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[1] Nonmethane hydrocarbons (NMHCs) were investigated in a clean remote tropical rain
forest site of Jianfengling Natural Reserve in Hainan Island in spring, autumn and early
winter of 2004. The aim was to characterize air pollution transported from east Asia
and SE Asian subcontinent on this relatively undeveloped region of south China. Ethane,
ethyne, isoprene and ethene are the most abundant hydrocarbons. The relative
contributions of pollution transport from urban and industrial zones of east Asia and
agricultural zones of SE Asia are discussed with the help of backward air trajectories. The
air masses from the SE Asian biomass burning region contained higher concentrations of
ethane and ethyne while air masses traveling through coastal east China contained
higher concentrations of ethene and toluene in addition to ethane and ethyne. It was found
that anthropogenic emissions transported from the SE and south China developed and
developing regions in autumn had a higher input than biomass burning emission from SE
Asia in spring. Local biogenic emission was deduced to be the major source of
isoprene. Hydrocarbon concentration ratios were found to be good indicators for
identification of inflow air masses from different source regions.
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1. Introduction

[2] Nonmethane hydrocarbons (NMHCs) play critical
roles in atmospheric chemistry. They are important ozone
precursors. Their reactions with the hydroxyl radical (OH)
produce many oxygenic compounds, and result in the
formation of ozone in the atmosphere. It was estimated that
NMHCs contributed about 40% of the total global net
photochemical ozone production [Houweling et al., 1998].
The oxidation of NMHCs significantly influences the tro-
pospheric concentrations and budgets of O3, OH, CO and
NOx [Poisson et al., 2000]. The reactions of NMHCs with
OH affect the global distribution of OH and subsequently
the lifetime of other trace species in the atmosphere
[Poisson et al., 2000].
[3] Eastern China is an important source region of an-

thropogenic pollutants, whereas Southeast Asia is an im-
portant source region of biomass burning emission [de Gouw
et al., 2004]. Export of pollution from these regions arouses
increasing scientific interest in recent years. With the rapid

agricultural development, urban expansion and industriali-
zation in China, tremendous amount of anthropogenic air
pollutants are emitted into the atmosphere, resulting in rapid
deterioration of the air quality of the region and its neigh-
boring western Pacific region [Chan et al., 2000, 2003;
Wang et al., 2003]. Biomass burning is an important source
of global trace gases and aerosols. It had been estimated that
biomass burning emitted about 38.0 Tg NMHCs in 2000
[Ito and Penner, 2004]. Southeast Asia is a major biomass
burning region associated with active natural and human
activated fires during the spring time (February–April)
[Duncan et al., 2003; Heald et al., 2003; Streets et al.,
2003a, 2003b]. The trace gases and aerosols emitted from
the biomass burning activities in SE Asia could be lifted up
to the free troposphere and transported through the western
Pacific and eventually crossed the Pacific Ocean to North
America [Chan et al., 2000; Jacob et al., 2003; de Gouw et
al., 2004]. Extensive measurements of NMHCs in the east
Asia–western Pacific region had been carried out by aircraft
during several large-scale field campaigns, such as the
Pacific Exploratory Mission–West expedition phase A
and phase B (PEM-West A and PEM-West B) and the
Transport and Chemical Evolution Over the Pacific
(TRACE-P) [Blake et al., 1996, 1997, 2003]. Several
ground level measurements had also been conducted in
rural and remote sites of Japan [Sharma et al., 2000; Kato
et al., 2001] and rural sites of Hong Kong [Wang et al.,
2003, 2005]. However, there were little NMHCs data
reported for remote regions of mainland China. This paper
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presents the analysis of NMHCs data in a tropical forest, a
remote site on Hainan Island of south China, with emphasis
on the impact due to long-range transport.

2. Experiment

[4] Jianfeng Mountain (18�400N, 108�490E) is located on
the southwest coast of Hainan Island, at about 120 km from
Sanya (with a population of about 482,000), the second
largest city of Hainan province, and 320 km from Haikou
(with a population of about 830,000), the capital city of
Hainan province (Figure 1). The mountain faces the South
China Sea in the south and west direction. The sampling site
is situated within the Jianfengling National Reserve, which is
the second largest tropical rain forest in China with a total
area of 475 km2. The elevation of the sampling site is about
820 m above sea level (ASL). It is surrounded by several hills
with heights exceeding 1000 m ASL.
[5] Air samples were collected at the rooftop of a build-

ing (field observational station operated by the Chinese
Academy of Forest) using prevacuated 2-L stainless steel
electropolished canisters provided by University of Califor-
nia, Irvine (UCI). Prior to vacuation, the canisters were
cleaned by humidified pure nitrogen gas to inactive the
inner surface. A flow controlling device was put on the inlet
of each canister to obtain 1-hour integrated air sample. In

spring (April and May) and autumn and early winter
(1 September � 4 December) of 2004, 90 samples and
76 samples were collected, respectively. Most samples were
collected at 1200 local time. Additional samples were
collected during the intensive study periods (17–24 April,
13–20 May and 3–8 November), in which 5 samples were
collected at 0800, 1100, 1400, 1700 and 2000 local time
each day. The springtime samples were analyzed by the
Research Center for Environmental Changes (RCEC), Ac-
ademia Sinica, Taiwan, while the other samples were
analyzed by UCI.
[6] The RCEC system was derived from the UCI system

and they have similar configuration and calibration method.
The details of analytical procedures employed in this study
can be found in the works by Blake et al. [1996, 1997],
Colman et al. [2001] and Chang et al. [2003]. In the RCEC,
an automated GC-MS/FID system with two columns (a
PLOT and a DB-1) was used to analyze C2–C10 hydro-
carbons. The detection limit for C2–C10 hydrocarbons is
15 pptv, and the precision of the measurement is 5% [Chang
et al., 2003]. In the UCI, a six-columns multiple GC-MS/
FID/ECD system was used to identify and quantify NMHCs
and other trace gases. The detection limit for C2–C10

hydrocarbons is 5 pptv. The precision of the measurement
varies by compounds and by mixing ratio. For example, it is

Figure 1. Map showing the sampling site.
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1% (or 1.5 pptv) for alkanes and alkyne, and 3% (or 3 pptv)
for alkenes [Colman et al., 2001].

3. Result and Discussion

3.1. General Characteristics of NMHCs in Spring
and Autumn

[7] The average concentrations of selected C2–C7 hydro-
carbons for the two seasons are shown in Table 1. The
hydrocarbons listed in Table 1 accounted for about 90% of
the total mixing ratio of speciated C2–C10 hydrocarbons
measured. In this study, only samples collected at 1100–
1500 local time were included in the data set for a fair
comparison with other studies. Table 1 also shows the OH
reaction rate constant [Atkinson and Arey, 2003] and life-
time of these hydrocarbons in the atmosphere based on
an annual global mean OH concentration of 1.16 �
106 molecules cm–3 [Spivakovsky et al., 2000]. Ethane,
ethyne and isoprene are the three most abundant hydro-
carbons in this site in both seasons. Ethane and ethyne can
be from various sources, among which incomplete combus-
tion, such as burnings of fossil fuel, biomass/biofuel includ-
ing agricultural residues and coal, are the major sources
[Choi et al., 2003]. They have relatively long atmospheric
lifetimes in the troposphere (Table 1). Thus they can be
transported to remote areas far away from the source
regions. They are also reported to be the two dominant
hydrocarbons in most rural and remote sites [Saito et al.,
2000; Sharma et al., 2000; Wang et al., 2003, 2004].
Isoprene is a major biogenic hydrocarbon [Guenther et al.,
1995]. Because of the very short lifetime in the atmosphere
(Table 1), its major source is local vegetation emission. The
dominance of the two long-lived species based on mixing
ratios in this remote site, Jianfeng Mountain, indicates that
the major sources of NMHCs in this site are from long-range
transport of pollutants. The mixing ratios of some hydro-
carbons show large variations. This can be attributed to the
fact that the sampling site is a remote clean site and there were
differences in the accumulation, dilution, and the residence
time of hydrocarbons during the long-range transport from
the source regions while traveling different pathways.
[8] Compared to the rural sites of Japan, the USA and

other rural sites of China in the higher latitudes, most
hydrocarbons showed lower concentrations in Jianfeng
Mountain except for those measured in autumn at Happo,
Japan (Table 1). Happo is a mountainous site in the center of
Japan Islands, and is free of local anthropogenic emission
[Sharma et al., 2000]. The mixing ratios of most hydro-
carbons in Jianfeng Mountain were higher in autumn but
lower in spring than those in Happo. This phenomenon
illustrates that Jianfeng Mountain was affected by the long-
range transport of pollutants from the upwind urban and
industrial region of SE China in autumn. Otherwise, the
mixing ratios in Happo should be higher since the latitude
of Happo is higher than Jianfeng Mountain, and thus the
lifetimes of hydrocarbons in Happo should be longer
because of the low level of OH radical [Sharma et al.,
2000]. Hok Tsui is a relatively clean site in Hong Kong, but
it is still affected by short-range transport from the nearby
urban area (about 10 km), especially in spring under the
prevailing east-northeast flow [Wang et al., 2003]. The
concentrations of most hydrocarbons, such as ethane,

ethyne, propane and toluene, were several times higher in
Hok Tsui than in Jianfeng Mountain in spring (Table 1).
Lin’an is a rural site in the Yangtze River Delta region, one
of the most industrialized and urbanized region in China
[Guo et al., 2004]. Almost all species, such as toluene,
ethene and benzene, showed mixing ratios several times
higher at the Lin’an site than at Jianfeng Mountain in autumn
(Table 1). Hence the low NMHC concentrations in Jianfeng
Mountain area, especially when it is not affected by trans-
ported air masses, suggest that this site is not significantly
impacted by local anthropogenic pollution. Therefore it is an
appropriate site for the assessment of the impact of long-
range transport of air pollutants from various source regions.

3.2. Local Emission and Diurnal Variation of Isoprene

[9] Local emission from the tropical rain forest is the
major source of isoprene. Figure 2 shows the diurnal
variations of isoprene in April, May and November. Iso-
prene showed a strong diurnal cycle in these three months.
The diurnal variation of isoprene in November is different
from those in April and May. In November, the peak hour
occurred at 1100–1200 local time. While in April and May,
it occurred at 1400–1500 local time. The diurnal biogenic
emission of isoprene is affected mostly by sunlight and
temperature [Kesselmeier and Staudt, 1999]. Unfortunately,
we had not recorded the light intensity and temperature
during the sampling periods. So we can only offer an
argument for this phenomenon. After sunrise, both radiation
intensity and temperature increase, and the biogenic emis-
sion of isoprene is activated. It reaches its full strength near
1400 local time in spring. As the reactions of isoprene with
OH radical and ozone are temperature-dependent also, and
the level of OH and ozone increase with available radiation,
the photochemical destruction of isoprene increases with the
increase of radiation. The isoprene level is thus reduced and
starts to fall. In autumn (October and November) of south
China, strong sunlight and photochemical reaction are
commonly found in the afternoon [Wang et al., 2001] and
isoprene is destructed by photochemical reactions at a faster
rate from noon onward. Hence isoprene concentration
started to fall at a fast rate after noon.
[10] The average mixing ratios of isoprene at the four

rural sites of southeast United States were in the same order
as those in Jianfeng Mountain (Table 1), whereas in four
rural sites of Canada, the levels of isoprene (0.01–0.20 ppbv
in October and November) were much lower than at
Jianfeng Mountain [Bottenheim and Shepherd, 1995]. At a
remote tropical forest site in central Amazonia, levels of
isoprene (between 4 and 8 ppbv in March and April) were
much higher than at Jianfeng Mountain [Kesselmeier et al.,
2000], and at the boundary layer of tropical forests of
Surinam in South America, the mean average mixing ratios
of isoprene were 2.6 ppbv (in March 1998), which were also
much higher than that at Jianfeng Mountain [Crutzen et al.,
2000]. In another tropical forest site of southwest China, the
levels of isoprene (about 1.5–3.5 ppbv between 1200 and
2000 local time in July) were also higher than that at
Jianfeng Mountain [Baker et al., 2005]. There are several
factors that affect biogenic isoprene emission, such as plant
species and vegetation types, available photosynthetic ac-
tive radiation (PAR), atmospheric temperature, water stress
and phenology [Kesselmeier and Staudt, 1999]. Without
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details information about these parameters, we are not able
to tell the causes of the differences in isoprene levels. Also,
the levels of isoprene in spring were nearly 60% higher than
in autumn at this site, the exact causes of this phenomenon
are unclear, and further study is needed to unveil the
relevant controlling forces.
[11] Alpha-pinene was also an important biogenic hydro-

carbon. However, its mixing ratio measured in this study
was very low (with a mean of 0.06 ppbv in spring and
0.03 ppbv in autumn and early winter, respectively) com-
pared to the levels of isoprene. It may be that there is a lack
of pinenes-emitter species in this region. Another study on
the emission of VOC from tropical forest vegetation of
southwest China showed that only a few species emit
monoterpene [Geron et al., 2006].

3.3. Characteristics of Long-Range Transport Air
Masses

[12] Mixing ratios of ethane, ethyne, and propane ob-
served during PEM-West B (February–March 1994) were
on average a factor of 2 larger than those observed during
PEM-West A (September–October 1991) [Talbot et al.,
1997]. They were attributed to the difference in prevalent
winds during the two experimental periods. Air masses from
the Asian Continent contained higher mixing ratios of
hydrocarbons than those from the Pacific. In addition, it
was also affected by the longer lifetimes of NMHCs at the
lower latitude (<25�N) than at the higher latitude (>25�N).
In this study, most hydrocarbons show higher mixing ratios
in autumn than in spring, in particular ethane, ethyne,
propane and benzene (Table 1). The differences of NMHC
levels between the two seasons were more like the situation
at the lower latitude of western Pacific regions observed by
Blake et al. [1997]. They are associated with the change of

wind direction. In autumn, the prevailing winds are north-
eastern, and the air masses passed over SE China, which is
the most industrialized and urbanized region in China.
While in spring, the prevailing winds are southwestern,
and the air masses passed over SE Asia. This region is less
developed than SE China, and active biomass burning are
commonly found in spring time because of the slash-and-
burn agriculture activities.
[13] Figure 3 compares the average mixing ratio of these

anthropogenic hydrocarbons together with their standard
deviations in different months. For a fair comparison, only
samples collected between 1100 and 1500 local time were
shown. Generally, most hydrocarbons had the highest mix-
ing ratios in December, and lowest in May. This trend
coincided with another study in a rural site of south China
where NMHCs show a maximum in autumn-winter and a
minimum in summer [Wang et al., 2005].
[14] Backward air mass trajectory analysis is a useful tool

to determine the possible transport pathways of air masses.
Using the NOAA HYSPLIT model [Rolph, 2003], 5-day
backward trajectories of the sampled air masses reaching
Jianfeng Mountain were calculated. According to the origin
of the transport pathways of the air masses, the trajectories
were classified into four major categories (Figure 4).
[15] The first category is the coast of east Asia (CEA). Air

masses originated from the boundary layer of mainland
China and east Asia, and had passed over the coast of southeast
China. They experienced a descending motion during the
transport to Jianfeng Mountain. The air masses are affected
by the fresh or aged plume from the continental urban/
industrial area. Most autumn samples (from 24 September to
4 December) are categorized to this type.
[16] The second category is Southeast Asia (SEA). Air

masses originated near the surface of Indian Ocean or South

Figure 2. Diurnal variations of isoprene in the three intensive study months.
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China Sea and had passed over the SE Asian continent.
They experienced an ascending motion during their trans-
port to Jianfeng Mountain. These air masses are impacted by
the emissions from the SE Asian continent. This happened
during the periods of 14, 18, and 19 April, 12–14 May and
1–7 September.
[17] The third category is the western Pacific (WP). Air

masses originated from the boundary layer of the western
Pacific and passed over the tropical and subtropical regions
of northwestern Pacific. They experienced a descending
motion during their transport to the sampling sites. The
samples collected during 15–20 May belong to this type.
[18] The fourth category is the South China Sea (SCS).

Air masses originated from the surface of the South China
Sea, and had experienced an ascending motion. The sam-
ples collected during 16–17 April and 20–24 April are
under this category.
[19] In each season, there are several samples with very

low mixing ratio of anthropogenic species. Backward
trajectory analysis indicates that the air masses in these
samples originated from the lower troposphere of the
South China Sea and the western Pacific. We classified
these samples as spring and autumn background samples
respectively.
[20] Table 2 summarizes the average mixing ratios to-

gether with standard deviations of selected hydrocarbons in
different groups of trajectories in the two seasons. From
Table 2, we can see that air masses from CEA in autumn
had the highest mixing ratio of most hydrocarbons (such as
ethane, ethyne, propane and ethene), compared with those
from the other regions. The air masses of CEA group had to
pass over large areas of the east Asian coast including
highly urbanized and industrialized regions of the Yangtze

River Delta, central-eastern China, Taiwan and the Pearl
River Delta of SE China. They had picked up industrial/
urban pollutants from these regions and hence contained the
highest mixing ratios of most long-lived NMHCs. However,
because of the long journey, hydrocarbons (for example,
propene) with short lifetimes in the atmosphere showed
very low mixing ratio in these air masses. Two typical
enhancements with obviously higher mixing ratios of
ethane, ethene, ethyne and benzene were captured from
18 to 21 October and from 26 to 28 November.
[21] The air masses from SEA in spring are influenced by

biomass burning emissions in SE Asia. This is demonstrated
by the higher mixing ratios of ethane, ethyne and propane
in SEA than in SCS from the ocean. This was also
confirmed by the fact that although SEA air masses passed
over SE Asia both in spring and autumn, air masses in
autumn contained lower mixing ratio of ethane, ethene,
propane and ethyne than those in spring because spring is
the biomass burning season in SE Asia. The burning
activities are believed to emit huge amounts of pollutants
including NMHCs, which were transported to downwind
regions of the South China Sea and Hainan Island following
the prevailing winds. Thus high mixing ratios of NMHCs
were observed in the air masses from this region. During
18–20 April, enhanced levels of ethane, propane, ethyne,
and ethene were detected even at night. This phenomenon
may indicate that the pollutants were elevated on a regional
scale.
[22] We also noted that the mixing ratios of many species

including propane, isobutene, n-butane, ethane, propene,
ethyne and benzene had the lowest mixing ratios in the air
mass from WP in spring. This reflects the fact that there are

Figure 3. Average mixing ratios together with standard deviation of selected hydrocarbons in different
months. Samples were collected at 1100–1500 local time.
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no significant man-made sources of air pollutants over the
Pacific region.
[23] Table 3 compared the average mixing ratios of

selected hydrocarbons during the observed enhanced days
to the background samples in the same seasons. Most
hydrocarbons showed several times higher mixing ratio in
these enhanced days than in the background days. However,
the composition of hydrocarbons in these enhancements
varied remarkably. This reflects the source characteristics.
[24] Figure 5 shows the backward trajectory of 18 April

with the air masses passed through most of SE Asia
following the south wind and the fire count map on 16–
18 April for the SE Asian region. The fire counts were

detected by MODIS (Moderate Resolution Imaging Spec-
troradiometer) on the NASA satellites and the integrated
data are available at the Web site of the University of
Maryland (http://maps.geog.umd.edu/products.asp). One
fire point in the map represents an active fire in a 1 � 1 km
pixel. On these days, the air masses passed through the
regions of Vietnam, Cambodia, and Laos and to a lesser
extent eastern Thailand, where active biomass burning
occurred. Ethane, ethyne, ethene and propane are the
dominant hydrocarbons which contributed to 65% of the
total NMHCs. n-Butane and propane are the most enhanced
hydrocarbons in biomass burning plume compared to the
spring background samples. These species are the charac-

Figure 4. Representative trajectories in different trajectory groups.
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teristic hydrocarbons in the biomass burning plume [Woo et
al., 2003].
[25] Figure 6 shows the backward trajectory on

19 October with the air masses trespassing the east and
SE China following the ENE to NE wind and the fire count
map during 16–18 October. The air masses passed through
the boundary layer of SE China. In this period, the burning
of crop residues after harvest is one of the most important
NMHC sources in rural China [Streets et al., 2003b]. High
mixing ratios of ethane (2.57 ± 0.33 ppbv) and ethyne
(2.25 ± 0.44 ppbv) were found on these days. High ethane is
associated with biomass/biofuel burning, but the high
ethyne concentration is influenced by additional contribu-
tion from vehicular exhaust, as ethyne is a major component
of vehicular exhaust. Although ethene is a major pollutant
both in the biomass burning and vehicular emission, its
concentration is lower compared to that of ethane and

ethyne. This is due to the long journey from the source
region to the sampling site compared to the short lifetime of
ethene in the atmosphere. The lifetime of toluene is as short
as ethene in the atmosphere, the average mixing ratio of
toluene (0.20 ± 0.13 ppbv) is found to be nearly three times
higher than that of the April enhancement (0.07 ± 0.02 ppbv)
which is mainly due to biomass burning emission transport.
It demonstrates the contribution of anthropogenic emission
of toluene in SE China.
[26] In the November enhancement, the highest mixing

ratio of propane (1.08 ± 0.07 ppbv) and ethene (1.06 ±
0.44 ppbv) was detected. Figure 7 shows the backward
trajectory on 26 November with the air masses trespassed
the east and south China coast following the NE wind. The
fire count map during 24–26 November is also shown. This
is the typical air mass pathway during the November
enhancement. In these days, air masses passed through the

Table 2. Average Mixing Ratios Together With Standard Deviations of Selected Species in Different

Trajectory Groupsa

Spring Autumn

WP
(n = 8)b

SEA
(n = 10)

SCS
(n = 13)

CEA
(n = 39)

SEA
(n = 5)

Ethane 0.59 ± 0.09 1.00 ± 0.36 0.69 ± 0.16 1.63 ± 0.59 0.63 ± 0.18
Propane 0.10 ± 0.03 0.19 ± 0.10 0.12 ± 0.08 0.54 ± 0.27 0.16 ± 0.06
Isobutane 0.03 ± 0.01 0.04 ± 0.02 0.09 ± 0.21 0.13 ± 0.08 0.04 ± 0.03
n-butane 0.05 ± 0.02 0.06 ± 0.03 0.15 ± 0.31 0.19 ± 0.12 0.07 ± 0.03
Isopentane 0.27 ± 0.07 0.16 ± 0.07 0.12 ± 0.05 0.18 ± 0.11 0.18 ± 0.18
n-pentane 0.17 ± 0.05 0.14 ± 0.05 0.11 ± 0.02 0.10 ± 0.06 0.05 ± 0.03
Ethene 0.26 ± 0.11 0.33 ± 0.16 0.37 ± 0.22 0.48 ± 0.28 0.26 ± 0.11
Propene 0.10 ± 0.02 0.10 ± 0.03 0.14 ± 0.05 0.08 ± 0.05 0.18 ± 0.10
Isoprene 0.81 ± 0.17 0.54 ± 0.40 0.99 ± 0.59 0.51 ± 0.34 0.36 ± 0.24
Ethyne 0.21 ± 0.07 0.41 ± 0.21 0.30 ± 0.09 1.23 ± 0.64 0.31 ± 0.09
Benzene 0.10 ± 0.02 0.18 ± 0.09 0.12 ± 0.03 0.33 ± 0.16 0.12 ± 0.04
Toluene 0.13 ± 0.02 0.13 ± 0.04 0.16 ± 0.20 0.23 ± 0.26 0.22 ± 0.10
Sumc 3.29 ± 0.42 3.57 ± 0.74 3.93 ± 1.06 6.18 ± 2.45 5.03 ± 3.95

aUnit is ppbv. Data for the samples collected from 1100 to 1500 local time.
bNumbers of samples.
cSum is the total mixing ratio of all hydrocarbons measured and quantified.

Table 3. Comparison of the Average Mixing Ratios of Selected Species in Enhanced Days With the

Background Average Mixing Ratiosa

Spring
Background 18–19 Apr

Autumn
Background 18–21 Oct 26–28 Nov

Ethane 0.45 ± 0.02 1.33 ± 0.13 1.00 ± 0.10 2.57 ± 0.33 2.44 ± 0.14
Propane 0.05 ± 0.02 0.28 ± 0.05 0.25 ± 0.01 0.74 ± 0.08 1.08 ± 0.07
Isobutane 0.01 ± 0.01 0.06 ± 0.04 0.04 ± 0.01 0.17 ± 0.04 0.28 ± 0.03
n-butane 0.02 ± 0.01 0.15 ± 0.20 0.06 ± 0.02 0.24 ± 0.03 0.43 ± 0.04
Isopentane 0.25 ± 0.05 0.14 ± 0.09 0.05 ± 0.02 0.19 ± 0.06 0.26 ± 0.13
n-pentane 0.16 ± 0.04 0.13 ± 0.05 0.03 ± 0.01 0.12 ± 0.03 0.19 ± 0.04
Ethene 0.15 ± 0.01 0.47 ± 0.19 0.23 ± 0.01 0.61 ± 0.19 1.06 ± 0.44
Propene 0.09 ± 0.02 0.13 ± 0.04 0.03 ± 0.00 0.11 ± 0.04 0.07 ± 0.05
Isoprene 0.08 ± 0.08 0.20 ± 0.15 0.09 ± 0.02 0.79 ± 0.34 0.22 ± 0.17
Ethyne 0.06 ± 0.02 0.64 ± 0.12 0.49 ± 0.06 2.25 ± 0.44 2.19 ± 0.39
Benzene 0.06 ± 0.01 0.25 ± 0.03 0.16 ± 0.03 0.56 ± 0.09 0.60 ± 0.15
Toluene 0.08 ± 0.02 0.12 ± 0.04 0.05 ± 0.03 0.20 ± 0.13 0.61 ± 0.51
Sumb 1.67 ± 0.13 4.34 ± 0.57 2.61 ± 0.05 9.18 ± 1.39 10.58 ± 2.46
C2H6/C3H8 11.3 ± 5.7 4.9 ± 0.9 4.1 ± 0.6 3.4 ± 0.3 2.2 ± 0.1
C2H6/C2H2 8.7 ± 3.3 2.1 ± 0.4 2.1 ± 0.1 1.2 ± 0.1 1.1 ± 0.2
C3H8/C6H6 0.7 ± 0.2 1.1 ± 0.2 1.6 ± 0.2 1.3 ± 0.1 1.8 ± 0.3

aUnit is ppbv for hydrocarbons and volume/volume for hydrocarbon ratios.
bSum is the total mixing ratio of all hydrocarbons measured and quantified.
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boundary layer of the coast of eastern China, and the Pearl
River Delta (PRD), which are major industrial source
regions. The higher level of ethene (1.06 ± 0.44 ppbv) in
the November enhancement compared to that in October
enhancement (0.61 ± 0.19 ppbv) indicates the contribution

of urban vehicular emission from PRD urban cities. Because
of the short lifetime of ethene, such high mixing ratios
typically cannot survive long-range transport from a remote
source region. So they are likely originated from local or
regional sources. However, mixing ratios of even shorter-

Figure 5. Trajectory on 18 April and fire count map on 16–18 April 2004.

Figure 6. Trajectory on 19 October and fire count map on 16–18 October.
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lived propene, which is coemitted with ethene from vehicle
exhausts, were low (0.07 ppbv) on the days that ethene was
high. This indicates that regional rather than local or remote
emissions dominated ethene levels at the sampling site
during this period.

3.4. Characteristic Ratios of Long-Range Transport
Air Masses

[27] In this section, we further examine source signature
ratios, which are presented in Table 3. Both ethane and
propane are mostly emitted from anthropogenic sources.
Fossil fuel combustion, biomass burning, nature gas and
liquefied petroleum gas (LPG) are the major sources of
ethane, while nature gas, LPG and biomass burning are the
major sources of propane [Choi et al., 2003]. The concen-
tration ratio of ethane to propane is widely used to inves-
tigate the emission characteristics of various source regions
and the relative age of the air mass [Talbot et al., 1997;
Carmichael et al., 2003; Russo et al., 2003; Wang et al.,
2003, 2005]. The ratio of ethane/propane (C2H6/C3H8) was
estimated to be 2.1 in China and 3.8 in SE Asia on the basis
of the anthropogenic emission inventory [Russo et al.,
2003]. Carmichael et al. [2003] reported the C2H6/C3H8

ratio of 8 in the SE Asian biomass burning plumes, 2.3 in
biofuel combustion exhaust and 0.5 in traffic affected air.
They also reported a ratio of 1 to 6 during the TRACE-P
campaign. Wang et al. [2003, 2005] found a C2H6/C3H8

ratio of 2.6–2.7 in the air mass from local urban region and
Mainland China, 3.1 from the coast of Mainland China at
Hok Tsui, 2.7 at Lin’an (a rural site in eastern China) and
1.6 at Tai O (a rural site of Hong Kong). In this study, the
C2H6/C3H8 ratio was 4.6 ± 0.8 in the April enhancement

(17–18 April), 3.4 ± 0.3 in the October enhancement and
2.2 ± 0.1 in the November enhancement. The highest ratio
of C2H6/C3H8 (4.6) in air masses from SE Asia is associated
with biomass burning emission. In addition, the increasing
use of LPG in vehicles and domestic use in the more
developed regions (e.g., PRD) results in the lowering of
the C2H6/C3H8 ratio. A low ratio (1.6) was observed in Tai
O as its air is more impacted by the fresh plume from the
Hong Kong urban region. We also observed lower ratios in
the air masses during the October enhancement and No-
vember enhancement periods when air masses passed
through east coastal China, especially through the PRD
region.
[28] Carmichael et al. [2003] found that the observed

propane/benzene ratios during the TRACE-P period
matched well with the calculated ratios based on the
emission inventory in China. Propane and benzene have
close atmospheric lifetime against OH (9.2 and 8.2 days,
respectively, Table 1). In the absence of mixing with other
air masses from different sources, the ratio of benzene to
propane remains unchanged after emission. Thus the ratio
may reflect the source signatures. The April and October
propane/benzene ratios (Table 3) fall within the observed
ratios (<1.6) for SE Asia reported by Carmichael et al.
[2003]. It is also close to the ratios found in the other two
rural sites of China: Linan (1.4) and Tai O (1.4) [Wang et
al., 2005]. In the November enhancement, the C3H8/C6H6

ratio lies within the observation in southeast China (1.6–
2.0) during the TRACE-P campaign [Carmichael et al.,
2003].
[29] One major source of ethyne is incomplete fossil fuel

combustion, such as vehicle exhaust. It is the dominant

Figure 7. Trajectory on 26 November and fire count map on 24–26 November.
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species in roadside samples in PRD region [Chan et al.,
2006]. The ethane/ethyne ratio thus reflects the degree of
urban vehicular contribution to the air masses. In the
October and November enhancements, the ratios were
1.2 ± 0.1 and 1.1 ± 0.2, respectively, compared to 2.0 ± 0.4
in the April enhancement. In the outflow from south China,
which passed through the Hong Kong urban region, the value
was 0.8 at Tai O, Hong Kong [Wang et al., 2005]. The low
value of this ratio indicates the contribution of ethyne from
urban vehicular emission.

4. Conclusion

[30] This study investigated the impacts of air masses
transported from long range/region (e.g., coastal China
emission) on the NMHC profile at a remote tropical forest
site in Hainan Island, south China, and they were compared
with the impact of local emissions. Jianfeng Mountain is a
good site for assessing the impacts of long-range transport
of industrial/urban air pollutants in south China as well as
biomass burning pollutants in SE Asia, as there are very
limited local anthropogenic sources of hydrocarbons. In the
two seasons, NMHCs show different patterns. In spring,
biomass burning emission in SE Asia contributed signifi-
cantly to the NMHC mixing ratio under the prevailing
southwest wind. In the biomass burning plumes, high
mixing ratios of ethane, ethyne, propane and ethene were
observed and compared to the ratios from background air
masses. In autumn, the long-range transport of anthropo-
genic pollutants from SE China was the major source.
Pollutant sources are fossil fuel combustion, LPG leakage,
industrial solvent evaporation and vehicular emission. The
high level of toluene in October and November enhance-
ments reflect the contribution from industrial solvent use.
The high levels of ethane and ethyne in the October
enhancement are attributed to autumn harvesting biomass
burning in addition to industrial and urban source emission,
while the high levels of ethene in November enhancement is
attributed to picking up of vehicular emission when travel-
ing through the PRD urban region. Apart from long-range
pollutants transported to this site, the sampling location was
relatively free of short-range/local anthropogenic emissions.
Isoprene is the most abundant hydrocarbon emitted from
local biogenic sources which showed strong diurnal varia-
tions in spring and autumn. However, the levels of isoprene
in this site are lower than other tropical forest sites, and the
exact reasons need to be further explored.
[31] The high C2H6/C3H8 ratios observed for SE Asia air

masses was indicative of a large contribution from biomass
burning emissions. A C3H8/C6H6 ratio of around 1.8 in the
November air masses from coast of east Asia reflects the
impact of fuel combustion in the south China region, while
the low C2H6/C2H2 ratio reflects the contribution from the
urban vehicle exhaust. These ratios are good indicators of
source region characteristics.
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