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Abstract. Atmospheric sulfur (S) deposition via precipi- tal “acid equivalents” deposition of S and N was estimated
tation, particles and gases was investigated at ten sites ito be 8.4 (range: 4.2-11.6) keqrHayr—1, which exceeds the
Northern China. Measurements were performed continu<ritical loads for natural ecosystems in Northern China. Tak-
ously between December 2007 and November 2010. The toing these findings and our previous studies together, a multi-
tal S deposition flux in the target area ranged from 35.0 topollutant perspective and joint mitigation strategies to abate
100.7 kg S hal yr~1, noticeably higher than the values doc- SO, and NH; simultaneously in the target area are recom-
umented in Europe, North America, and East Asia. The tenimended to protect natural ecosystems from excess acid de-
site, 3-yr average total S deposition was 64.8kgSlya1,  position.
with 68 % attributed to dry deposition (mainly $2and the
rest to wet deposition. Consequently, the spatial distribution
of the total flux was consistent to that of dry deposition, that
is, higher values were observed at industrial and urban sited Introduction
than at agricultural and rural sites. However, the seasonal
variation in the total S deposition was not obvious across théAcid deposition, originating largely from man-made emis-
entire year because of opposite seasonal trends in wet and dsjons of three gaseous pollutants, namely, sulfur dioxide
deposition. It was found that the wet deposition, without sig- (SG), nitrogen oxides (N¢) and ammonia (NB), is a
nificant spatial and interannual differences, was influencedylobal environmental issue because of its transboundary ef-
by the volume of precipitation, the air-column concentrationsfects on the biogeochemical cycles (Rodhe et al., 2002;
of S compounds and in-cloud scavenging. Similar to the wetFlechard et al., 2011). A particular concern involves acid
deposition, the dry-deposited sulfate was also less dependegeposition that exceeds the critical loads of an ecological
on the surface concentration. Nevertheless, the regional difsystem, which might cause long-term harmful effects with
ferences in S@dry deposition were mostly explained by the several deleterious consequences, such as the eutrophica-
ambient concentration, which is closely associated with lo-tion of coastal waters and acidification of lakes, streams and
cal emissions. As expected, the spatial pattern of total S desoils, which also reduce species diversity (Reuss et al., 1987,
position resembled that of the emission inventory, indicat-Sickles et al., 2009; Yang et al., 2012b). With acid deposi-
ing the dramatic anthropogenic imprints on the regional Stion posing a serious environmental hazard, decision makers
budget. Although at most of the study sites the “acid equiv-need to determine emission control strategies for effective
alents” deposition of S was comparable to that of nitrogenmitigation and the extent of emissions reduction that would
(N), the importance of S in the acidification risks was more promote ecosystem recovery from acid deposition (Driscoll
pronounced at the industrial sites. The ten-site, 3-yr mean toet al., 2001). To address these concerns, it is essential to
gain a quantitative knowledge of acid deposition through
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monitoring various acidic species such as>S8Ox and (EANET) and the Atmospheric Chemistry Monitoring Net-
NH3 as well as particulate and aqueous forms such as sulwork in Africa (IDAF). In China, systematic acid deposition
fate (Sd*), nitrate (NG;) and ammonium (Nljﬂ). monitoring across the country is absent. Monitoring of acid
In recent decades, East Asia has become one of the regiomain started in the 1980s, but only at a few stations, and suf-
most seriously affected by acid deposition, after Europe andered from improper device setup and incomplete data se-
North America, due to increasing emissions of acidic com-ries (Zhao et al., 1988). Under the current national monitor-
pounds of sulfur (S) and nitrogen (N) (Ayers et al., 2000; ing networks, only general urban air quality parameters and
Endo et al., 2010; Kuribayashi et al., 2012). China is amongrainwater pH are measured, whereas little effort has been in-
the most rapidly developing nations in East Asia and has oneested in determining the chemistry of the pollutants (Tang
of the highest N deposition levels in the world (Larssen etet al., 2010). Rapid advances have been made in recent years
al., 2006), with a major contribution from reduced N (§H in the investigation of the chemical constituents responsible
and a minor role of oxidized N (N (Larssen et al., 2011). for the variations in precipitation pH (Huang et al., 2008;
Under pressure from various environmental groups, the ChiSun et al., 2010; Tsai et al., 2011; Wai et al., 2005; Yang
nese government has implemented several different contraét al., 2012a), but most studies have been limited to a sin-
programs, including the adjustment of its energy structuregle site/year. Acid deposition can occur via the dry deposi-
(zZhao et al., 2009). Consequently, the increasing trend of antion of gases and particles and by wet deposition from rain,
nual SQ emissions has leveled off since 2006, after which asnow, clouds and fog (Flechard et al., 2011). Unlike precip-
declining trend has been observed (Lu et al., 2010). In conitation, atmospheric dry deposition of acidifying species has
trast, reactive N emissions due to intensive farming and live-been suggested to be an important process determining the
stock production (NH) as well as traffic and industry (NQ  species’ lifetime in the atmosphere and their incorporation
continue to rise (Liu et al., 2010). These changes in emis-into various ecosystems. Thus, data describing precipitation
sions may increase the extent of N deposition and therebghemistry are not sufficient to accurately assess the effects of
alter the acid deposition pattern in the future. This argumenfacid deposition; both the wet and dry deposition flux of S and
is partially supported by the fact that the ratio of equivalentN must be determined. Acid deposition is also spatially and
concentrations of Sb to NOj in precipitation have gradu- temporally variable (Larssen and Carmichael, 2000), high-
ally decreased from 5.4 to 1.7 in Beijing (Wang et al., 2012), lighting an urgent requirement to organize an up-to-date na-
and from 4.6 to 1.5 in Guangzhou (Fang et al., 2011) overtional deposition network across the country. Although some
the last three decades. If this trend continues, HMNOex- sites in Southern China have participated in the EANET, the
pected to play a more important role than3®, in deter-  coverage of this network is very sparse in Northern China.
mining the precipitation acidity in the coming decades. How- To date, limited measurements of N deposition have been
ever, the aforementioned ratios of larger than unity indicateperformed for Northern China (Shen et al., 2009), and field-
that the precipitation acidity in China is still primarily caused based data on S deposition, particularly dry deposition of the
by H,SO4 formed via the oxidation of SO(Wang et al., element, are even more scarce.
2012). Although the national SGmissions will be reduced Northern China is a densely populated and industrial-
by around 12 % from 2010 to 2020 if current policies are ized region with intensive agricultural activities. Associated
fully implemented, the areas exceeding the critical loads forwith the energy expenditure, economic boom and popula-
soil acidification caused by S deposition, occurring mainly tion growth over the past several decades, substantial emis-
in eastern and south-central China, will continue to comprisesions of acidic precursors have intensified the acid deposi-
greater than 20 % of the Chinese territory in the 2010s (Zhadion problem in the target area. For example, the precipi-
et al., 2009). Therefore, monitoring data on S deposition istation acidity in China remained steady or displayed a de-
necessary to evaluate whether the emissions reduction meareasing trend during the 1990s. After 2000, however, an in-
sures currently in place are sufficient for reducing soil acidi- creasing trend of precipitation acidity was observed at many
fication (Larssen et al., 2011). Furthermore, enhanced spatiaites in Northern China (Tang et al., 2010). Our recent studies
resolution of acid deposition patterns is a key requirementdentified that the acidity of precipitation in Northern China,
for the application of the critical loads approach to emissionsgenerated by b0, and HNG;, was primarily buffered by
control policies (Aherne and Farrell, 2002). However, long- CaCQ and NH; prior to deposition (Wang et al., 2012).
term data on acid deposition are currently not available on a'he neutralization of precipitation acidity by alkaline species
regional scale in China, although the importance of such datén the air, however, does not necessarily reduce the poten-
has been previously emphasized (Larssen et al., 2006). tial for the acidification of aquatic and terrestrial ecosystems
Acid deposition monitoring networks have been estab-(Galloway et al., 1984). Evidently, a solution of Ca€an
lished in many regions around the world, including the Eu- cause the short-term acidification of surface waters as a re-
ropean Monitoring and Evaluation Programme (EMEP), thesult of cation-exchange reactions in acid soils (Galloway et
US Clean Air Status and Trends Network (CASTNET), the al., 1987). Neutralization by Nilis also illusory because
Canadian Air and Precipitation Monitoring Network (CAP- the resulting Nlj[ ions contribute to the acidification of the
MoN), the East Asia Acid Deposition Monitoring Network soil and surface water through chemical processes in the soil
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(Driscoll et al., 2001; Larssen et al., 2006). ThereforexNH maps. Comparisons between the depositions and emissions
must be taken into account when quantifying the potentialare discussed in Sect. 3.4.1.
amount of total acid deposition. Additionally, the exact mode
and degree to which S and N contribute to the total acid depo2.2 Wet deposition measurements
sition remain largely unknown, although indications of high
deposition flux of N have been reported in a companion paDaily rainwater and event-based snow samples were col-
per (Pan et al., 2012). lected using an automatic wet-dry sampler and a clean plas-
In the present study, we complement the previous studyliC bucket, respectively. During the 3-yr observation period, a
by the additional estimation of the atmospheric depositiontotal of 1306 precipitation samples (including rainwater and
flux of S via precipitation (wet deposition) and as gases andsnow) were collected. All of the precipitation samples were
particles (dry deposition), through multi-year monitoring at stored, transported, filtered and analyzed following a previ-
ten selected sites. The objective of this study was to exploré@usly described procedure (Pan et al., 2010a). Of the total
the spatio-temporal variations of atmospheric wet and drynumber of precipitation samples, 15 % were discarded from
deposition of S and the causes of the observed patterns ithe final analysis due to low volumes:20 ml) that did not
Northern China. Combined with the N deposition, this datapermit a complete chemical analysis. The concentrations of
set provides insight into the total deposition of potential acid-SC; ~ in the filtrates of the remaining 1107 samples were de-
ity on a regional scale. The knowledge gained from this studytermined using an ion chromatography system (Model ICS-
will provide an up-to-date scientific basis for the validation 90, Dionex Corporation, Sunnyvale, CA, USA). The monthly
of emissions inventories and atmospheric chemistry modelswet deposition flux of S§ (wSC;~, kg 'S ha monttr?)
and for the crafting of control strategies to reduce emissiongvas calculated as the product of the volume-weighted mean
and ecological impacts in the target area. concentrations of Sb measured in the precipitation and the
volume of precipitation measured using a standard rain gauge
during the corresponding period. In addition to the discarded
samples, some light rain events were not sampled due to mal-

2 Materials and methods functions of the automatic rainfall sampler lid (Pan et al.,
2010a). These missed samples, with total depths accounting
2.1 Site descriptions for less than 6 % of the annual precipitation, did not result in

a significant underestimation QSO?[ in the study.
Continuous measurements were carried out during the pe-
riod from December 2007 to November 2010 at ten sites2-3 Particulate dry deposition measurements
using the uniform monitoring protocol. Based on their ur- _ i _
ban geographies, energy structures and ecosystem types, tR&y-deposited particles were collected monthly using a sur-
ten sites were classified into five categories: megacity site§09ate surface made of polyurethane foam (PUF) filter,
(Beijing-BJ and Tianjin-TJ), industrial sites (Baoding-BD, yvhlch was .placed in a glass bucket. The s.ampllng.and chem-
Tanggu-TG and Tangshan-TS), suburban sites (Yangfang-Yltcal analysis procedures have been detailed prewously _(Pan
and Cangzhou-CZ), agricultural sites (Luancheng-LC anget al, 201_0b; Pan et al., 2012) and are only briefly descrlb_ed
Yucheng-YC), and a rural mountainous site (Xinglong-XL). here. During a rain event, the glass bucket was covered with

Comprehensive descriptions of the stations can be found if{h€ lid of the automatic wet-dry collector. After the rainfall
Pan et al. (2012). ceased, the lid was lifted and rotated to cover the aperture

To interpret the geographical distributions of S deposi-that collected the rainwater. This feature of the automatic

tion, emission patterns of the precursor,36ust be known. sampl_er is usef_ul for si_multane_o_usly C(_)Il_ecting rainwater and
Recently, an Asian emissions inventory for the year 20064€Posited particles with negligible mixing of tge two. Af-
was developed, which includes a database for the study ard§" collection, the content of water-extractable;SOn the

(Fig. 1a) based on the INTEX-B (Intercontinental Chemical PUF filter was determined by the ion chromatography sys-
Transport Experiment) mission (Zhang et al., 2009). Here-{€M- The monthly dry deposition flux of particulate

after, we refer to this emissions inventory as the “INTEX-B." (,SC; ", kg S hal monttr?) was estimated by dividing the
Anthropogenic S@released to the atmosphere in INTEX-B mass of S@* deposited on the PUF filter by the surrogate
was estimated to be 248, 336 and 2281 Gg in Beijing, Tian-surface area and the corresponding sampling period. The sur-
jin and Hebei province, respectively, making Northern Chinarogate surface method used in the study is ineffective for the
one of the main “hot spots” of Semissions in Asia. Power capture of fine particles. Therefore, mof; measured here
plants and industry are the main sources obS€ntribut-  has the potential for underestimation and represents a rather
ing more than 70 % of the total emissions. Emissions of SO conservative estimation.

in the target region, aggregated into grids at a resolution of Note that dry deposition is a continuous process that hap-
0.5 x 0.5°, are shown in Fig. 1b combined with total S de- pens at all times. The process is faster when the surface is wet
position that is categorized into five grades and plotted on theor during wet periods (due to stronger turbulence and/or a
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(@) = Vg of SO, was simulated using the Models-3/Community
SN % Multiscale Air Quality (CMAQ v4.6) system (Byun and
7 Ching, 1999). Detailed descriptions of the computation of

V4 can be found in a previously published work (Pan et al.,
2012). The measured concentrations obS¢@re multiplied

by the averagé/y during the corresponding period to esti-
mate the monthly gaseous dry deposition flux 0bQE5 0,

kg S halmonth1). It is important to note that the inferen-

SO2 emission

20°N %gr(l)d_p;)ryr tial method is not ideal for determinings O, but is an alter-
Ve iy e native operational tool used in the absence of data measured

N 160 - 80 at the regional scale (Flechard et al., 2011). Although there

> 80 are uncertainties in th&y simulations (Pan et al., 2012), the

: - - - - - SO, flux was evaluated using the inferential method to ap-
70°E 80°E 90°E 100° E 130° E 140° E . . . .
®) — = proximate its contribution to the S budget and thus to the
oo ,,B’OXL I acid deposition, keeping in mind that this measure must be
won g™ L = 'gstaperr validated with micrometeorological measurements in future
__ QJS iamR.T %22:22 field studies.
o A O8D i% o ﬁ @ 25 statistics
N

38°30N - }& sozensaon To evaluate the total atmospheric S deposition fh8C),
I . —— Mjé =020 we compiled the flux data in terms of S from dry-deposited
. e ] T B particles, gas and precipitation chemistry measurements. The

%, = annualySQ;~, pSO;~, ¢SO and; SO (generally expressed
3TN % ove in units of kg S hal yr—1) were integrated from monthly flux

data sets.

114°0E 115°0'E 116°0'E 117°0'E 118°0'E 119°0'E

The total potential acidifying deposition flux (N plus
Fig. 1. Locations of the study aref@) and the sampling sitet) S, hereafter referred to as total acid deposition) is given
in Northern China with S@ emission distributions. The total sul- in mole of protons (H) ha! yr~1 (here converted
fur deposition data are means of 3-yr observations from Decembefq keq hal yr—l) by considering that one mole of total inor-
2007 to November 2010. The emission data 0p$@ from 2006 ganjc N (NH, + NOy) forms one mole H in the soil and that
(zZhang et al., 2009), with a resolution of 0.5 0.5°. The definition one mole oSOy ( SO27 + SOZ* SOp) results in two
of the site codes is found in Sect. 2.1. ot WGy *pSby  + g5bp) TES :

H™T. This calculation accounts for the soil microbial trans-
formation of NI-Q to NO3 with the release of H. The N

stickier surface compared to dry periods). This phenomenorfl€Position data are presented in (Pan et al. (2012).

is not reproduced in the design of any artificial collection de- A One-way analysis of variance (ANOVA) and nonpara-
vice (Wesely and Hicks, 2000). Therefore, the use of a depoMetric tests were performed to examine the significance of
sition plate resulted in the omission of dry deposition during differences in the annual flux of S for all ten sites over the
wet periods and in the underestimation of the total dry de-thrée years of the study. A linear regression analysis was used
position. However, this uncertainty is relatively unimportant {0 investigate the relationships between the deposition flux

in this study because the dry periods are long in Northerr@nd the concentration data or the volume of precipitation. All

China. statistical analyses were conducted using the software SPSS
11.5 (SPSS Inc., Chicago, IL, USA) and Origin 8.0 (Origin
2.4 Gaseous dry deposition estimation Lab Corporation, Northampton, MA, USA).

The inferential method, which combines the measured con: . .
) " 3 Results and discussion

centration and a modeled dry deposition velociky)( was

used to estimate the gaseous dry deposition flux (Schwedg 1 Dry deposition of SG

et al., 2011). The gaseous measurements of &@respond

to monthly integrated samples collected using passive dif3.1.1 Ambient concentrations andVy of SO,

fusing techniques (Analysts, CNR-Institute of Atmospheric

Pollution, Rome, Italy). The ambient $SQGconcentrations To provide a detailed interpretation of the variation of

were calculated based on the ﬁOIevels in the extracts ¢SO, ambient concentrations andy of SO, at the ten

of the diffusive samplers corrected by the local temperaturesites during the 3-yr study period are presented in Fig. 2.

and humidity conditions (Costabile et al., 2006). The hourly The annual mean concentrations of ;S@re in the range
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of 8.5-60.5ugSmd, in close agreement with values of
0.9-95 g Sm?3 that were recently measured across China
(Meng et al., 2010; Lin et al., 2012). However, the 10-site
average concentrations of $0bserved in the present study
(27.5 pg Sm?3) were 3 times that of the reported values at
one regional background Global Atmosphere Watch station
(<10 pg S n3) in Northern China (Meng et al., 2010). Even
at the rural site, XL, the 3-yr mean concentrations 0f,SO
(12.4 ug S m?3) were significantly higher than the values ob- 0
served at rural/background sites in China (Meng et al., 2010) 20 R ITf s YFSUCZ LCARYC =
and Japan (Endo et al., 2010), indicating thap $0llution 16 .
. . (b) [ Winter
in the target area is severe. ] Summer
Itis also worth noting that the annual mean concentrations
of SO, decreased considerably from 2008 to 2009 and 2010
at each site except at TG (Fig. 2a). A similar distinct decrease
of the column concentration of $SQvas observed by satel-
lite measurements over East China after 2007 (Zhang et al.,
2012). Such a declining trend of tropospheric,Srecent
years may be caused by the policy of the Chinese government

=
IN ) © o
S S =) S

T T T

: -3,
Concentrations of SO, (ug S m”)
N
o
T

12+

Sulfate in coarse particles (ug S m™)
@

-
=

directed toward the reduction of $@missions in 2006 (Lu BJ ) BD TS XL
etal., 2010; Lin et al., 2012). 250 M " RS

The mean monthlyVy of SO, simulated for the three (©)Winter . Spring . Summer . - Autumn
years ranged from 1.5-7.7 mm’s(Fig. 2d). These results 200¢ o

are comparable to those of a number of previous studies
(Brook et al., 1999; Endo et al., 2010; Feliciano et al., 2001;
Tsai et al., 2010). Th&y used here is within the reasonable
range and provides a detailed data set with enhanced seasonal
and spatial resolution for Northern China with respect to the
study of dry deposition.

150 -

100 -

50} |

Concentrations of gaseous SO, (ug S m?)

é

O L 1 1 L 1
Dec Jan Feb'Mar Apr May Jun Jul Aug'Sep Oct Nov

3.1.2 Spatial variations 0f4gSO, 25

(d)winter Spring Summer Autumn
——BJ
20F ——TJ

—=—BD

The mean annugSQ; at the ten sites during the 3-yr pe-
riod ranged from 16.0 to 55.2 kg Stayr—1 (Table 1). The
overall meanySQ; in this study reached 32.4 kg Stiayr—1,
which is much higher than the values modeled in South Ko-
rea (3.5kgShalyr—1) (Park and Lee, 2003), Japan (ap-
proximately 3.1kg S hal yr—1) (Endo et al., 2010) and the
values determined over a coniferous canopy in The Nether-

lands (4.3kgShatyr—1) using the aerodynamic gradient 0 Sec Jan Feb:Mar Apr May Jun Jul Aug Sep Oct Nov
technique (Wyers and Duyzer, 1997).

Given the influence of high concentrations of SO Fig. 2. Spatial variations of the concentrations and dry deposition
(Fig. 2a), it is not surprising that thgSO, at the indus-  velocities of SQ and sulfate in Northern China. The concentration
trial sites TJ and TS reached 48.8 and 55.2 kg*é-lya—l, data of S@ are monthly means during the 3-yr observations, with
respectively (Table 1). However, these values are muctihe error bars denoting standard deviatah The concentrations of

lower than the results from the farmland in Jiangxi, China Sulfate in coarse particles during the winter (from December 2009
(79.6kg S halyr—l), which is attributable to the influence © February 2010) and summer (from June to August 2010) at the

of SO, emissions from anthropogenic sources (Wang et aI__flve sites are derived from (Sun, 2011), with the error bars denot-

2003). In general, the monthly meg80;, was significantly ing standard deviatiotb). More sampling and analysis information

) ) . . as available in our previous paper (Pan et al., 2012). MC, IA, SU,
higher at TJ and TS than at other sites, with the exception O%IAVR and RS denote urban, industrial, suburban, agricultural and ru-

BD and LC (p>0.05). ral sites, respectively. Seasonal variations of the concentrgidns
As ShOWn in Table 1, the results demonstrated a relativelyand dry deposition Ve|ocitie6j) of SOZ shown are the month|y
high¢SO, at LC, BD, TG, CZ and YC, with values of 38.9, mean+ standard deviations of 3-yr observations (from December
37.8, 33.6, 28.9 and 27.3kg SHayr~1, respectively, and 2007 to November 2010). The definition of the site codes is found

no significantly different monthly mean values were found in Sect. 2.1.

——TG

Dry deposition velocity of SO, (mm s‘l)
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Table 1. Wet and dry deposition flux of sulfur (kg S fidyr—1) in Northern China.

Location Site Coordinates Wet Dry Total deposition
(Wet+ Dry)
Particle Gas
b BJ 39.96 N, 2154+ 3.7 9.3+ 3.3bc 19.5+5.48b.c 50.34+ 6.52P
rban 116.36 E
TJ 39.08 N, 155+ 5.8 19.54 2.55d 48.8+21.9%e 83.8+ 25.¢d
117.2PE
BD 38.85 N, 18.84 5.5 1524+ 3.6¢d  37.8+91bcde 717410 PcC
Industrial 115.50 E
TG 39.04 N, 24.74+ 2 R 13.1+6.48b¢  336+13.682bcd 7144 10.8C
117.72E
TS 39.60 N, 20.84 3.6 24.8+12.19 55.2420.% 100.7+9.¢¢
118.2C E
Suburb YF 40.1% N, 19.2+ 8.3 8.4+ 1. 18.245.18b 45,94 4,120
uburban 116.10E
cz 38.30 N, 22.94+8.12 9.6+£5.68b¢  2g9+5@bcC 61.4+7.62PcC
116.8PE
Agricultural LC 37.89 N, 17.9+ 6.5 13.4+3.2bc  3gg9+11.8de  70.1+17.8¢cd
gricultura 114,69 E
YC 36.85 N, 20.3+3.2 10.3+3.5bc  27.316.02PC 58.04+ 2.82bC
116.55 E
Rural XL 40.38 N, 1464+ 4R  4.44+17 16.0+2.62 35.0+5.12
117.57E
10-site average 19463.1 12.8£5.9 32.4+13.1 64.8+ 19.1

The sulfur deposition data are annual mearstandard deviation of 3-yr observations (from December 2007 to November 2010). Values within a column sharing the
same superscript letter are not significantly different (one-way ANOVA with Tukey’s H5D0.05). Definition of site codes is found in Sect. 2.1.

among the former four sitep (> 0.05). Although the con-
centrations of S@at LC and BD were considerably higher
than at TG and CZ, the reverse was true ¥gr resulting in
the comparable results gB0;, at these four sites. In addi-
tion, the monthly meagSQ; at BJ, YF and XL was notably
lower than at the other sitep £0.05), with mean annual val-
ues 0f19.5, 18.2 and 16.0 kg SHayr—1, respectively, which
corresponds to low concentrations of £@n general, the
spatial variations o§SGQ; illustrated higher flux at certain

inconsistent with the decreasing trend of Sénissions af-

ter the year 2006 due to the source-control measures imple-
mented in China (Lu et al., 2010). As the gas dry-deposition
flux is determined by both the concentrations afqdf the
target species, the flux estimates can be significantly differ-
ent because of the differences in the simuldtgdPan et al.,
2012). We believe that the concentration of S@ay serve

as a better index than the flux data for tracking the interan-
nual trends of emissions. As discussed above, it was observed

industrial and urban sites than at agricultural and rural sitesthat the SQ concentrations declined year to year in the target
This finding is not surprising because gas dry deposition isarea (Fig. 2a). In general, the 10-site average concentrations
mostly controlled by surface concentration, which is closely of SO, in 2009 reduced by approximately 18 % compared to

associated with local emissions (Balestrini et al., 2000).

3.1.3 Interannual variations of4SOp

The year-to-year variations in the annual avergg@, were
comparatively small at each site with the exception of BD,
Cz, TG, TJ and TS, which showed significantly lower val-
ues in 2010 than in 2009 or 2008 €0.05). This finding is

Atmos. Chem. Phys., 13, 1673688 2013

2008 and further declined by 36 % from 2009 to 2010, which
corresponds closely to the decreasing tendencies gt8P
umn concentrations in recent years (Zhang et al., 2012). Al-
though the differences among the three years are not signif-
icant at certain sitesp(> 0.05), it is important to note that
¢SO also tended to decline between 2008/2009 and 2010.
Overall, the 10-site averag®Q, in 2010 was 38 % and 45 %
lower than in 2008 and 2009, respectively. To check whether

www.atmos-chem-phys.net/13/1675/2013/
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the control measures are working as anticipated, in futurdive sites, thq,SOf“ was found to be lower in 2009 than in

work, the long-term trends of S deposition should be investi-2008 and 2010, indicating interannual Variation%g@flj
gated in the context of evaluating its impacts on ecosystems.

3.1.4 Seasonal variations ofSO; 3.2.2 Spatial variations of, SO} vs. SG~

concentrations in coarse particles
The monthly meagSQ; during the 3-yr period ranged from
0.4 t0 9.0 kg S ha! montir ! (Fig. 3a). Between March and The mean annuahSO;~ in Northern China was within
September, the seasonal variationg80; was not distinct  the range of 4.4-24.8kgShhyr~! with a mean of
at most of the sites, most likely because they primarily orig-12.8kg Shalyr~1 during the 3-yr period (Table 1).
inate from industrial emissions that have less of a seasonathis value is comparable to that from Jiangxi, China
cycle. In contrast, highgylSO; was found during winter and (6.7 kg S ha® yr—1) (Wang et al., 2003), and Chicago, IL, US
late autumn (November) at sites TS, TJ, LC, TG and BD.(3.7-14.6 kg S hal yr1), estimated using a dry-deposition
The notably highySO; in cold months suggests the impor- velocity model (Lestari et al., 2003). However, this value
tance of the source, which is related to the fact that extra coals much higher than th%soﬁ* modeled for South Ko-
is consumed for home heating. Seasonal variationSab rea (0.6kgShatyr-1) (Park and Lee, 2003), a conifer-
are consistent to the ambient concentrations of 8. 2¢).  ous canopy in The Netherlands (1.8 kg Shgar—1) deter-
In addition, the statistical results demonstrated a moderatelyyined using the aerodynamic gradient technique (Wyers
linear relationship between monthly flux and monthly con- 3nq puyzer, 1997), and values for Japan (approximately

centrations of S@ (0.41< r?<0.77,p <0.05) at most of 3 2kgShalyr-1) estimated using the inferential method
sites except for CZr# = 0.13) and YC (2 =0.19). These  (Endo et al., 2010).

results indicated that the seasonal variationg;®®, can The highest mean annugsofl‘ during the 3-yr period
mostly be explained by seasonal variations ohb30rface |45 found at site TS. with a value of 24.8 kg Shgr—1
concentrations. '

(Table 1), which is significantly higher than the other sites
with the exception of TJ and BDp(> 0.05). The second
highest result was observed at site TJ (19.5kgSka 1),
followed by BD, LC and TG, with values of 15.2, 13.4
and 13.1kg S hat yr—1, respectively. However, the monthly
mean,SC;~ at these sites was not significantly different

During the 3-yr observation campaign, the mean monthly(? > 0.05). The e_nhanceﬁsofl‘ at the industrial sites TS,
pSsz ranged from 0.1 to 5.1 kg S hAmonttr? (Fig. 3b). TJ and BD most likely resulted from the high levels of ambi-

At most of the sites, thsSOf[ was higher in the winter and ent sci— in the atmosphere of.the respective_cities, which is
the early spring than in the other seasons. A similar trendMOré pronounced in winter (Fig. 2b). T8O, was com-
has been observed at an urban location in India (Saxena &@rable for sites YC, CiZ, BJ and YF, namely, 10.3, 9.6,
al., 1997). Because the majority of the dry-deposite§ SO 9-3 and 8.4 kgShT:ilyrf , respectively. Thelannual mean
is associated with coarse particles (Lestari et al., 2003), theSC;~ was lowest at site XL (4.4kg S hdyr—?) as a result
seasonal variations ¢SO~ are expected to be correlated Of low concentrations of ambient go, especially in winter
with the ambient concentrations of %Din coarse particu- _(F|g. 2b). The monthly mean qux_at this site dlﬁgred signif-
late matter. This expectation is verified by our size-resolvedcantly from those at the other sitep£0.05), which most
compositional analyses determined for sites BJ, TJ, BD, Tdikely reflects the lower emissions in the rural areas.

and XL in 2009-2010 (Sun, 2011), which reveal that the con-  Similar to the spatial pattern of th&0,, the annual mean
centrations of S in the coarse particulate matter (larger pSC;~ was higher at the industrial and urban sites (e.g., TS
than 2.1 um) were higher in winter than in summer (Fig. 2b,and TJ) than at the suburban and rural sites (e.g., XL). This
except for XL). The maximum concentrations of $Oin spatial variation was in close agreement with the concentra-
winter coincide with the period of home heating in the targettions of SG~ observed at these sites in winter but not in
area. This pattern is more pronounced in the industrial andummer (Fig. 2b), indicating that the annySDﬁ‘ partially
urban areas with high population density and, therefore, hugelepends on the ambient concentration. Although LC is lo-
coal consumption, even at a relatively small spatial scalecated in an agricultural area, the influence of ar, p@me
(e.g., TJ, TS and BD). In contrast, during summer, whenemitted from the industry sources of Shijiazhuang city (the
the atmospheric SCemissions are much lower, efficient wet capital of Hebei province) might be the reason behind the
deposition further decreases $O'n the air, and therefore, relatively high annua,l,SOﬁ‘ that was observed at site LC.
pSOff is lower. In general, the mean montm@o‘?l— wasnot Comparedto TJ and TG, another megacity of BJ and its sub-
significantly different p > 0.05) between different years at Urban site YF had refatively lowSO; ", although the con-
most of the sites except for BD, BJ, CZ, TG and TS. In thesecentrations of S§T in summer were higher at the BJ site

3.2 Dry deposition of particulate SG;~

3.2.1 Temporal variations ofySOF~ vs. SG~
concentrations in coarse particles
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than that at TJ. From the above analysis, it is difficult to con-
clude that the surface concentration is the major variable de-
termining the spatial variations gSOAZ[. An intensive field
observation of the chemical composition of the size-resolved
particles alongside the dry deposition flux is underway. This
study will clarify how and to what extent the concentrations
can affect the dry deposition levels.

3.3 Wet deposition of SG-
3.3.1 Spatial variations ofySO3~

The mean annuaL,SOfl_ at the ten sites was relatively
high and varied from 14.6 to 24.7 kg Stlayr—1 with an
average of 19.6kgShayr—1 during the 3-yr study pe-
riod (Table 1). This result is comparable to the values
obtained for Jiangxi (17.2kgShayr-1) (Wang et al.,
2003) and four other Chinese subtropical forest catch-
ments (14.4-30.4 kg S hayr—1) (Larssen et al., 2011) but
is much higher than the modele}gsoff for Hong Kong
(9.6kgShalyr1) (Ayers and Yeung, 1996) and the val-
ues (3.8-11.2kg S hd yr—1) reported by CASTNET, EMEP
and EANET (Endo et al., 2010).

In the present study, the largest values were ob-
served at TG (24.7kgShayr1) followed by CZ
(22.9kg Shalyr-1). The,SC;~ was similar in BJ, TS and
YC, with high values of 21.5, 20.8 and 20.3 kg Shar—1,
respectively. At YF, BD and LC, th@SOﬁ‘ was moderately
large at 19.2, 18.8 and 17.9 kg SHar—1, respectively. The
relatively low flux occurred at TJ (15.5 kg Shayr—1), and
as expected, the 3-yr mean values were the lowest at XL
(14.6 kg Shalyr—1). However, the differences were not sig-
nificant (p > 0.05) among the sites or the different years, in-
dicating the absence of a geographic pattern in the spatial
distribution ofWSOfl_ in Northern China.

3.3.2 Factors affecting the spatial pattern of,\,SOf,r‘

With the aim of identifying potential factors that influence
the spatial pattern of wet depositions, we performed a statis-
tical analysis of the data from the 3-yr period following the
previous studies (Sakata et al., 2006). It was assumed that
if the scavenging ratiosi{) and the atmospheric concentra-
tions (C,) are constant in the study area, the wet deposition
flux (F) would increase in proportion to the amount of pre-
cipitation (P) according to the relationship given by

F = WCaP. 1)

The results illustrated a moderately linear relationship be-

Fig. 3. Seasonal variations of the atmospheric deposition flux oftween the annuaLSOZ‘ and the corresponding precipita-
sulfur at the ten selected sites in Northern China. The data showtion amounts 2 =0.23, p<0.05). However, only 23 % of
are the monthly meas: standard deviations of 3-yr observations the variance Of,\,802 was explained by the annual precipi-

(from December 2007 to November 2010). The definition of the tation (Fig. 4a), |mply|ng marked differences in the scaveng-
site codes is found in Sect. 2.1.

Atmos. Chem. Phys., 13, 1673688 2013
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__40 caused by the surface concentrations of, J® so};, as
s @) O SO, (y=8.90 +0.02x, * = 0.23, p < 0.05) demonstrated in Fig. 2a and b.
s | To avoid confusion, it is worth noting that the wet de-
o 30| o position amount includes contributions from both in-cloud
2 o @) scavenging (most of which might be from long-range trans-
o e) Q@O _O- port) and below-cloud scavenging (part of which might also
~‘_—; 20l o be from long-range transport) (Ichikawa and Fujita, 1995;
g O@ e® Q @ 9 Wiegand et al., 2011). Therefore, wet deposition at a given
s -5 - CQO site is expected to be influenced by a broader area than only
2 ol o local emissions. In addition to the precipitation amount, dif-
§ @) ) ferences in the column concentrations are likely to be the
b main causes of spatial variations @soﬁ—. This assump-
§ tion is partially supported by the fact that the concentrations
O 20 a0 0 80 of SO, increased with height in the atmospheric boundary
Precipitation (mm) layer and reached a maximum at 100 m or hig_her_ (M_eng et
40 al., 2008; Sun et al., 2009). Such a vertical distribution is
*’; (b) reasonable because S@ostly originates from the higher
< | (> 60m) stacks of the power plants and industrial buildings
& 30l O and not from near the ground. The vertical profile ohbS@s
o o e) most likely the main reason for the discrepancy between the
© Q OQ%) O O surface concentrations and wet depositions. From the above
% 2oL O @) analysis, we arrived at the major conclusion that wet depo-
2 oS O_. O QO o O sition has less dependence on local emissions because it de-
g O 8 O pends primarily on column concentration and in-cloud scav-
:§ ol o OO enging.
a O
% 3.3.3 Seasonal variations QLSOE‘
()
=
o . 0 15 The mean monthly, SO~ monitored for the three years

ranged from 0 to 6.1 kg S hamonth! (Fig. 3c). The sea-
sonal variations of,\,SOfl‘ showed similar trends at each

Fig. 4. Annual wet deposition flux of sulfur vs. precipitation amount Site, with a maximum in summer and minimum in winter.
(a) and scavenging ratios of SQb) at the ten selected sites in The wSCOF~ was high in June, July, August and Septem-
Northern China. ber, corresponding with the rainy season in Northern China.
In contrast, the minimum,SOi‘ that was obtained in the
winter months was attributable to a low level of precipi-
Northern China, which is similar to that of NH(Pan et al.,  tation. In general, a significant linear correlation between
2012). the monthly,,SO;~ and precipitation was observed at each
To further examine whether the scavenging ratios are thesje (0.52< r2 <0.93,p<0.001). Therefore, the precipitation

main factors influencing the a””uﬁSQZT the scavenging  amount is likely to be very important in explaining the sea-
ratios were calculated on a mass basis by the following relagg4) trend 0%504217 detected at a given site.

tionship:

Scavenging ratio of SO, (Cp/Ca)

3.4 Atmospheric total S deposition
W = Cp/Ca. )

. . . 3.4.1 Spatio—temporal variations 0§ SOy in
The concept of the scavenging ratios is based on the sim- Northern China
plified assumption that the concentrations ofﬁS(m pre-

cipitation (G) depend on the ambient concentrations 0bSO The mean annuaBOy estimated in this study ranged from
or SO As the data set of SP was not sufficient to per-  35.0to 100.7 kg S e yr—2 over the 3-yr sampling period at
form such an analysis, we only performed a scatter plot ofthe ten sites (Table 1). With the exception of BD, LC and TJ,
wSO;~ with the scavenging ratios of SQFig. 4b). There  the year-to-year variations in the annual averg&@ at the
was no clear relationship betwe@SOf( and the scaveng- sites were not significanp(> 0.05). Nevertheless, a declin-
ing ratio of SQ, implying that the scavenging ratio may not ing tendency was found for sites BD, BJ, LC and TS, whereas
be the main cause for the regional diﬁerencea,SOfl‘. In the interannual variations at the other sites were more am-
addition, there is also no evidence that the differences werdiguous. The discrepancy of interanny&y trends among
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the sites is reasonable because the year-to-year variations afe surrounded by large $S@missions sources. Therefore,
WSO‘Z[ andpsoﬁ‘ did not show any marked trend. As pre- SOy tends to increase in relation to human-induced, SO
sented in Fig. 3d, the monthly meaBQ; during the 3-yr  emissions, and a spatial pattern is identifiable here. Although
period ranged from 1.4 to 11.7 kg SHamonth 1. However,  the discrepancy between the emissions and depositions ob-
the seasonal trends at most sites did not significantly differserved at BJ and YC may be attributable to overestimations
indicating that SO, was constant throughout the entire year in the current gridded inventories of INTEX-B, low emis-
as a result of opposite seasonal trends of wet vs. dry depossions and high deposition at CZ and TG most likely indicate
tion of S at a given site. underestimations of SOemissions in the areas surrounding

The spatial variation ofSO; was in agreement with that these sites. In addition, differences in the spatial resolution
of gaseous and particulate dry deposition; the values at LCalso contribute to the inconsistencies between the emissions
BD, TG, CZ and YC were higher than those at BJ, YF andand depositions. To help policy-makers implement source-
XL and lower than those at TS and TJ. The overall meancontrol decisions, additional research is needed to validate
SO in Northern China was 64.8 kg Sthhyr—! during the  the emissions data presented here.
3-yr period, which was approximately 4 to 10 times that of
the values of 6.2, 6.2 and 17.6 kg SRar—! reported by ~ 3.4.2 Contribution of different pathways to ;SO
CASTNET, EMEP and EANET, respectively (Endo et al.,

2010). As most sites in these overseas networks were locatefimong the three deposition pathwayS0O, was the major

in less polluted areas, perhaps using the rural site XL as th€ontributor of SO, at most sites, and the contribution ranged
critical baseline for heavy S deposition would be more re-from 39% (BJ) to 58 % (TJ), with an average of 49 %. The
flective of the effects of human-induced emissions in the tar-deposition of S througgSO;, was greater than 50 % at TJ,
get area. Despite the above consideration,;8®, at XL BD, TS and LC, which is due in part to the proximity of the
(35.0kg Shalyr—1) was approximately 2 to 5 times that ob- Sites to high-emissions area,,§0‘2[ contributed 19-43 % of
served by the above-listed monitoring networks, indicating athetSCx, with a ten-site, 3-yr mean of 32 %, which was 17 %
high level of S deposition in Northern China as a result of lower than that 0§SO,. Notably, the contribution of, SO~
massive S@emissions. t0 SO exceeded that gfSO, at the BJ and YF sites, imply-

In addition, the total S deposition at XL was likely to have ing that precipitation was the largest contributor to the total
been underestimated because fog water is an important atm& deposition. Compared 80, andySC;, the proportion
spheric deposition process in mountainous forest areas budf pSOﬁ‘ t0 SO was relatively small, falling in the range of
was not measured in this study. However, the rate of S deposit3-25 %, with an average of 19 %. It is worth noting that the
tion via fog, wet and dry deposition in high-elevation forests contribution ofpSOf[ t0 SO exceeded that Q&SO?[ atthe
in the US (16.3kgSha yr-1) (Miller et al., 1993) and TJand TS sites, which reflects the intense perturbation of the
Japan (16.7-27.7 kg Shhyr—1) (Shimadera et al., 2012) atmospheric particulate %O by anthropogenic activities.
was also significantly lower than that of the present study. Fu- The measurements obtained in this study allowed us to
ture estimates from CMAQ simulations indicate that north- systematically evaluate the S deposition via different path-
central and eastern China are expected to receive the highestays in Northern China, whereas previous studies only fo-
S depositions resulting from a high density of energy con-cused on either the wet (Yang et al., 2012) or the dry depo-
sumption and emissions (Zhao et al., 2009). In addition tosition (Meng et al., 2010; Lin et al., 2012). Overall, the pre-
the present field-based data, the predicted spatial pattern afipitation, particulate and gas dry deposition accounted for
S deposition in China can be further confirmed by the fact32 %, 19 % and 49 %, respectively, of the total S deposition in
that the total airborne SQOnput into the farmland in Jiangxi, Northern China. The S deposition pattern was similar to that
China, is estimated to be 103kg Star—1 (Wang et al.,  of N, which showed the largest contribution of gas (50 %),
2003), which is greater than the results found for the agri-followed by precipitation (40 %) and particles (10 %) (Pan
cultural sites of LC and YC (70.1 and 58.0 kg Shgr—1, et al., 2012). However, the contribution of precipitation to
respectively) in this study. Therefore, the sufficiently high S the total S deposition was 8 % lower than that of N, whereas
deposition in vast areas in China suggests the need for an irthe contribution of the particulate dry deposition to the to-
tegrated assessment of the effects of excess S deposition tal S deposition was twice that of N. These differences most
different ecosystems. likely indicate that the particulate dry deposition played a

To address the above concerns and help policy-makersore important role in the S deposition than that of N. One
mitigate S deposition, the sources of S@ust be identi- study conducted in Southern China also demonstrated that
fied. An emissions inventory of SOmay support the hy- the largest input of atmospheric S into the farmland ecosys-
pothesis of significant influences of human activity on thetem was gas (77 %), followed by rainwater (17 %) and parti-
S deposition budget in the target area (Fig. 1b). On one handles (6 %) (Wang et al., 2003). The relatively high Sy
relatively lowSC, was observed at XL and YF as a result deposition and its role in the total S deposition most likely
of fewer anthropogenic emissions. On the other hand, relareflect heavy S@ pollution in China emitted from anthro-
tively high (SO was found at TS, TJ, BD and LC, which pogenic sources.
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15 panion paper into account (Pan et al., 2012), the total acid
E 2223 ZEE:XZ:ZQE g: iﬁ'r‘:;”en deposition ranged from 4.2 to 11.6 keqtigr—1, with a ten-
9 site mean of 8.4 keq ha yr—! (Fig. 5), which fall within the
range of 1.9-13 keqha yr—1 in the forested catchments in

i Southern China (Larssen et al., 2011). However, the acid de-

=
N
T

©
T

position in the study is approximately 10 times the results
in Malaysia (0.3-0.5 keq ha yr—1) (Ayers et al., 2000) and
4894 is also much higher than the earlier estimates from high-
elevation forests in the US (2.2 keqHar—1) (Miller et
- 4994 al., 1993) and the values (0.8-1.9keqhwr—1) reported
3k s od by CASTNET, EMEP and EANET (Endo et al., 2010). The
level of acid deposition in Northern China is sufficiently high
to suggest the need for an integrated assessment of the acidic
BJ TJ BD TG TS YE CZ LC YC XL deposition and its potential environmental consequences for
MC A su AR RS the region (Hao et al., 2001; Larssen et al., 2011; Yang et al.,
2012b; Zhao et al., 2009).
Fig. 5. Total “acid (_equiyalents” depos?tion of sulfur and nitrogenat  The atmospheric deposition of S has been of interest for
the ten selected sites in Northern China. The data shown are meaqﬁany years. However, the importance of N on acidification

OT 3yr Observat'on.s' MC, IA, SU, AR a.nd RS deno.te urban, Indus'risks is clearly demonstrated in our study if the acidification
trial, suburban, agricultural and rural sites, respectively. Percentage

in each bar represents the proportion of sulfur contribution to acideffeCt of N is combined with that of S. Asillustrated in Fig. 5,

equivalent deposition at the corresponding site. The definition of thethe Contributiqn of N.to acid deposition was higher than that
site codes is found in Sect. 2.1. of S at most sites, with the exception of TS, TJ, BD and XL.

The relatively high contribution of S to the total acid depo-
sition at these four sites highlights the fact that furthep SO
3.4.3 Acid deposition in Northern China and its abatement in the industrial regions is required, considering
implications the large S deposition in the rural areas of Northern China. It
should be noted that the contribution of S to the total acid de-
Wet deposition of S§ has been widely documented due to position was almost in the same range as that of N at most of
concerns about the impacts of this deposited compound othe sites (Fig. 5), with the exception of BJ, TG, YC and LC,
the acidity of the environment. In addition to precipitation, where NH deposition is high (Pan et al., 2012). Therefore,
dry-deposited S& and SQ also contribute to the acidifi- to mitigate acid deposition and alleviate its potential impacts
cation of ecosystems. Therefore, there is a necessity for then ecosystems, a multi-pollutant perspective and joint con-
quantification of total S deposition to develop the control trol strategies to abate $S@nd NH; simultaneously in the

strategies for atmospheric pollution. Specifically, the total Starget area are recommended (Zhao et al., 2009).
deposition in this study ranged from 2.2 to 6.3 keghgr—1,

with a ten-site mean of 4.1 keqhhyr—1 (Fig. 5), which is _
much higher than the critical loads2.0keqhalyr-1) for ~ 4 Conclusions

acidification in most areas of Northern China (Zhao et aI.,A b i twork has b izedtoi tigate th
2009). Because the critical loads are defined as indicators of nobservation network has been organizedto investigate the

ecosystem sensitivity, the total S deposition exceeding theSpat'al. _dlstnpunon gn_d te mporal variations of atmospherl_c
critical loads indicates that harmful ecological effects will dle p05|t(|jon via p:jecu()jltanor)t_ (weF d,\elpotiltlon)cﬁ_nd as palrt:
occur or may have already occurred (Larssen et al., 2011); €san hgases (dry deposition) in | or efrnh ina smceda ed
In addition, Northern China is currently receiving N deposi- 097' This paper presents an analysis o the measured an
tion at rates higher than the critical loads (Pan et al., 2012)'est|mated .total sulfur deposmon during a 3-yr pe.nod at ten
and modeling results predict that the region will likely re- selected sites, representing by f_a_\r the most detalle_d data set
ceive increased N deposition in the future (Zhao et al., 2009).prepared to trac_k the fic'd. deposition in Norther Chma: Such
Therefore, long-term impacts of N and its combined e1‘fects;:_51 dzta slet fpr this regionis neec:ed lf.o.r ecoshystem st?d:jgs and
with S in driving the acidification of terrestrial and aquatic or developing emissions control policies. The major findings
ecosystems are expected. are as follows.
With the aim of determining the contribution of acidifying 1. Both ¢SO, and psoﬁ— showed clear spatial variations,

species into the environment, the total deposition of the “acid  with higher values observed at industrial and urban sites
equivalents” of S and N was estimated by summing the wet  than at agricultural and rural sites. The anthropogenic

Acid equivalents deposition (keq ha™'yr™)
[}
T

and the particulate dry deposition flux of $ONO_, NO, imprints on the regional pattern ¢SO, are evident
and Nl-g and the estimated gas dry deposition flux of,SO because this measure is mostly determined by the sur-
NO2, NO and NH. Taking N deposition data from our com- face concentration, which closely associated with the
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local emissions. Nevertheless, the regional mismatchority should be given to strategies that ameliorate the effects
between the concentrations of $Oand pSOfl‘ indi- of SO, and NH; simultaneously.

cates that the surface concentration is unlikely to be

the major variable determining the spatial distributions
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