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[1] On 8 selected days between 25 October and 1 December 2007, 198 whole air samples
were simultaneously collected at two sites in the greater Pearl River Delta (PRD), namely,
Wan Qing Sha (WQS) in inland PRD and Tung Chung (TC) in Hong Kong, for the
evaluation of halocarbons including chlorofluorocarbons (CFCs), hydrochlorofluorocarbons
(HCFCs) and other chlorinated compounds. The mean mixing ratios of CFC‐12, CH3CCl3,
CH3Br, C2HCl3, and C2Cl4 at WQS were much higher than those at TC (p < 0.001), while
HCFC‐22 was higher at TC (p < 0.01). Long‐lived species such as CFC‐11, CFC‐12,
and CFC‐113 showed similar temporal patterns on most sampling days with small daily
variation, whereas the main species used as solvents such as C2HCl3 and C2Cl4 presented
large daily variations though with consistent temporal patterns. Source profile analysis
revealed that although there was no remarkable change in emission sources between 2001–
2002 and 2007, the emissions of CFCs and CCl4 from the production of refrigeration in 2007
were 1.4–2.0 times those in 2001–2002, and the use of HCFC‐22 has significantly increased
in these years while the use of C2HCl3 and C2Cl4 in the electronics industry showed a
remarkable reduction. By comparing the halocarbon data collected in this study with those
observed by other research teams in recent years, we found that the levels of CFCs have
declined since 2001, while their substitute HCFC‐22 has increased in emissions in recent
years, especially in Hong Kong. The annual trends are consistent with the implementation
of the Montreal Protocol. The results obtained in this study provide useful information to
local government on effective control of halocarbon emissions in this region.
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1. Introduction

[2] In the early 1970s, Molina and Rowland [1974] first
theorized that chlorine compounds, manufactured as re-
frigerants and aerosol propellants, could destroy the strato-
spheric ozone layer. This hypothesis was confirmed in 1985
by a measurement of large seasonal depletion of stratospheric
ozone over Antarctica [Farman et al., 1985; Solomon et al.,
1986]. Some observations have shown that the atmospheric
loading of ozone depleting halocarbons in the lower atmo-
sphere is currently in decline because of large reductions in
the global production and emissions of ozone‐depletion
substances (ODSs) by developed countries during the 1990s

[Elkins et al., 1993; Montzka et al., 1996, 1999, 2003;
Cunnold et al., 1997; UNEP, 2002; Yokouchi et al., 2002a;
World Meteorological Organization, 2003; Hurst et al.,
2004]. This indicates effective control of ODSs due to the
Montreal Protocol and its amendments and adjustments
[Solomon, 1999;Weatherhead and Andersen, 2006;Eyring et
al., 2007]. In recent years, controls on ODSs have often
focused on returning effective equivalent stratospheric chlo-
rine (EESC) to the level that prevailed in 1980 [Weatherhead
and Andersen, 2006]. EESC is a convenient parameter to
quantify the effects of halogens (chlorine and bromine) on
ozone depletion in the stratosphere [Newman et al., 2007].
The turnaround in EESC suggests that the early signs of an
ozone layer recoverymay be detected in the early 21st century
[Weatherhead et al., 2000; Reinsel et al., 2002]. Due to the
different features and different use patterns for different hal-
ocarbon species, the road to ozone recovery remains uncertain
[Fraser and Prather, 1999; Montzka et al., 1999].
[3] Chlorofluorocarbons (CFCs) and other halocarbons

have been used as refrigerants, propellants and solvents
since the early and middle twentieth century. Although the
Montreal Protocol imposed a total ban on production and
consumption of these species in developed countries in 1996
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[United Nations Environment Programme (UNEP), 1998],
developing countries are subject to a step‐by‐step reduction
in production and consumption [UNEP, 2002]. Both leakage
from old refrigeration and air conditioning systems and
direct emissions from production, associated with those
species with long atmospheric lifetimes, have resulted in a
steady accumulation of CFCs in the atmosphere [Fraser and
Prather, 1999]. Among the CFC‐replacement compounds,
HCFC‐22 (chlorodifluoromethane, CHF2Cl) is the most
abundant hydrochlorofluorocarbon (HCFC) measured in the
atmosphere, globally averaging 140–145 pptv in 2000 and
growing at 5 pptv/yr [Montzka et al., 1999; Prinn et al.,
2000; Sturrock et al., 2001; O’Doherty et al., 2004]. The
principal use of HCFC‐22 is as a commercial product in
refrigeration and foam blowing applications, from which
it is eventually released into the atmosphere. Emissions of
carbon tetrachloride (CCl4) originate primarily from its use
as a chemical feedstock for the production of CFC‐11. The
Montreal Protocol called for a total ban of this halocarbon in
developed countries by 1996, while restrictions in devel-
oping countries were scheduled to start in 2005. CH3CCl3
is a halocarbon of particular interest as it plays a role in
stratospheric ozone depletion as well. Its trends are used to
deduce average levels of hydroxyl radical (OH), the main
atmospheric oxidant for many environmentally important
gases [Prinn et al., 1995, 2001, 2005; Krol et al., 2003;
Palmer et al., 2003; Bousquet et al., 2005; Wang et al.,
2008]. Though it was banned under the Montreal Protocol
due to its high ozone‐depletion potential (ODP), there are
some signs of continuous emissions of CH3CCl3 in Europe
[Gros et al., 2003; Krol et al., 2003; Reimann et al., 2005]
and North America [Millet and Goldstein, 2004; Hurst et
al., 2006; Millet et al., 2009]. Trichloroethene (TCE) and
perchloroethylene (PCE) are used as industrial solvents and
degreasers and are excellent markers of anthropogenically
polluted air. Due to their short atmosphere lifetimes (0.01
and 0.27 years, respectively) [Warneck, 2000] and low
impact on stratospheric ozone, they are not controlled by the
Montreal Protocol, but they are hazardous and toxic organic
compounds affecting human health (Agency for Toxic
Substances and Diseases Registry, http://www.atsdr.cdc.
gov/toxfaqs/index.asp). In addition, Dimmer et al. [2001]
reported possible oceanic emissions of TCE in subtropical

oceans. Methyl chloride (CH3Cl) and methyl bromide
(CH3Br) have both strong anthropogenic and natural sources.
CH3Cl, the most abundant halocarbon in the atmosphere,
has received much attention as a natural source of chlorine
atoms in the stratosphere [Fabian, 1986;Graedel and Keene,
1995]. Current estimates of CH3Cl and CH3Br emissions
from oceanic sources, terrestrial plants and fungi, biomass
burning and anthropogenic input do not balance their losses,
which are due to oxidation by hydroxyl radicals, oceanic
degradation, and consumption in soils, suggesting that addi-
tional natural terrestrial sources may be important [Moore,
2000; Yokouchi et al., 2000, 2002a; Andreae and Merlet,
2001; Hamilton et al., 2003]. Coastal salt marshes and trop-
ical coastal land are also apparently important sources of
methyl halides [Rhew et al., 2000, 2001, 2007; Yokouchi et
al., 2000, 2002b; Bill et al., 2002; Rhew and Abel, 2007].
[4] China is one of the most populated, industrialized,

and fastest developing countries, classified as a Montreal
Protocol’s “Article 5 Party.” Namely, China is allowed to
produce and consume ODSs. Under the Montreal Protocol,
China has been required to phase out 50% of the 1995–1997
average level of CFCs production and consumption by
2005, and 100% (based on the same baseline) by 2010. In
the past decade, international attention has been focused on
halocarbon emissions in China, including the Pearl River
Delta (PRD) region [e.g., Blake et al., 2003; Palmer et al.,
2003; Barletta et al., 2006; Qin, 2007; Guo et al., 2009a;
Stohl et al., 2009, 2010; Vollmer et al., 2009]. For instance,
Stohl et al. [2009, 2010] reported that HCFC‐22 emission
for China in 2006 was 71 kt/yr and 65.3 kt/yr in 2008,
whereas Vollmer et al. [2009] estimated the HCFC‐22
emission in China in 2007 was 165 kt/yr. The PRD region is
one of the most developed regions in China. It is also a
leading manufacturing center in south China. The greater
PRD region consists of nine cities within Guangdong Prov-
ince (usually these nine cities are considered to comprise the
inland PRD region), plus Hong Kong and Macau, as shown
in Figure 1. The industries in the PRD manufacture a wide
variety of goods, from electronics and air conditioners to
refrigerators and automobiles. All these developments have
led to deteriorated air quality in the region. High levels of
ozone and its precursors, and low visibility on a regional
scale have been reported [Wang and Kwok, 2003; Wang et
al., 2005; Streets et al., 2006]. Significant enhancement of
most halocarbons has been found in this region due to their
increased production and extensive industrial uses [Chan
and Chu, 2007]. Guo et al. [2009a] identified solvent use
and refrigeration as major halocarbon sources in this region.
As a “non‐Article 5” party, Hong Kong was required to
totally phase out ODSs by 1996 on the basis of the Montreal
Protocol. Since the inland PRD region implements a dif-
ferent ODS phase out schedule than Hong Kong, and
because these two regions are geographically close, it is
important to inspect how the two regions are affected under
different phase out schedules.
[5] A comprehensive field measurement campaign was

carried out at two sites simultaneously in the greater PRD,
namely Wan Qing Sha (WQS) in inland PRD and Tung
Chung (TC) in Hong Kong, from 25 October to 1 December
2007. In total 198 whole air samples were collected. Using
these data, the levels of individual trace gases, total non-
methane hydrocarbons (NMHCs), and total carbonyls in

Figure 1. Location of the sampling sites in the Pearl River
Delta of southern China.
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both areas were reviewed, and the differences and relation-
ships of various air pollutant concentrations at the two sites
were discussed [Guo et al., 2009b]. Here, we mainly analyze
the halocarbon data collected at these two sites during the
sampling period. The emission patterns and spatiotemporal
variations of halocarbons are discussed, and the regional
transport influence on the halocarbons at both sites is
assessed. Finally, the annual trends of major halocarbons
in recent years are shown using data collected earlier in the
study region by our team and other collaborative groups. To
our best knowledge, this is the first time that annual trends of
halocarbons have been obtained for this region.

2. Methodology

2.1. Description of the Sampling Sites

[6] The inland PRD region (42,000 km2) is situated within
Guangdong province in southern China on the Tropic of
Cancer (23.5°N), and is composed of nine cities. Two
sampling sites, i.e., Wan Qing Sha (WQS) in inland PRD
and Tung Chung (TC) in Hong Kong, were selected for field
measurements for the purpose of better understanding the
interplay of air masses between inland PRD and Hong Kong
(Figure 1). The distance between the two sites is about
62 km. The WQS (22.711°N, 113.549°E) site, a small town
in southernmost Guangzhou, is located at the centre of the
PRD. This small town is surrounded by farmlands and
has very few textile and clothing workshops, so the local
anthropogenic emissions are not remarkable. The major
pollutants are mainly from the surrounding cities. The site is
50 km southeast of the Guangzhou urban center, 40 km
southwest of Dongguan, 50 km northwest of Shenzhen, and
25 km northeast of Zhongshan, making it a good location to
characterize the air pollution in inland PRD. Large amounts
of halocarbons are frequently used in these urban centers as
cleaning solvents, refrigerants and industrial feedstock [e.g.,
Chan and Chu, 2007; Chang et al., 2008]. The measure-
ments were carried out on the rooftop of a 15 m building.
[7] TC (22.30°N, 113.93°E) is located on northern Lantau

Island, about 3 km south of the Hong Kong International
airport at Chek Lap Kok. It is a newly developed residential
town but adjacent to the highway and to railway lines. It is
about 20 km southwest of the Hong Kong urban center and
38 km northeast of Macau. In addition to local emission
sources, TC is also affected by the polluted continental air
masses from the highly industrialized PRD region of main-
land China. Thus, this site is capable of monitoring air
pollutants transported from the inland PRD region and is
suitable for assessing their impact on local air quality. The
samples were collected on the rooftop of a 15 m building. For
more details, please refer to Guo et al. [2009b].

2.2. Sampling and Chemical Analysis

2.2.1. Halocarbons
[8] Ambient halocarbon samples were collected using

cleaned and evacuated 2‐L electro‐polished stainless steel
canisters on selected days when O3 mixing ratios were high
(i.e., 26–27 October, 13 November, 15–17 November,
23 November, and 1 December), in keeping with the aim of
this study to investigate poor air quality days. These potential
high‐O3 episode days were selected on the basis of weather
prediction and meteorological data analysis, which were

usually related to stronger solar radiation, weaker wind speed
and less vertical dilution of air pollution, compared to non‐O3

episode days. Details of the preparation and preconditioning
of the canisters are described in Blake et al. [1994]. During
sampling, a flow controlling device was used to collect 1 h
integrated samples. Hourly integrated air samples were col-
lected from 0700 to 1400 LT at TC and from 0600 to 1400 LT
at WQS on the selected days.
[9] The samples were analyzed by an Entech Model 7100

Preconcentrator (Entech Instruments Inc., California, USA)
coupled with a gas chromatography‐mass selective detector
(GC‐MSD, Agilent 5973N). The preconcentration step was
the same as described by Yi et al. [2007]. Briefly, the pre-
concentrator had multistage traps to remove H2O and CO2.
The first trap was cooled to −160°C by liquid nitrogen.
When air samples were firstly drawn through this trap, O2

and N2 passed through the trap, while all target compounds
plus H2O and CO2 were trapped. After trapping, this pri-
mary trap was heated to 10°C and at this temperature H2O
should be in liquid state. The pure helium carried all the
target compounds and CO2, through a process called micro-
purge and trap, to the secondary trap at −40°C with Tenax as
adsorbents. Most H2O stayed in the primary trap and CO2

passed through the secondary trap, while all target com-
pounds were trapped in the secondary step. After the micro-
purge and trap, the secondary trapwas heated to 180°C and all
target compounds were desorbed and brought by helium to a
tertiary trap at −170°C. This tertiary trap is necessary for
better separation of compounds in GC and for better shapes
of GC peaks. A HP‐1 capillary column (60 m × 0.32 mm ×
1.0 mm, Agilent Technology, USA) was used with helium
as carrier gas. The GC oven temperature was initially
programmed at −50 °C, holding for 3 min, increasing to 10 °C
at 15 °C min−1, then to 120 °C at 5 °C min−1, and finally to
250°C at 10°C min−1, holding for 10 min. The MSD was
operated in selected ionmode (SIM) with electron impact (EI)
ionization. The identification of each compound was based
on its retention time and mass spectrum. Target compounds
were quantified by using multipoint external calibration
method. To prepare calibration curves, a 100 ppbv Method
TO‐14A calibration gas standards (Spectra Gases, Inc.,
Branchburg, New Jersey, USA)was dynamically dilutedwith
pure nitrogen to 0 (pure nitrogen), 100 pptv, 500 pptv,
2000 pptv and 4000 pptv using mass flow controllers. The
diluted gas standards were analyzed in the same way as
the field samples. The correlation coefficients of the target
compounds in the calibration curves were 0.995–0.999. The
halocarbon detection limit is 1 pptv, and all halocarbons in
all the samples were present at mixing ratios well above
their detection limits. The precision of the halocarbon mea-
surements varied compound by compound and was 1% for
CFCs and CCl4; 3% for HCFC‐22; and 2% for CH3CCl3,
CH3Cl, CH3Br, C2HCl3 and C2Cl4. The measurement accu-
racy was determined by the difference between the measured
and true values of the standard gases. The measurement
accuracy also varied by compound and was 2% for CFCs;
10% for HCFC‐22 and C2Cl4; and 5% for CH3CCl3, CCl4,
CH3Cl and CH3Br.
2.2.2. Trace Gases
[10] At TC, O3, CO, SO2, NO and meteorological para-

meters were measured at a monitoring station operated
by the Hong Kong Environmental Protection Department
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(HKEPD). This station uses similar instruments and quality
assurance and control protocols to those in the US air quality
monitoring program (http://epic.epd.gov.hk/ca/uid/airdata).
At WQS, measurement instruments were installed in a room
of the building, beneath the rooftop. Ambient air samples
were drawn through a 5 m long perfluoroalkoxy (PFA)
Teflon tube (OD: 12.7 mm; ID: 9.6 mm). The inlet of the
sampling tube was located 2 m above the rooftop of the
building. The other end of the sampling tube was connected
to a PFA manifold with a bypass pump drawing air at a rate
of 15 L min−1. The intake of the analyzers for O3, CO, SO2

and NO was connected to the manifold. A detailed descrip-
tion of the in situ measurements of O3, CO, SO2, and NO
is provided elsewhere [Wang et al., 2002]. Briefly, O3 was
measured using a commercial UV photometric analyzer
(Thermo Environmental Instruments (TEI), model 49C) with
a detection limit of 2 ppbv. SO2wasmeasured by a pulsedUV
fluorescence (TEI, model 43S) with a detection limit of
0.06 ppbv. NO and NOx were detected using a chemilumi-
nescence NO‐NO2‐NOx analyzer (Thermo Electron Corpo-
ration, Model 42i trace level) with a detection limit of
0.05 ppbv. For the O3, SO2, NO and NOx analyzers, a data
logger (Environmental Systems Corporation, Model 8816)
was used to control the calibrations and to collect data, which
were averaged to 1 min values.
[11] In addition to the above chemical measurements,

several meteorological parameters were monitored by an
integrated sensor suite (Vantage Pro TM & Vantage Pro 2
Plus TM Weather Stations, Davis Instruments), including
wind speed and direction, temperature, relative humidity
and solar radiation.
2.2.3. Measurements of Boundary Layer Height
[12] The Hong Kong University of Science and Tech-

nology (HKUST) operates two lidar systems at Yuen Long
and Sha Tau Kok, Hong Kong. The lidar system monitors
the evolution of the atmospheric boundary layer using
aerosols as the tracers of atmospheric motion. Hence, it can
provide information on the boundary layer height. The real‐
time data of the lidar systems were downloaded from the
HKUST website for the sampling period (http://envf.ust.hk/
dataview/others/current/).

2.3. Quality Control and Assurance

[13] Before sampling, all canisters were cleaned at least
five times by repeatedly filling and evacuating humidified
zero air. In order to check if there was any contamination in
the canister, we filled each evacuated canister with pure N2

and stored them in the laboratory for at least 24 hours. These
canisters were then checked by the same VOC analytical
method to ensure that all target compounds were not found
or were under the method detection limit. Duplicate samples
were regularly collected to check the precision and reli-
ability of the sampling and analytical methods. The relative
standard deviation (RSD) for the duplicate samples was
within 5%. Blank samples were also collected to check if
there was any contamination during transport or any inter-
ference during sample analysis in the lab. No compounds
were detected in the blank samples. Each day before sample
analysis the analytical system was challenged first with a
humidified zero air to ensure that the analytical system was
clean, and then with a dynamically diluted 100 pptv stan-
dard mixture to check the performance of the system. If the

responses were not within 10% of the initial calibration
curves, recalibration was conducted.

2.4. PMF Receptor Model

[14] PMF was used to better understand the halocarbons
data obtained in 2001–2002 and in 2007 in the PRD region.
Briefly, a mass balance equation can be written to account
for all m chemical species in the n samples as mixing ratios
from p‐independent sources,

xij ¼
Xp
k¼1

gik fkj þ eij; ð1Þ

where xij is the jth species mixing ratio measured in the ith
sample, gik is the species contribution of the kth source to
the ith sample, fkj is the jth species fraction from the kth
source, eij is residual associated with the jth species mixing
ratio measured in the ith sample, and p is the total number of
independent sources [Paatero, 1997]. PMF provides a matrix
of the source profiles and a matrix of the time series of source
mixing ratios without prior knowledge of halocarbon sources.
In PMF, sources are constrained to have nonnegative species
values, and no sample can have a negative source contribu-
tion. An “object function,” Q, that is to be minimized as a
function of G and F is given by

QðEÞ ¼
Xm
i¼1

Xn
j¼1

eij
sij

� �
; ð2Þ

where sij is an estimate of the “uncertainty” in the jth variable
measured in the ith sample. The factor analysis problem is
then to minimize Q(E) with respect to G and F with the
constraint that all of the halocarbons of G and F are to be
nonnegative. PMF uses a unique algorithm in which both G
and Fmatrices are varied simultaneously in each least squares
step [see Paatero, 1997].
[15] To find the number of sources and their profiles, it is

necessary to test different numbers of sources and find the
optimal value with the most physically reasonable results.
The results of the PMF analyses are not hierarchical, i.e., a
higher‐dimension solution does not necessarily contain all
the factors of the lower dimensions. Thus, different numbers
of factors were tested, and an optimum solution was deter-
mined based on both a good fit to the data and the most
meaningful results. If the number of sources is estimated
properly, the theoretical value of Q should be approximately
equal to the number of degrees of freedom, or approxi-
mately equal to the total number of data points. However, if
the number of sources is not well determined, the value of Q
may deviate from the theoretical value.

3. Results and Discussion

3.1. General Features

[16] Table 1 summarizes the mean mixing ratios of ha-
locarbons, together with the 95% confidence intervals, and
median values at the two sites. The average subtropical
Northern Hemisphere (NH) background values at the Mauna
Loa station, Hawaii (19.54°N, 155.58°W), in the fall of
2007 obtained from the NOAA/ESRL halocarbon in situ
program (http://www.esrl.noaa.gov/gmd/hats/insitu/cats/cats_
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conc.html) are also shown in Table 1. The NOAA/ESRL
halocarbon in situ program does not measure short‐lifetime
substances such as TCE and PCE, and the surface mixing
ratio of PCE was obtained in the autumn of 2007 from Baja,
Mexico, an area with comparable latitudes (14.5°N–30°N) to
the study region, from the UC‐Irvine global monitoring net-
work (http://cdiac.ornl.gov/trends/otheratg/blake/data.html)
[Simpson et al., 2004]. The TCE data were obtained from
TRACE‐P data (altitude <1 km) collected over western
Pacific and the South China Sea (23.5°N–8°N) in April 2001
[Ko and Poulet, 2003]. Please note the TRACE‐P data are for
April, which matters for short‐lived species such as TCEwith
strong seasonality. In April the background TCE mixing
ratios are expected to have passed the seasonal winter maxi-
mum on their way to a summer minimum, and, compared to
the large enhancements measured in the PRD, the effect of
seasonality is expected to be minor compared to local source
influences.
[17] The mean mixing ratios of CFC‐12, CH3CCl3,

CH3Br, TCE, and PCE at the WQS site were 1–7 times
those at TC site (Table 1). However, the average HCFC‐22
mixing ratio at WQS was only 0.76 times that at TC.
HCFC‐22 is the substitute of CFC‐12, commonly used in
commercial refrigeration units (e.g., in supermarkets) and air
conditioning systems [McCulloch et al., 2003; Stemmler et
al., 2004; Chan et al., 2006]. The higher HCFC‐22 level
at TC was probably due to the earlier replacement of CFC‐
12 by HCFC‐22 as Hong Kong is not an Article 5 party. In
fact, the import of CFCs from overseas for local consump-
tion in Hong Kong has been banned since 1996, while
HCFCs are still imported for local consumption (http://
www.epd.gov.hk/epd/english/environmentinhk/air/ozone_
layer_protection/wn6_info_phaseout_schedule.html). In con-
trast, as a developing country, China still allows the produc-
tion of CFCs, halons and other halocarbons under the terms
of the Montreal Protocol and its amendments. Therefore,
the higher CFC‐12 average at WQS and higher HCFC‐22
level at TC reflects the differences in use patterns and emis-

sion features of halocarbons between the two sites, and is an
interesting reflection of the effect of the Montreal Protocol on
Article 5 and non‐Article 5 parties. The large discrepancy
between median and mean values for HCFC‐22, TCE and
PCE suggested their nonnormal distributions.
[18] Compared to the tropical NH surface background

values, the mixing ratios of halocarbons at both sites were all
much higher, suggesting significant contributions of conti-
nental emissions. Indeed, intensive halocarbon emissions
from anthropogenic activities and typically less well mixed
air masses lead to higher halocarbon values measured in
the greater PRD region. Hence, we would expect a higher
PRD background values than the global values. This was
confirmed by Guo et al. [2009a], who found that the halo-
carbon levels over the South China Sea were higher than
tropical NH background values.

3.2. Spatiotemporal Variations of Halocarbons
in the Greater PRD Region

[19] Figures 2 and 3 show the daily patterns of halo-
carbons measured on sampling days between 26 October
and 1 December 2007 at the WQS and TC sites, respectively.
The time series of wind direction, wind speed, and other
trace gases (e.g., O3, CO, SO2 and NOx) are also shown in
Figures 2 and 3. Figures 2 and 3 were drawn using hourly
measurement data with the aid of Igor Plot software. The raw
data for Figures 2 and 3 are provided as auxiliary material
(Table S1).1 It can be seen that there were no consistent
diurnal variations for halocarbons and gaseous air pollutants
at both sites. At WQS, the maximum O3 mixing ratios on
27 October and 23 November were lower than 100 ppbv (i.e.,
low‐O3 days) whereas its levels on the other days were all
above 100 ppbv (i.e., high‐O3 days) (Figure 2). Basically,
regardless of high‐ or low‐O3 days, the average mixing ratios
of long‐lived CFCs, HCFC‐22, CCl4 and CH3Cl were con-

Table 1. Mean Mixing Ratios of Halocarbons at WQS and TC, Together With Subtropical Northern Hemisphere Background Levels
From NOAA

Common Name Formula Lifetime (years)a ODPa
WQS TC

Subtropical NH BackgroundcMeanb (SD) Medianb Meanb (SD) Medianb

HCFC‐22 CHClF2 12.0 0.055 438 (38) 388 574 (74) 427 188 (2.2)
CFC‐11 CCl3F 45 1.0 277 (4) 277 273 (5) 273 247 (0.6)
CFC‐12 CCl2F2 100 1.0 614 (8) 609 587 (7) 589 539 (1.0)
CFC‐113 CCl2FCClF2 85 0.8 95 (3) 91 92 (3) 90 79 (0.3)
Methyl chloride CH3Cl 1.0 1085 (51) 1088 1091 (93) 1004 549 (2)
Methyl bromide CH3Br 0.7 0.6 34 (3) 30 21 (2) 20 8 (0.03)
Carbon tetrachloride CCl4 26 1.1 116 (3) 115 115 (5) 109 92 (0.6)
Methyl chloroform CCl3CH3 5.0 0.1 53 (7) 47 32 (5) 24 12 (0.2)
Trichloroethylene C2HCl3 0.01 511 (94) 391 70 (31) 27 1d

Tetrachloroethylene C2Cl4 0.27 125 (23) 84 29 (9) 17 3.3 (0.4)e

Nitrogen oxides NOx 34 (3) 8 44 (5) 32
Ozone O3 49 (7) 31 33 (3) 33
Carbon monoxide CO 1080 (64) 1005 453 (20) 428
Sulfur dioxide SO2 32 (3) 29 7 (0.5) 6

aWorld Meteorological Organization [2003].
bMeasured in pptv. Numbers in parentheses are the standard deviations with a 95% confidence interval.
cSubtropical NH background value from the NOAA/ESRL halocarbons in situ program, http://www.esrl.noaa.gov/gmd/hats/insitu/cats/cats_conc.html.

The monthly mean values in November 2007 at Mauna Loa, Hawaii, were used. Measured in pptv.
dMean tropical surface (<1 km) mixing ratios summarized from the data of TRACE‐P [Ko and Poulet, 2003].
eEstimated subtropical background value from the UC‐Irvine global monitoring program, http://cdiac.ornl.gov/trends/otheratg/blake/data.html. The

monthly mean value in September 2007 at Baja, Mexico, was used.

1Auxiliary materials are available in the HTML. doi:10.1029/
2009JD013726.
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sistent due to the widespread use of these halocarbons in the
region. However, the average mixing ratios of short‐lived
CH3CCl3, C2HCl3 and C2Cl4 on low‐O3 days were lower
than those on high‐O3 days (p < 0.05). The low mixing ratios
of the short‐lived species on 27 October were mainly due to
the dilution of clean marine air, whereas the low levels found
on 23 November were predominantly caused by the elevated
northeastern winds. In contrast, high levels of these short‐
lived species on high‐O3 days were mainly attributed to the
local sources (such as on 26 October, 15–16 November), and
regional transport (i.e., on 13 and 17 November).
[20] At the TC site, only on 26 October the maximum O3

mixing ratio was over 100 ppbv, and the O3 levels on other
days were all below 100 ppbv (Figure 3). As was the case
with those long‐lived species at WQS, there was no signifi-
cant difference between high‐ and low‐O3 days for CFCs,
HCFC‐22, CCl4 and CH3Cl. On the other hand, the average
mixing ratios of short‐lived CH3CCl3, C2HCl3 and C2Cl4
on high‐O3 days were higher than those on low‐O3 days
(Figure 3). On 26 October, the diurnal trend of CH3CCl3,
C2HCl3 and C2Cl4 followed the pattern of primary pollutants
such as SO2, CO, and the secondary pollutant O3, suggesting
the influence of regional transport. The low mixing ratios
of CH3CCl3, C2HCl3 and C2Cl4 on low‐O3 days were likely
due to the integrated impact of Asian monsoon circulation,
strong vertical dispersion, high wind speeds and weak local
emissions.

[21] Large day‐to‐day variations were observed for most
halocarbons at both WQS and TC, in particular for HCFC‐22
(340–555 pptv), TCE (130–1000 pptv), PCE (44–240 pptv),
CH3Cl (910–1210 pptv), CH3CCl3 (35–80 pptv), and CH3Br
(30–45 pptv). In contrast, longer‐lived species such as
CFC‐11, CFC‐12, CFC‐113 and CCl4 had relatively small
day‐to‐day variations, with daily mean mixing ratios
ranging from 260–285 pptv, 585–655 pptv, 85–110 pptv
and 105–125 pptv, respectively. Further inspection found
significant daily variations for most halocarbon species on
15–16 November at WQS, with relative standard deviations
(RSDs) from 51%–76%, and on 16–17 November at TC,
1 day after that observed at WQS, with halocarbon RSDs
between 34% and 88%. On 15–16 November at WQS, the
wind was calm and the morning boundary layer height was
low (less than 500 m; Figure 4), which was favorable to the
accumulation of air pollutants. Indeed, morning maximum
COmixing ratios (1785 ppb and 1610 ppb, respectively) were
found, as were SO2 (85 and 100 ppbv, respectively) and NOx

(110 and 130 ppbv, respectively). O3 levels reached 180 and
170 ppb, respectively (Figure 2). On 16–17 November at TC,
all the halocarbons, in particular HCFC‐22, had larger daily
variations than on other days except TCE and PCE, which
had their largest daily variations on 26October (Figure 3). For
instance, the RSDs for HCFC‐22 on 16 and 17 November
were 89% and 74%, respectively. The prevailing wind
direction was southeasterly from the South China Sea, which

Figure 2. Temporal variations of halocarbons at WQS on 8 sampling days between 26 October and
1 December 2007. MC means methyl chloroform (CH3CCl3). The glitch with the wind barbs indicates
the absence of wind data.
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caused the mixing ratios of other trace gases (i.e., CO, SO2

and NOx) to be much lower than those at WQS. For example,
the maximum CO levels at TC were only 554 ppbv and
617 ppbv on 16 and 17 November, respectively. The different
daily patterns at the two sites indicate the difference of
emission patterns for different pollutants and the impact of
meteorological conditions.
[22] Scatter plots (not shown here) of CFCs on individual

sampling days showed that the correlation coefficients (R2)
were 0.33–0.78, 0.34–0.70, and 0.26–0.55 for CFC‐12 ver-
sus CFC‐11, CFC‐12 versus CFC‐113, and CFC‐11 versus
CFC‐113, respectively, at the TC site; and were 0.27–0.82,
0.27–0.56, and 0.16–0.52, respectively, at the WQS site.
Days with good correlations among these CFCs suggest that
they might originate from the same sources or from colocated

sources, or be used in the same pattern. Traditionally, these
CFCs are used as refrigerants in cooling appliances and air
conditioning and foam blowing agents [Aucott et al., 1999;
McCulloch et al., 2001, 2003; Hurst et al., 2006]. However,
HCFC‐22, a substitute of CFC‐12 and mainly emitted from
refrigeration units and air conditioning systems (section 3.1),
did not show a similar daily emission pattern to the CFCs,
most likely reflecting the fact that HCFC‐22 and CFCs
were not used by the same sources although they are all
refrigerants. The similar daily patterns for CFC‐11, CFC‐12
and CFC‐113 were also observed by Guo et al. [2009a].
[23] Relatively small daily variations of CFC‐11 and

CFC‐12 were observed at both sites, suggesting the reduced
frequency of their emissions, and to a lesser content, their
long lifetimes (45 and 100 years, respectively). The sub-

Figure 4. Lidar‐normalized relative backscattering signal on 15–16 November 2007.

Figure 3. Temporal variations of halocarbons at TC on 8 sampling days between 26 October and
1 December 2007. MC means methyl chloroform (CH3CCl3).
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tropical NH backgrounds of CFC‐11 and CFC‐12 were 247
± 0.6 and 539 ± 1.0 pptv, respectively in fall 2007, based on
measurements by the NOAA global monitoring network
(Table 1). Therefore the CFC‐11 and CFC‐12 measure-
ments from this study were enhanced by factors of 10%–
11% and 8%–12%, respectively, over the background. The
variability of CFC‐11 (RSD = 14%) and CFC‐12 (RSD =
8%) of the 100 samples at WQS was in line with the results
observed in Guangzhou (RSD = 10% and 22%, respec-
tively) and Xinken (RSD = 10% and 15%, respectively), but
more variable than that in Taipei (RSD = 3% and 4%,
respectively) [Chang et al., 2008]. This is likely due to the
different phase‐out schedules between developed and
developing countries. At TC, the variability of CFC‐11 and
CFC‐12 was 12% and 8%, respectively, which was similar
to that at WQS. Though Hong Kong is a non‐Article 5
party, its geographical location is very close to the inland
PRD. The similar variability of CFC‐11 and CFC‐12 at both
sites suggests the influence of air masses from inland PRD
on Hong Kong. Indeed, the particle release simulation re-
sults show that the air quality in Hong Kong was signifi-
cantly affected by air pollution in eastern PRD [Guo et al.,
2009b]. In contrast, a large variability of HCFC‐22 (RSD =
46% at WQS and 64% at TC) was found, indicating various
strengths of its emission sources, and the influence of
meteorological conditions on this halocarbon.
[24] CFC‐113 mixing ratios at WQS and TC were

enhanced compared to the tropical NH background (Table 1),
and small variability (RSD = 13% and 14% at WQS and TC,
respectively) were found at both sites. In light of theMontreal
Protocol, CFC‐113 has been replaced by its substitutes in
developing countries including China [UNEP, 2003]. Due to
its extremely long atmospheric lifetime (85 years), CFC‐113
in the atmosphere declines at a slow rate.
[25] Relatively small temporal variations of CCl4 were

detected at WQS and TC (RSD = 15% and 24%, respec-
tively), perhaps due to its relatively long lifetime (26 years)
and/or rare use of this compound in the PRD region now-
adays. Though relatively small variability was found in this
study, in 2000 large enhancements of CCl4 (RSD = 35% and
mean mixing ratio of 138 pptv, versus 115 pptv in this
study) were found in industrial areas of inland PRD. Simi-
larly, in 2001 and 2004 large CCl4 variability was found in
urban areas of Guangzhou (RSD = 45% and mean mixing
ratio 156 pptv) [Chan and Chu, 2007; Chang et al., 2008],
implying that this halocarbon was still in use in inland PRD
in recent years.
[26] The variability (i.e., RSD) of CH3CCl3 (methyl

chloroform, MC or MCF) at WQS and TC was 68% and
76%, respectively. These large variabilities of CH3CCl3
were likely the result of different emission source strengths,
various meteorological conditions and its relatively short
lifetime (∼5 years). The very short‐lived halocarbons, i.e.,
TCE and PCE (lifetimes 0.01 and 0.27 years, respectively)
showed large daily variations and similar temporal patterns
(R2 = 0.64 and 0.56 at WQS and TC, respectively)
(Figures 2 and 3). They are mainly used as cleaning sol-
vents and are rapidly emitted into the atmosphere [Chan and
Chu, 2007]. In inland PRD, TCE is used as a cleaning
solvent in the electronics industry [He et al., 2002; Chan
and Chu, 2007], whereas TCE and PCE are often used as
dry cleaning agents in Hong Kong.

[27] As the most abundant halocarbon in the atmosphere,
CH3Cl has various anthropogenic sources, i.e., biomass
burning and biofuel use including coal burning, and natural
sources such as tropical plants and the oceans [Blake et al.,
1996; McCulloch et al., 1999; Warneck, 2000; Yokouchi et
al., 2000, 2002a]. Hence, the CH3Cl distribution was more
complicated than other halocarbons. The mixing ratio of
CH3Cl varied from day‐to‐day and hour‐to‐hour at both
sites, implying the complexity of CH3Cl sources in this
region. Chan and Chu [2007] indicated that emissions from
paper factories enhanced CH3Cl levels in the PRD region.
The enhancements could also be related to exhaust from
coal‐fueled boilers, which provide heat and steam for
cooking pulp and drying paper [U.S. Environmental
Protection Agency, 2002]. In addition, elevated CH3Cl
levels were probably caused by the power plant in Humen
town of Dongguan, approximately 10 km to the southeast
of WQS, which uses coal as fuel for power generation. In
our study, poor correlation was found between CH3Cl and
HCFC‐22, an urban tracer (R2 = 0.2 at WQS and 0.1 at TC),
suggesting different anthropogenic sources. Guo et al.
[2009a] estimated that about 40% of the CH3Cl in the
greater PRD originated from industrial usage and 48% from
biomass/biofuel burning.
[28] Infrequent and rare use of CH3Br resulted in minor

temporal variations on the sampling days at both sites though
its lifetime is relatively short (0.7 years). Some spikes atWQS
were likely due to soil fumigation, as considerable agricul-
tural activities are widely distributed around the PRD [Chan
and Chu, 2007].

3.3. Change of Emission Source Profiles Between 2001
and 2007

[29] Prior to this work, a 16 month field measurement was
carried out in 2001–2002 in the study region [Guo et al.,
2009a]. This provides us an opportunity to evaluate the
change of emission source profiles in the past 6 years. Since
the sampling period in this study was from October to
December, we chose the measurement data collected in the
same periods, i.e., October–December, from the 2001–2002
study for comparison. In total, 71 samples were taken in that
period in 2001 and 2002. To obtain robust modeling and
statistical results, we performed PMF modeling on the
71 samples in 2001–2002, and the 194 samples in 2007.
Eight main halocarbons were selected for the analysis since
they are the species available in both studies. After running
the PMF model, five sources were identified in the PRD
region in the 2001–2002 study and this study (Table 2 and
Figure 5).
[30] Detailed source identification can be found in Guo et

al. [2009a]. In brief, the emission sources of halocarbons in
2007 remained the same as those in 2001–2002 in the study
region. The first source in both studies was an industrial
source related to refrigerant production, which is charac-
terized by a high mass percentage of CFC‐11, CFC‐12 and
CFC‐113, as well as CCl4 and CH3Cl [Altshuller, 1976;
Aucott et al., 1999; McCulloch et al., 2001, 2003; Sturrock
et al., 2002; HKEPD, 2005a]. The high correlation between
CCl4 and CFCs suggests that this source was more related to
the production than the consumption of refrigerants.
[31] The second source was distinguished by a high mass

percentage of C2HCl3 (63%–84%) in both studies. In the
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PRD region, C2HCl3 is substantially used as a degreasing
solvent in electronic and textile industries and as a dry
cleaning agents in laundries [He et al., 2002; HKEPD,
2005b; Chan and Chu, 2007].
[32] The third source was characterized by a high mass

percentage of CH3Cl (35%–47%) and CO (not shown here)
in both studies, suggesting the strong influence of biomass/
biofuel and/or coal burning of this source in the PRD region
[e.g., Blake et al., 1996; McCulloch et al., 1999].
[33] A high percentage of C2Cl4 (67%–72%) was observed

in the fourth source in both studies. C2Cl4 is used primarily as
a surface degreasing agents and dry cleaning fluid [Simmonds
et al., 2006]. In inner PRD cities, in particular Dongguan, a
city with many light industries (e.g., electronic computers,
peripherals, and soldering machinery (Hong Kong Trade
Development Council PRD economic profile available at
http://www.tdctrade.com/mktprof/china/prd.htm), C2Cl4 is
widely used as an industrial cleaning solvent. This source

was most likely related to solvent use in the electronic
industry.
[34] The last source showed a high mass percentage of

HCFC‐22 (41%–68%) in both studies. HCFC‐22, substitute
of CFC‐12, is mainly emitted from refrigeration units and
air conditioning systems [Aucott et al., 1999; McCulloch et
al., 2003]. We classified this source as the replacement of
CFCs.
[35] Although the emission sources of halocarbons in the

PRD region remained the same from 2001–2002 to 2007,
some remarkable changes in the source profiles were
observed. The emissions of CFCs (i.e., CFC‐11, ‐12, and
‐113) and CCl4 from the refrigeration industry in 2007 were
1.4–2.0 times those in 2001–2002, in spite of the fact that the
mixing ratios of these halocarbons did not change toomuch in
the past 6 years. This may indicate that less of these halo-
carbons were used in other emission sources in 2007 than
in 2001–2002. In addition, the substitute of CFC‐12, i.e.,

Figure 5. Source profiles resolved from PMF in the PRD region in October–December of 2001–2002
(left, n = 71) and of 2007 (right, n = 194).

Table 2. Source Profiles of Halocarbons in the PRD Region in 2001–2002 and in 2007a

CFC12 CFC11 CFC113 HCFC22 CCl4 C2HCl3 C2Cl4 CH3Cl

Refrigeration Industry (source 1)
2001–2002 276 ± 24 140 ± 12 37 ± 3 0 ± 14 59 ± 5 3 ± 5 3 ± 2 277 ± 38
2007 488 ± 33 221 ± 19 73 ± 4 213 ± 30 82 ± 5 35 ± 6 0 ± 1 341 ± 47

Metal Degreaser and Dry Cleaning (source 2)
2001–2002 86 ± 18 45 ± 9 15 ± 2 1 ± 12 21 ± 4 287 ± 14 1 ± 10 132 ± 29
2007 8 ± 12 3 ± 5 0 ± 2 11 ± 5 1 ± 2 252 ± 7 26 ± 8 33 ± 13

Biomass and Biofuel Burning (source 3)
2001–2002 32 ± 24 20 ± 12 10 ± 3 20 ± 17 10 ± 5 0 ± 9 19 ± 5 333 ± 48
2007 3 ± 20 6 ± 10 5 ± 3 25 ± 10 10 ± 4 4 ± 2 0 ± 1 508 ± 34

Solvent Use in Electronic Industry (source 4)
2001–2002 62 ± 18 25 ± 9 12 ± 2 72 ± 15 10 ± 4 164 ± 23 121 ± 5 1 ± 29
2007 97 ± 27 42 ± 20 14 ± 4 49 ± 9 18 ± 4 4 ± 10 53 ± 10 125 ± 54

Replacement CFC (source 5)
2001–2002 156 ± 18 67 ± 9 25 ± 3 196 ± 12 23 ± 4 1 ± 5 23 ± 7 219 ± 38
2007 1 ± 15 2 ± 6 2 ± 2 206 ± 29 3 ± 2 4 ± 2 0 ± 1 80 ± 22

aMean ±95% confidence interval. For 2001–2002, n = 71; for 2007, n = 194. Measured in pptv.
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HCFC‐22, accounted for 42% of the species total in the
refrigeration industry in 2007, compared to a nil percentage in
the same source in 2001–2002. The results reflect the tran-
sition of refrigerants fromCFCs to HCFCs in the refrigeration
industry, and thewidelymixed use of CFCs andHCFCs in the
production of refrigeration in the PRD region.
[36] Compared to the mixing ratios of cleaning agents,

i.e., C2HCl3 and C2Cl4, their levels in 2007 were only 0.7 and
0.5 times those in 2001–2002, respectively. In particular, their
use in electronic industry as solvents has been significantly
reduced in the past 6 years (p < 0.01), while the source of
metal degreaser/dry cleaning has slightly cut the use of these
two halocarbons (Table 2).
[37] Though the emission of HCFC‐22 from the fifth

source remained unchanged in the past 6 years (196 ±
12 pptv in 2001–2002, 206 ± 29 pptv in 2007), its mixing
ratio in the atmosphere actually increased from 290 pptv in
2001–2002 to 503 pptv in 2007, suggesting that on one
hand emissions from the consumption of refrigeration units
and air conditioning systems were constant, and on the other

hand, there were other sources that caused the increase in
HCFC‐22 mixing ratio. As described above, significant
HCFC‐22 emission (213 ± 30 pptv) was from the first
source in 2007, implying the increased use of HCFC‐22 in
the production of refrigeration in inland PRD region in
recent years.
[38] As discussed in our previous work, CH3Cl was

mainly emitted from the production of refrigerants and
biomass/biofuel burning in the study region [Guo et al.,
2009a]. During the past 6 years, the contribution from the
refrigeration industry to ambient CH3Cl did not have sig-
nificant changes. However, the contribution from biomass/
biofuel and coal burning increased from 333 ± 48 pptv in
2001–2002 to 508 ± 34 pptv in 2007, suggesting the
increased activities of biomass/biofuel burning. Indeed, the
MODIS fire maps show many more fire spots in autumn
2007 than in autumn 2001 and 2002 (http://firefly.geog.
umd.edu/firemap/) (Figure 6).

3.4. Annual Trends of Halocarbons in the Greater
PRD Region

[39] Understanding the annual variations of major halo-
carbons is critical to the long‐term implementation and
refinement of control measures. Though Hong Kong is part
of the greater PRD, it is a non‐Article 5 party while the
inland PRD region is an Article 5 party (section 1). This
provides us an excellent chance to contrast the differences
between the two parties. Fortunately, since 1998 measure-
ments of halocarbons have been carried out by different
research teams in the PRD region, and most of these air
samples have been analyzed on the same analytical system
at UCI. Therefore, there is an internal consistency to many
of the measurements that allow for direct intercomparison.
Tables 3 and 4 provide the details of these halocarbon data
collected in different years by different groups. For the
samples collected in Hong Kong (Table 3), most of them
were mainly taken in western Hong Kong (i.e., Tai O, also
on Lantau Island, and Tung Chung) and analyzed at UCI.
It should be noted that the methodology for instrumental
analysis of halocarbons used in this study (by GIG) was
established with the help of UCI. The interlab comparison
between these two labs agreed well (RSD ≤ 5% for the
target halocarbons except CCl4, its RSD = 12%). On the
other hand, the inland PRD samples were mainly taken in
the Guangzhou urban area (in 2000 and 2005) and in the
Guangzhou rural area (i.e., at WQS in 2004 and 2007)
(Table 4). Since there were no measurements conducted in
2001–2003 in inland PRD, we used the data collected at
Tai O of western Hong Kong, which is downwind of inland
PRD in autumn. Back trajectory analysis on the air samples
collected at Tai O in 2001–2002 was undertaken to distin-
guish the air masses from the inland PRD. Although there
were no overlapping field sampling campaigns in inland
PRD in 2001–2002 when the halocarbon data were collected
at Tai O, an intensive field measurement was conducted in
Guangzhou of inland PRD in spring 2001 [Chan et al.,
2006]. The mean values of main halocarbons such as
CFCs, HCFC22, CH3Cl, CCl4, C2Cl4 and CH3CCl3 in the
Guangzhou study were comparable to those at Tai O, which
using back trajectory analysis were classified as air masses
from inland PRD, suggesting that these Tai O data were
representative of inland PRD air. Bearing the above facts in

Figure 6. MODIS fire maps in the autumn season in the
PRD region: (a) 2001; (b) 2002; (c) 2007. The red spots
in the maps represent the fire events.
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mind, we present the monthly mean mixing ratios with error
bars (95% confidence interval) of eight key halocarbon
species in inland PRD from 2000 to 2007 and in Hong Kong
from 1998 to 2008, respectively (Figures 7 and 8). It is
noteworthy that in this study only data collected on non‐O3

episode days were used in Figures 7 and 8 to reflect the
annual trend. For instance, the maximum O3 levels were
higher than 100 ppbv at both sites on 26 October but were
much lower on 27 October (see Figures 2 and 3). Hence, the
data collected on 27 October were used for the monthly
average calculation. It should also be noted that the halo-

carbon levels in the atmosphere are related to many factors
such as the strengths and variations of local sources,
regional transport, photochemical destruction, sampling
seasons, sampling locations, and meteorological conditions.
Some or all of the above factors need to be taken into
account during annual trend analyses. For comparison, the
monthly variations of target halocarbons at NOAA and
UCI background sites with similar latitude to our sam-
pling sites in 1998–2008 are also presented in Figures 7
and 8 (http://www.esrl.noaa.gov/gmd/and http://cdiac.ornl.
gov/trends/otheratg/blake/data.html).

Figure 7. Annual trends of halocarbons in inland PRD.
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[40] It can be seen that CFC‐11 and CFC‐12 in inland
PRD showed a general decreasing trend, and CFC‐113 and
CCl4 basically remained consistent, reflecting the effective
control of halocarbons in inland PRD in recent years
(Figure 7). Compared to the annual trend of background
values in subtropical North Hemisphere, the decreasing
rates of CFC‐11 and CFC‐12 were much higher in the study
region, particularly for CFC‐11 (Table 5). In contrast, the
mixing ratios of CFC‐113 and CCl4 in the study region
slightly increased with very small rates while the subtropical
background levels decreased. Although the Montreal Pro-

tocol requires the Chinese government to phase out CFCs
and CCl4 by 2010, the Chinese government actually started
to reduce its total consumption of CFCs in 2000 [State
Environmental Protection Administration, 2000]. For
instance, the total consumption of CFC‐11 in China was
targeted to be 22,850; 10,345; and 4,590 ODP metric tons
in years 1999, 2005, and 2007, respectively. As a CFC
replacement, HCFC‐22 appeared to have an increasing trend
in the past, consistent with the fact that the targeted pro-
duction in China has been significantly increased from
15,000 metric tons in 1999 to 33,000 metric ton in 2007.

Figure 8. Annual trends of halocarbons in Hong Kong.
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Compared to the trend of the subtropical background
(slope = 0.015 pptv/month × 12 = 0.18 pptv/yr), the
increasing rate of HCFC‐22 in inland PRD was much higher
(slope = 1.2 pptv/yr, p < 0.01). On the other hand, halo-
carbon species mainly emitted from industrial solvent usage
such as CH3CCl3 and C2Cl4 in inland PRD showed much
higher mixing ratios than subtropical background values
(p < 0.01), reflecting the fact that large amounts of these
halocarbons were still in use in this rapidly developing
region. The large monthly and seasonal variations of
CH3CCl3 and C2Cl4 suggested the influence of emission
source strength, meteorological conditions and photo-
chemical reactions (i.e., larger variability due to shorter
atmospheric lifetimes). Moreover, the decreasing rate of
CH3CCl3 in the inland PRD (slope = −0.18 pptv/yr) was
consistent with that in subtropical background North Hemi-
sphere (slope = −0.16 pptv/yr), whereas C2Cl4 decreased
with time at a rate of 0.036 pptv/yr, which is 3 times that of
North Hemisphere subtropical background C2Cl4 (slope =
−0.011 pptv/yr). Having complicated anthropogenic and
natural sources, CH3Cl presented an increasing trend from
2000 to 2007 (0.96 pptv/yr in inland PRD), though its
background level in the subtropical North Hemisphere was
much lower (about 588 pptv) and was still decreasing with a
rate of 0.007 pptv/yr. The result suggests that more CH3Cl
might have been used in industries and/or emitted from bio-
mass burning in inland PRD in recent years. Guo et al.
[2009a] reported that about 40% of CH3Cl in the study
region originated from industrial use and 48% was due to
the influence of biomass/biofuel and/or coal burning. The
increase of CH3Cl in inland PRD is consistent with the
increase in coal consumption in China since 2000 [National
Bureau of Statistics of China, 2008], while the inland PRD
is the most rapidly developing region in China.
[41] In Hong Kong, CFC‐12, CFC‐11, and CFC‐113

showed a decreasing trend with time, consistent with the
temporal trend of subtropical background air in the Northern
Hemisphere, and in line with the Montreal Protocol for
developed countries/regions which phased out CFCs in 1997
(Figure 8 and Table 5). However, the mixing ratios of the

three CFC species in Hong Kong were still higher than the
subtropical background levels in North Hemisphere (p <
0.05), suggesting the potential impact from the developing
inland PRD region and/or the release from existing CFC
containing refrigerators and air conditioning systems in Hong
Kong. Indeed, many CFC containing air conditioners are still
in use in HongKong residences (http://www.epd.gov.hk/epd/
english/resources_pub/publications/files/pn94_4.pdf), con-
sistent with the fact that elevated CFC‐11 and CFC‐12 levels
were often observed in summer and autumn. In addition,
compared to the subtropical background values, the three
CFC species showed apparent seasonal variations in Hong
Kong. Similarly, the CCl4 presented a decreasing trend in
recent years in Hong Kong. Its decreasing rate (0.09 pptv/yr)
is more than twice that of the subtropical background in North
Hemisphere (0.04 pptv/yr). The CCl4 mixing ratios observed
in Hong Kong were consistently higher than the subtropical
background levels in recent years. Furthermore, the seasonal
trend of CCl4 in Hong Kong was clear: high in autumn and
winter and low in summer, in line with the influence of Asian
Monsoon circulation. Contrary to the CFCs and CCl4, the
HCFC‐22mixing ratio increased at a rate of 2.4 pptv/yr, more
than 12 times that of the subtropical background levels in
North Hemisphere (0.18 pptv/yr), indicating significantly
increased application of HCFCs as refrigerants in Hong
Kong. Indeed, the monthly average of HCFC‐22 in Hong
Kong was about 100 pptv above the background level
(∼150 pptv) in the subtropical North Hemisphere in 2001–
2002, but became much higher (over 400 pptv) than the
subtropical background in 2006/07 (p < 0.01). Bearing its
large variation in mind, CH3CCl3 showed a remarkable
decreasing trend from September 1998 (203 ± 37 pptv) to
February 2008 (16 ± 1 pptv) with a decreasing rate of
0.34 pptv/yr. Its monthly average values have been close to
the North Hemisphere subtropical backgrounds since 2006,
suggesting a gradual phase out of this solvent species in
Hong Kong. In addition, the decreasing rate of CH3CCl3 in
Hong Kong was twice that of the subtropical background
(0.16 pptv/yr). Similar to the inland PRD, large seasonal
variations of C2Cl4 were found in Hong Kong. The C2Cl4

Table 4. Details of the Halocarbon Samples Collected in Different Years in Inland PRD

Year Sampling sites Sample size Sampling period Sample analysis Remark

2000 Guangzhou urban area/19 sites 19 Aug.–Sep. Canister, UCI Blake’s group, unpublished data
2001 Tai O 38 Sep.–Dec. Canister, UCI Guo et al. [2009a]
2002 Tai O 56 Jan.–Dec. Canister, UCI Guo et al. [2009a]
2004 WQS 88 Apr.–Jun. Canister, UCI T. Wang, personal communication (2009)
2005 Guangzhou urban area/7 sites 42 Sep. Canister, UCI Blake’s group, personal communication
2007 WQS 100 Oct.–Dec. Canister, GIG this study

Table 3. Details of the Halocarbon Samples Collected in Different Years in Hong Kong

Year Sampling Sitea Sample Size Sampling Period Sample Analysis Remark

1998 Hong Kong/11 sites 72 Sep. Canister, UCI Blake’s group, unpublished data
2001 Tai O, Hong Kong 59 Aug.–Dec. Canister, UCI Guo et al. [2009a]
2002 Tai O/ 4 HKEPD sites 129/89 Jan.–Dec. and Sep.–Dec. Canister, UCI Guo et al. [2009a]/Blake’s group
2003 4 HKEPD sites 60 Jan.–Aug. Canister, UCI Blake’s group
2006 4 HKEPD sites 64 Sep.–Dec. Canister, UCI Blake’s group
2007 Tung Chung/4 HKEPD sites 98/141 Oct.–Dec. and Jan.–Dec. Canister, GIGb/Canister, UCI this study/Blake’s group
2008 4 HKEPD sites 32 Jan.–Feb. Canister, UCI Blake’s group

aThe four HKEPD sites include Tung Chung, Yuen Long, Tap Mun, and central and western sites.
bGuangzhou Institute of Geochemistry.
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mixing ratio decreased at a small rate of 0.08 pptv/yr in Hong
Kong, eight times that of the subtropical background value.
For the most abundant halocarbon, CH3Cl, its level increased
with time at a rate of 0.72 pptv/yr, in line with that in inland
PRD. Contrary to the Hong Kong area, the subtropical
background CH3Cl level showed a decreasing trend in the
past 10 years.
[42] Overall, the annual trends of halocarbons with long

lifetime such as CFCs and HCFC‐22 in Hong Kong were
similar to that in inland PRD, suggesting significant inter-
action of air masses between inland PRD and Hong Kong.
Indeed, during autumn/winter monsoon circulations, the air
masses in Hong Kong were often affected by inland PRD.
In contrast, Hong Kong air masses influence the inland PRD
in summer. This was evidenced by Guo et al. [2009a].

4. Conclusions

[43] A comprehensive dataset of halocarbons was col-
lected at Wan Qing Sha (WQS) in inland PRD and Tung
Chung (TC) in Hong Kong in October–December 2007. The
mean values of CFC‐12, CH3CCl3, CH3Br, TCE and PCE at
WQS were 1–7 times those at TC, while HCFC‐22 level
at TC was 1.5 times that at WQS. The spatiotemporal var-
iations indicated that CFC‐11, CFC‐12 and CFC‐113 had
similar temporal patterns with small variability, suggesting
similar sources or use patterns or sink behavior of these
species. On the other hand, TCE and PCE showed a large
variability, implying the influence of emission sources,
meteorological parameters and photochemical reactivity. In
order to better understand the change of emission source
profiles in the past years, receptor modeling analysis was
carried out and the results indicated that the use of HCFC‐22
in the production of refrigeration has significantly increased
from 2001 to 2007 and its emission from the consumption of
refrigeration units and air conditioners remained constant,
whereas the application of C2HCl3 and C2Cl4 into the elec-
tronic industry was reduced remarkably. Though the levels
of CFCs and CCl4 in the atmosphere were slightly reduced,
they showed increased use in the refrigeration industry but
reduced emissions in other sources in the past 6 years. In
addition, the contribution of biomass/biofuel burning to
ambient CH3Cl has been significantly increased since 2001.
By analyzing the halocarbon data collected in the past decade,
we obtained the annual tendency of major halocarbons in
the region for the first time. The annual trends showed that
the mixing ratios of CFC‐12 and ‐11 have been steadily
declining since 2001, while their substitute HCFC‐22 has had

a remarkable increase during these years, especially in
Hong Kong.

[44] Acknowledgments. The authors would like to thank Li Zhengyue
and Tse Wai Chun for their help with sample collections. The project is
supported by the Research Grants Council (RGC) of the Hong Kong Special
Administrative Region (projects PolyU 5163/07E and PolyU 5179/09E),
NSFC/RGC joint projects (40931160436 and 3‐ZG36), and the research
grant (PB0J) of the Hong Kong Polytechnic University.

References
Altshuller, A. P. (1976), Average tropospheric concentration of carbon
tetrachloride based on industrial production, usage, and emissions,
Environ. Sci. Technol., 10, 596–598, doi:10.1021/es60117a007.

Andreae, M. O., and P. Merlet (2001), Emission of trace gases and aerosols
from biomass burning, Global Biogeochem. Cycles, 15, 955–966,
doi:10.1029/2000GB001382.

Aucott, M. L., A. McCulloch, T. E. Graedel, G. Kleiman, P. Midgley, and
Y. F. Li (1999), Anthropogenic emissions of trichloromethane (chloro-
form, CHCl3) and chlorodifluoromethane (HCFC‐22): Reactive chlorine
emissions inventory, J. Geophys. Res., 104, 8405–8415, doi:10.1029/
1999JD900053.

Barletta, B., S. Meinardi, I. J. Simpson, F. S. Rowland, C. Y. Chan, X. M.
Wang, S. C. Zou, L. Y. Chan, and D. R. Blake (2006), Ambient halo-
carbon mixing ratios in 45 Chinese cities, Atmos. Environ., 40, 7706–
7719, doi:10.1016/j.atmosenv.2006.08.039.

Bill, M., R. C. Rhew, R. F. Weiss, and A. H. Goldstein (2002), Carbon iso-
topic ratios of methyl bromide and methyl chloride emitted from a coastal
sal t marsh, Geophys. Res. Let t . , 29 (4) , 1045, doi :10.1029/
2001GL012946.

Blake, D. R., T. W. Smith Jr., T.‐Y. Chen, W. J. Whipple, and F. S. Rowland
(1994), Effects of biomass burning on summertime nonmethane hydrocar-
bon concentrations in the Canadian wetlands, J. Geophys. Res., 99, 1699–
1719, doi:10.1029/93JD02598.

Blake, D. R., T.‐Y. Chen, T. W. Smith Jr., C. J.‐L. Wang, O. W. Wingenter,
N. J. Blake, F. S. Rowland, and E. W. Mayer (1996), Three‐dimensional
distribution of NMHCs and halocarbons over the northwestern Pacific dur-
ing the 1991 Pacific exploratory mission (PEM‐West A), J. Geophys. Res.,
101, 1763–1778, doi:10.1029/95JD02707.

Blake, N. J., et al. (2003), NMHCs and halocarbons in Asian continental
outflow during the Transport and Chemical Evolution over the Pacific
(TRACE‐P) Field Campaign: comparison to PEM‐West B, J. Geophys.
Res., 108(D20), 8806, doi:10.1029/2002JD003367.

Bousquet, P., D. A. Hauglustaine, P. Peylin, C. Carouge, and P. Ciais
(2005), Two decades of OH variability as inferred by an inversion of
atmospheric transport and chemistry of methyl chloroform, Atmos. Chem.
Phys., 5, 2635–2656, doi:10.5194/acp-5-2635-2005.

Chan, C. Y., J. H. Tang, Y. S. Li, and L. Y. Chan (2006), Mixing ratios and
sources of halocarbons in urban, semi‐urban and rural sites of the Pearl
River Delta, south China, Atmos. Environ., 40, 7331–7345, doi:10.1016/
j.atmosenv.2006.06.041.

Chan, L. Y., and K. W. Chu (2007), Halocarbons in the atmosphere of the
industrial‐related Pearl River Delta region of China, J. Geophys. Res.,
112, D04305, doi:10.1029/2006JD007097.

Chang, C. C., C. H. Lai, C. H. Wang, Y. Liu, M. Shao, Y. H. Zhang, and
J. L. Wang (2008), Variability of ozone depleting substances as an indi-
cation of emissions in the Pearl River Delta, China, Atmos. Environ., 42,
6973–6981, doi:10.1016/j.atmosenv.2008.04.051.

Table 5. Derived Slopes of the Target Halocarbons in Figures 7 and 8a

Halocarbon

Inland PRD Hong Kong NH background

Slope Trend Slope Trend Slope Trend

CFC12 −0.0011 ± 0.008 decrease −0.0007 ± 0.005 decrease −0.0008 ± 0.0002 decrease
CFC11 −0.014 ± 0.003 decrease −0.0094 ± 0.0018 decrease −0.006 ± 0 decrease
CFC113 0.001 ± 0.002 increase −0.003 ± 0.001 decrease −0.0019 ± 0 decrease
CCl4 0.0002 ± 0.002 increase −0.0076 ± 0.0011 decrease −0.003 ± 0 decrease
HCFC22 0.10 ± 0.02 increase 0.20 ± 0.02 increase 0.015 ± 0.0003 increase
CH3CCl3 −0.015 ± 0.005 decrease −0.028 ± 0.003 decrease −0.013 ± 0.0003 decrease
C2Cl4 −0.003 ± 0.02 decrease −0.007 ± 0.02 decrease −0.0009 ± 0.0002 decrease
CH3Cl 0.08 ± 0.04 increase 0.06 ± 0.02 increase −0.0006 ± 0.002 decrease

aMeasured in pptv/month. Slope has mean ±95% confidence interval.

ZHANG ET AL.: HALOCARBONS IN PEARL RIVER DELTA D15309D15309

14 of 16



Cunnold, D. M., R. F. Weiss, R. G. Prinn, D. Hartley, P. G. Simmonds,
P. J. Fraser, B. Miller, F. N. Alyea, and L. Porter (1997), GAGE/AGAGE
measurements indicating reductions in global emissions of CCl3F and
CCl2F2 in 1992–1994, J. Geophys. Res., 102, 1259–1269, doi:10.1029/
96JD02973.

Dimmer, C. H., A. McCulloch, P. G. Simmonds, G. Nickless, M. R. Bassford,
and D. Smythe‐Wright (2001), Tropospheric concentrations of the chlori-
nated solvents, tetrachloroethene and trichloroethene, measured in the
remote northern hemisphere, Atmos. Environ., 35, 1171–1182,
doi:10.1016/S1352-2310(00)00427-1.

Elkins, J. W., T. M. Thompson, T. H. Swanson, J. H. Butler, B. D. Hall,
S. O. Cummings, D. A. Fishers, and A. G. Raffo (1993), Decrease in
the growth rates of atmospheric chlorofluorocarbons 11 and 12, Nature,
364, 780–783, doi:10.1038/364780a0.

Eyring, V., et al. (2007), Multimodel projections of stratospheric ozone in
the 21st century, J. Geophys. Res., 112, D16303, doi:10.1029/
2006JD008332.

Fabian, P. (1986), Halogenated hydrocarbons in the atmosphere, in Hand-
book of Environmental Chemistry, vol. 4A, edited by O. Hutzinger,
pp. 23–51, Springer, Berlin.

Farman, J., B. Gardiner, and J. Shanklin (1985), Large losses of total ozone
in Antarctica reveal seasonal ClOx/NOx interaction, Nature, 315, 207–
210, doi:10.1038/315207a0.

Fraser, P. J., and M. J. Prather (1999), Uncertain road to ozone recovery,
Nature, 398, 663–664, doi:10.1038/19418.

Graedel, T. E., and W. C. Keene (1995), The tropospheric budget of reac-
tive chlorine, Global Biogeochem. Cycles, 9, 47–77, doi:10.1029/
94GB03103.

Gros, V., et al. (2003), Origin of anthropogenic hydrocarbons and halocar-
bons measured in the summertime European outflow (on Crete in 2001),
Atmos. Chem. Phys., 3, 1223–1235, doi:10.5194/acp-3-1223-2003.

Guo, H., A. J. Ding, T. Wang, I. J. Simpson, D. R. Blake, B. Barletta,
S. Meinardi, T. M. Fu, Y. S. Li, and W. T. Hung (2009a), Source ori-
gins, profiles and apportionments of halogenated hydrocarbons in the
greater Pearl River Delta region, southern China, J. Geophys. Res.,
114, D11302, doi:10.1029/2008JD011448.

Guo, H., et al. (2009b), Concurrent observations of air pollutants at two
sites in the Pearl River Delta and the implication of regional transport,
Atmos. Chem. Phys., 9, 7343–7360, doi:10.5194/acp-9-7343-2009.

Hamilton, J. T. G., W. C. McRoberts, F. Keppler, R. M. Kalin, and D. B.
Harper (2003), Chloride methylation by plant pection: An efficient envi-
ronmentally significant process, Science, 301, 206–209, doi:10.1126/
science.1085036.

He, J., H. X. Chen, X. X. Liu, J. H. Hu, Q. L. Li, and F. Q. He (2002), The
analysis of various volatile solvents used in different industries in
Zhongshan (in Chinese), South China J. Prev. Medicine, 28(6), 26–27.

Hong Kong Environmental Protection Department (HKEPD) (2005a),
Phasing out of ozone depleting substances in Hong Kong, Gov. of the
Hong Kong Spec. Admin. Reg., Hong Kong. (Available at http://www.
epd.gov.hk/epd/english/environmentinhk/air/data/phase_out.html.)

Hong Kong Environmental Protection Department (HKEPD) (2005b), A
guide to the air pollution control (dry‐cleaning machines) (vapour recov-
ery) regulation, Gov. of the Hong Kong Spec. Admin. Reg., Hong Kong.
(Available at http://www.epd.gov.hk/epd/english/environmentinhk/air/
guide_ref/wn8_dry_info.html.)

Hurst, D. F., et al. (2004), Emissions of ozone‐depleting substances in
Russia during 2001, J. Geophys. Res., 109, D14303, doi:10.1029/
2004JD004633.

Hurst, D. F., J. C. Lin, P. A. Romashkin, B. C. Daube, C. Gerbig, D. M.
Matross, S. C. Wofsy, B. D. Hall, and J. W. Elkins (2006), Continuing
global significance of emissions of Montreal Protocol–restricted halo-
carbons in the United States and Canada, J. Geophys. Res., 111, D15302,
doi:10.1029/2005JD006785.

Ko, M. K. W., and G. Poulet (2003), Very short‐lived halogen and sulfur
substances, in Scientific Assessment of Ozone Depletion: 2002, Global
Ozone Res. Monit. Proj. Rep. 47, chap. 2, pp. 2.1–2.57, World Meteorol.
Org., Geneva, Switzerland.

Krol, M. C., J. Lelieved, D. E. Oram, G. A. Sturrock, S. A. Penkett, C. A. M.
Brenninkmeijer, V. Gros, J. Williams, and H. A. Scheeren (2003), Con-
tinuing emissions of methyl chloroform from Europe, Nature, 421,
131–135, doi:10.1038/nature01311.

McCulloch, A., M. L. Aucott, C. M. Benkovitz, T. E. Graedel, G. Kleinman,
P.M.Midgley, and Y. F. Li (1999), Global emissions of hydrogen chloride
and chloromethane from coal combustion, incineration and industrial
activities: Reactive chlorine emission inventory, J. Geophys. Res., 104,
8391–8403, doi:10.1029/1999JD900025.

McCulloch, A., P. Ashford, and P. M. Midgley (2001), Historical emis-
sions of fluorotrichloromethane (CFC‐11) based on a market survey,
Atmos. Environ., 35, 4387–4397, doi:10.1016/S1352-2310(01)00249-7.

McCulloch, A., P. M. Midgley, and P. Ashford (2003), Releases of refrig-
erant gases (CFC‐12, HCFC‐22 and HFC‐134a) to the atmosphere,
Atmos. Environ., 37, 889–902, doi:10.1016/S1352-2310(02)00975-5.

Millet, D. B., and A. H. Goldstein (2004), Evidence of continuing methyl-
chloroform emissions from the United States, Geophys. Res. Lett., 31,
L17101, doi:10.1029/2004GL020166.

Millet, D. B., E. L. Atlas, D. R. Blake, N. J. Blake, G. S. Diskin, J. S.
Holloway, R. C. Hudman, S. Meinardi, T. B. Ryerson, and G. W.
Sachse (2009), Halocarbon emissions from the United States and Mexico
and their global warming potential, Environ. Sci. Technol., 43, 1055–
1060, doi:10.1021/es802146j.

Molina, M. J., and F. S. Rowland (1974), Stratospheric sink for chloro-
fluoromethanes: Chlorine atom‐catalysed destruction of ozone, Nature,
249, 810–812, doi:10.1038/249810a0.

Montzka, S. A., J. H. Butler, R. C. Myers, T. M. Thompson, T. H. Swanson,
A. D. Clarke, L. T. Lock, and J. W. Elkins (1996), Decline in the tropo-
spheric abundance of halogen from halocarbons implications for strato-
spheric ozone depletion, Science, 272, 1318–1322, doi:10.1126/
science.272.5266.1318.

Montzka, S. A., J. H. Butler, J. W. Elkins, T. M. Thompson, A. D. Clarke,
and L. T. Lock (1999), Present and future trends in the atmospheric burden
of ozone‐depleting halogens, Nature, 398, 690–694, doi:10.1038/19499.

Montzka, S. A., J. H. Butler, B. D. Hall, D. J. Mondeel, and J. W. Elkins
(2003), A decline in tropospheric bromine, Geophys. Res. Lett., 30(15),
1826, doi:10.1029/2003GL017745.

Moore, R. M. (2000), The solubility of a suite of low molecular weight
organochlorine compounds in seawater and implications for estimating
the marine source of methyl chloride to the atmosphere, Chemosphere,
2(1), 95–99.

National Bureau of Statistics of China (2008), China Statistical Yearbook,
China Stat. Press, Beijing.

Newman, P. A., J. S. Daniel, D. W. Waugh, and E. R. Nash (2007), A new
formulation of equivalent effective stratospheric chlorine (EESC), Atmos.
Chem. Phys., 7, 4537–4552, doi:10.5194/acp-7-4537-2007.

O’Doherty, S., et al. (2004), Rapid growth of hydrofluorocarbon 134a and
hydrochlorofluorocarbons 141b, 142b, and 22 from Advanced Global
Atmospheric Gases Experiment (AGAGE) observations at Cape Grim,
Tasmania, and Mace Head, Ireland, J. Geophys. Res., 109, D06310,
doi:10.1029/2003JD004277.

Paatero, P. (1997), Least squares formation of robust non‐negative factor
analysis, Chemom. Intell. Lab. Syst., 37, 15–35.

Palmer, P. I., D. J. Jacob, L. J. Mickley, D. R. Blake, G. W. Sachse, H. E.
Fuelberg, and C. M. Kiley (2003), Eastern Asian emissions of anthropo-
genic halocarbons deduced from aircraft concentration data, J. Geophys.
Res., 108(D24), 4753, doi:10.1029/2003JD003591.

Prinn, R. G., R. F.Weiss, B. R.Miller, J. Huang, F. N. Alyea, D.M. Cunnold,
P. J. Fraser, D. E. Hartley, and P. G. Simmonds (1995), Atmospheric trends
and lifetime of CH3CCI3 and global OH concentrations, Science, 269,
187–192, doi:10.1126/science.269.5221.187.

Prinn, R. G., et al. (2000), A history of chemically and radiatively impor-
tant gases in air deduced from ALE/GAGE/AGAGE, J. Geophys. Res.,
105, 17,751–17,792, doi:10.1029/2000JD900141.

Prinn, R. G., et al. (2001), Evidence for substantial variations of atmospheric
hydroxyl radicals in the past two decades, Science, 292, 1882–1888,
doi:10.1126/science.1058673.

Prinn, R. G., et al. (2005), Evidence for variability of atmospheric hydroxyl
radicals over the past quarter century, Geophys. Res. Lett., 32, L07809,
doi:10.1029/2004GL022228.

Qin, D. J. (2007), Decline in the concentrations of chlorofluorocarbons
(CFC‐11, CFC‐12 and CFC‐113) in an urban area of Beijing, China,
Atmos. Environ., 41, 8424–8430, doi:10.1016/j.atmosenv.2007.07.005.

Reimann, S., et al. (2005), Low European methyl chloroform emissions
inferred from long‐term atmospheric measurements, Nature, 433,
506–508, doi:10.1038/nature03220.

Reinsel, G. C., E. Weatherhead, G. C. Tiao, A. J. Miller, R. M. Nagatani,
D. J. Wuebbles, and L. E. Flynn (2002), On detection of turnaround and
recovery in trend for ozone, J. Geophys. Res., 107(D10), 4078,
doi:10.1029/2001JD000500.

Rhew, R. C., and T. Abel (2007), Measuring simultaneous production and
consumption fluxes of methyl chloride and methyl bromide in annual
temperate grasslands, Environ. Sci. Technol., 41, 7837–7843,
doi:10.1021/es0711011.

Rhew, R. C., B. R. Miller, and R. F. Weiss (2000), Natural methyl bromide
and methyl chloride emissions from coastal salt marshes, Nature, 403,
292–295, doi:10.1038/35002043.

Rhew, R. C., B. R.Miller, M. K. Vollmer, and R. F.Weiss (2001), Shrubland
fluxes of methyl bromide and methyl chloride, J. Geophys. Res., 106,
20,875–20,882, doi:10.1029/2001JD000413.

ZHANG ET AL.: HALOCARBONS IN PEARL RIVER DELTA D15309D15309

15 of 16



Rhew, R. C., Y. A. Teh, and T. Abel (2007), Methyl halide and methane
fluxes in the northern Alaskan coastal tundra, J. Geophys. Res., 112,
G02009, doi:10.1029/2006JG000314.

Simmonds, P. G., et al. (2006), Global trends, seasonal cycles, and Euro-
pean emissions of dichloromethane, trichloroethene, and tetrachlor-
oethene from the AGAGE observations at Mace Head, Ireland, and
Cape Grim, Tasmania, J. Geophys. Res., 111, D18304, doi:10.1029/
2006JD007082.

Simpson, I. J., S. Meinardi, N. J. Blake, F. S. Rowland, and D. R. Blake
(2004), Long‐term decrease in the global atmospheric burden of tetra-
chloroethene (C2Cl4), Geophys. Res. Lett., 31, L08108, doi:10.1029/
2003GL019351.

Solomon, S. (1999), Stratospheric ozone depletion: a review of concepts
and history, Rev. Geophys., 37, 275–316, doi:10.1029/1999RG900008.

Solomon, S., R. R. Garcia, F. S. Rowland, and D. J. Wuebbles (1986), On
the depletion of Antarctic ozone, Nature, 321, 755–758, doi:10.1038/
321755a0.

State Environmental Protection Administration (2000), National proposal
on phasing‐out ozone depleting substances in China (revised version)
(in Chinese), pp. 6–7, State Environ. Prot. Admin. of China, Beijing.
(Available at http://www.tobaccoinfo.com.cn/uploadpdf/cfcfujian/gjfa.
pdf.)

Stemmler, K., S. O’Doherty, B. Buchmann, and S. Reimann (2004), Emis-
sion of the refrigerants HFC‐134a, HCFC‐22, and CFC‐12 from road
traffic: Results from a tunnel study (Gubrist Tunnel, Switzerland),
Environ. Sci. Technol., 38, 1998–2004, doi:10.1021/es035324c.

Stohl, A., et al. (2009), An analytical inversion method for determining
regional and global emissions of greenhouse gases: Sensitivity studies
and application to halocarbons, Atmos. Chem. Phys., 9, 1597–1620,
doi:10.5194/acp-9-1597-2009.

Stohl, A., et al. (2010), Hydrochlorofluorocarbon and hydrofluorocarbon
emissions in East Asia determined by inverse modeling, Atmos. Chem.
Phys. Discuss., 10, 2089–2129, doi:10.5194/acpd-10-2089-2010.

Streets, D. G., C. Yu, M. H. Bergin, X. M. Wang, and G. R. Carmichael
(2006), Modeling study of air pollution due to the manufacture of export
goods in China’s Pearl River Delta, Environ. Sci. Technol., 40, 2099–
2107, doi:10.1021/es051275n.

Sturrock, G. A., L. W. Porter, and P. J. Fraser (2001), In situ measurement
of CFC replacement chemicals and halocarbons at Cape Grim: AGAGE
GC‐MS program, in Baseline Atmospheric Program (Australia) 1997–
1998, edited by N. W. Tindale, R. J. Francey, and N. Derek, pp. 43–49,
Bur. of Meteorol. and CSIRO Div. of Atmos. Res., Melbourne, Victoria,
Australia.

Sturrock, G. A., D. M. Etheridge, C. M. Trudinger, P. J. Fraser, and A. M.
Smith (2002), Atmospheric histories of halocarbons from analysis of
Antarctic firn air: Major Montreal Protocol species, J. Geophys. Res.,
107(D24), 4765, doi:10.1029/2002JD002548.

United Nations Environment Programme (UNEP) (1998), Report of the
tenth meeting of the parties to the Montreal Protocol on substances that
deplete the ozone layer, Rep. UNEP/OzL.Pro.10/9, Nairobi.

United Nations Environment Programme (UNEP) (2002), Production and
consumption of ozone‐depleting substances under the Montreal Protocol
1986–2000, Nairobi. (Available at http://www.unep.org/ozone/15‐year‐
data‐report.pdf)

United Nations Environment Programme (UNEP) (2003), Handbook for
the International Treaties for the Protection of the Ozone Layer, 6th ed.,
414 pp., U. N. Environ. Programme, Nairobi. (Available at http://
www.unep.org/ozone/pdfs/handbook‐2003.pdf)

U.S. Environmental Protection Agency (2002), Profile of the pulp and
paper industry, 2nd ed., Sector Notebook Project, Rep. EPA/310‐R‐02‐
002, Washington D. C.

Vollmer, M. K., et al. (2009), Emissions of ozone‐depleting halocarbons
from China, Geophys. Res. Lett . , 36 , L15823, doi:10.1029/
2009GL038659.

Wang, T., and J. Y. H. Kwok (2003), Measurement and analysis of a multi‐
day photochemical smog episode in the Pearl River Delta of China,
J. Appl. Meteorol., 42, 404–416, doi:10.1175/1520-0450(2003)
042<0404:MAAOAM>2.0.CO;2.

Wang, T., T. F. Cheung, Y. S. Li, X. M. Yu, and D. R. Blake (2002), Emis-
sion characteristics of CO, NOx, SO2 and indications of biomass burning
observed at a rural site in eastern China, J. Geophys. Res., 107(D12),
4157, doi:10.1029/2001JD000724.

Wang, T., H. Guo, D. R. Blake, Y. H. Kwok, I. J. Simpson, and Y. S. Li
(2005), Measurements of trace gases in the inflow of South China Sea
background air and outflow of regional pollution at Tai O, southern
China, J. Atmos. Chem., 52, 295–317, doi:10.1007/s10874-005-2219-x.

Wang, J. S., M. B. McElroy, J. A. Logan, P. I. Palmer, W. L. Chameides,
Y. Wang, and I. A. Megretskaia (2008), A quantitative assessment of
uncertainties affecting estimates of global mean OH derived from methyl
chloroform observations, J. Geophys. Res., 113, D12302, doi:10.1029/
2007JD008496.

Warneck, P. (2000),Chemistry of the Natural Atmosphere, 2nd ed., Academic,
San Diego, Calif.

Weatherhead, E. C., and S. B. Andersen (2006), The search for signs
of recovery of the ozone layer, Nature, 441, 39–45, doi:10.1038/
nature04746.

Weatherhead, E. C., et al. (2000), Detecting the recovery of total column
ozone, J. Geophys. Res. , 105 , 22,201–22,210, doi:10.1029/
2000JD900063.

World Meteorological Organization (2003), Scientific assessment of ozone
depletion: 2002, Global Ozone Res. Monit. Proj. Rep. 47, 498 pp.,
Geneva, Switzerland. (Available at http://ozone.unep.org/Publications/
index.asp)

Yi, Z. G., X. M. Wang, D. Q. Zhang, G. Y. Zhou, G. Y. Sheng, and J. M.
Fu (2007), Soil uptake of carbonyl sulfide in subtropical forests with dif-
ferent successional stages in south China, J. Geophys. Res., 112, D08302,
doi:10.1029/2006JD008048.

Yokouchi, Y., Y. Noijiri, L. A. Barrie, D. Toom‐Sauntry, T. Machida,
Y. Inuzuka, H. Akimoto, H. J. Li, Y. Fujinuma, and S. Aoki (2000),
A strong source of methyl chloride to the atmosphere from tropical
coastal land, Nature, 403, 295–298, doi:10.1038/35002049.

Yokouchi, Y., M. Ikeda, Y. Inuzuka, and T. Yukawa (2002a), Strong emis-
sion of methyl chloride from tropical plants, Nature, 416, 163–165,
doi:10.1038/416163a.

Yokouchi, Y., D. Toom‐Sauntry, K. Yazawa, T. Inagaki, and T. Tamaru
(2002b), Recent decline of methyl bromide in the troposphere, Atmos.
Environ., 36, 4985–4989, doi:10.1016/S1352-2310(02)00650-7.

B. Barletta, D. R. Blake, S. Meinardi, F. S. Rowland, and I. J. Simpson,
Department of Chemistry, University of California, Irvine, CA 92697,
USA.
H. R. Cheng and H. Guo, Air Quality Studies, Department of Civil and

Structural Engineering, Hong Kong Polytechnic University, Hong Kong.
(ceguohai@polyu.edu.hk)
S. H. M. Lam and S. M. Saunders, School of Biomedical, Biomolecular

and Chemical Sciences, University of Western Australia, Perth, WA 6009,
Australia.
X. M. Wang and Y. L. Zhang, Guangzhou Institute of Geochemistry,

Chinese Academy of Sciences, Guangzhou 510640, China.

ZHANG ET AL.: HALOCARBONS IN PEARL RIVER DELTA D15309D15309

16 of 16



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


