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Abstract

The distribution of gaseous elemental mercury (GEM) was determined in the surface
atmosphere of the Northern South China Sea (SCS) during 12 SEATS cruises between
May 2003 and December 2005. The sampling and analysis of GEM were performed on
board ship by using an on-line mercury analyzer (GEMA). Distinct annual patterns were5

observed for the GEM with a winter maximum of 5.7±0.2 ng m−3 (n=3) and low in
summer (2.8±0.2) (n=3), with concentrations elevated 2 ∼ 3 times global background
values. Source tracking through backward trajectory analysis demonstrated air masses
during the northeast monsoon in winter came from Eurasia, bringing continental- and
industrial-derived GEM to the SCS. In contrast, during summer southwest monsoon10

and inter-monsoon, air masses were from the Indochina peninsula and Indian Ocean
and West Pacific Ocean. This demonstrates the impact that long-range transport, as
controlled by seasonal monsoons, has on the Hg atmospheric distribution and cycling
in the SCS.

1 Introduction15

Mercury (Hg) is a neurotoxic pollutant that poses a threat to human health via the
consumption of fish and fish products (Lindqvist et al., 1991; Fitzgerald and Clarkson,
1991). In contrast to other metals, Hg is a relatively volatile metal, which can move
through Earth’s biologically active reservoirs via the atmosphere. Gaseous elemental
Hg (GEM), the predominant form of atmospheric Hg (Hg0,> 95% of total) is very sta-20

ble with an atmospheric residence time of less than 1 ∼ 2 yr (Fitzgerald et al., 1981;
Slemr et al., 1981; Mason et al., 1994; Schroeder and Munthe, 1998; Lamborg et al.,
2000, 2002; Selin et al., 2008; Holmes et al., 2010; Soerensen et al., 2010). This en-
ables Hg to undergo long range transport and hence, becomes well-mixed on a global
scale (Fitzgerald et al., 1998, 2005). Globally, Hg emissions and presumably Hg0 con-25

centrations have increased significantly as a result of human activities and represent
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about 60 % of the total atmospheric emissions (Mason et al., 1994; Lamborg et al.,
2002). About half of global anthropogenic emissions (∼ 2300t yr−1) are estimated to
come from Asia and this sector is expected to increase in dominance due to the rapidly
expanding economies of East Asia, particularly Mainland China, and their use of high-
sulfur and -mercury, domestic coal (Pacyna et al., 2003, 2006; Wang et al., 2000; Wu5

et al., 2006). Higher Hg emissions result in elevated atmospheric concentration and
high deposition levels (Swain et al., 1992; Guo et al., 2008). This may represent a po-
tential threat to the East Asian region and the globe with respect to environmental
impact and public health (Friedli et al., 2004; Jaffe et al., 2005; Strode et al., 2008;
Obrist et al., 2008). Therefore, studies on Hg source attribution and the scale of cur-10

rent and future anthropogenic perturbations within East Asia, its surrounding marginal
seas (e.g., East China Sea (ECS), South China Sea (SCS)) are urgently needed.

Some studies on atmospheric Hg cycling over the East Asian marginal seas were
previously made (Sprovieri et al., 2010). For example, in the Northwest Pacific Ocean
near Japan in 2002, GEM varied from about 1.6 to 4.7 ngm−3 (Laurier et al., 2003)15

and 1.6 to 6.3 ngm−3(Friedli et al., 2004) and 1.4–4.7 ngm−3 (Jaffe et al., 2005) in
seas near Korea and Japan, respectively. Furthermore, elevated GEM concentrations
(∼ 3–6.3 ngm−3) in the ESC and North Pacific Ocean were linked to the export of Hg
enriched air masses from Eastern China (Friedli et al., 2004). In addition to Northern
SCS, similar summer average GEM concentrations in August were also recently re-20

ported 2.7±0.8 (Tseng et al., 2010) and 2.6±1.1ngm−3 (Fu et al., 2010) in 2003 and
2007, respectively. Further, higher GEM in winter and lower in late spring and summer
2003 were observed which may be linked to the increasing export of Hg from China to
SCS during the cold season (Tseng et al., 2010). Those results suggested seasonal
GEM variations over the Northern SCS were related to the supply and source of GEM25

controlled by the East Asian monsoon cycles. Similar seasonal trends were also ob-
served by Sheu and colleagues (Sheu et al., 2010) at the high elevation site in Taiwan
of Lulin, though overall concentrations were lower than those observed in Taipei (Tseng
et al., 2010).
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The SCS is the largest marginal sea in the tropical-subtropical Western North Pa-
cific. The SCS is adjacent to major atmospheric Hg emission source regions (e.g.,
East Asian continent and Indochina peninsula). The SCS is particularly subjected to
the forcing of monsoons and many tropical cyclones. The prevailing winds in the sum-
mer are southwesterly and in winter are mostly northeasterly. It was reported that, dur-5

ing the winter, air pollutants and dusts from the Northern China might be transported
southwardly to the SCS by the prevailing northeast winds (Duce et al., 1991; Wang
et al., 2005). This indicates the SCS may receive environmental pollution by those air
masses passing over industrialized areas to the north. To assess this potential impact
with respect to Hg, we have determined the GEM concentration in the atmosphere dur-10

ing seasonal oceanographic cruises in the SCS to the SouthEast Asian Time-series
Study (SEATS) station (18◦ N, 116◦ E, Fig. 1). We have combined this concentration
data with remotely sensed temperature and wind speed as well as NOAA-HYSPLIT
backward air trajectory analysis to examine the time-series variability in gaseous ele-
mental Hg (GEM) over the Northern SCS. In this study, the seasonal GEM variations15

between 2003 and 2005 in the atmosphere of the Northern South China Sea (SCS)
are presented for the first time. The dataset offers a unique opportunity to study the
potential outflow of Hg associated with northeast monsoon from China in a low latitude
subtropical marginal sea.

2 Experimental20

2.1 Study area

The SCS (Fig. 1) is one of the largest semi-enclosed marginal seas in the world. It
covers an area of 3.5×106 km2 with an average depth of 1200 m. The main basin of
the SCS extends from about 22◦ N along the shelves of Southern China to about the
equator along the Sunda shelf north of Borneo and from about 108◦ E along the coast25

of the Indochina peninsula to 120◦ E along the western coast of the Philippine islands.
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Thus, almost the entire Sea lies within the tropical zone. The SEATS station is located
in the tropical Northern SCS at 18◦ N, 116◦ E. The surface air and water are warm year
round. The seasonal variations in sea surface temperature are small (Fig. 2a, b) and
the upper water column is well stratified at all times (Tseng et al., 2005, 2007, 2009a,b).

The Taiwanese National Center for Ocean Research (NCOR) has been operating the5

SEATS program, featuring regular sampling in the Northern SCS since 1999 (Tseng
et al., 2005, 2007). This location is far enough away from the land/continent (∼ 400km)
so that the signals observed will be broadly integrative and not local. The significance of
the SEATS station had been examined for better understanding of inter-annual variation
in the biogeochemistry of the SCS (Tseng et al., 2009a,b). Therefore, the SEATS site10

in SCS may serve for providing the long-term records and reliable information of the
effect of atmospheric forcing (e.g., monsoons) on the ocean biogeochemistry.

2.2 Sampling program with GEM determination

The SEATS station was occupied with on-board atmospheric and water Hg sampling
12 times between May 2003 and December, 2005 in approximately seasonal intervals15

aboard R/V Ocean Researcher-I (OR1-cruise numbers 682, 19–20 May 2003; 690,
5–10 August 2003; 696, 3–7 October 2003; 705, 14–19 December 2003; 711, 10–18
March 2004; 717, 3–8 May 2004; 726, 3–8 August 2004; 736, 5–11 November 2004;
743, 20–22 January 2005; 773, 7–14 November 2005; 23–30 December 2005) and
Fishery researcher-1 (34, 26 July–1 August 2005). During the cruise runs, uncontam-20

inated marine air samples for the GEM measurements were collected underway from
the bow of the ship ca. 15 m above the sea surface and additionally collected at the
SEATS station while the ship was facing into the wind and moving slowly.

The sampling and analysis of GEM were carried out on board by an on-line semi-
automatic GEM analyzer (GEMA), combining flow-injection, and gold amalgamation25

preconcentration techniques together with cold vapor atomic fluorescence detection
(Tekran 2500) (Tseng et al., 2010, Fig. S1). The GEMA was previously validated by
comparison with the standard gold-amalgamation protocol (Fitzgerald and Gill, 1979) at
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the campus of National Taiwan University (Taipei, Taiwan), which showed good agree-
ment (Tseng et al., 2010). The GEMA allows for reliable GEM determination in ambient
air with high recoveries of 110±10% (from spiked gas standards, n = 6), a low detec-
tion limit of 0.1 ngm−3 for a sample volume of 10 l and an excellent reproducibility (r.s.d.
≤ 5%, n = 6). The details in related operation and reliability/performance of the GEMA5

refer to the paper by Tseng et al., 2010 (Table S1). The sampling rate was set on the
constant flow in the range of 0.5 ∼ 1lmin−1 with adjustable analysis frequencies from
15 min to hours, depending on the cruise conditions, and monitored with Sierra mass
flow meters. Data quality was verified via periodic calibrations by manual gas stan-
dard injections every 24 h (from 20 to 300 pg, r2 = 0.992–0.999, n = 5) and via single10

standard additions (ca.100 pg) after every sample measurement to correct the detector
reading.

2.3 Other ancillary data

The dissolved elemental Hg (DEM) sampling and measurements were performed on
board during the same cruises at the SEATS site. The ultraclean sampling and analy-15

ses were followed in this study as mentioned by Tseng et al. (2003, 2004). Briefly, sea
surface waters were sampled by dipping acid-cleaned 2-l Teflon bottles off the front
of the boat while slow moving forward into the wind. We collected samples in each
interval of 4–6 h for one-day run at least to obtain a more representative mean at that
cruise period. Once collected, the bottles were capped, double-bagged, and stored in20

coolers under ice. The analysis for DEM was immediately carried out by an on-line
semi-automatic DEM analyzer (DEMA), coupling the two-stage Au-amalgamation and
flow-injection techniques with atomic fluorescence detection (Tseng et al., 2003, 2004).
This analytical framework provides rapid, precise, and accurate analyses. DEM aver-
aged 10±1 pg (n = 6) in procedural blanks with a low detection limit, measure precision25

and spike recovery (about 30 fM; ±5%; 100±5%, n = 6) during the cruise period. Fur-
ther details in related operation and reliability/performance of the DEMA can be found
in Tseng et al. (2003, 2004).
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The daily average air temperature (AT) at 2 m above the sea surface, sea surface
temperature (SST) and daily wind vector at 10 m height for the SEATS station be-
tween January, 2003 and December, 2005 were retrieved from NOAA NCEP/NCAR
Reanalysis dataset (http://www.cdc.noaa.gov/data/gridded/data.ncep.reanalysis.html).
The NCEP-AT, -SST and -WS all agreed well with ship-board observations (Fig. 2a, b,5

c). It indicates the remotely sensed data used here are reliable and validated in terms
of data assurance (Tseng et al., 2005, 2009a,b).

The HYSPLIT model (HYbrid Single-Particle Lagrangian Integrated Trajectory) of
NOAA allows a wide range of simulations related to atmospheric transport, disper-
sion and sources of hazardous air pollutants (Draxler and Rolph, 2003). The model10

was used to generate three-day-backward air trajectories at 100 m altitude above the
SEATS site.

2.4 Flux estimates

The exchange flux, F, of Hg0 at the air-seawater interface is estimated using the equa-
tion: F = K × (DEM−GEM/H), where F (ngm−2 d−1) is the volatile Hg0 flux into (−) or15

out (+) of the SCS. The formulation we used for the transfer velocity was K (md−1)

= 0.39u2(ScTHg/600)−1/2, developed by Wanninkhof (1992), and modified for Hg. The

u2 term is the squared mean wind velocity at 10 m height (m2 s−2), and Sc is the
temperature- and salinity-dependant dimensionless Schmidt number for Hg0 normal-
ized to that for CO2 (600, at 20 ◦C) at a given temperature T . The constant value of 0.3920

is empirically derived. DEM and GEM are the Hg0 concentrations measured in the sur-
face seawater and in the overlying air, respectively. H represents the dimensionless
Henry’s Law constant of Hg0, adjusted for temperature and salinity (Andersson et al.,
2008).
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3 Results and discussion

3.1 Seasonal patterns in GEM and related environmental conditions

GEM data from the May 2003 to December 2005 surveys as well as remotely sensed
AT, SST, and wind speed during the cruises are presented here in Table 1 and Fig. 2
(Fig. S2), and distinctive seasonal patterns were observed in three parameters. AT5

oscillated seasonally between winter (21–24 ◦C) and summer (28 to 30 ◦C; Fig. 2a).
SST also varied between a maximum of ∼ 31 ◦C in the summer to a minimum of ∼
23 ◦C in the winter (Fig. 2b). The variations in SST stayed closely in phase with those
in AT although the amplitude was slightly reduced. The wind pattern was governed
by the monsoons: the northeast monsoon in the winter and the southwest monsoon10

in the summer (Fig. 2c). The WS during the northeast monsoon, averaging 9 ms−1,
was higher than that, averaging 6 ms−1, during the southwest monsoon. The lowest
WS (< 4ms−1) was found in the inter-monsoonal periods in the late spring (April to
May) and the early fall (September to October). The wind patterns of the northeast
and the southward wind were observed during the 12 cruises, corresponding to the15

monsoon wind patterns (Fig. 2c, d). There was a winter maximum of the GEM (4–
6 ngm−3) associated with northeast wind and a minimum (2–3 ngm−3) in late spring
and summer with southward wind (Figs. 2e, S2, Table 1).

Seasonal hourly mean GEM concentrations showed diurnal variations, especially in
warm seasons. (Figs. 3, S3). The diurnal cycle was seasonally modulated reaching20

maximum amplitude of 0.8 ∼ 1ngm−3 as daily difference between daily Hg0 minima
and maxima for summer and autumn. Generally, diurnal variability in GEM exhibited
minimum concentrations in the early morning before sunrise and maximum concentra-
tions around solar noon (10:00–14:00 local standard time). The daily relative change in
GEM concentrations could be explained by DEM evasion from surface water since the25

photochemical production of volatile Hg0 leading to elevated evasion Hg flux in summer
and autumn (Fig. 4).

12210

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/12203/2012/acpd-12-12203-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/12203/2012/acpd-12-12203-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 12203–12227, 2012

Seasonal changes in
gaseous elemental

mercury

C. M. Tseng et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Higher DEM concentrations on seasonal averages in summer and autumn are
29±3ngm−3 (n = 3) and 21±7 (n = 3), respectively, while lower is 12±3 (n = 3) in
winter with an undersaturation of Hg0 (∼ 80±10%) relative to atmospheric equilib-
rium. Consequently, the DEM evasion occurred in summer (∼ 100±20ngm−2 d−1) and
autumn (∼ 120±60) but an opposite direction of exchange of Hg0 occurred in win-5

ter (ca −50±30) (Fig. 4e). It therefore indicates that Hg0 sources from the SCS to
the atmosphere during warm seasons instead of in cold seasons. Again, the GEM
concentrations in the air in the spring, summer and autumn were enhanced (by 0.3,
0.8 and 1 ngm−3, respectively) by mercury evasion from the sea with fluxes of 30, 100,
120 ngm−2 d−1 based on both Hg0 concentrations in the surface water and atmospheric10

measurements (collected from 2003 to 2005, Fig. 4) and considering the first 100 m of
marine boundary layer on seasonal average as well. The estimated quantities from
Hg0 evasion are in agreement with those observed for the magnitudes of the season-
ally diurnal GEM cycle (Fig. 3). Overall, evasional Hg losses estimated as a significant
source of Hg to the SCS air are confirmed convincingly.15

3.2 Seasonal GEM changes related to monsoon cycling

The seasonal distributions of GEM varied significantly over the Northern SCS (Figs. 2e,
4c). Distribution patterns show clearly elevated GEM values in the winter months un-
der strong northeast monsoon with prevailing northeast wind, namely, from December
(5.9±1.1, n = 2), January (5.6±0.5, n = 1) and February. Lower GEM values occurred20

from May (2.6±0.5, n = 2) to August (2.8±0.3, n = 2) under inter-monsoon and sum-
mer monsoon. These data suggest that the seasonal variation of GEM is related to the
source of GEM controlled by East Asian monsoons with the prevailing northeast wind
in winter and southwest in summer (Figs. 2c, e and 4b, c). Further evidences are shown
in Fig. 5a, b of the rose diagrams for the relationship between the DEM concentrations25

and the wind patterns governed by the monsoon cycling.
The GEM concentrations in spring, summer, autumn and winter averaged 3.3±0.9

(n = 3), 2.8±0.2 (n = 3), 3.8±0.3 (n = 3), and 5.7±0.2 (n = 3) ngm−3, respectively
12211
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(Fig. 4c). The concentrations in summer and late spring (2.6±0.5, n = 2) averaged
lower than those in early spring (4.0±0.5, n = 1), autumn and winter. The seasonal dif-
ferences were statistically significant (p < 0.001) and also significant (3 times greater)
compared to the estimated daily variations in each season (Fig. S4). Similar sea-
sonal variability was also reported at mid-latitude Canadian and European coastal sites5

(Kellerhals et al., 2003; Kock et al., 2005). However, seasonal differences of the GEM
observed over the Northern SCS are mostly explained by the sources of air masses
related to monsoon cycle and the burning of fossil fuel instead of seasonal oxidation
processes (Kellerhals et al., 2003; Kock et al., 2005) and seasonal SST changes in
the SCS. This pattern is observed in other trace gases as well, particularly those like10

non-methane hydrocarbons and halocarbons that trace anthropogenic sources (e.g.,
Blake et al., 1997). The seasonal GEM distribution is totally opposite to the pattern of
SST (Fig. 2b, e), indicating the GEM seasonality is not determined by the seasonal
SST changes which may control the formation of DEM. The observed high DEM con-
centrations in summer and autumn lead to elevated Hg evasion which mainly account15

for the GEM daily variation as mentioned above (Fig. 4). Fossil fuel combustion for
economic and industrial uses and domestic heating from Mainland China inland is,
however, a mercury source which is greatest during the colder seasons (Wang et al.,
2000; Wu et al., 2006). Thus, air masses with high Hg levels generated from China tend
to be exported to the SCS during the cold season as a result of the winter monsoon.20

The values in late spring and summer are almost two times lower than those ob-
served in winter (Figs. 2e, 4c). Seasonal GEM concentrations in the air of Northern
SCS are much elevated compared to the global background values (1.5 ∼ 2.2ngm−3)
at the same latitude (18◦ N to 22◦ N) in the Pacific Ocean and Atlantic Ocean (Fitzger-
ald, 1995; Lamborg et al., 2002; Temme et al., 2003). Additionally, the GEM concen-25

trations in the Northern SCS region are higher than those observed in the marginal
seas such as the Mediterranean Sea (0.8 ∼ 2.3ngm−3; Pirrone et al., 2003), the Baltic
Sea (1.4 ∼ 2.0ngm−3; Urba et al., 2000), North Sea (1.2–2.0 ngm−3; Wängberg et al.,
2007). However, the GEM results in spring and summer in SCS are comparable with
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observations made in the Northwest Pacific Ocean between Japan and Hawaii col-
lected between May and June 2002 (2.5±0.5ngm−3; Laurier et al., 2003) and in the
Northern SCS in August 2007 (2.6±1.1ngm−3; Fu et al., 2010). During spring, GEM
results ranged from 1.5 to 5.2 ngm−3 (Table 1) were also similar to those observed
in seas near Korea and Japan in 2001 (1.6–6.3 ngm−3; Friedli et al., 2004) and in5

2004 (1.4–4.7 ngm−3; Jaffe et al., 2005). Furthermore, higher GEM concentrations
were observed, similar to those in the East China Sea (∼ 3–6.3 ngm−3) and North Pa-
cific Ocean (∼ 3–3.7 ngm−3), due to industrial plumes from China (Friedli et al., 2004).
Overall, although the SCS is further south than the ECS, our GEM results show the
SCS is indeed impacted by regional sources year round, and especially during the10

winter.
It is also interesting to note that the concentrations of GEM measured at sea level

and over the SCS in this study are generally two times higher than those observed at
the high elevation Lulin monitoring station in Taiwan (Sheu et al., 2010). Thus, while
the Lulin data are important for understanding regional impacts on the free troposphere15

over East Asia, that dataset is clearly not relevant for understanding the depositional
and air-sea exchange dynamics of the SCS and indicates that for marginal seas close
to large sources of Hg, the marine boundary layer appears decoupled in some respects
from that of the wider troposphere.

3.3 Air trajectories with source implications20

In order to verify the GEM concentration to monsoon climatology, air mass backward
trajectory analysis was performed by using the HYSPLIT model of NOAA (Draxler
and Rolph, 2003). Three-day backward air trajectories starting at the SEATS station
of all cruises marked in spring, summer, autumn and winter with average GEM con-
centrations are given in Fig. 1. Briefly, GEM concentrations over the Northern SCS25

are determined by source influencing with a pronounced dependence on the air mass
movement pattern. In this study, Hg source regions can be characterized by three ma-
jor groups according to air mass movement patterns. In group I of summer southwest
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monsoon, the back trajectories on 8 August 2003 (OR1-696), 5 August 2004 (OR1-
726) and 29 July 2005 (FR1-34) all came from the Northeastern Indian Ocean and
then passed over the Indochina (Fig. 1). The GEM concentrations measured at SEATS
from these trajectories tended to be lower than the average in all measurements of
the SCS, but significantly higher than the global background. The elevated summer5

GEM results (2.0 ∼ 3.8ngm−3; n = 82) indicate the export of atmospheric Hg from the
Indochina peninsula (with concentrations about 2.0 ∼ 4.0ngm−3) (Nakagawa and Hi-
romoto, 1997) although the air mass originally came from Indian Ocean with low Hg
emission. This further suggests the influence of regional human-induced and biomass
burning Hg emissions from Indochina peninsula (Fig. S5). In group III in winter, the10

backward trajectory analyses shows the air parcels of 17 December 2003 (OR1-705),
21 January 2005 (OR1-743) and 26 December 2005 (OR1-780) came from North-
eastern (i.e., Liaoning province), Northern (i.e., Hebaei, Shanxi provinces) and East-
ern China (i.e., Shandong, Jiangsu, Shanghai, Zhejiang, Jiangxi provinces), highly
economy-expanded and industrialized regions, and were elevated in GEM (Figs. 2e,15

4c). The winter maxima of the GEM could be attributed to regional anthropogenic
emissions from Mainland China (Fig. S5). In early spring and autumn, the backward
trajectory analysis shows the surface air masses from the Northern China as similar as
observed in winter and partly from Korea and Japan (Fig. 1). Nevertheless, northeast
monsoon was weakening and the GEM concentrations were lower than those in winter.20

Please note lowest GEM was observed in group II during OR1-682 in May 2003 among
three spring cruises (OR1-711, March 2004; -717, May 2004) under inter-monsoon pe-
riods. During that cruise, the air mass originated from the Western Pacific Ocean and
then pass through Philippine Islands, and not from Mainland China as on the other two
spring cruises (Fig. 1). Thus, seasonal GEM changes over the Northern SCS are ap-25

parently determined by the origin of the air masses and the sources of Hg within those
regions, as governed by the East Asian monsoons. This is in agreement with previ-
ously observed and model results, which highlighted the Hg distribution in surround-
ing regions downwind via long-range transport seriously impacted by anthropogenic
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emissions from China (Friedli et al., 2004; Jaffe et al., 2005; Strode et al., 2008; Obrist
et al., 2008). However, in comparison with atmospheric GEM levels presented here,
Hg concentrations in the SCS were apparently underestimated by model studies, likely
due to underestimations of anthropogenic and natural Hg emissions from East Asian
countries, especially from China (Li et al., 2006, 2008).5

4 Conclusions

Our studies of GEM in SCS reveal the prominent role of the GEM in examining the en-
vironmental Hg pollution in marginal seas of the East Asia surrounding China. Through
time-series records, we have first observed much elevated GEM (2 ∼ 3 times higher
than global background at the same latitude) and its distinctive seasonal variation pat-10

tern principally associated with the export of the East Asian Hg emissions by the mon-
soon cycling. The results show the higher GEM in autumn and winter with prevailing
northeast wind from China (4 ∼ 6ngm−3, group III) and lower in late spring and summer
with southwest wind from Indochina (2 ∼ 4ngm−3, group I) and east from the Western
Pacific Ocean (∼ 2 ∼ 3ngm−3, group II). Further, through air backward trajectory anal-15

ysis demonstrated that seasonal GEM changes over the Northern SCS were greatly
caused by the origin of the air masses and the sources of Hg within those regions, as
governed by the East Asian monsoons. The elevated GEM could be caused by long
range atmospheric transportation of Hg0, especially from anthropogenic emissions of
China to the SCS. This further indicates the monsoon-related influences of regional20

mainland contributions. The spring GEM concentrations over the SCS are comparable
to those observed in the temperate ocean regions surrounding Japan and Korea at
the same season (Laurier et al., 2003; Friedli et al., 2004; Jaffe et al., 2005). However,
there are no data reported in cold seasons in the East Asian marginal seas. To have
a better understanding and quantification of the seasonality and long-range transporta-25

tion of the GEM in seas surrounding China, more investigations are needed for all other
seasons of the year to obtain a representative estimate.
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Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/12/12203/2012/
acpd-12-12203-2012-supplement.pdf.
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Table 1. Statistical summary of GEM concentrations with environmental variables in the North-
ern SCS obtained during the study period from 2003 to 2005.

Cruise Period GEM (ngm−3) Wind vector Sea Surface Sea Surface
Average Median Range Daytime 1 Nighttime V. Dir./Groups 2 Air Temp. Temp.

(ms−1) (◦C) (◦C)

OR1 682 19–20 May 2003 2.2±0.2 (n = 20) 2.3 1.9 ∼ 2.6 2.4±0.1 2.0±0.1 4.5 71/II 29.3±0.2 29.9±0.1
OR1 690 5–10 Aug 2003 2.6±0.3 (n = 41) 2.6 2.0 ∼ 3.3 2.8±0.3 2.4±0.2 5.8 203/I 28.8±0.4 29.5±0.1
OR1 696 3–7 Oct 2003 4.0±0.6 (n = 28) 4.1 2.7 ∼ 5.4 4.2±0.6 3.8±0.2 7.4 56/III 28.1±0.2 28.7±0.1
OR1 705 14–20 Dec 2003 6.7±0.7 (n = 38) 6.8 5.4 ∼ 7.6 6.9±0.6 6.7±0.5 12.2 41/III 23.6±0.8 24.0±0.1
OR1 711 10–18 Mar 2004 4.0±0.5 (n = 45) 3.9 2.6 ∼ 5.2 4.3±0.4 3.7±0.4 5.8 53/III 24.3±0.5 23.4±0.1
OR1 717 3–8 May 2004 3.0±0.6 (n = 40) 3.1 1.5 ∼ 3.9 3.1±0.4 2.9±0.5 3.4 65/II-III 28.4±0.5 27.6±0.1
OR1 726 3–8 Aug 2004 3.0±0.3 (n = 17) 3.1 2.6 ∼ 3.6 3.2±0.3 2.8±0.1 4.3 127/I 28.7±0.3 29.8±0.1
OR1 736 5–11 Nov 2004 3.8±0.6 (n = 30) 3.8 2.9 ∼ 4.8 4.1±0.5 3.4±0.3 7.2 61/III 26.3±0.5 27.0±0.1
OR1 743 20–24 Jan 2005 5.6±0.5 (n = 21) 5.7 5.1 ∼ 6.8 5.8±0.3 5.6±0.2 7.5 52/III 23.0±0.2 23.1±0.1
FR1 S34 26 Jul–1 Aug 2005 3.0±0.4 (n = 24) 3.0 2.3 ∼ 3.8 3.3±0.3 2.7±0.2 6.0 165/I 29.5±0.4 29.5±0.1
OR1 773 7–14 Nov 2005 3.0±0.6 (n = 18) 2.9 2.4 ∼ 4.1 3.6±0.5 2.8±0.4 7.6 50/II-III 26.5±0.3 27.4±0.1
OR1 780 23–30 Dec 2005 5.1±0.5 (n = 25) 5.1 4.2 ∼ 5.9 5.2±0.3 4.9±0.2 9.7 50/III 23.2±0.5 24.4±0.1

1Daytime denotes the time period from 06:01 a.m. to 06:00 p.m.; nighttime is from 06:01 p.m. to 06:00 a.m.
2 Dir./Groups denote wind direction and source region of air mass, respectively.
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  Fig. 1. (a) Sampling site of the South-East Asian Time-series Study (SEATS) station in the
Northern South China Sea (SCS) with routine cruise tracks (arrow) between the Kaoshiung
(kao) and the SEATS station (star); (b) the 3-day backward trajectories started at the middle
time of the cruise at the SEATS station with average GEM concentrations and marked four gen-
eral air-advection groups: (I) southwest monsoon with prevailing SW wind; (II) inter-monsoon
and others (e.g., typhoon) with ENE-E-S wind sector; (III) northeast monsoon with prevailing
NE wind and (IV) air masses from South China with E-NW wind sector.
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Fig. 2 
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Fig. 2. Time-series of records obtained for the SEATS station over Northern South China Sea
during the study period from August 2003 to December 2005. (a) Remotely sensed surface air
temperature (AT • and field observed, ◦); (b) remotely sensed sea surface temperature (SST
• and field observed, ◦); (c) remotely sensed wind vector and speed (WS); (d) field observed
wind data; (e) averaged GEM. Boxes represent interquartile ranges, bars delineate upper and
lower 10 %, and the center line is the median; means are shown by red •.
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 Fig. 3. Seasonal changes in diurnal GEM cycle over the Northern SCS based on seasonal
average concentrations for each hour. Each seasonally diurnal plot has an average of 3 cruises.
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Fig. 4 

S
S

T 
(o C

)

20
22
24
26
28
30
32

W
S

 (m
 s

-1
)

4

6

8

10

12

14

G
E

M
 (n

g 
m

-3
)

0
1
2
3
4
5
6
7

D
E

M
 (n

g 
m

-3
)

0
5

10
15
20
25
30
35

D
E

M
 e

va
si

on
 fl

ux
 (n

g 
m

-2
 d-1

)

-100
-50

0
50

100
150
200

Spring Summer Autumn Winter

“-” sink

“+” source

(a)

(b)

(c)

(d)

(e)

 

Fig. 4. Summary of seasonal average data for (a) SST; (b) WS; (c) GEM; (d) DEM and (e) air-
sea Hg0 exchange flux between 2003 and 2005 at SEATS station in the SCS. Each seasonal
bar has an average of 3 cruises with an error of ±1 SD (n = 3).
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Fig. 5 
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Fig. 5. Rose diagrams of (a) averaged wind vector and (b) GEM values with wind direction
between 2003 and 2005 over the Northern SCS.
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