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a b s t r a c t

The variability of atmospheric mercury in elemental, reactive, and particulate forms has
been studied at a remote site (Cape Hedo Observatory, CHO) at Okinawa Island (Japan)
March 23 to May 2, 2004, downwind of the major Asian source regions. Under prevailing
meteorological conditions, episodes of higher levels of atmospheric mercury and other
atmospheric species are observed at CHO. The mean (�1s) concentrations of gaseous
elemental mercury (GEM), reactive gaseous mercury (RGM) and particulate-bound
mercury (PHg) are 2.04� 0.38 ng m�3, 4.5� 5.4 pg m�3 and 3.0� 2.5 pg m�3, respectively.
In Asian outflow the combined contribution of RGM and PHg constitutes less than 1% of
the GEM in the boundary layer, which indicates that most mercury export in the marine
boundary layer is due to the GEM form, and direct outflow of RGM and PHg is very low.
While the data from Okinawa suggest minimal export of RGM and PHg, this does not
preclude greater export of these species at higher elevations. Based on the correlations of
PHg and submicron aerosol mass (SAM), we found a DPHg/DSAM ratio of 0.20 mg g�1

(R¼ 0.58, p< 0.01), which we believe to be characteristic of East Asian industrial aerosols
during outflow. A diurnal variation is observed in RGM with a peak near noon. Using a rate
constant of 9� 10�14 cm3 molecule�1 s�1 for the OH oxidation rate (Sommar, J., Gardfeldt,
K., Stromberg, D., Feng, X., 2001. A kinetic study of the gas phase reaction between the
hydroxyl radical and atomic mercury. Atmospheric Environment 35, 3049–3054; Pal, B.,
Ariya, P.A., 2004a. Gas-phase HO center dot-initiated reactions of elemental mercury:
kinetics, product studies, and atmospheric implications. Environmental Science and
Technology 38 (21), 5555–5566.) and a typical OH concentration of 1–5� 106 cm�3 would
result in RGM production rates of 0.6–3.0 pg m�3 h�1. Although OH may not be the sole
oxidant, this is consistent with the observed change in concentration during daytime of
1.4� 1.5 pg m�3 h�1. A significant correlation is found between GEM and CO; GEM and
SAM; and PHg and SAM. Lower DSAM/DCO and DGEM/DCO are observed for transport
events with rainfall and for air parcels remaining in the mixed layer. Back trajectory
analysis along with the correlation study suggests that the air from China has a higher
GEM concentration compared to the air coming from southern Japan.
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1. Introduction emission inventory (Jaffe et al., 2005). In that work we
found that the total GEM export (including naturalþ re-
Mercury is an atmospheric pollutant with a complex
biogeochemical cycle (Schroeder and Munthe, 1998).
Atmospheric mercury exists in three operationally defined
forms: gaseous elemental mercury (GEM), divalent reactive
gaseous mercury (RGM) and particulate mercury (PHg).
The transport and fate of atmospheric mercury are a subject
of much interest primarily for reasons of human health.
Mercury is a neurotoxin and some mercury compounds
such as methyl mercury have a high rate of bio-
accumulation through the food chain (Lipfert et al., 2005
and references therein). Because of its long lifetime, long-
range transport of GEM at the inter-continental scale has
been observed (Carpi, 1997; Jaffe et al., 2005; Weiss-Pen-
zias et al., 2006). The atmospheric lifetime of gas phase
elemental mercury (GEM) has been estimated to be 0.5–2
years (Schroeder and Munthe, 1998; Bergan et al., 1999;
Bergan and Rodhe, 2001). More recent studies have indi-
cated a shorter lifetime of 0.5–6 months in certain marine
boundary layer environments (Weiss-Penzias et al., 2003;
Hedgecock et al., 2005). It is also generally assumed that
gas phase RGM should have very low concentrations in
clean, background air because of rapid deposition (Landis
et al., 2002) and scrubbing by clouds and raindrops.

The major oxidation pathways of atmospheric GEM are
believed to be the gas phase reactions with ozone and OH,
and the gasþ aqueous oxidation by ozone, which takes
place in fog and cloud droplets (Lin and Pehkonen, 1999;
Selin et al., 2007) and to some extent in deliquesced aerosol
particles (Pirrone et al., 2000). There is considerable
uncertainty over the reaction rates and mechanisms for
RGM production (e.g. Pal and Ariya, 2004a; Calvert and
Lindberg, 2005; Holmes et al., 2006). However, global scale
models suggest the prevalence of the OH oxidation over O3,
in RGM formation (Selin et al., 2007). Less is known about
halogen containing compound concentrations and their
variation in space and time, which makes it difficult to
estimate the importance of these reactions on a global scale
(Holmes et al., 2006).

Current estimates suggest that over half of the global
anthropogenic atmospheric mercury emissions are from
Asia, with the large majority (50% of Asian emission)
coming from China (Pacyna et al., 2003; Pan et al., 2006).
Out of the total Hg emissions in China, the reported
breakdown by species is 56% as GEM, 32% as RGM and 12%
as PHg (Streets et al., 2005). Fang et al. (2004) have shown
that only 12% of the mercury emitted from coal combustion
is deposited locally; the rest participated in the regional or
global Hg cycle, although no details on Hg speciation were
provided.

To date, few atmospheric measurements have been
made to verify the large Asian emissions reported in the
inventories of Wang et al. (2000); Pacyna et al. (2003) and
Streets et al. (2005). In order to better interpret the nature
of source regions, source types and characterization of
mercury outflow from East Asia, an intensive field
campaign was conducted at Cape Hedo Observatory (CHO)
on the island of Okinawa, Japan. These data have been
analyzed with respect to the outflow of GEM from Asia,
with particular focus on comparing the GEM/CO ratio to the
emissions) exceeded the emission inventory by w100%.
This result was confirmed by the modeling studies of Pan
et al. (2006) and Selin et al. (2007).

The research presented here is a further analysis of the
data collected at Cape Hedo on the island of Okinawa, with
an emphasis on the sources, variability and regional
transport of RGM and PHg. In particular, we will focus on
answering the following questions: (1) What is the
magnitude of RGM and PHg during outflow from East Asia?
(2) What controls the concentration of RGM and PHg? (3)
What are the relationships between RGM, PHg and other
compounds? (4) What characteristics of the Asian outflow
events explain the observed concentration of mercury
species on an event basis?

2. Instrumentation and methods

The Cape Hedo Observatory (CHO; 26.8�N, 128.2�E,
60 m amsl) is located on the north end of the island of
Okinawa, away from the island’s major population centers
(Fig. 1). Being situated in the Pacific marine environment,
downwind of the major Asian emission region, this site has
unique importance for the study of atmospheric pollution.
In winter (January–March), winds carry Asian (mostly
Chinese) pollution and spread it over the Pacific Ocean. At
Okinawa, April/May is the meteorological transition period
and winds from either the east or west can be encountered.
During summer and autumn seasons, winds at Okinawa are
from west to east, with cleaner air from the Pacific Ocean.
Thus spring (March–May) is an optimum period to study
the transport of pollution from Asia to the Pacific Ocean.
Due to meteorological and geographical importance, this
site has been used for a number of years to study the
outflow of pollution from East Asia and China (Kanaya et al.,
2001; Kato et al., 2004; Takami et al., 2005).

Measurement of a variety of aerosols and trace gases
was made during the spring of 2004 at CHO (Table 1).
Gaseous elemental mercury (GEM), reactive gaseous
mercury (RGM) and fine (<2.5 mm) particulate-bound
mercury (PHg) were measured from March 23 to May 2,
2004. The slopes from the correlation of GEM, RGM and
PHg with CO are used to calculate the export of RGM and
PHg. Details of the CO, O3, and GEM measurements are
given in Jaffe et al. (2005), so only a brief description is
given here.

An automated mercury speciation system (Tekran 2537-
1130-1135) was used to determine the concentrations of
GEM, RGM and PHg. The mercury fractions are collected by
sequential capture, RGM is sequestered by a KCl-coated
annular-denuder, and all remaining fine particulate
matters are then captured on a quartz-fiber filter. GEM
passes through all steps quantitatively and is pre-concen-
trated on alternating gold cartridges, thermally desorbed,
and detected by cold vapor atomic fluorescence spectros-
copy (CVAFS). The RGM and PHg fractions are quantified by
thermal desorption and reduction to GEM in a mercury-
free carrier gas, and then quantified as GEM. GEM analysis
occurs every 5 min, whereas RGM and PHg are accumu-
lated on the denuder/filter combination for 3 h prior to



Fig. 1. Location of the Cape Hedo Observatory (CHO; 26.8�N, 128.2�E, 60 m amsl) at Okinawa, Japan. The lower right panel is a magnified picture of Okinawa
Island and CHO is shown by the ‘star’ symbol.
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analysis. A detector calibration was done every 40 h with
excellent control (%RSD< 1.39% and A–B cartridge ratio of
0.998, n¼ 26). The method is described fully by Landis et al.
(2002).

A Radiance Research nephelometer with an impactor
having a cutoff size of 1 mm aerodynamic diameter was
used to measure the light scattering coefficient by submi-
cron aerosols (sscat). Observations of temperature (T),
relative humidity (RH), wind speed (WS), wind direction
(WD) and solar flux (visible) were also made to support this
study. SO2 was measured by conventional analyzer (Horiba
APSA-365) based on pulsed fluorescence technology
(Takami et al., 2005, 2007).

Submicron (approx. PM1.0) aerosol species (SO4, NH4,
NO3, organics) were measured by an Aerodyne Quadrupole
aerosol mass spectrometer (Q-AMS, Aerodyne Research
Inc., MA) based on vaporization and ionization techniques.
Table 1
Statistical summary of the three forms of mercury and other observed paramete

Measured parameters Data (points) 5th% 25th%

GEM (ng m�3) 686 1.54 1.79
PHg (pg m�3) 238 0.7 1.5
RGM (pg m�3) 238 0.3 0.8
RGM daytime 89 0.3 1.3
RGM nighttime 110 0.3 0.7
sscat (M m�1) 871 9.5 22.5
CO (ppbv) 943 143.2 173.3
O3 (ppbv) 943 12.5 23.1
SAM (mg m�3) 803 1.2 3.8

Other than RGM and PHg (3 hourly point), all data are at hourly intervals. RGM day
6 am.
Detailed descriptions, analysis method and set-up condi-
tions of AMS at CHO can be found elsewhere (Takami et al.,
2005; Allan et al., 2003, 2004; Takami et al., 2007). Organic
mass is obtained by subtracting both gaseous species and
inorganic species (SO4, NH4, NO3, etc.) from total mass. The
submicron aerosol mass (SAM) is the sum of the dominant
aerosol species (SO4, NH4, NO3, organics) measured by Q-
AMS. The aerosols sampled by Q-AMS have approximately
the same cutoff size as the aerosols sampled by the neph-
elometer (1 mm).

CHO is located at 60 m asl in a large clearing about
100 m from the ocean. Inlets for all of the instruments at
CHO were located on the roof of the instrument shelter,
approximately 5 m above ground height. The surroundings
within 0.5 km are mainly rocks, plowed fields or sugar
cane. Due to the coastal nature of the site we expect little
influence on Hg concentration from local vegetation.
rs

75th% 95th% Mean Median SD

2.21 2.71 2.04 1.99 0.38
3.7 7.7 3.0 2.4 2.4
5.9 16.5 4.5 2.5 5.4
8.8 20.4 6.3 4.2 6.3
4.4 10.5 3.3 2.1 3.8

52.3 113.7 43.7 31.8 35.3
240.5 324.6 214.9 199.8 65.2

38.0 49.6 31.0 30.7 10.9
8.0 20.2 7.0 5.7 5.5

time data are averaged from 10 am to 6 pm and nighttime data are 8 pm to
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We used the Hybrid Single-Particle Lagrangian Inte-
grated Trajectory (HYSPLIT-4) model (Draxler and Rolph,
2003) to calculate back trajectories and obtain the hourly
mixing layer height and precipitation using the FNL data
set. The mixing layer height was used to detect if the air
parcel was in the boundary layer or the free troposphere.
Precipitation was used to assess the wet removal of
mercury and other species. Since air mass transport time
from the Chinese coastal region to CHO ranged from 24 h to
55 h (Uno et al., 1998), we decided to use 3-day (72 h)
kinematic back trajectories initiated each hour from CHO.
We also used the HYSPLIT dispersion model to evaluate the
influence of wet-deposition removal on reactive mercury
species and particulate mercury.
3. Results and discussion

3.1. Statistical overview

Table 1 gives a statistical summary of the key observa-
tions. All data are reported and used as hourly averages,
except for RGM and PHg, which are reported as 3 h aver-
ages. Variability (95th%/5th%) of one order of magnitude is
observed in the hourly concentration of RGM, PHg and
aerosol species, whereas CO and GEM show lower vari-
ability (factor of 2). Fig. 2 shows a time series of GEM, CO,
RGM, PHg, SO4 and SAM. RGM shows a diurnal cycle on
most days with a peak near local noon. This diurnal pattern
is not observed in other species shown in plates 2b and c.

The average levels of GEM, RGM and PHg during the
entire campaign period are 2.04� 0.38 ng m�3, 4.5�
5.4 pg m�3 and 3.05� 2.45 pg m�3, respectively (Table 1).
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Fig. 2. Time series of (a) short-lived species RGM and PHg, (b) SO4 and
submicron aerosol mass (SAM), (c) GEM, CO and rainfall. The rainfall (arbi-
trary units) shown here is not from CHO but from the nearest two sites (Oku
and Nago). The legends show the respective variables in each plate and the
numbers in the lowest plate show the regional transport events.
Long-lived species like GEM and CO show lower variability
compared to the short-lived species like RGM, PHg, SO4 and
SAM. The average temperature, relative humidity and wind
speed at CHO during the campaign period are 20.3� 2.7 �C,
80�11% and 4.44� 2.26 m s�1, respectively. The wind
shows a similar distribution in day and night without any
land–sea breeze affect. Being on a small island, the range of
hourly mean temperature is relatively narrow (19–22 �C),
and the mixed layer height likely has only a small variation
through the day. So we attribute the large variability in the
gaseous and aerosol parameters mainly to horizontal
transport.

Jaffe et al. (2005) identified six episodes of transported
Asian pollution to the site. These events are shown (#1–6)
in Fig. 2c. In the earlier analysis, we used the GEM/CO ratios
during these six episodes to quantify the GEM export from
Asia. In a later section of this paper we will focus on events
#4 and #5 to assess the transport of RGM and PHg and to
compare these species with long-lived (GEM and CO) and
short-lived tracers (SAM and SO2).

During many days, RGM shows a diurnal variation with
a daytime peak lasting for 6–12 h (66% days of campaign
period). Since other pollution tracers did not show this
cycle, the RGM diurnal pattern is not likely due to hori-
zontal or vertical transport of pollutants. Instead, the
diurnal cycle suggests oxidation of GEM by a photochemi-
cally generated oxidant, such as OH. There are a few events,
such as April 18th, when RGM and PHg show enhanced
levels even during nighttime. However, on these dates
other pollutants are also enhanced and this is linked to an
extended multi-day pollution episode.

3.2. Correlations among key species

Table 2 shows a correlation matrix of the different
gaseous and aerosol species. Significant (p< 0.05) correla-
tions are observed among all species except CO-RGM. The
best correlations are observed between CO and GEM
Table 2
Matrix of correlations with first row and column showing the observed
species

GEM PHg RGM sscat CO O3

PHg 0.49 1
<0.01 –
238 238

RGM 0.2 0.32 1
<0.01 <0.01 –
238 238 238

sscat 0.71 0.74 0.34 1
<0.01 <0.01 <0.01 –
628 219 219 869

CO 0.92 0.5 0.12 0.68 1
<0.01 <0.01 <0.06 <0.01 –
684 238 238 869 943

O3 0.32 0.46 0.15 0.43 0.28 1
<0.01 <0.01 <0.02 <0.01 <0.01 –
683 237 237 868 943 943

SAM 0.65 0.58 0.43 0.94 0.59 0.52
<0.01 <0.01 <0.01 <0.01 <0.01 <0.01
580 203 203 729 802 802

The 1st, 2nd and 3rd numbers in each cell are the Pearson correlation
coefficient (R), significance (two-tailed) and numbers of data points,
respectively.



Table 3
Summary of RGM and PHg exports (% of GEM) during six transport events
at CHO

Event
#

GEM vs
CO J1

R PHg vs
CO J2

R RGM vs
CO J3

R % PHg
exporta

%RGM
exportb

Ev 1 0.0043 0.93 0.0067 0.14 0.0171 0.74 0.16 0.40
Ev 2 0.0056 0.99 0.0183 0.65 0.0011 0.10 0.33 0.02
Ev 3 0.0073 0.99 �0.0054 0.33 �0.0762 0.51 �0.07 �1.04
Ev 4 0.0051 0.88 0.0031 0.37 �0.0083 0.10 0.06 �0.16
Ev 5 0.0074 0.95 0.0436 0.77 0.0480 0.37 0.59 0.65
Ev 6 0.0036 0.96 0.0055 0.52 �0.0066 0.40 0.15 �0.18

Mean 0.0056 – 0.0120 – �0.0042 – 0.20 �0.05
SD 0.0016 – 0.0173 – 0.0410 – 0.23 0.59
Min 0.0036 0.88 �0.0054 0.14 �0.0762 0.10 �0.07 �1.04
Max 0.0074 0.99 0.0436 0.77 0.0480 0.74 0.59 0.65

Slopes from the correlation of GEM, RGM and PHg with CO and their
Pearson correlation coefficient (R) are used to calculate export of RGM and
PHg.
Units: GEM (ng m�3); CO (ppbv); PHg (pg m�3); RGM (pg m�3).

a Percent of total Hg exported as PHg calculated using slopes J1 and
J2.

b Percent of total Hg exported as RGM calculated using slopes J1 and
J3.
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(R¼ 0.92), and SAM and sscat (R¼ 0.94). PHg shows
a moderate correlation with SAM and sscat. In general, the
correlations are stronger among the species having similar
removal mechanisms and lifetimes (e.g. CO to GEM and
SAM to PHg).

The aerosol mass and particulate mercury show
a moderate degree of correlation with a slope (DPHg/
DSAM) of 0.20 mg g�1 (R¼ 0.58, p< 0.01). Since PHg
sampling has a higher cutoff than the SAM (2.5 mm vs
1.0 mm), this ratio may be an upper limit of the actual value.
By using a dry aerosol light scattering efficiency of 3 m2 g�1,
we find a very similar correlation and slope if we use the
PHg–sscat relationship instead. The standard error on the
slope DPHg/DSAM is 0.012 (i.e. 6%). This relationship shows
that during outflow events, the Hg fraction of the submi-
cron aerosol mass is relatively consistent. The Hg fraction of
the fine aerosol mass observed here is much smaller than
that observed by Xiu et al. (2005) in Shanghai. Using
a different methodology, Xiu et al. (2005) found Hg
particulate mass fraction of the fine mode aerosol of 3–
4 mg g�1. Their method was to collect fine PM on high
volume filters, followed by laboratory analysis of the
collected Hg. While the total PM mass certainly decreases
during transport to Okinawa, it is likely that the PHg frac-
tion would increase if RGM is produced and adsorbed onto
pre-existing aerosols. On the other hand, it is also possible
that mercury adsorbed on the particulate matter could be
released by both thermal and incident radiations during
transport, as discussed by Gustin et al. (2002). The time of
year between Xiu et al. (2005) and this study could also be
important to explain some of the differences. However, we
believe the most likely cause for the difference between our
result and that of Xiu et al. (2005) is due to different
experimental methods, since RGM will collect on the filters
and can result in a significant positive artifact (Landis et al.,
2002; Lyman and Keeler, 2002). We believe our measured
slope (DPHg/DSAM) is an accurate representation of the Hg
content of fine aerosols leaving the Asian continent.

Table 3 shows the correlations of three mercury species
with CO during the six pollution episodes observed during
the campaign (see Fig. 2). For each event, we calculate the
fraction of total Hg that is exported as PHg and RGM from
the slope of the correlation of each species with CO. Out of
these six transport events, event #5 (April 20–25) shows the
highest export of PHg, RGM and GEM showing peak values
w22 pg m�3, w32 pg m�3 and w1.5 ng m�3, respectively.
However, even during event #5 RGMþ PHg export is only
1.2% of GEM. In contrast, event #4 shows minimal
enhancements in both RGM and PHg (Fig. 2). The average
combined export for RGMþ PHg for these six events is less
than 1% of GEM.

In an emission mapping study, Pacyna and Pacyna
(2002) and Pacyna et al. (2003) reported that 56%
(w1071 ton) of global anthropogenic mercury emissions
are from Asia, and nearly half of this mercury in Asia is
emitted in the form of RGM and PHg. In a similar study
covering 32 provinces in China, Streets et al. (2005)
reported that about 44% (237 ton) of the mercury is in the
form of RGM and PHg. Considering our observation of low
levels of RGM and PHg during Asian outflow periods,
we speculate that most of the PHg and RGM that is emitted
into the boundary layer is deposited near the source region,
and not available for long-range transport. The other
possibility is that RGM may have been reduced to GEM
before it arrived at CHO. Substantial conversion of RGM into
GEM is reported in downwind plumes by Lohman et al.
(2006). In contrast, Friedli et al. (2004) found greater export
of particulate mercury from Asia in the free troposphere.
This could be due to a different observational method or
greater precipitation scavenging and removal at ocean
surface, compared to the free troposphere.

Fig. 3 shows the correlation of CO with GEM, SAM and
SO2 for the two consecutive events #4 and #5 (p< 0.001).
The slopes (DSAM/DCO) for these consecutive events are
0.046 mg m�3 ppbv�1 and 0.120 mg m�3 ppbv�1. For both
these events, the DGEM/DCO slopes are 5.3E-
3 ng m�3 ppbv�1 and 7.2E-3 ng m�3 ppbv�1, respectively.
Weak correlations are found between CO and SO2 for
events #4 and #5, however, correlation coefficient (R) is
better for event #5 compared to event #4. The slopes and
correlation coefficients of SAM/CO, GEM/CO and SO2/CO are
lower for event #4 compared to event #5. The highest
export of RGMþ PHg is observed in event #5. While GEM
and CO are strongly enhanced in event #4, RGM and PHg
show much lower concentrations during event #4
compared to event #5.

Since event #4 had less aerosol mass and PHg per unit of
CO compared to event #5, we wish to identify the cause.
Back trajectories indicate that during event #4 the air was
aged and transported mainly within the mixing layer from
southern Japan, whereas during event #5 the air parcel
descended over China and picked up pollution in the
boundary layer (Fig. 4). Analysis of the HYSPLIT trajectories
shows that 28% and 24% of the total time the air experi-
enced rainfall during event #4 and #5, respectively.
A dramatic decrease in RGM, PHg, SO4 and aerosol mass
(SAM) was recorded during the heavy rain observed in the
vicinity of CHO on April 23 (Fig. 2c). Of the total time, the air
parcels resided in the mixing layer for 99% of the time
during event #4 and 73% of time during event #5. We
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believe the longer residence of air in the mixed layer during
event #4 which likely led to greater loss of RGM and PHg by
both wet (rain) and dry depositions. Assuming a short life
of SO2 (<3 days), the low concentration as well as corre-
lation of SO2 with CO in event #4 further supports our
argument.

We used the HYSLIT dispersion model to further eval-
uate the influence of wet removal on reactive mercury
species and particulate mercury for events #4 and #5. For
event #4, the source region was assumed to be 34.00�N
131.00�E (Southern Japan) and a release start time of 00Z
April 14, 2004, was used. The release height was between
10 m and 1000 m, based on the arrival of back trajectories
to CHO. For event #5, the source region was assumed to be
26.00�N 120.00�E (East China) and a release start time of
18Z April 17, 2004, was used. For both events #4 and #5, we
conducted the dispersion runs with and without wet
deposition. The in-cloud removal was set by the ratio of the
concentration in air (g l�1) to that in rain (g l�1). For this
ratio we used the default value for the HYSPLIT dispersion
model, 3.2E5. For below-cloud scavenging, we used
a removal time constant of 5.0E-5 s.

Figs. S1–S4 in the Supplementary material show
animated images of the dispersion model results. For
event #5, the difference between the runs with and
without wet deposition was minimal. While the trajec-
tories suggest some precipitation during transport, the
deposition model results are consistent with much of the
transport having occurred above the boundary layer, and
thus more RGM and PHg survived transport to CHO. For
event #4 this is not the case. The run with wet depo-
sition turned off in the model has several times the
concentrations compared to the model runs with wet
deposition on. This indicates that wet removal was, at
least in part, responsible for the much lower concen-
trations of RGM and PHg. It is also possible that higher
particulate loadings from China, as compared to Japan,
played a role.



Fig. 4. NOAA-HYSPLIT 3 days back trajectories showing the history of rainfall and 3D movement of air masses for the two periods, April 14–19 (a, b, event #4) and
April 20–25 (c, d event #5), respectively. For each event, we have calculated trajectories at 1-h intervals (120 trajectories). The rainfall and altitude of air parcels
are shown by different colors. The arrival point of trajectories at CHO (26.8�N, 128.2�E, 60 m) is shown by the cross symbol.
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3.3. Diurnal variations in RGM

Table 1 shows the statistical summary of day and
nighttime RGM levels. Unlike GEM and PHg, RGM shows
a diurnal variation with higher values observed in the
afternoon hours. After the peak level, RGM decreases to
very low levels on most days. Fig. 5 shows the diurnal
variations of RGM and solar flux for the April 12–19 period.
While RGM shows a diurnal variation with high concen-
tration in the daytime and very low concentration at night
(66% days of the campaign period), the correlation coeffi-
cient of RGM with solar flux is not large (R< 0.36,
p< 0.001). The periods of highest solar flux (April 12 and
18) do not lead to the highest levels of RGM. There are some
Date (2004)

4/12 4/13 4/14 4/15 4/16 4/17 4/18 4/19

R
G
M
 
(
p
g
 
m

-
3
)

0

5

10

15

20

25

30
RGM

S
o
l
a
r
 
F
l
u
x
 
(
c
a
l
/
c
m

2
h
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Solar flux

Fig. 5. Time series of the RGM and solar flux showing diurnal variation from
April 12 to April 19, 2005. The time is local solar time.
periods (e.g. April 14 and 18) with elevated concentrations
of RGM at night. In the absence of any photochemistry, the
elevated RGM at night is likely a result of horizontal
transport. RGM is inversely related to wind speed and RH,
however, the relationship is not strong (R< 0.37, p< 0.01).
The diurnal cycle is likely driven by RGM production in
daytime. Ignoring the loss term, we can estimate the
production rate from the change in RGM concentration
with time. For the whole campaign, the average change in
RGM is 1.4�1.5 pg m�3 h�1 from 8 am to 12 pm local time.

RGM production is believed to primarily occur via
either O3 or OH oxidation of GEM (Pal and Ariya, 2004a;
Selin et al., 2007; Hall, 1995; P’yankov, 1949; Biswajit and
Parisa, 2003; Pal and Ariya, 2004b). While there is
considerable uncertainty over the reaction rates and
mechanisms, for both OH and O3 (e.g. Calvert and Lind-
berg, 2005), one model suggests the prevalence of OH
oxidation over O3 oxidation, at least on a global scale
(Selin et al., 2007). At Okinawa, the diurnal cycle in RGM
suggests a diurnal production mechanism, e.g. OH
oxidation, rather than O3 oxidation. Using a rate constant
of 9�10�14 cm3 molecule�1 s�1 for the OH oxidation rate
(Sommar et al., 2001; Pal and Ariya, 2004a) and an OH
concentration of 1–5�106 cm�3 (Kanaya et al., 2001),
which are typical values for the daytime marine
boundary layer in spring-early summer, we find RGM
production rates of 0.6–3.0 pg m�3 molecule�1 h�1. This is
consistent with the observed daytime increase in RGM
concentration of 1.4�1.5 pg m�3 h�1 between 8 h and
12 h (local time). It should be noted here that this is the
average value, and the difference in the calculated and
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observed RGM is highly variable on a day-to-day basis.
This day-to-day variation may be due to varying loss by
deposition and chemistry, changing concentrations of
precursors, perturbation in large scale meteorology and
the presence of other chemical parameters (e.g. aerosols,
halogen and other chemical species) (Lin et al., 2006).
While these data are consistent with an OH oxidation
mechanism, this does not preclude other mechanisms
from also being important, e.g. Br oxidation (Holmes
et al., 2006). This is especially important to stress given
the large uncertainties in the O3 and OH oxidation rates
(Calvert and Lindberg, 2005).

4. Conclusions

During March 23 to May 2, 2004, speciated mercury
(GEM, PHg, RGM) was measured at Cape Hedo Observatory
at Okinawa Island (Japan), downwind of the major Asian
source regions. Here we focus on reactive and particulate
mercury transports from Asia and their possible link with
other atmospheric trace species and meteorological
conditions over the western Pacific. Large variability is
observed in the pollutant air species at CHO. The mean and
1s concentrations of gaseous elemental mercury (GEM),
reactive gaseous mercury (RGM) and particulate-bound
mercury (PHg) were found to be 2.04� 0.38 ng m�3,
4.5� 5.4 pg m�3 and 3.0� 2.5 pg m�3, respectively. The
combined export of RGM and PHg is less than 1% of the total
Hg. This indicates that most of the atmospheric mercury
exported from Asia is in the form of GEM and outflow of
RGM and PHg in the East Asian boundary layer is minimal.
However, this does not preclude export of these species at
higher elevations.

During outflow events, we found a mean PHg/SAM ratio
of 0.20� 6% mg g�1, which we believe to be characteristic of
East Asian industrial aerosols during outflow. Lower ratios
of SAM/CO and GEM/CO in events of rain and air parcels
residing in the mixing layer indicate that meteorology plays
an important role in the lifetimes of RGM, SAM and other
aerosols species. Unlike GEM and PHg, RGM shows
a diurnal variation with a peak near local noon. A first-order
estimate suggests that the diurnal variability of RGM can be
explained by OH chemistry. However, halogens or other
oxidants could also be important. To better understand the
atmospheric budget, lifetime and transport of all three
species of mercury in the marine boundary layer, compre-
hensive measurements of different forms of mercury along
with OH and major halogen species are needed near source
regions and their downwind sites in the boundary layer as
well as the free troposphere.
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