional toluene observed at TC and TO.
at each of the sites on episode and non-episode days, and Further insight can be gained by examining a scatterplot
Fig. 5b illustrates the diurnal variation in the ratio observed between dCO/dN@(a tracer for distinguishing between pol-
at TO on episode days. Inspection of Fig. 5a reveals thatution from Hong Kong and Guangdong based on their differ-
the ratio is depressed at TC and TO compared to other sitesnce in emissions, see Wang et al., 2001; Zhang et al., 2007
on episode days (about 0.23). This suggests that the excessid papers cited therein for discussion) and tlael{g-to-
abundance of toluene (and perhaps the additional source dbluene ratio observed at TO. The scatterplot is illustrated in
VOC in general) at TC and TO is related to industrial, wa- Fig. 6. We find a significant negative correlation between the
terfront, and/or fuel-storage emissions as opposed to mobil€gH14-to-toluene ratio and dCO/dNO The plot suggests
emissions. Inspection of Fig. 5b indicates that at TO thethat over 30% of the variability in the gE114-to-toluene ra-
ratio tends to decrease in the early afternoon at the samgo observed at TO was correlated with a factor associated
time that Q tends to increase on episode days (Zhang etwith pollution from Guangdong Province. This, in turn, im-
al., 2007). This result is consistent with the growing con- plies that emissions from Guangdong Province are responsi-
tribution of toluene to the total reactivity at TO in the after- ble, in part, for the high concentrations of toluene observed
noons discussed earlier and suggests that the air masses cat-TO. On the other hand, it should be noted that the re-
tributing to the rise of @ at TO are more heavily influenced gressions in Fig. 6 were obtained by omitting two outly-
by emissions from industrial, waterfront, and/or fuel-storageing data points that were obtained on 9 October that hap-
than from mobile emissions. pened to have very high CO and very low toluene concentra-
tions and were outside the upper 95% confidence interval of
dCO/dNQ,. If these two points are included in the scatterplot
(not shown), the statistical relationship between dCO/gNO
and the GH14-to-toluene ratio at TO is lost.
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Fig. 3. Emissions of GH14, toluene and xylenes by sector for Hong Kong and PRD Region in Guangdong Province of China.
Source: Earlier PRD Study (CH2M, 2002).

Xylene ratios xylenes are more reactive than toluene. However, more
anomalous behavior was observed at TO on 11 October
Recall from our earlier discussion that the observedand 7 November when xylenes dominated the reactivity in
variations of xylenes in Hong Kong had some similarities to the early morning but declined rapidly relative to that of
toluene and also some differences. The time-resolved datiluene during the late morning and early afternoon. The
for TO indicated that on most episode days the reactivityrapid decline in xylenes’ contribution on these two days
contribution from toluene tended to increase somewhat agould be indicative of xylenes and toluene having different
the days progressed, a tendency consistent with the fact thaburces. In fact, emission inventories for these two species
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Fig. 4. Ratios of GGH14-to-toluene at different sites in Hong Kong

and PRD region in Guangdong Province for the 25th, 50th, and 75th

percentile in observed VOC concentrations from an earlier PRDFig. 5. (a) Average ratio of GH14-to-toluene observed in ambi-
study (CH2M, 2002)(a) At Tsing Yi and Tai Po(b) The names of  ent air at different sites in Hong Kong and in the emission inven-
the sites are: 1/1, Dongguan City Changping Town; 1/2, Guangzhouories for Hong Kong (HK) and Guangdong Province (GD) from
City Conghua City; 1/3, Guangzhou City Guang-Shen High- the TRACE-P Experiment (Streets et al., 2003) and the earlier PRD
way; 1/4, Guangzhou City Tianhe District; 1/5, Guangzhou City study (CH2M, 2002){b) Observed ratios of §H4-to-toluene at
Huangpu District; 1/6, Jiangmen City Fengjiang District; 1/7, Shen- TO as a function of time of day on episode days.

zhen City Nanshan District; 1/8, Zhuhai/Zhongshan City Guang-

zhu Highway; 2/1, Guangzhou City Baiyunshan; 2/2 Guangzhou

City Conghua City; 2/3, Guangzhou City Yuexiu District; 2/4, g jnvestigate this possibility we analyzed the ratio of

Guangzhou City Huadu City; 2/5, Guangzhou City Baiyun District; p-xylene to total xylenes as a function of the total xylene

2/6, Guangzhou City Lianhuashan; 2/7, Guangzhou City T'anheconcentration (Fig. 7). For most of the data gathered at

[B):asggitbzigr’ift. uangzhou City Xinken County; 2/9, Shenzhen City the EPD sites, the ratio of p-xylene-to-total xylenes hov-
ers around 0.2-0.3. Thermodynamic equilibrium in the
reforming process used in gasoline and aromatics production

generally indicate that they do indeed have different sourcestends to produce a ratio of p-xylene-to-total xylenes-6t25

Inspection of Fig. 3 derived from the emissions inventory (Schauer, J., private communication, 2004). Thus, much of

obtained from the earlier PRD study reveals that emissionghe xylene observed at the EPD sites can be rationalized in

from the transportation sector tend to be more important forterms of emissions related to transportation; e.g., evapora-

xylenes than for toluene. tion of gasoline. In the case of TO, however, most of the
data points have p-xylene-to-total xylene ratios greater than
0.3. This suggests that, during most of the episode days, a
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Fig. 7. Observed ratios of p-xylene-to-total xylenes as a function of
total xylenes concentration at various sites during the measurement
campaign.

Fig. 6. Scatterplot of the gH1 4-to-toluene ratio versus dCO/dNO
observed at TO.

major source of the xylenes at TO, like that of toluene, was
non-mobile and related to industrial/petrochemical activities.
This in turn implies that the “additional source” of VOC we
inferred earlier for TO and TC that was enriched in reactive Analyses of the speciated VOC data suggest that the
aromatics is also likely related to industrial/petrochemical xylenes observed at the EPD sites on 7 November were
activities. dominated by sources related to the transportation sector.
However, there is a notable exception to the above conHowever, the additional sources of VOC impacting TO
clusion. Note in Fig. 7 that there are five data points withand TC were likely related to petrochemical/industrial,
extremely high total xylene concentrations (i.e., greater tharwaterfront, and/or fuel-storage activities. ~Anomalously
50 ppbC) and the p-xylene-to-total xylenes ratio for thesehigh pollutant concentrations at TO in the early morning
were all around 0.3, a ratio consistent with a source related tthours of two episode days, on the other hand, appear to
transportation and close to that observed at the EPD sites. Irhave come from transport of emissions from sources similar
terestingly, all the five data points were observed in the earlyto those impacting the EPD sites. Negative correlations
morning hours of two ozone episode days with anomalouslybetween VOC ratios and dCO/dNGuggest that sources
high early morning concentrations of VOC at TO. This sug- from the Guangdong Province are a significant, but not sole,
gests that the anomalously high concentrations of pollutantgontributor to the additional VOC observed at TO and TC.
at TO on 11 October and 7 November were most likely assoBy extension it appears likely that Guangdong Province
ciated with transport of urban-type emissions typical of theis contributing significantly to the high concentrations of
other EPD sites and not due to emissions from a transienteactive aromatics observed throughout Hong Kong.
source near TO. This is also corroborated when the “sea-
sonal” ratio of dS@/dNO, (see Zhang et al., 2007 for the 3.3 A preliminary assessment of the emission inventories’
calculation method. The background Sé&nd NG, concen- accuracy
trations of 1.04 ppbv and 3.37 ppbv were adopted) was exam-
ined. Figure 8 shows the ratios observed at TO on 11 OctobeTo assess the accuracy of existing emission inventories using
and 7 November 2002 (The “24 hourly” ratios of d8ANOy chemical measurements, several methods have been used.
have the same results). It can be seen that,d@@D, was Inverse modeling is one that estimates emissions by compar-
low (less than 0.1) in the early morning hours, and increasedng observations and model simulations (Hartley and Prinn,
to over 0.2 after 10a.m. with the highest ratios exceedingl993; Mulhollan and Seinfeld, 1995; Chang et al., 1996,
0.45 during the daytime on each of the two days. This sug-1997; Tan et al., 2004). Although it is a potentially pow-
gests that TO was mainly impacted by emissions of trans-erful tool to resolve the magnitude and spatial allocation of
portation type in the early morning on these two days, whileemissions and of values in both scientific understanding and
the influences from power plant/industry emissions increasegbolicy making, inverse modeling method is limited by the un-
during the daytime. certainties of models. Apart from the inverse modeling, vari-
ous statistical methods have been used to test inventories for

Summary
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on 11 October and 7 Novemb”er, .2002' See .Zhang et al. (2007)pservations of ambient air at TO and in the emission invento-

for the method how seas_onal ratio dsNOy is derived. The e ¢ Hong Kong (HK) and Guangdong Province (GD) from the

background S@concentration of 1.04 ppbv was adopted (data from TRACE-P Experiment (Streets et al., 2003) and the earlier PRD

Wang et al., 2001). study (CH2M, 2002). The two lines represent how these ratios
would evolve in time as result of dilution only and photochemistry
only.

gaseous and particulate pollutants (Cass and McRae, 1983; d

Schauer et al., 1996; Schauer and Cass, 2000; Zheng et al.,
2002). This approach can be used to determine the contrito-toluene to assess the accuracy of the VOC inventories.
butions of different sources. But it also has limitations: the Figure 5a shows the observed ambiegHg-to-toluene ra-
composition of source emissions needs to be constant witlio at different sites in Hong Kong and the ratio from the
time; all sources that contribute to ambient concentrations afwo emission inventories for Hong Kong and for Guangdong
the receptor are identified; and the sources are sufficientlyprovince. Inspection of the figure indicates that the ratios
different in terms of their chemical signatures to be easilyfrom the TRACE-P inventory for Guangdong Province are
distinguished at the receptor. Another method of emissionmore than 16% larger than that obtained from the ambient
testing is based on the comparison of the species ratios frorgbservations, while those for Hong Kong are comparative to
atmospheric measurements and emission inventory (Parristhat observed at TO and TM and larger than other sites. This
etal., 1991). This last method will be applied and discussedndicates an inconsistency in the inventory. In the case of
in this work. the inventory from the earlier PRD study, on the other hand,

In this section we present the results of a preliminary anal-we find that the ambient-measured ratios generally lie be-
yses using the speciated VOC measurements made duringveen the ratios derived from the emissions from Hong Kong
the field campaign to assess the accuracy of two existingand Guangdong. Given that emissions from Guangdong and
VOC emission inventories for Hong Kong and the PRD area:Hong Kong both contribute to pollution in Hong Kong, this
(1) A speciated VOC emission inventory prepared by Streetgmplies that the inventory from the earlier PRD study and its
et al. (2003) for the TRACE-P and ACE-ASIA field experi- speciation are generally consistent with thgigs-to-toluene
ments; and (2) the VOC emission inventory produced as partatios observed at the sites during the field campaign.
of the aforementioned earlier PRD study (CH2M, 2002).

3.3.2 Ratios of alkanes
3.3.1 GHjs-to-Toluene
An alternative approach involves using two sets of ratios of

One useful approach to checking the speciation of VOC in-VOC species with differing lifetimes and assessing how these
ventories is to compare ambient and emission ratios for VOQatios should vary in the atmosphere as they dilute and react.
species that have similar lifetimes. As noted in Sect. 3.2.2 Extrapolation of the so-called “dilution lines” and “reaction
since VOC species with similar lifetimes react at the samelines” back to time=0 allows one to use the observed ratios
rate, variations in their ratios should only reflect variations in of the VOC to estimate the ratio of the emissions (see Mc-
their relative source strengths, and, on average, the ratio dfeen and Liu (1993) for complete discussions of this tech-
their ambient concentrations should reflect the ratio of theirnique). Here we use the ratios of n-butane-to-ethane and
emissions. Here, as in Sect. 3.2.2, we use the rajlé & propane-to-ethane. Figure 9 gives the relationship between
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the two ratios at TO on all episode days with VOC data andIt uses surface/point measurements, thus the result lacks spa-
that from the speciation of the two VOC inventories. The tial representation and limited by measurement uncertainties.
two lines represent how these ratios would evolve in timeComparison of the species ratios from ambient observation
as result of dilution only and photochemistry only, assumingand emission inventory needs temporally constant composi-
that the source is characterized of ratios close to the hightion of source emissions; all sources contributing to ambient
est in the figure; note all the data points lie inside these twoconcentrations at the receptor need to be identified; and the
lines reflecting their evolution from both dilution and photo- measurements should span a period of at least a whole year.
chemistry. In fact, the source of the VOC should be on the

right upper portion of the plot where the two lines intersect,

since the major sources of VOC observed at TO are not local4  Conclusions

However, the ratios obtained from inventories for both Hong _

Kong and Guangdong are located elsewhere. This sugges_{\geasu_rements of VOC are analyzed to _eIu0|date the sources
that the speciation of the VOC inventories in Hong Kong andMPacting the Hong Kong area. The ratios, m,p-xylenes-to-
Guangdong cannot be rationalized with the ratios observe@thylbenzene, gHis-to-toluene, p-xylene-to-total xylenes,

during the measurement period. and dSQ/dNO, are used for diagnostic analyses. The photo-
chemical age analysis based on m,p-xylenes-to-ethylbenzene
3.3.3 Summary shows that the source of the reactive aromatics, the most im-

portant species group in which xylenes and toluene are dom-

Comparison of observed ambient ratios of selected VOC andnant, does not appear to be preferentially located in down-
their ratios in speciated VOC emission inventories for Hongtown Hong Kong, but in the downwind of downtown area
Kong and PRD (or Guangdong Province) provide mixed re-and upwind of western Hong Kong. And the ratios of speci-
sults. For isomers of hexane and toluene reasonable consiged VOC data, §Hi4-to-toluene, p-xylene-to-total xylenes,
tency between the ambient data and the speciated inventofPly that the source of the reactive aromatics does not ap-
derived from the earlier PRD study was obtained. This isP€ar to be dominated by mobile emissions except in the early
encouraging since toluene (along with the xylenes) was genMorning hours of two episode days with anomalously high
erally found to be among the most important VOC leading to pollutant concentrations. Specifically emissions from indus-
the production of @ pollution in Hong Kong. However, the trial, waterfront, and fuel storage activities appear to be im-
ratios of low-molecular weight alkanes in the emission inven-Plicated.

tories for both Hong Kong and Guangdong Province could VOC emission inventories by sector from Hong Kong and
not be rationalized with ratios observed for these speciedhe PRD are speciated using emission profiles. The measure-
in ambient air. Guo et al. (2006) also found discrepanciesMents are used to assess, in a preliminary way, the accuracy
in source contributions from the TRACE-P emission inven- Of emission inventories of VOC. The ratios of the concen-
tory and by applying a principal component analysis to non-trations of some VOC species (e.g.gHis-to-toluene) are
methane volatile organic compounds at TO over the periooconsistent with a speciated version of the VOC emission in-
of August 2001 to December 2002. One possible reason tha¢entory produced from an earlier PRD study. The ratios of
causes the discrepancy could be the timing difference beselected alkanes are not. The reason for this inconsistency
tween the emission inventories and the observations, i.e. thgould reflect inaccuracies in the inventory and/or the specia-
source inventories are annual average data, while the medlon method. VOC emissions in the region are dominated by
surements are only for October to December 2002 in this'eactive aromatics (e.g. xylenes and toluene). A significant
study. The lack of consistency could also reflect inaccuracie§ontribution to the reactive aromatics present in the Hong
in the gross inventories or in the methodology used to speciong area appears to be coming from non-mobile sources.
ate the inventory or in the measurements themselves. And, in Our results are based on observations at selected locations
this regard it should be noted that the speciation for both thdn Hong Kong during certain time period. The data on which
TRACE-P inventory and the inventory from the earlier PRD our analyses are based are restricted spatially and temporally.
study were based on emissions data obtained almost excli4ore measurements would no doubt help characterize addi-
sively for sources operating in the United States and Europédional areas in more seasons and also check the accuracy of
and may very likely not be appropriate for sources operatingeMission inventories more completely.

in China, especially in PRD (as fuels in Hong Kong are im- )
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