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Abstract. The distribution of gaseous elemental mercury Soerensen et al., 2010). This enables Hg to undergo long
(GEM) was determined in the surface atmosphere of theange transport and hence, becomes well-mixed on a global
northern South China Sea (SCS) during 12 SEATS cruisescale (Fitzgerald et al., 1998, 2005). Globally, Hg emissions
between May 2003 and December 2005. The sampling an@nd presumably Hyconcentrations have increased signif-
analysis of GEM were performed on board ship by us-icantly as a result of human activities and represent about
ing an on-line mercury analyzer (GEMA). Distinct annual 60 % of the total atmospheric emissions (Mason et al., 1994;
patterns were observed for the GEM with a winter maxi- Lamborg et al., 2002). About half of global anthropogenic
mum of 5.7+ 0.2ng T3 (n = 3) and minimum in summer emissions {2500tyr 1) are estimated to come from Asia
(2.8+0.2; n = 3), with concentrations elevated 2-3 times and this sector is expected to increase in dominance due to
global background values. Source tracking through backwardhe rapidly expanding economies of East Asia, particularly
air trajectory analysis demonstrated that during the northeagtlainland China, and their use of high-sulfur and -mercury,
monsoon (winter), air masses came from Eurasia, bringinglomestic coal (Pacyna et al., 2003, 2006; Wang et al., 2000;
continental- and industrial-derived GEM to the SCS. In con-Wu et al., 2006, Streets et al., 2009). Higher Hg emissions
trast, during summer southwest monsoon and inter-monsoonesult in elevated atmospheric concentration and high depo-
air masses were from the Indochina Peninsula and Indiarsition levels (Swain et al., 1992; Guo et al., 2008). This may
Ocean and west Pacific Ocean. This demonstrates the impaotpresent a potential threat to the East Asian region and the
that long-range transport, as controlled by seasonal monglobe with respect to environmental impact and public health
soons, has on the Hg atmospheric distribution and cycling(Friedli et al., 2004; Jaffe et al., 2005; Strode et al., 2008;
in the SCS. Obrist et al., 2008). Therefore, studies on Hg source attribu-
tion and the scale of current and future anthropogenic pertur-
bations within East Asia and its surrounding marginal seas
(e.g., East China Sea (ECS), South China Sea (SCS)) are ur-
1 Introduction gent]y needed.

Some studies on atmospheric Hg cycling over the East
Mercury (Hg) is a neurotoxic pollutant that poses a threatasjan marginal seas were previously made (Sprovieri et al.,
to human health via the consumption of fish and fish prod-3010). For example, in the Northwest Pacific Ocean near
ucts (Lindgvist et al., 1991, Fitzgerald and Clarkson, 1991)-Japan in 2002, GEM varied from about 1.6 to 4.7 igPm
In contrast to other metals, Hg is a relatively volatile, which (Laurier et al., 2003) and 1.6 to 6.3 ng+th(Friedli et al.,
allows it to be transported to Earth’s biologically active reser- 2004) and 1.4-4.7 ngd (Jaffe et al, 2005) in seas near Ko-
voirs via the atmosphere. Gaseous elemental Hg (GEM), th@eg and Japan, respectively. Furthermore, elevated GEM con-
predominant form of atmospheric Hg (Mg>95% of total)  cenrations £3-6.3ngn3) in the ESC and North Pacific

is very stable with an atmospheric residence time of severabcean were linked to the export of Hg enriched air masses
months to 1 year (Selin et al., 2008; Holmes et al., 2010;
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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 ((sjdhe 3-day backward trajectories started at the mid-way
time of the cruise at the SEATS station with average GEM concentrations and marked four general air-advection groups: (I) Southwest

monsoon with prevailing SW wind; (Il) Inter-monsoon and others (e.g., typhoon) with ENE-E-S wind sector; (I1l) Northeast monsoon with
prevailing NE wind and (IV) air masses from south China with E-NW wind sector.

from eastern China (Friedli et al., 2004). In addition to north- prevailing northeast winds (Duce et al., 1991; Wang et al.,
ern SCS, similar summer average GEM concentrations irR005). To assess this potential impact with respect to Hg,
August were also recently reported 2:D.8 (Tseng et al., we have determined the GEM concentration in the atmo-
2010) and 2.6-1.1ngn73 (Fu et al., 2010) in 2003 and sphere during seasonal oceanographic cruises in the SCS to
2007, respectively. Further, higher GEM in winter and lower the South East Asian Time-seriesStudy (SEATS) station
in late spring and summer 2003 were observed which may(18° N, 116 E, Fig. 1). We have combined this concentra-
be linked to the increasing export of Hg from China to SCStion data with remotely sensed temperature and wind speed
during the cold season (Tseng et al., 2010). Those resultas well as NOAA-HYSPLIT backward air trajectory analysis
suggested seasonal GEM variations over the northern SC® examine the time-series variability in gaseous elemental
were related to the supply and source of GEM controlled byHg (GEM) over the northern SCS. In this study, the seasonal
the East Asian monsoon cycles. Similar seasonal trends wer@EM variations between 2003 and 2005 in the atmosphere
also observed by Sheu and colleagues (Sheu et al., 2010) af the Northern South China Sea (SCS) are presented for the
the high elevation site in Taiwan of Lulin, though overall con- first time. The dataset offers a unique opportunity to study
centrations were lower than those observed in Taipei (Tsenghe potential outflow of Hg associated with northeast mon-
etal., 2010). soon from China in a low latitude subtropical marginal sea.
The SCS is the largest marginal sea in the tropical-
subtropical western North Pacific. The SCS is adjacent to
major atmospheric Hg emission source regions (e.g., East
Asian continent and Indochina peninsula). The SCS is par-
. . . 2.1 Study area
ticularly subjected to the forcing of monsoons and many
tropical cyclones. Most notably, the monsoon cycle drivesthg Scs (Fig. 1) is one of the largest semi-enclosed marginal
prevailing winds in the summer from the southwest and inge45 in the world. It covers an area of 8BP km?2 with
winter mostly from the northeast. It was reported that, dur-, average depth of 1200 m. The main basin of the SCS

ing the winter, air pollutants and dusts from the northerngytends from~22° N along the shelves of southern China
China might be transported southwardly to the SCS by thgg he equator along the Sunda shelf north of Borneo and

Experimental
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atmospheric forcing (e.g., monsoons) on the long-term and
interannual variability in ocean biogeochemistry.
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2.2 Sampling program with GEM determination
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Foa 4 ; R/V Ocean Researcher{OR1-cruise numbers 682, 19-20
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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 Novem-
ber 2004; 743, 20-22 January 2005; 773, 7-14 November
2005; 23—-30 December 2005) aRighery researcher-{34,
26 July—1 August 2005). During the cruise runs, uncontam-
+ inated marine air samples for the GEM measurements were
i 1 collected underway from the bow of the ship ca. 15 m above
. . \ the sea surface and additionally collected at the SEATS sta-
“ A//:‘/ //:/ ‘// tion while the ship was facing into the wind and moving
i i slowly.
v 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 amalgamation precon-
" /@/ o~ /E centration techniques together with cold vapor atomic fluo-
5 PR & B _§ rescence detection (Tekran 2500; Tseng et al., 2010, Fig. S1
0 : ' in the Supplement). The GEMA was previously validated by
2003 2004 2005 2006 comparison with the standard gold-amalgamation protocol
_ _ ) ) ) (Fitzgerald and Gill, 1979) at the campus of National Tai-
Fig. 2. Tlme-serles.of records thalned for the $EATS station over,, 5n University (Taipei, Taiwan), which showed good agree-
Poogzecmziggf(g)cﬁgnicig? i‘é’;’\ggéhseu?;gg Zi?r;gdmfro:ntAug. 2$O3ment (Tseng et al., 2010). The GEMA allows for reliable
' y perature ¢A GEM determination in ambient air with high recoveries of

and field observed,); (b) Remotely sensed sea surface temperature . _ .
(SSTe and field observed); (c) remotely sensed wind vector and 110+ 10 % (from spiked gas standards, n=6), a low detection

i 3
speed (WS)(d) field observed wind datée) averaged GEM. Boxes  limit of 0.1 ng m .fpr a sample volume of 10 L ar]d an ex-
represent interquartile ranges, bars delineate upper and lower 10 9%s€llent reproducibility (r.s.d< 5%,n = 6). The details in re-
and the center line is the median; means are shown by.red lated operation and reliability/performance of the GEMA re-

fer to the paper by Tseng et al., 2010 (Table S1 in the Supple-

ment). The sampling rate was set on the constant flow in the
from about 108E along the coast of the Indochina penin- range of 0.5-1 L mint with adjustable analysis frequencies
sula to 120 E along the western coast of the Philippine is- from 15 min to hours, depending on the cruise conditions,
lands. Thus, almost the entire Sea lies within the tropicaland monitored with Sierra mass flow meters. Data quality
zone. The SEATS station is located in the tropical northernwas verified via periodic calibrations by manual gas standard
SCS at 18N, 116 E. The surface air and water are warm injections every 24 h (from 20 to 300 pef = 0.992—0.999,
year round. The seasonal variations in sea surface tempera-= 5) and via single standard additions (ca. 100 pg) after ev-
ture are small (Fig. 2a, b) and the upper water column is wellery sample measurement to correct the detector reading.
stratified at all times (Tseng et al., 2005, 2007, 2009a, b).

The Taiwanese National Center for Ocean Researcl2.3 Other ancillary data

(NCOR) has been operating the SEATS program, featuring
regular sampling in the northern SCS since 1999 (Tseng eThe dissolved elemental Hg (DEM) sampling and measure-
al., 2005, 2007). This location is far enough away from the ments were performed on board during the same cruises at
land/continent £400 km) so that the signals observed will the SEATS site. The ultraclean sampling and analytical tech-
be broadly integrative and not local. The goal of the SEATSniques were followed in this study as mentioned by Tseng
program is to generate long-term datasets that will facili-et al. (2003, 2004). Briefly, sea surface waters were sam-
tate the examination of the biogeochemistry of this impor-pled by dipping acid-cleaned 2-L Teflon bottles off the front
tant marginal sea (Tseng et al., 2009a, b). Of particular in-of the boat while slowly moving forward into the wind.
terest and importance is the examination of the impact ofSamples were collected once every 3-6 hours per day (4-8
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samples per day) to obtain a more representative mean fdior H are from a recent re-analysis of this parameter (Ander-

that cruise period. Once collected, the bottles were cappedsson et al., 2008).

double-bagged, and stored in coolers under ice. The analysis

for DEM was immediately carried out by an on-line semi-

automatic DEM analyzer (DEMA), coupling the two-stage 3 Results and discussion

Au-amalgamation and flow-injection techniques with atomic

fluorescence detection (Tseng et al., 2003, 2004). This ana3.1 Seasonal patterns in GEM and related

lytical framework provides rapid, precise, and accurate anal- environmental conditions

yses. DEM averaged 101 pg @ = 6) in procedural blanks

with a low detection limit, measure precision and spike re-GEM data from the May 2003 to December 2005 surveys as

covery (about 30fM:t5%; 100+5%, n = 6) during the  well as remotely sensed AT, SST, and wind speed during the

cruise period. Further details in related operation and relia-cruises are presented in Table 1 and Fig. 2 (and in greater

bility/performance of the DEMA can be found in Tseng et detail in Fig. S2 in the Supplement), and distinctive sea-

al. (2003, 2004). sonal patterns were observed in these three parameters. AT
The daily average air temperature (AT) at 2m above theoscillated seasonally between winter (21224 and summer

sea surface, sea surface temperature (SST) and daily win8-30°C; Fig. 2a). SST also varied between a maximum of

vector at 10 m height for the SEATS station between Jan-—~31° C in the summer to a minimum ef23° C in the winter

uary, 2003 and December, 2005 were retrieved from NOAA(Fig. 2b). The variations in SST stayed closely in phase with

NCEP/NCAR Reanalysis dataséttp://www.cdc.noaa.gov/ those in AT although the amplitude was slightly reduced. The

data/gridded/data.ncep.reanalysis.hitniThe NCEP-AT, -  wind pattern was governed by the monsoons: the northeast

SST and -WS all agreed well with ship-board observationsmonsoon in the winter and the southwest monsoon in the

(Fig. 2a, b, c), indicating the remotely sensed data used hereummer (Fig. 2c). The WS during the northeast monsoon, av-

are reliable (Tseng et al., 2005, 2009a, b). eraging 9ms?, was higher than during the southwest mon-
Backward air trajectories were generated using the HYS-soon (averaging 6 nt$). The lowest WS €4ms 1) was

PLIT model (HYbrid Single-Particle Lagrangian Integrated found in the inter-monsoonal periods in the late spring (April

Trajectory) of NOAA. HYSPLIT allows a wide range of to May) and the early fall (September to October). The wind

simulations related to atmospheric transport, dispersion angatterns of the northeast and the southward wind were ob-

sources of hazardous air pollutants (Draxler and Rolph,served during the 12 cruises, corresponding to the monsoon

2003). For our purposes, the model was used to generat@ind patterns (Fig. 2¢, d). There was a winter maximum of

three-day-backward air trajectories at 100 m altitude abovehe GEM (4—6 ng m3) associated with northeast winds and

sea level centered on the SEATS site. a minimum (2-3ngm?3) in late spring and summer with
southward wind (Fig. 2e, Fig. S2 in the Supplement, Table 1).
2 4 Flux estimates Seasonal hourly mean GEM concentrations showed diel

variations, especially in warm seasons (Fig. 3, greater detail

The exchange fluxF, of HE at the air-seawater interface in Fig. S3 in the Supplement). Generally, diel variability in
is estimated using the equatioR:= K x (DEM-GEM)/H GEM exhibited minimum concentrations in the early morn-
where F (ngn2d-1) is the volatile H§ flux into (_)’ ing before sunrise and maximum concentrations around so-

or out (+) of the SCSK is the transfer velocity (mth), lar noon (1000-1400 local standard time_). Howeve_r, the diel
H is the dimensionless Henry’s Law constant, DEM and €YClé was seasonally modulated reaching a maximum am-
GEM are the dissolved and gaseous®Hgespectively. plitude (difference between daily Hgninima and maxima)
We compared two formulations for the transfer velocity, ©f 0-8-1ng m'® for summer and autumn. At least some of

K, including that by Liss and Merlivat (1986% = 0.17 the seasonality of the diel cycling could be due to seasonal
Ml,O (chI 1660) Y2 [0 < u1g < 3.6]; K = (2.85u10— 9.65) changes in evasion from sea to air, as this flux reaches a max-
g .6]; . )

. ~imum summer and autumn (Fig. 4), when the diel cycling is
(SQE@J/GGSO)_U2 [13 > u10> 3.6]) and Wanninkhof (1992; also most pronounced. However, for evasion to explain all
K =0.39u%,(Sq,,/660) '/2), hereafter referred to as LM86  the variation, the marine boundary layer would have to be no
and W92, wherer1 refers to the wind speed at 10 m height deeper than about 100 m, which is likely too shallow. Thus,
over the water (ms') and S¢, is the temperature- and other factors must contribute to the diel cycle and its season-
salinity-dependant dimensionless Schmidt number fo? Hg ality than just evasion.
normalized to that for C®(660, at 25 C) at a given temper- Higher seasonal average DEM concentrations were ob-
atureT. The transfer velocities calculated by the LM86 and served for summer and autumn @®ngnt3; n=3
W92 show the lower and upper limits, respectively, of uncer-and 23+5; n =3, respectively), while lowest in win-
tainty. Therefore, it is useful to present the potential ranges oter (13+4ngnt3; n=3) and resulting in undersatura-
air-sea Hg exchange fluxes simply bounded by the Liss andion (~81+12%) relative to atmospheric equilibrium.
Merlivat and Wanninkhof models in this study. The values Consequently, DEM evasion is indicated for summer

Atmos. Chem. Phys., 12, 7341/35Q 2012 www.atmos-chem-phys.net/12/7341/2012/
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Table 1. Statistical summary of GEM concentrations with environmental variables in the northern SCS obtained during the study period
from 2003 to 2005.

Cruise Period GEM Wind Vector Sea Surface Air  Sea Surface
(ngm3) Temp. €C) Temp. (C)
Average Median Range Daytithe Nighttime V. (ms1) Dir/Group$
OR1682 19/05-20/05/2003 2:20.2 (» = 20) 2.3 19-26 2401 20+£0.1 4.5 71 29.3:0.2 29.9+:0.1
OR1690 05/08-10/08 2603 @=41) 2.6 2.0-33 2803 24402 5.8 203/ 28.80.4 29.5+0.1
OR1696 03/10-07/10 4.8 0.6 (» =28) 4.1 27-54 4206 3.8+02 7.4 56/111 28.10.2 28.7+0.1
OR1705 14/12-20/12 6.F0.7 (» = 38) 6.8 54-76 6.206 6.7+05 12.2 4111 23.6:0.8 24.0£0.1
OR1711 10/03-18/03/2004 4:H0.5 (n =45) 3.9 26-52 4304 3704 5.8 53/11 24.3t0.5 23.4+:0.1
OR1717 03/05-08/05 3.80.6 (2 =40) 3.1 15-39 3%04 29+05 34 65/11-111 28.4+0.5 27.6+0.1
OR1726 03/08-08/08 38403 @ =17) 3.1 26-36 3203 28+01 4.3 127/ 28.#0.3 20.8+0.1
OR1736 05/11-11/11 3.40.6 2 =30) 3.8 29-48 4105 3.4+03 7.2 61/11 26.3t0.5 27.0£0.1
OR1743 20/01-24/01/2005 550.5 (@ =21) 5.7 5.1-6.8 5803 5.6+0.2 7.5 52/11 23.0£0.2 23.1+0.1
FR1S34 26/07-01/08 380.4 @ =24) 3.0 23-38 3303 27+02 6.0 165/1 29504 29.5+:0.1
OR1773 07/11-14/11 3.80.6 (» =18) 2.9 24-41 3605 28+04 7.6 50/11-111 26.5+£0.3 27.4£0.1
OR1780 23/12-30/12 540.5 @ =25) 5.1 42-59 5203 4902 9.7 50/11 23.2£0.5 24.4+0.1

1 Daytime denotes the time period from 6:01 am to 6:00 p.m.; Nighttime is from 6:01 p.m. to 6:00 a.m.
2 Dir./Groups denote wind direction and source region of air mass, respectively.

) and exhibit the same seasonal trends (Fig. 3). It is also im-
—e— Spring

8 T _e— Summer portant to note that while the diel variability in GEM may
—v— Autumn be explained by evasional losses of Hg from the SCS, the
71 |—— winter magnitude of diel variability attributable to evasion is not as

(<]
1

large as the seasonal difference, postulated to originate from
continental sources. This variability is discussed below.

3.2 Seasonal GEM changes related to Monsoon cycling

'S
1

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 under
! ' ' ' ' ' strong northeast monsoon with prevailing northeast wind
0 3 6 9 12 15 18 21 24 for December (5. 1.1,n = 2), January (5.6:0.5,n =1)
Time (hours) and presumably February. Lower GEM values occurred from
May (2.6+ 0.5, n = 2) to August (2.8 0.3, n = 2) under
Fig. 3. Seasonal changes in diel GEM cycle over the northern SCSnter-monsoon and summer monsoon. These data suggest
based on seasonal average concentrations for each hour. Each sg@Rgt the seasonal variation of GEM is related to the source of
son is the average of diel data from 3 cruises. GEM controlled by East Asian monsoons with the prevailing
northeast wind in winter and southwest in summer (Figs. 2c,
e and 4b, c). Further evidence is shown in Fig. 5a, b in the
(~60+10 (LM86) —1104+ 20 (W92)ngnt2d~1) and au-  form of rose diagrams for the relationship between the DEM
tumn (~80+ 20-160+ 40) but invasion of HY is implied  concentrations and wind speed governed by the monsoon cy-
for winter (-20+ 10 to —404+ 30; Fig. 4e). Assuming a ma- cling.
rine boundary layer thickness of 100 m, evasion of Hg from The GEM concentrations in spring, summer, autumn
the SCS contributed significant amounts of’Hg the atmo-  and winter averaged 3:80.9 (2 =3), 2.8+0.2 (2 =3),
sphere during the warmer months. For example, given sea3.8+ 0.3 (z = 3), and 5.2 0.2 (» = 3) ng nT 3, respectively
sonal averaged evasion fluxes of 20, 90, 120 n§dv! for (Fig. 4c). The concentrations in summer and late spring
spring, summer and autumn, respectively, the evasional con2.6+ 0.5,n = 2) averaged lower than those in early spring
tribution to the daily and seasonally averaged GEM concen{4.0+ 0.5,n = 1), autumn and winter. The seasonal differ-
trations were 0.3, 0.8 and 1 ng™h representing 9, 29 and ences were statistically significant & 0.001) and also sig-
26 % of the boundary layer mass of HHdt must be noted nificant (3 times greater) compared to the estimated daily
that 100 m is a relatively shallow boundary layer depth, andvariations in each season (Fig. S4 in the Supplement). Similar
therefore these contributions likely represent upper estimateseasonal variability was also reported at mid-latitude Cana-
of the impact of evasion on GEM over the SCS. However,dian and European coastal sites (Kellerhals et al., 2003; Kock
these values are of the same order as the diel cycling of GEMet al., 2005; Soerensen et al. 2010a, b). However, seasonal

w
1

GEM concentration (ng/m®)
(3, ]

N
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the formation of DEM (Xiao et al., 1999; Tseng et al., 2004;

32 Tseng and Lamborg, 2012). The observed high DEM con-
301 @ centrations in summer and autumn lead to elevated Hg eva-
L 284 [ 1 sion which mainly account for the GEM daily variation as
E 26 mentioned above (Fig. 4). Fossil fuel combustion for eco-
0 241 L nomic and industrial uses and domestic heating from Main-

22 ~ land China inland is, however, a mercury source which is

%2 T T T T greatest during the colder seasons (Wang et al., 2000; Wu et

(b) al., 2006). Thus, air masses with high Hg levels generated
—~ 127 T from China tend to be exported to the SCS during the cold
g 10 ~ T season as a result of the winter monsoon.
o 8- Regardless of season, GEM concentrations in the air of
S northern SCS tend to be much elevated compared to the
% ﬁ global background values (1.5-2.2 ng#h at the same lati-
47 T T T T tude (18 Nto 22 N) in the Pacific Ocean and Atlantic Ocean
—~ 64 (0 - (Fitzgerald, 1995; Lamborg et al., 2002; Temme et al., 2003).
‘e 54 Additionally, the GEM concentrations in the northern SCS
> 44 T T region are higher than those observed in the marginal seas
= 31 = such as the Mediterranean Sea (0.8-2.3 ng;nRirrone et
t f T al., 2003), the Baltic Sea (1.4-2.0 ngfUrba et al., 2000),
0 ] North Sea (1.2-2.0ngnf; Wangberg et al., 2007). How-

35 - - - - ever, the GEM results in spring and summer in SCS are
s 304 (d) iy comparable with observations made in the Northwest Pacific
€ 251 I Ocean between Japan and Hawaii collected between May
2 201 T and June 2002 (25 0.5ngnT3; Laurier et al., 2003) and
E 12 : L in the northern SCS in August 2007 (2:61.1 ng nT3; Fu et
Q 5 al., 2010). During spring, GEM results ranged from 1.5 to

0 . . . . 5.2ngnt3 (Table 1) were also similar to those observed in
x 200 — seas near Korea and Japan in 2001 (1.6-6.37g friedli
2 150 (€) "+ source I et al., 2004) and in 2004 (1.4—4.7 ng ) Jaffe et al, 2005).
_EN‘-o 100 T Furthermore, higher GEM concentrations were observed,
8 £ 50 - 1 similar to those in the East China Sea3-6.3ngnt°)
; g 0 and North Pacific Ocean<3—3.7 ng nt3), due to industrial
m 504 “rgink I plumes from China (Friedli et al., 2004). Overall, although
-100 I I I I the SCS is further south than the ECS, our GEM results show
Spring  Summer Autumn Winter the SCS i; indeed.impacteq by regional sources year round,
and especially during the winter.
Fig. 4. Summary of seasonal average data(f)rSST;(b) WS; (c) The concentration of GEM observed at SEATS was com-

GEM; (d) DEM and (e) air-sea H§ exchange flux (i.e., averaged parable to, or lower than, observations made at land-based
the values obtained from LM86 and W92) between 2003 and 2005sites in Mainland China. For example, near Hong Kong (Li et
at SEATS station in the SCS. Each seasonal bar has an average ofg3, 2011) and Shanghai (Friedli et al., 2011), the concentra-
cruises with an error ot 1 SD @ =3). tion of GEM peaked at 19 and 60 ngr) respectively dur-

ing the periods of study. These values are substantially higher

than we observed at SEATS. This suggests that while GEM
differences of the GEM observed over the northern SCS arevas often quite high at SEATS, it represents a reasonable
mostly explained by the sources of air masses related tanixing of highly impacted air masses with lower concentra-
monsoon cycle and the burning of fossil fuel instead of sea-tions from more rural and marine regions.
sonal oxidation processes (Kellerhals et al., 2003; Kock et Itis also interesting to note that the concentrations of GEM
al., 2005) and seasonal SST changes in the SCS. This pattemeasured at sea level and over the SCS in this study are
is observed in other trace gases as well, particularly thosgenerally two times higher than those observed at the high
like non-methane hydrocarbons and halocarbons that tracelevation Lulin monitoring station in Taiwan (Sheu et al.,
anthropogenic sources (e.g., Blake et al., 1997). The sea2010). Thus, while the Lulin data are important for under-
sonal GEM distribution is totally opposite to the pattern of standing regional impacts on the free troposphere over East
SST (Fig. 2b, e), indicating the GEM seasonality is not de-Asia, that dataset is clearly not relevant for understanding
termined by the seasonal SST changes which may contrahe depositional and air-sea exchange dynamics of the SCS
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Fig. 5. Rose diagrams df) averaged wind vector ar@) GEM values with wind direction between 2003 and 2005 over the northern SCS.

and indicates that for marginal seas close to large sources dfighly industrialized regions, and which were elevated in
Hg, the marine boundary layer appears decoupled in som&EM (Figs. 2e, 4c). The winter maxima of the GEM could

respects from that of the wider troposphere. be attributed to regional anthropogenic emissions from Main-
land China (Fig. S5). In early spring and autumn, the back-
3.3 Air trajectories with source implications ward trajectory analysis shows the surface air masses from

passed over northern China, Korea and Japan in a way sim-
ilar to those observed in winter (Fig. 1). Nevertheless, the

In order to more firmly attribute the variations in GEM con- !
centration to monsoon climatology, air mass backward tra-"0rthéast monsoon was weakening and the GEM concen-

jectory analysis was performed using the HYSPLIT mode| trations were I(_)wer than tho_se in winter. The lowest GEM
of NOAA (Draxler and Rolph, 2003). Three-day backward Was.observed In group I durlng.OR1—682 n May 2093 un-
air trajectories starting at the SEATS station of all cruisesde! inter-monsoon periods. During that cruise, the air mass
marked in spring, summer, autumn and winter with average®"ginated from the Western Pacific Ocean and then pass
GEM concentrations are given in Fig. 1. Briefly, GEM con- through Philippine Islands, and not from Mainland China as

centrations over the northern SCS are determined by sourc@? the other two spring cruises (Fig. 1). Thus, seasonal GEM
influencing with a pronounced dependence on the air mas§"anges over the northemn SCS are apparently determined by
movement pattern. In this study, Hg source regions can bdh€ origin of the air masses and the sources of Hg within
characterized by three major groups according to air masd10S€ regions, as governed by the East Asian monsoons. This
movement patterns. In group I, corresponding to the summelS IN @greement with previously observed and model results,
southwest monsoon, the back trajectories on 8 August 2003/nich highlighted the Hg distribution in surrounding regions
(OR1-696), 5 August 2004 (OR1-726) and 29 July 2005downwmd via Iong-ra_mge transpor.t senopsly_ impacted by
(FR1-34) all came from the northeastern Indian Ocean and@nthropogenic emissions from China (Friedli et al., 2004;
then passed over the Indochina (Fig. 1). The GEM concenaffe €t al, 2005; Strode et al., 2008; Obrist et al., 2008).
trations measured at SEATS from these trajectories tended tHiOWeVer, in comparison with atmospheric GEM levels pre-
be lower than the average in all measurements of the ScSSented here, Hg concentrations in the SCS were apparently
but significantly higher than the global background. The e|_undgrest|mated by modgl studies, likely due to l_Jnderesu-
evated summer GEM results (2.0-3.8 nginz = 82) indi- matlons' of anthro_pogenlc gnd natural Hg emissions from
cate the export of atmospheric Hg from the Indochina penin_East Asian countries, especially from China (Li et al., 20086,
sula (with concentrations about 2.0-4.0 nginNakagawa 2008).

and Hiromoto, 1997) although the air mass originally came

from Indian Ocean with presumably low Hg emissions. This

further suggests the influence of regional human-inducedt Conclusions

and biomass burning Hg emissions from Indochina peninsula

(Fig. S5). In group Il in winter, the backward trajectory anal- Our studies in SCS reveal the prominent role of GEM in the
yses show the air parcels of 17 December 2003 (OR1-705)ransport of Hg pollution to marginal seas of East Asia sur-
21 January 2005 (OR1-743) and 26 December 2005 (OR1rounding China. Through the development of a time-series
780) came from northeastern (i.e., Liaoning province), north-record, we have observed the elevated GEM (2-3 times
ern (i.e., Hebaei, Shanxi provinces) and eastern China (i.e higher than global background at the same latitude) of the re-
Shandong, Jiangsu, Shanghai, Zhejiang, Jiangxi provincesyion and its distinctive seasonal variation pattern principally
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associated with the export of the East Asian Hg emissions Pacific basin during PEM-West A and PEM-West B, J. Geophys.
by the monsoon cycling. The results show the higher GEM Res.-Atmos., 102, 28315-283310i:10.1029/97jd02538.997.

in autumn and winter with prevailing northeast wind from Draxler, R. R.and Rolph, G. D.: HYSPLIT (HYbrid Single-Particle
China (4-6ng m3, group I1) and lower in late spring and Lagrangian Intggrated Trajectory, NOAA Air Resources Lapora-
summer with southwest wind from Indochina (2—4 ngsm Lc;zl Szl(l)\geg Spring MD http://www.arl.noaa.gov/ready/hysplit4.
group 2 and east from ihe western Pacific cha_:ri!—( Duce, R. A,, Liss, P. S., Merrill, J. T., Atlas, E. L., Buat-Menard,
3ngm‘_ , group I1). Further, through backward air trajectory P. . Hicks, B. B., Miller, J. M., Prospero. J. M., Arimoto, R.,
analysis we demonstrateq thqt seasonal GEM ch.anges OVer Church, T. M., Ellis, W., Galloway, J. N., Hansen, L., Jickells,
the northern SCS were primarily caused by the origin of the 1 p_knap, A. H., Reinhardt, K. H., Schneider, B., Soudine,
air masses and the sources of Hg within those regions, as A, Tokos, J. J., Tsunogai, S., Wollast, R., and Zhou, M.: The
governed by the East Asian monsoons. The spring GEM con- atmospheric input of trace species to the world ocean, Global
centrations over the SCS are comparable to those observed in Biogeochem. Cy., 5, 193-259, 1991.

the temperate ocean regions surrounding Japan and Korea &itzgerald, W. F.: Is mercury increasing in the atmosphere? The
the same season (Laurier et al., 2003; Friedli et al., 2004; need for an atmospheric mercury network (AMNET), Water Air
Jaffe et al., 2005). However, there are no data reported in SOl Pollut., 80, 245-254, 1995.

cold seasons in the East Asian marginal seas. Further, thgitz9¢rald, W. F. and Clarkson, T. W. Mercury and
evidence points to continental sources and wind monsoon di- :gﬁnar:;tgwg:g;gt 9 grizzml 6a6ndlggjiure concerns, Envi-
reCtlon. as the. faf:tors (.jICta.tmg.S(aasonal @ﬁergnces In GElvlzitzgerald, W. F. and Giil, G A Subrylanogram determination of
and this confirming this with high resolution air/water Hg mercury by two-stage gold amalgamation applied to atmospheric
measurements should be the priority for future study. To have  5na1ysis, Anal. Chem., 51, 1714-1720, 1979.

a better understanding and quantification of the seasonalityitzgerald, W. F., Engstrom, D. R., Mason, R. P. and Nater, E. A.:
and long-range transportation of the GEM in seas surround- The case for atmospheric mercury contamination in remote ar-
ing China, more investigations through automated simultane- eas, Environ. Sci. Technol., 32, 1-7, 1998.

ously air-water measurements, are needed for all other seditzgerald, W. F., Engstrom, D. R., Lamborg, C. H., Tseng C.-M.,
sons of the year and for solving the issue of spatial and tem- and Balcom, P. H.: Modern and historic atmospheric mercury

poral variability to obtain a representative estimate fluxes in northern Alaska: Global sources and Arctic depletion,
Environ. Sci. Technol., 39, 557-568, 2005.
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