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Abstract. O3, CO, NO and SO, were measured at a coastal site in Hong Kong (22°13'N,
114°15'E, 60 m MSL) ci)urmg the Pacific Exploratory Mission-West B (PEM-West B) in Febru-
ary and March 1994. Average concentrations determined in this study were 34 + 14 ppbv for O;,
458 £ 130 ppbv for CO, 9.33 & 7.84 ppbv for NO and 1.31 + 1.46 ppbv for SO,. Their hlgh and
variable levels suggest that the study site was often under the impact of fresh continental emissions
(including urban Hong Kong) during the season of continental outflow. Concentrations of these
species were strongly influenced by the passage of cold fronts and troughs which periodically
brought high levels of pollutants from the north. Outflow of continental air was indicated by dra-
matic changes in meteorological parameters and in the levels of trace gas species. CO appeared to
be a good chemical indicator of changes of air mass type, and its variability may be attributed to
the relative strength of the outflow and to the transport of urban plumes. Variations of NO,, and
SO, appeared to be mainly dominated by local sources. O; was poorly and often negatwe[l;/ corre-
lated with CO and NO,, suggesting that air masses sampled in the study period were highly in-
homogenous with respect to the chemical signatures and that O; was chemically titrated by an-
thropogenic pollutants during the early stages of continental outflow. Calculated isentropic trajec-
tories captured large-scale changes of air masses, indicated also by surface meteorological and
chemical data. Trajectory results offering finer resolutions would yield more insight into the histo-
ries of smaller-scale air masses. Finally, the reasons for apparent disagreement between trajectory
results, surface winds, and sometimes chemical data require further investigation.

Introduction

The Asian Pacific Rim is currently the fastest economically
growing region in the world. With such accelerated growth in
the economy and in human population, emissions of NO,, SO,,
hydrocarbons, and other anthropogenic pollutants have in-
creased dramatically. For example, areas in the east Pacific Rim
region including Japan, Korea, coastal areas of China, Taiwan,
and Hong Kong, have emissions of SO, and NO, similar to
those of Europe and eastern North America [Akimoto and
Narita, 1994). Furthermore, it is anticipated that in the 21st
century, this region will become the largest source of SO, and
NO, in the world [Galloway, 1989]. Such high and rapidly
growing emissions of NO,, SO,, and other anthropogenic pol-
lutants will have an adverse impact on regional air quality and
may also have a significant impact on the chemistry of the at-
mosphere over the remote Pacific region. In recent years, a
number of studies, including NASA's Pacific Exploratory
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Mission-West A (PEM-West A), have been conducted to
study the abundance and distribution of important trace gases
and aerosols in the western Pacific, the transport of O;, com-
bustion-based and industrial pollutants, and also the trans-
port of dust storms from the Asian continent to the remote Pa-
cific [e.g., Prospero and Savoie, 1989; Savoie and Prospero,
1989; Merrill et al, 1994; Hatakeyama et al, 1995; Hoell et
al, 1996]. There have been, however, relatively few studies
conducted over the South China Sea region. On the other
hand, rapid economic and industrial development in the
southern parts of China and other Southeast Asian nations
have caused concern as to whether and how these increased
human activities will affect the environment of this region and
all of East Asia as well. Therefore there is a need for systematic
investigation of the distribution of trace gases and aerosols,
especially for long-term monitoring of the trends in regional
atmospheric composition change and assessment of the impact
of growing anthropogenic activities on the remote Pacific at-
mosphere. In response to this need, a background air monitor-
ing station was established by the Hong Kong Polytechnic
University in a relatively remote setting in Hong Kong. Dur-
ing the study period of the PEM-West Phase B (February-
March 1994), an intensive measurement campaign was con-
ducted at this station, during which O, CO, SO,, NO, NO,,
(NO, = NO + NO; + NOj3 + 2N,05 + HONO + HO,;NO,, +
PAN + HNOj + aerosol nitrate + other organic nitrates), and
total and respirable suspended particulates were measured. In
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addition, measurements of acrosol number density, black car-
bon, scattering coefficient, and collection of aerosol samples
were made by the University of Miami [J. M. Prospero et al.,
unpublished manuscript, 1997]. This paper focuses on the lev-
els and variability of O;, CO, SO,, and NOy observed in Hong
Kong during the PEM-West B, their relation to meteorologi-
cal parameters, and correlations among themselves. Seasonal
variations of CO and O at this site are separately discussed
by Lam et al. [1996].

Experiment

General Characteristics of the Region

Figure 1 gives the location of the regional cities whose an-
thropogenic emissions may have an influence on the trace gas
levels at the Hong Kong Polytechnic University air monitor-
ing station located in Hong Kong.

Hong Kong is located near the South China coast (latitude:
22°N, Longitude: 114°E) and is bounded to the north by the
huge land mass of the Chinese mainland, to the south and east
by the South China Sea, and to the west by the Pearl Estuary.
The territory has a complex terrain and its hilly regions make
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up about 70% of the total land area. The population of Hong
Kong currently stands at 6.3 million, with a density of 5780
persons/kmz, making it one of the densest cities in the world.

Directly north of Hong Kong is Guangdong Province,
which houses three of the most rapidly developing Special
Economic Zones (SEZ) in China: Shenzhen, Zhuhai and Shan-
tou. Situated 30 km north of Hong Kong is Shenzhen, home to
approximately 4 million people, 300 km northeast of Hong
Kong is Shantou, while Zhuhai is located on the opposite side
of the Pearl Estuary, 70 km west of Hong Kong. Guangzhou,
the capital of the province, is situated 120 km northwest.

Located 400 km away from Hong Kong is another SEZ,
Xiamen which is situated in the province of Fujian. Taiwan is
approximately 500 km east of Hong Kong. The Portuguese
colony of Macau is located about 70 km west of Hong Kong
on the opposite side of the Pearl Estuary.

Table 1 shows the annual emissions of S0,, CO,, and NO,
of the described region. These values are based on the 1987
emissions calculated by Akimoto and Narita [1994]. The data
shown suggest that the NO, and CO, emissions in Hong
Kong are comparable to province-based values in South
China, while the emission of SO, in Hong Kong is much less.
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Figure 1. Map showing the study site in relation to Hong Kong and neighboring regions.
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Study Site

The trace gas measurements were made at the Hong Kong
Polytechnic University air monitoring station located at the
southeastern tip of Hong Kong Island (Cape D'Aguilar,
22°13'N, 114°15'E, 60 m mean sea level (MSL); see Figure 1).
This station is located in a relatively remote setting. The main
population in the territory centers on Hong Kong Island (~1.3
million), Kowloon Peninsula (~2 million), and Shatin (~1 mil-
lion) with an additional 2 million residents in the new towns
and countryside. Urban centers are located northwest of the
station. In the vicinity of the station, however, there are rela-
tively few anthropogenic activities. The station is located near
a Hongkong Telecom (HKT) facility, and there is only one re-
stricted road (~4 km) to that facility. At the station, instru-
ments were housed in a modified ship container located on a
cliff 60 m above sea level. The HKT facility is located about 50
m south of the station and at a lower altitude. Facing south and
east of the station is the South China Sea. During the winter
season, prevailing winds are from the north and northeast,
bringing in air pollutants from the Chinese mainland. Occa-
sionally, urban plumes affected the levels of atmospheric spe-
cies observed at the station. Local sources of pollution that
may potentially affect the trace gas levels at the station include
(1) emissions associated with activities in a small village and
a small residential facility located about 1 km west of the sta-
tion, (2) exhaust of the HKT emergency generator, which is
tested once every two weeks, (3) exhaust from occasional vehi-
cle traffic by personnel of the HKT and the station, (4) exhaust
from small boats in the nearby ocean and from ocean liners
which pass approximately 6 km south of the station, and (5)
exhaust from commercial aircraft, whose routes are approxi-
mately 1 km east of the station and at altitudes of about 1 km. It
appeared that exhaust from ships was the most important local
source during the period of this study, since the other sources
were normally not upwind of the station.

Instrumental Methods

Sampling inlets were mounted on a tower adjacent to the
container and are approximately 4 m above the cliff.

Ozone. Ambient O, was measured with a UV photometric
analyzer (Thermo Environmental Instruments Inc., Franklin,
Massachusetts, model 49). It has a detection limit of 2 ppbv
(signal to noise ratio = 2) and a precision of 2 ppbv.

Carbon monoxide. CO was detected with an infrared gas
filter correlation analyzer (Thermo Environmental Instruments
Inc., Franklin, Massachusetts, model 48S) with selected pho-
tomultiplier tube (PMT) for enhanced sensitivity. The analyzer
was modified by adding a catalytic converter containing pal-
ladium heated to 250°C (0.5% Pd on alumina, type E221 P/D
catalyst, Deggussa Corp., Plainfield, New Jersey) for instru-
ment background determinations, as this modification was
proven necessary for low-level CO measurements since the
analyzer is sensitive to water vapor in ambient air [Parrish et
al, 1991, 1994]. The detection limit (signal to noise ratio = 2)
was estimated to be ~18 ppbv for 2-min integration time, and
the precision (95% confidence) was approximately 20 ppbv for
ambient levels of ~600 ppbv.

Sulfur dioxide. SO, was measured by using a pulsed UV
fluorescence analyzer (Thermo Environmental Instruments Inc.,
Franklin, Massachusetts, model 43S) with selected PMT. A
KOH-impregnated filter was added to determine the instrument
background [Parrish et al., 1991]. According to the manufac-
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turer's specification, the detection limit for this analyzer is
0.06 ppbv for a 2-min integration, and the precision is Q.10
ppbv.

Total reactive nitrogen. A chemiluminescence analyzer
(Thermo Environmental Instruments Inc., Franklin, Massachu-
setts, model 42S) was used to measure NOy. The original mo-
lybdenum converter was relocated to the inlet system. In order
to minimize the loss of "sticky” HNO; (a component of NO,),
the inlet (5 inch long, stainless steel) prior to the catalytic
converter was heated to 100°C. The detection limit, as speci-
fied by the manufacturer, is 0.05 ppbv for 2-min average.

Instruments were calibrated regularly by adding a small
flow of standard gas to the ambient airstream at the sampling
inlet. For the Oy analyzer an accurate O; source mixed in zero
air was added at the sampling inlet to check if there was any
loss of Oy in the sample line. A flowing NO, standard ob-
tained from titration of the NO standard was used to check the
conversion efficiency of the molybdenum catalyst. For CO,
S0,, and NO,, since their respective ambient levels were
highly variable during the study period, calibration results
were examined, and those affected by ambient variability were
removed before the mixing ratios were calculated.

In addition to the routine calibrations, every 24 hours,
scrubbed ambient air from a zero air generator (Thermo Envi-
ronmental Instruments Inc., Franklin, Massachusetts, model
111) was used to check possible instrument bias and contami-
nation of the sampling system. The results show that signals
obtained from these artifact tests were low and negligible as
compared with the ambient levels. During these tests, conver-
sion efficiencies of palladium catalyst with respect to CO and
of KOH filter with respect to SO, were determined Most of
the time they exceeded 98%.

One-minute averaged data were collected with a data logger
(Environmental Systems Corporation, Knoxville, Tennessee),
and automatic calibrations and tests were controlled using a
computer. Data presented in this paper are hourly averaged
values

Results and Discussion

The data presented here cover the period from February 17
to March 13, 1994. During this period, the meteorology of the
east Pacific region was dominated by an intense low-altitude
anticyclone over northern China and Siberia and a low pres-
sure system over the Aleutian Islands, resulting in a northerly
or northeasterly low-altitude flow over the East Asian coastal
regions. Figure 2 shows a typical synoptic weather map from
the Hong Kong Observatory (HKO) and the frequency distri-

Table 1. Annual Emissions® of SO,, NOy, and CO,

Region SO, GgSyr! NO, GgNyr! CO, TgCyr'
Southern China
Guangxi 229 37 9
Jiangxi 227 48 134
Hunan 275 82 25.7
Fujian 123 34 8.9
Hong Kong 75 40.7 9.4
Macau 42 1.5 03
Tarwan 302 98 8 263

* 1987 values from Akimoto and Narita [1994]
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Figure 2. (a) Typical synoptic weather pattern during winter
and spring in East Asia (chart reproduced with permission
from the HKO's Monthly Weather Summary February 1994),
(b) frequency distributions of surface winds recorded at Wa-
glan Island, and (c) wind speed versus wind direction.

bution of the surface wind recorded at Waglan Island, which is
approximately 5 km southeast of the station. The winds ob-
served were predominantly from the north-northeast, with a
few occasions when winds were from other directions.
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Day-to-day Variations

Day-to-day variations of O,, CO, NOy, and SO, are shown
in Figure 3, in conjunction with the time series of temperature,
dew point, wind speed, and wind direction. In general, levels
of O;, CO, NO,, and to a lesser extent, SO, were highly vari-
able. SO, and NO,, variability was on a relatively short time
scale, whereas CO showed both short- and long-time varia-
tions. Continental air periodically surged through Hong
Kong, and changes of air mass types can be clearly seen in the
following three consecutive periods.

Period 1: February 19-23. A wave of continental outflow
started out late on February 19, with a cold front passing
through Hong Kong. The air mass transition can be character-
ized by an obvious drop in air temperature and dew point and
by dramatic changes in surface winds. Wind speeds decreased
at first and resumed greater magnitudes following the passage
of the cold front; wind directions turned more northerly during
the frontal passage. This cold front brought to the study site
highly concentrated pollutants from the north (urban Hong
Kong and possibly other urban areas in China). For example,
hourly average mixing ratios of CO increased sharply from
~450 ppbv to as high as 987 ppbv; NO, increased from ~6
ppbv to 35 ppbv. The O; mixing ratio, on the other hand,
dropped from about 30 ppbv to virtually zero, due to its
chemical titration by NO,. However, neither SO, nor black
carbon [J. M. Prospero et al., unpublished manuscript, 1997]
showed any significant enhancement during the passage of the
front. This may be attributed to the washout of these pollutants
by heavy rainfall on February 19. Following the passage of the
cold front, prevailing northerly and northeasterly airflows re-
sumed. Both temperature and dew point started to increase and
the difference between them started to decrease until noon on
February 24, when the air became relatively warm and humid,
indicating that the outflow had reached a minimum. At the
same time, CO levels gradually decreased, and ozone remained
in the range of 40-50 ppbv; NO,, and SO, mixing ratios did not
show such an obvious decrease as in the case of CO. The arri-
val of the dry continental air mass on February 19 brought the
only sunny days observed in late February, namely, February
20 and 21.

Period 2: February 24 to March 8. The second cold front
passed the South China coast on the evening of February 24.
As in period 1, upon the arrival of the continental air mass,
both temperature and dew point dropped and remained low un-
til the period of March 6-8, when temperature and dew point
started to increase. However, winds did not turn northerly
during the frontal passage, so this cold front did not bring
freshly emitted urban pollutants as was the case in period 1.
Nevertheless, CO showed an obvious increase, while O5 lev-
els dropped sharply and remained low after the arrival of the
continental air mass. On several occasions after February 27,
winds turned northerly, and levels of CO and NO,, increased
dramatically when ozone levels dropped. A pollution episode
was observed on March 3 during which CO, NO,, and SO, all
exhibited significant increases. During this 1-day period,
winds were from the southwest and the north, while wind
speeds were low. Elevated levels of the pollutants on this day
may be attributed to the transport of urban plumes in the rela-
tively calm weather which enabled the pollutants to accumu-
late. Toward the end of period 2 (March 8), CO gradually
reached the lowest levels observed during this study (~230
ppbv). Temperature and dew point reached their maxima; the
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Figure 3. Time series of trace gas concentrations and meteorological parameters.

difference between them was reduced to a minimum. On March
8 winds switched to southerly and southeasterly and wind
speeds were below 2 m/s. O; levels showed a sudden drop and
remained low (~15 ppbv) on this day, and mixing ratios of NO,,
were relatively high and variable. It appears that the low lev-
els of O5 on March 8 can be attributed to its titration by NO,
and other pollutants from sources upwind of the site as op-
posed to the arrival of a clean marine air mass, which would
contain low levels of O;. The following two pieces of evidence
support this contention. First, low but variable O, levels co-
incided with enhanced and variable NOy levels. Second, CO
levels (300 ppbv) observed on this day were too high to be
explained by the levels normally found in the background
maritime conditions (~100 ppbv). The primary route for ocean
liners in and out of Hong Kong lies to the south of the station,
and emissions of NO, from ships could have had a significant
impact on the observed levels of NO,, at the site under low
wind speeds.

Period 3: March 9-13. Both temperature and dew point
showed sharp drops around midnight on March 9, when winds
resumed a northeasterly direction (from southerly and south-
easterly). It is noteworthy that such change in temperature and
dew point was not associated with the passage of a cold front
and that the concurrent enhancement in CO and O, levels was
observed, whereas in the previous periods O levels dropped
significantly as the levels of CO increased. On March 10 a
trough passed through the region, indicated by dropping tem-
perature and dew point. During the passage of the trough,
wind turned northerly, and CO and O, levels increased and

decreased, respectively. In contrast to previous periods, the air
masses observed during period 3 were relatively humid. Peaks
in the levels of CO, O5 (negative peaks), NO,, and SO, were
clear indications of influence by relatively fresh emissions
and/or transport of urban pollutants.

Backward Air Trajectories

Calculated backward air trajectories are valuable in estimat-
ing the origin of an air parcel and the time spent by that parcel
on a particular route since leaving a major anthropogenic
source region. Akimoto et al. [1996] utilized isentropic trajec-
tories as a way of classifying air masses to analyze the O; data
measured during PEM-West A at three ground sites in the
western Pacific including Oki Island and Okinawa of Japan
and Kenting of Taiwan. Similarly, Kajii and Akimoto [this is-
sue] employed the same air classification scheme to analyze
their observations of O3, CO, and acidic trace gases recorded at
Oki during the PEM-West B. In this study we attempt to make
use of the same isentropic back trajectories calculated by Mer-
rill et al. [this issue] to confirm the outflow cycles inferred from
the changes in temperature and dew point (ag discussed in the
previous section). However, several factors have to be consid-
ered with regard to the applicability of these trajectories to
this study site, as well as the general limitation of the trajec-
tory model [Merrill, 1996].

During winter and spring, the prevailing surface winds ob-
served by the station are from the north and northeast. Quite
often, air trajectories pass over polluted continental regions
before reaching Hong Kong. Anthropogenic sources in this
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region are unevenly distributed, as shown in Figure 1. There-
fore we expect that air from the north may have a different
chemical signature from the air coming from the northeast. Simi-
larly, air from the northeast, along the coast, would be different
in terms of the anthropogenic loading from air arriving from
the east. In order to distinguish these trajectories, the trajec-
tory model would need to provide fine spatial resolution. In
addition, trajectory model results would need to be representa-
tive of surface flow so that they can be used as an aid for the in-
terpretation of ground-based measurements (radiosonde data
from the HKO (not shown) indicate that surface wind flow pat-
terns can differ significantly from those observed at higher alti-
tudes). Also, the complex terrain of Hong Kong makes it diffi-
cult to study the wind flow over the territory. With these con-
cerns in mind and the fact that the available trajectories are in-
tended for large-scale flow patterns, we examined these trajec-
tories and compared them with the meteorological parameters
and the time series of trace gases.

Three types of trajectories were observed: type I (Figure 4a)
shows that the air comes directly from the north, perhaps cross-
ing parts of urban Shenzhen and Hong Kong. An air mass of
this type would contain high levels of pollutants. Type II
(Figure 4b) indicates that the air mass leaves the east coast of
China and travels for some period of time over the ocean before
returning to the continent. An air mass of this type might be
expected to have the characteristics of "aged" continental air
and thus would contain lower levels of anthropogenic pollut-
ants in comparison to those found in Type I Type III (Figure
4¢) suggests that the air mass originates from the western Pa-
cific, moves westward over the Philippines, and proceeds to
Hong Kong in a south-southwesterly direction. An air mass of
this type could be the cleanest sampled over the study period.

A comparison of trajectory type with the respective surface
data shows that the trajectories tended to capture the large-
scale changes of air masses for periods after the arrival of conti-
nental air. For instance, for the period February 26 to March 4,
the trajectories observed (see Figure 5a) suggest an air mass of
a type I, and indeed, the recorded low temperature, low dew
point, and high levels of CO, as well as the observed north-
erly-northeasterly winds, support this estimation. For March 5
and 7 the trajectories (see Figure 5b) suggest a type II air mass,
spending approximately 1 - 1.5 days over the ocean. Again
both chemical and meteorological data support this trajectory
estimation: temperature and dew point increased and CO lev-
els were reduced significantly (in a relative sense). It should
be noted that there was much variability in trace gas concen-
trations (February 26 to March 4) which may be explained by
the erratic changes in wind direction. Such variability is not
clearly indicated by the trajectories.

On the other hand, there were periods (roughly 10 out of 24
days)when the calculated air trajectories and surface winds
(and sometimes chemical signatures) did not agree with each
other. They are the periods February 19, February 23-25,
March 7-10, March 12-13, when the air trajectories suggest a
type Il air mass. Trajectories of this type suggest that the air
reached Hong Kong from the south and southwest. However,
the observed winds (except on March 7-8) at Waglan Island
showed otherwise (i.e., northeasterly; see Figure 3). In addi-
tion, trajectories for February 25 and March 9-10 (Figure 5¢)
contradict the conclusions drawn from the chemical data as
well as the surface wind, temperature, and dew point: the tra-
jectories suggest the presence of a maritime air mass, but the
chemical data strongly indicate an air mass of continental ori-
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gin. We noticed that this disagreement (trajectories versus ob-
served surface winds) occurred at the time of changing air
masses (indicated by changes in temperature and dew point)
and appeared to coincide with the arrival of cold fronts. Also,
synoptic weather patterns observed during these periods were
sometimes dominated by the presence of high and low multiple
pressure systems in East Asia (see Figure 6 for an example). It
is not clear whether the disagreement between the observed
surface winds and trajectories is due to either the complicated
synoptic weather patterns or the arrival of cold fronts, or sim-
ply due to the fact that the calculated trajectories are not repre-
sentative of the observed surface wind flow patterns. This
topic therefore requires further study.

In summary, the trajectories seem to have captured some fea-
tures of the direct outflow of air from the north and the "aged"
outflow of air from the east of the continent. However, the rea-
son for the apparent disagreement between surface winds and
the results of the trajectory model requires an in-depth study.
For this study site a trajectory model with a finer spatial reso-
lution would be useful in further characterizing air histories,
as such resolution helps delineate each air mass arriving from
the continent. Nevertheless, the calculated trajectories were
able to capture the contrasting features of wintertime continen-
tal outflow and summertime inflow of maritime air [Lam et al.,
1996].

Comparison With Other Observations

The results of the trace gas concentrations at the station are
summarized in Table 2. Talbot et al. [this issue] reported me-
dian mixing ratios for air parcels that had recently (<2 days)
left source regions (latitude > 20°N, altitude <2 km) were 42,
186, 0.58, and 0.10 ppbv, for O,, CO, NO,, and SO,, respec-
tively. As discussed earlier, the lowest concentrations of trace
gases (except for O;) observed at the present site could be as-
sociated with relatively "aged" continental outflow (1-2 days,
as determined by the calculated back trajectories). During such
periods, O; levels were approximately 40 ppbv, and CO values
were in the range of 221 to 300 ppbv. These values are compa-
rable to Talbot's values. However, our SO, and NO,, values
were much higher, presumably due to the influence of nearby
sources. In addition, the NOy levels at the present site were
also higher than those measured at Oki Island during Septem-
ber-October 1991. In another study, Kondo et al. [this issue]
reported that the NO,, mixing ratios recorded during boundary
layer legs were in the range of 0.7 to 0.9 ppbv.

Arimoto et al. [this issue] compared CO and O; levels
measured at Oki Island of Japan with those measured at the
Hong Kong Polytechnic air monitoring station and on board a
DC-8 plane during boundary layer flights. They found that, on
average, CO levels in Hong Kong were higher than at Oki Is-
land, while the opposite was found true for O;. They noted
that the pollutants detected in the air samples taken in Hong
Kong and Oki Island may have been emitted from different
parts of Asia and that the two stations receive different air
asses from each other. Here it is worth noting that the Hong
Kong station may have been under the impact of the emissions
from South China i.e., in the upwind northeast directions of the
station. Trace gas data are sparse over the South China Sea.
During one boundary layer leg of flight 10 on February 21, the
DC-8 flew over the South China Sea between 1517 and 1552
(local time). The CO recorded during this period of time was in
the range of 250 to 422 ppbv and O; was 46-54 ppbv. For the
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same period at the Hong Kong station, winds were from the
north and northeast and the CO mixing ratio was ~500 ppbv
and for O, about 50 ppbv. The O; levels recorded at the sta-
tion and on the DC-8 were similar, but the CO levels were
higher at the station. This difference may be due to the station's
proximity to continental sources. In addition, Arimoto et al.
[this issue] noted that, in contrast to the results found during
another flight near Taiwan (flight 12), the CO and O4 levels re-
corded for flight 10 were poorly correlated. They suggested
that this was a reflection of the existence of several chemically
distinct air masses. Interestingly, the data obtained in Hong
Kong gave similar results (see below). In general, the correla-
tion of CO and O4 was poor, and there were no obvious indi-
cations of a positive correlation. These two sets of data indi-
cate the large-scale inhomogeneity of the air masses sampled
over the South China Sea region.

Interspecies Relationships

As noted in the previous sections, CO (as well as O3) var-
ied on both short and long timescales, whereas variations in
NO,, and SO, levels were apparently dominated by short
timescale processes. To further study the relationship among
these chemical species, correlations of CO with NO,, SO,, and
black carbon were examined and are presented in Flgure 7, and
correlation among NO,, SO,, and black carbon are shown in
Figure 8. These scatter plots show that CO and NO, are not
correlated except for CO levels >600 ppbv, and CO is inde-
pendent of SO, (except on one occasion on March 3) and black
carbon. NO,, SO,, and black carbon, on the other hand, corre-
late reasonably well among themselves.

For CO >600 ppbv, the observed correlation between CO
and NO, on February 20 and the correlation of CO with both
NO, and SO, on March 3 are the reflection of the coexistence of
emission sources of these pollutants in the urban areas.

For CO levels <600 ppbv (representing roughly the re-
gional air mass characteristics during the study period), the
lack of positive correlation of CO with NO,, SO,, and black
carbon can be attributed to (1) different source origins and/or
(2) differences in chemical lifetime and physical (wet and dry)
removal rates of the pollutants from the atmosphere. CO has a
chemical lifetime of more than 1 month and cannot be washed
out or be subject to surface deposition. Therefore it can be
transported over long distances. For NO,, although its chemi-
cal lifetime can also be as long as 1 month [Warneck, 1988],
some of its components (gaseous HNO; and nitrate) can be
easily removed from the atmosphere by washout and through
dry deposition. Similarly, SO, and black carbon are subject to
these two physical removal processes, with the former being
chemically transtormed into sulfate in 02 days [Warneck,
1988]. For example, the washout of SO, by heavy rainfall on
February 20 may have destroyed the correlation between CO
and SO,. As the study was conducted in the wet season of the
year, and since there were apparent local sources of NO, and
50,, we attribute the variability in NO,, and SO, mainly to lo-
cal sources rather than continental. On the other hand, the
long-range transport of continental emissions may have sig-
nificant influence on the CO levels observed at the station.

Another way to look at the representativeness of the data
with respect to the regional characteristics is to apply a wind
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Figure 6. Synoptic weather map for March 10 (chart reproduced with permission from the HKO's Monthly

Weather Summary March 1994).

filter to the data set. Here we focus on the periods with strong
northeasterly and easterly winds (wind direction >40° and
wind speed >5 m/s) and assume that data for these periods had
less impact from urban emissions (mainly located north and
northwest of the station). The correlation of CO with NO,,
SO,, and black carbon is shown in Figure 9a. It is evident that
CO has no correlation with NOy, S0,, and black carbon.

Reasonable correlation among NO,, S0,, and black carbon
suggests a common source of origin. The correlation even ex-
ists for periods of strong northeasterly and easterly winds
(Figure 9b). Considering their short resident time in the at-
mosphere, the existence of a correlation in the filtered data set
must indicate the influence of local sources on the station. One
of candidates far these local sources is the emission from ships.
Intense activities in 1994 associated with the reclamation of
the new airport (Chek Lap Kok) may have contributed to the
unusually high frequency of ship sailings in the waters close
to the station during the study period.

The relationship of O; between CO and NO, was examined
to elucidate wintertime and springtime O, chemistry. As seen
in Figure 10a, O, is negatively correlated with both CO and

Table 2. Summary of Trace Gas Concentrations

Species Mean (£5.d.") Median Range Number of
points

(O 34 (x14) 32 1- 67 526

CO 458 (£130) 455 221-987 409

NO, 9.33 (7 84) 7.01 1.98 - 51.5 508

SO, 1.31(x1 46) 095 0.031-11.0 484

All concentrations are 1n units of ppbv.
* Standard deviation

NOy’ but such a correlation is not very strong. In the case of
CO, it is noted that a group of data points with low values of
O, and CO belongs to March 8 when surface winds were from
the south-southeast and that, as discussed previously, the ti-
tration of O; by local sources upwind of the station reduced
the secondary pollutant to low levels. The majority of the data
is associated with periods of continental outflow. The overall
negative O;-CO correlation and observed high levels of CO
indicates that, during the initial periods of continental out-
flow (lower right corner of figure 10a), O, is titrated by an-
thropogenically emitted NO, and volatile organic compounds
(here CO is a such tracer). The O4-NO, relationship is not as
clear as observed for O4 and CO, and the data are more scat-
tered for NO,, levels below 10 ppbv. This would be expected if
one assumes that some of the NO,, was lost during transport.
Nevertheless, an overall negative 0;-NO,, correlation can be
seen.

Once again, in order to look at data of a more regional na-
ture, we applied the wind speed and wind direction filters, and
the subsequent correlation is shown in Figure 10b. The O;-
NOy relationship becomes virtually uncorrelated, and O;-CO
is more scattered, but the overall negative correlation can still
be seen. The lack of correlation between NO, and O; can be
understood if one considers the impact of NO, from local
sources (i.e., ship emissions). The lack of positive correlation
between CO and O, in this subdata set suggests a variety of
air masses were sampled, including those with different initial
loading of pollutants and with varying degrees of photo-
chemical processing.

In summary, the variability of CO and O, can be attributed
to both short-range transport of local sources including ur-
ban/power plant plumes, and the transport of continental
sources over long distances, whereas the elevated levels of
S0, and NO,, were primarily determined by local sources. SO,,
NO, , and black carbon correlated reasonably well, perhaps
indicating a common origin.
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Figure 7. Relationships of CO with NO,, SO,, and black car-
bon.

Finally, in order to illustrate the influence of continental
outflow on the background levels of trace gases at the station
during the winter season and to demonstrate its capability of
receiving regional background air mass, concentrations of CO
and O; obtained during this study were compared with those
obtained in June 1994. The results are summarized in Table 3.
As indicated, the winter median mixing ratios of CO and O, are
much higher than those observed in the summer despite the fact
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that pollution episodes occasionally affected the site during
the summer season (indicated by relatively large means as
compared with medians and large standard deviations). A more
elaborate discussion on seasonal variations of these two spe-
cies is given by Lam et al. [1996].

Conclusions

Trace gas species including O,, CO, NO,, and SO, were
measured at a coastal air monitoring station in Hong Kong

| | | | «a]
10 2 o
r =0.64 o
8- % -
=
o
[=%
=
8N
-
E
S~
=)
2
c
]
8
o
©
O
x
(&)
o
m
I o | ! I I I
o 8 o —
E o
=)
2 sl —
S
£ 4 ° ¢ ° o _|
3] a o
O ©e o ©
5 ; ©
@% : 0%000 00 ° °
o° ° 0 | ! !
0 2 4 6 8 10
8O, (ppbv)
Figure 8. Relationships among NO,, 50,, and black carbon.



28,586 WANG ET AL.: TRACE GAS MEASUREMENTS IN COASTAL HONG KONG

16 FF I Te I T, =

- * L4 » -

2L ° . -

— * * . s |

é& 8 L * .:'.s..g'. .—
s Rl %, < :.:ﬁ’.' °% o

2 - See b, o~ 0'. . ..::A: ®
LA .

4+ '. ‘..'::‘...:.!. ’l‘:.‘ =

= . . d -

ok | | ] | —

200 300 400 500 600

CO (ppbv)
| e | I |
.
4k . -
. o
.
»;\ 3 = [ ] —
-é L ] [ ] 4
~ . d * o, .
8N ot AR L
. .:.".‘." .; o.‘:..:.o ¢
1 o .“‘ * ., .o.':. =
() o 5000 ,e% .
® ofe @ ] o
L o oo . s .
] oo o | s | * |

CO (ppbv)
| } | I |
o 20 . ¢ -]
5 C
D 15 . T . o ) 7
3 [ 3 ® . ¢ .
c ot % 8y ® 2% o
'8 1or : oo .;'.o' .S‘.‘.D.:. ¢ . 7]
8 0.5 ?"t .. *ed 00‘.‘. o.“.:-.4 * —
% 5 e Jr. ~o:0:‘ o.'. .5-: e ..
8
m 00 —
l l | | |
200 300 400 500 600
CO (ppbv)

| | | | I " | l
r*=0.56
4_ —
=)
o
o
=3
8N
-
£
S
o
=)
c
Qo
2
©
O
K-
[&]
8
m
1 2 3 4
SO, (ppbv)
3.0 I I ] I I r I _|
o
E 25} -
(=]
2 20 . . -
8 .
= 15 ".o -.' . e @ -]
Q ¢ :. N .."‘.. *® °
§ 10 ."J. 1;‘0 Ly . o -
Mo 05 —.ﬁq 9, il.' ”w o o ﬂ
[ 2%l ) * I I I | |

NO,, (ppbv)
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ships of CO with NO,, 80,, and black carbon and (b) Correlation of NOy, SO,, and black carbon.

during the period from February 17 to March 13, 1994. Peri-
odic surges of continental air had significant impacts on the
abserved trace gas levels, and cold fronts or troughs brought
in high levels of pollutants to the site. Averaged concentra-
tions determined in this study were 34 * 14 ppbv for O, 458 +
130 ppbv for CO, 9.33 + 7.84 ppbv for NO,, and 1.31 + 1.46

ppbv for SO,. Their levels (except for O,) in Hong Kong were
higher than those observed at Oki Island and on board a DC-8
plane, indicating that the Hong Kong site was often under the
impact of fresh continental emissions, including those of urban
Hong Kong, during the winter outflow season. The wintertime
concentrations of CO and O, were significantly higher than
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the summer (June 1994) values, resulting from dramatic
changes in large-scale flow patterns in East Asia from summer
to winter seasons.

The variability of CO and, to a lesser extent, O, may have
been due to both short-range transport of urban plumes and to
the long-range transport of pollutants from the continent,
whereas the variability in SO, and NO, appeared to be domi-
nated by local sources. CO appeared to be the best chemical
indicator, among the gaseous species measured, of the relative
intensity of the outflow from the continent.

The correlation of O3 with CO and NO,, was poor and some-

Table 3. Comparison of Winter Mixing Ratios With Summer
(June 1994) Values

Winter Summer
Mean (s.d)  Median Mean (s.d.) Median
CO 458 £ 130 455 110+ 55 87
O, 34+ 14 32 22+11 19

times showed a negative correlation. This suggests that the air
masses sampled were inhomogeneous in terms of the chemical
signatures and that O, was chemically titrated by anthro-
pogenic pollutants during the early stages of the continental
outflow. Overall, S0, and NO, correlated reasonably well and
their correlation with CO was not as good. This indicates that
elevated SO, and NO,, may have been due to sources of com-
mon origin.

Isentropic trajectories captured large-scale changes of air
masses, indicated also by surface meteorological and chemical
data. However, trajectory models offering a finer spatial resolu-
tion are needed to study the histories of smaller-scale air
masses and to further distinguish between, for example, north-
erly and northeasterly flows. Furthermore, the reason for the
disagreement between the trajectory results and surface winds
(sometimes chemical data as well) requires further investiga-
tion.
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