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Abstract. Emissions of reactive nitrogen (N) species can variations of magnitudes, pathways and species of deposited
affect surrounding ecosystems via atmospheric depositionN in the target areas, and are important not only to inform
However, few long-term and multi-site measurements haveconservation and regulatory bodies but also to initiate further
focused on both the wet and the dry deposition of individualdetailed studies. Uncertainties among current observations
N species in large areas of Northern China. Thus, the magniunderscore the need to quantify the impact of vegetation on
tude of atmospheric deposition of various N species in North-dry deposition and to refine the simulation of dry deposition
ern China remains uncertain. In this study, the wet and dry atvelocity.

mospheric deposition of different N species was investigated
during a three-year observation campaign at ten selected sites
in Northern China. The results indicate that N deposition
levels in Northern China were high with a ten-site, three-
year average of 60.6 kg Nhayr—1. The deposition levels
showed spatial and temporal variation in the range of 28.5—

100.4 kg N halyr-1. Of the annual total deposition, 40% During the 20th century, humans began to significantly af-
was deposited via precipitation, and the remaining 60 % wadect the global cycle of nitrogen (N) by fixinga\both de-
comprised of dry-deposited forms. Compared with gaseouéiberately for fertilizer production and inadvertently during

N species, particulate N species were not the major contribufossil fuel combustion (Vitousek et al., 1997). The global
tor of dry-deposited N; they contributed approximately 10 % rate of reactive N production increased from approximately
to the total flux. On an annual basis, oxidized species ac15 TgNyr in 1860 to 187 TgNyr* in 2005; more than
counted for 21 % of total N deposition, thereby implying that half of this recent total was deposited onto the ground (Gru-
other forms of gaseous N, such as §lidomprised a domi- Per and Galloway, 2008). Compared with biologically fixed_
nant portion of the total flux. The contribution of Jao N N produced on the continents, atmospherically deposited N is
deposition was enhanced in certain urban and industrial arPe@coming a proportionately larger source of N for terrestrial
eas, possibly due to the fossil fuse combustion. As expected@Nd aquatic ecosystems worldwide (Galloway et al., 1995).
the total N deposition in Northern China was significantly In recent decades, high rates of atmospheric N deposition
larger than the values reported by national scale monitorind?@ve been widely documented in Europe (Dise and Wright,
networks in Europe, North America and East Asia becausel992), North America (Fenn et al., 1998) and East Asia
of high rates of wet deposition and gaseoussNity deposi- (Endo etal., 2010). Although elevated N deposition can stim-
tion. Taken together, these findings show thagrhissions ulate plant growth in N-limited regions and cause substantial
should be abated to mitigate high N deposition and associCOz uptake in terrestrial ecosystems (Townsend et al., 1996),
ated potential impacts on ecosystems in Northern China. Théhere are concerns regarding the negative ecosystem health

present results improve our understanding of spatio-tempordMpPacts of excess atmospheric N deposition, such as a loss of
biodiversity, eutrophication, N saturation, soil acidification

1 Introduction
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and increased susceptibility to secondary stresses (Liu &n Northern China remain uncertain because of a paucity
al., 2010). of measurements and quantitative knowledg@ énd Tian,
Atmospheric N is deposited via precipitation (wet deposi- 2007; He et al., 2007). Previous studies of N deposition in
tion) and as gases and particles (dry deposition) (Clark andNorthern China have considered the wet deposition and the
Kremer, 2005). Therefore, it is important to quantify both dry deposition of N species separately (Shen et al., 2009;
the wet and the dry deposition of N; otherwise, an extrapola-Zhang et al., 2008a). Furthermore, the large-scale spatial
tion of the total N deposition flux could yield highly uncer- variability was not considered in previous studies, which
tain estimates of potential ecological impacts. Wet depositionassessed several locations in agricultural areas (Liu et al.,
is readily estimated by analyzing N species in precipitation2006). Although N species in gaseous, particulate and rain
(Barile and Lapointe, 2005; Park and Lee, 2002; Xie et al.,phases have been measured in various locations in North-
2008; Larssen et al., 2006). However, the dry deposition of Nern China, relatively few studies have primarily focused on
is often omitted from observation-based flux studies becaus@& deposition measurement (Meng et al., 2011; Zhang et al.,
of the difficulties inherent in directly quantifying the ambient 2007; Tang et al., 2005). Additionally, past work has mainly
concentrations and deposition velocities of highly reactive Nincluded short-term studies and has been limited to urban
gases and speciated particles (Pryor et al., 1999). Because dayeas. In the absence of long-term and multi-site measure-
deposition can substantially contribute to total N deposition,ments, the effects of increasing emissions on N deposition in
neglecting dry deposition will result in an underestimation vast regions of China cannot be determined. An assessment
of the total deposition of N onto surfaces (Hill et al., 2005). that extends beyond a period of three years would contribute
Alternatively, inferential modeling has been used extensivelyto a better understanding of regional atmospheric N deposi-
as an operational tool to compensate for the absence of medgion and help to identify effective strategies for mitigating N
sured dry deposition data at regional scales (Flechard et aldeposition in the future.
2011). With estimates of dry deposition and the use of mon- The objective of this study was to investigate spatio-
itoring networks in Europe (EMEP), North America (CAST- temporal variations in the total atmospheric N deposition flux
NET) and East Asia (EANET), the total deposition flux of N and thereby establish baseline information for future studies
at the national scale can be calculated. in various areas of Northern China. The atmospheric depo-
According to the long-term trends observed by these netsition of N species via particles, precipitation and gaseous
works, N deposition has leveled off or stabilized in the processes was examined over a three-year sampling period
US and Europe since the late 1980s or early 1990s beat ten selected sites with varying urban geographies, energy
cause of the implementation of stricter legislation to re- structures and ecosystem types.
duce emissions. In contrast, the concentrations of atmo-
spheric reactive N in East Asia have continued to increase ,
every year for the past three decades, mainly because ¢ Materials and methods
the increased emissions of N&@om combustion processes,
NH3 from agricultural production and particulate N from

human activities (Zheng et al., 2002). This increase is rerpq study was conducted between December 2007 and
flected in the recent finding that the total N' deposition ovember 2010 across Northern China, which is an area of
flux observed by EANET (10.6kgNhayr) is 1Iarger growing concern regarding the effects of increased N emis-
than those reporteci by EASTNET (5.3 kg Ny~ )_and sions on receiving terrestrial and aquatic ecosystems. The ten
EMEP (8.7kgNha“yr™) (Endo et al.,, 2010), and is SUP-  jtes were selected to provide regional information on N de-
ported by peak estimates of N deposition over Cientral Southyosition and thereby advance our current understanding of
China with maximum values of 6?'5 kg Nh%\yr" and an  he effects on different environments. The sites included the
average value of 12.9kgNhayr* (Lu and Tian, 2007). mega cities of Beijing (BJ) and Tianjin (TJ), the two sub-

If current policies in China are fully implemented, the na- .pon areas of Cangzhou (CZ) and Yangfang (YF), the three
tional emissions of N@and _NH; are estimated to increase ;,qustrial sites of Baoding (BD), Tanggu (TG) and Tang-
by 30% and 57 %, respectively, from 2005 to 2020 (Zhao,gpan (TS), the two agricultural areas of Luancheng (LC) and
Y. et al, 2099). Furthermore, increasing emissions of réaCyi,cheng (YC) and a rural site at Xinglong (XL). The gen-
tive N species are expected to cause increased levels of afyg) |ocation of each site is shown in Fig. 1. The longitudes
mospheric N deposition across most of China, and N depozanged from 114.69 to 118.20 E, and the latitudes ranged
sition is expected to increase by more than 40 % in certainom 36.85 N to 40.38 N. The annual mean precipitation

provinces of Central South and Eastern China (Zhao, Y. €{anged from 404 to 610 mm, and the air temperature from
al,, 2009). As one of the most rapidly developing regions ing g1, 13 4 C. The measurement height and other available

East Asia, Northern China is particularly susceptible to air;ntormation on the monitoring sites, such as the main land

pollution from increased emissions of reactive N species. o type, possible emissions and density of population, are
Despite this predicted increase in N deposition, the magyisted in detail in Table 1.

nitude and potential impacts of atmospheric N deposition

2.1 Site descriptions
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(@ 60°E 75E  90°E 105°E 120°E 135°E  150°E industrial and residential sources (Tang, 2010). A detailed
50°NF /7 Ji | X =g discussion of the emission inventory is underway and will be
T~/ \ published elsewhere in the near future.
Kazakhstan — ,,,,,,mr7;7””777777&; J <A
p : [ d 400
40°N |{ Mongolia g § 14N 2.2 Wet deposition measurements
ren . Daily rainwater and monthly particulate dry deposition sam-
30°N 1% ples were collected using a custom wet-dry automatic col-
lector (APS-2B, Xianglan Scientific Instruments Co., Ltd.,
o' N {o0° N Changsha, China). The wet-dry samplers were equipped with
a 707 cnd aperture and a 177 chglass bucket to sample wet
\ and particulate dry deposition, respectively. The precipita-
10°N : ~_10°N tion sensor opens the collection funnel of the cover device
[ L W [ Ses A o ‘ when rainfall begins, and rainwater flows from the funnel
90 E 105°E 20 E pr into a 151 plastic bottle. The funnel lid closes automatically
(b) M4 E  M5E  MEE  MTE  MEE  MOE when the precipitation ceases and the rainwater has evap-

7]
= 41°N

orated from the sensor surface. This feature of the collec-
tor is highly useful for simultaneously collecting samples of
rainwater and deposited particles with minor mixing of the
two. After sampling, the collection system is systematically
cleaned with distilled water. Snow samples were collected
using a clean plastic bucket with an inner diameter of 22 cm
39°N as soon as possible after the snowfall events. The top 3-5cm
of snow was collected and melted in a 500 ml glass beaker
at room temperature. In addition, another plastic bucket was
38N also used to collect snow samples synchronously, which were
used for measuring the water equivalent depths of snowfall.
The rainwater and melted snow samples were frozen in a re-

¢ ; Y i3
40° N EEZEMt. Taihang| g X 40° N
sy ) 2 "

Hebei Province

Shandong Province

o Qe ., "N frigerator at—20°C at each site immediately after collection
g . . it AN and were delivered in iceboxes to analytical laboratories in
M&E  MSE  MEE  MTPE  18°E  M°E the State Key Laboratory of Atmospheric Boundary Layer

_ _ S Physics and Atmospheric Chemistry (LAPC, in Beijing) by
Fig. 1. Locations of the study area and the sampling sites in North-routine monthly site-maintenance visits. Each sample was fil-
ern China. Of the ten selected sites, two mega city sites are 10tared with a syringe (Minisart SRP 25 of diameter 0.45 um
;gtg?y Il:: tr]?i782€:‘é”2;; égdl . 3)3\'/?6\;}61;;_5'?V(jOE)Sfﬁu(ibzsné'irt‘egg’km Sartorius, Germany), and 15 ml filtrates were then frozen and
southeast of Cangzhou city (CZ, 38239, 116.87 E) and at Yang- stored in plastic bottle.:s' untll chemlcal analysis. Though the

pre-treatment of precipitation (rainwater and snow) samples

fang (YF, 40.18N, 116.10 E), which is 40 km northwest of Bei- . ) . ;i .
jing city; three industrial city sites in the center of Baoding city @S been described in previous studies (Pan et al., 2010a), it

(BD, 38.85 N, 115.50 E), south of Tangshan city (TS, 39%R, is repeated here for the reader’s convenience.
118.20 E) and in the coastal Tanggu (TG, 39°0d, 117.72 E) The species and amounts of inorganic N (IN), including
area, which is 30km east of Tianjin city; two agricultural sites NHI, NO3 and NG, in the precipitation samples were de-
6 km southwest of Yucheng city (YC, 36.8hl, 116.55 E) and at  termined using an ion chromatography system (Model ICS-
Luancheng (LC, 37.89N, 114.69 E), which is 4km southeast of 90, Dionex Corporation, Sunnyvale, CA, USA) and the stan-
Shijiazhuang city; and one rural site at Xinglong (XL, 4038  dard laboratory procedure of LAPC (Wang et al., 2012). The
117.57 E) on Mt. Yan, with an elevation of 960 ma.s.l. detection limit (DL) of N for this instrument was 5 .
The average concentrations of the N species in the field
blanks were well below the DL, thereby indicating that no
In order to understand the geographical patterns of the obsignificant contamination of the rain samples occurred dur-
served N depositions, emission distributions of the precur-ing the sampling, handling, filtration or measurement steps.
sors have to be known. Emissions of N@nd NH; in the ~ The monthly wet deposition flux of INMN) was obtained
year 2008 have been aggregated into model grids at a redy multiplying the volume-weighted concentrations of IN in
olution of 9x 9kn? and are shown in Sect. 3.4.4 (Fig. 6). the precipitation and the amount of precipitation measured by
The NH; emission data include human and livestock excre-a standard rain gauge at each site during the corresponding
ment, agricultural applications and sewage treatment plantsperiod. Though unstable NDis readily converted to ND
whereas the NQdata consist of vehicles, power plants and and cannot be well kept prior to analysis, the concentration

www.atmos-chem-phys.net/12/6515/2012/ Atmos. Chem. Phys., 12, 65885 2012



6518 Y. P. Pan et al.: Wet and dry deposition of atmospheric nitrogen in Northern China

Table 1. Descriptions of the ten sampling sites in Northern China.

Measurement height (m)

Site  Coordinates  Classificatio and underlying surfaée Meteorological parametets Surrounding environmentand  Population derfsity
L) . . _
Rain Gases  Surface Rainfall Wind speed T RH Possible emission sourdes (persons krm2)
(mm) (ms? (°C) (%)

BJ 39.96 N, Urban 8 8 Roof 572 25 123 57 Densely occupied residences 5479
116.36 E and traffic roads

TJ 39.08 N, Urban 1.5 6 Lawn 544 25 12.7 62 Densely occupied residences, 24606
117.2PE industry and traffic roads

BD 38.8%N, Industrial 105 11 Roof 513 2.1 129 62 Densely occupied residences, 2871
11550 E traffic roads and industry

TG 39.04N, Industrial 15 2 Lawn 566 4.3 126 64 Light industry and traffic roads 865
117.72E

TS 39.60 N, Industrial 135 14 Roof 610 2.4 115 62 Densely occupied residences, 2648
118.20 E traffic roads and industry

YF 40.15 N, Suburban 1.5 2 Grass 404 2.5 8.8 47 Occupied residences 470
116.10 E and traffic roads

CZ 38.30N, Suburban 55 6 Roof 605 3 129 61 Small villages and highways 2314
116.87PE

LC 37.82N, Agricultural 15 2 Lawn 517 1.8 134 62 Small villages and cropland 958
114,69 E

YC 36.8%N, Agricultural 15 1.5 Lawn 566 2.3 13.2 63 Small villages and cropland 521
116.55 E

XL  40.38° N, Rural 1.5 8 Grass 512 1.1 9.1 55 Forest and few villages 98
117.5PE

@ The automatic wet-dry collector (height, 1.5m) was installed on the ground if the underlying surface of the site was grass or lawn. When the underlying surface was bared
soil or concrete road, it was installed on the roof of a building available at the station to avoid local emissions such as re-suspended patrticles. Therefore, the rainfall was
collected at the height of 1.5-13.5 m above the ground. The passive sampler to measure the ambient concentrations of gaseous N species was installed at a similar height to or
0.5m higher than that of the automatic wet-dry collector at most of the sites, whereas at the XL and TJ sites, the passive sampler was installed on the rooftop and the tower
with a measurement height of 8 m and 6 m above the ground, respectively.

b There were no mean annual meteorological data for the ten monitoring sites; the surface climate parameters presented (1971-2000) were obtained from the nearest
meteorological observation stations available on the China Meteorological Data Sharing Services Systemhitpbisitic(cma.gov.ch/

€ The main soil type in the North China Plain is silty loam alluvial soil (FAO system) with an average bulk density of 1-5 giime dominant cropping system in the region

is a winter wheat-summer maize rotation system (two crops a year). Farmers typically apply about 500 kghas N fertilizer in March—April, June—August and

October to achieve high yields of maize and wheat. During the observation period, the annual N fertilizer input at the YC site was ca. 500, 280 andS‘Zerké hhha

2008, 2009 and 2010 (Z. Ouyang, personal communication, 2012), whereas that at the LC site was ca. 610, 460 and 56@kgNin2008, 2009 and 2010 (Y. Cheng,

personal communication, 2012), respectively.

d The population density was estimated by dividing population by area of the town/district/county in which the monitoring site is located. Population data were retrieved from
the fifth census of China in 2000 and can be accessed ohiitge/(www.stats.gov.cn

of NO, was determined here to investigate the N pool inin iceboxes to LAPC by routine monthly site-maintenance
precipitation and dry-deposited particles. The results showedisits. In analytical laboratories, the PUF filters were condi-
that NG, is an insignificant fraction of the atmospheric N tioned in a dry box at 40 % relative humidity and 5 for

budget. 24 h to measure the pre- and post-sampling weights and to
determine the mass collected on the filters. The monthly dry
2.3 Particulate dry deposition measurements deposition flux of particulate matter was calculated by divid-

ing the mass by the surrogate surface area during the sam-

Although the amount of wet deposition can be determinedpling period. To determine the content of extractable IN in
directly from precipitation samples, dry deposition measure-the deposited particles, the PUF filters were cut into ten to
ments are much more challenging (Wesely and Hicks, 2000)twenty equal portions. The water-soluble species were then
In this study, a polyurethane foam (PUF) filter (7.5 cm diam- extracted from three duplicate portions by adding 50 ml of
eter and 1.35 cm thickness with a density of 0.021g¥m  Ultrapure water, ultrasonicating for 30-60 min and filtering
used as a surrogate surface, was placed in the glass buckérough a 0.45um membrane. lon chromatography was ei-
(7.5cm inner diameter and 30 cm depth) to collect the dry-ther performed immediately or the sample was stored in a re-
deposited airborne particles for chemical analysis (Pan et alfrigerator at #C until the analysis. The results from the trip-
2010b). During a rain event, the glass bucket for collectinglicate samples were averaged after subtraction of the blank
the dry deposition was covered with a lid. After the precipi- and were used to estimate the particulate dry deposition flux
tation ceased, the lid was lifted and rotated to cover the aperof IN (pIN). The field blanks did not significantly influence
ture that collected the rainwater; this simultaneously openedhe observed data.
the glass bucket to collect dry-deposited particles.

After collection, the PUF filters were sealed in aluminum
foil and frozen in a refrigerator at each site until delivery

Atmos. Chem. Phys., 12, 6515535 2012 www.atmos-chem-phys.net/12/6515/2012/
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2.4 Gaseous dry deposition measurements applied in the present study due to the lack of input parame-
ters. Since the principle of bi-directional Niéxchange was

The inferential technique, which combines measured connot involved in the present study, the flux calculated here rep-
centrations and modeled dry deposition velocitigg(was  resents a rather non-conservative N deposition estimate (up-
used to estimate the gaseous dry deposition flux of N specieger boundary). The overestimation may be significant over
(Schwede et al., 2011). The ambient NONOx and NHs  managed agricultural ecosystems, because the canopy com-
concentrations were estimated according to the;Nidd  pensation point is generally larger over agricultural crops and
NHj,rr levels measured in the extracts of diffusive samplersfertilized vegetation (Zhang et al., 2010; Marner and Harri-
(Analyst, CNR-Institute of Atmospheric Pollution, Roma, son, 2004). Therefore, the effects of the stomatal compen-
Italy) by considering the local temperature and humidity con-sation point on NH deposition in agricultural sites due to
ditions of the site, in accordance with the Analyst practi- the counterbalance between deposition and emission are dis-
cal guide (Perrino and Catrambone, 2004; Costabile et al.cussed in Sect. 3.5.4.
2006). Because the N@nd NQ, samplers were exposed si-
multaneously over a period of a month, monthly concentra-2.5 Statistics
tion of NO could be calculated as the difference between the
two values. Previous comparisons between passive samplefs one-way analysis of variance (ANOVA) and nonparamet-
and in situ continuous active analyzers for these reactive Nic tests were conducted to examine the significance of differ-
species indicated that the Analyst passive sampler is reliablences in the annual wet and dry deposition flux of N species
for such a study (Wu et al., 2010). for all ten sites over the three years of the study. A paired

The hourly Vg4 of gaseous NO, N@and NH; were simu-  T-test was not applied in this study, because the atmospheric
lated using the Models-3/Community Multiscale Air Quality deposition flux of N species was not always normally dis-
(CMAQ v4.6) system (Byun and Ching, 1999). This model tributed, neither among the ten sites nor in different seasons.
has proven to be suitable for regional and urban atmospherié linear regression analysis was used to investigate relation-
pollution and deposition simulations in China (Zhao, Y. et ships between precipitation and the wet deposition of IN
al., 2009). The driving meteorological inputs were provided or relationships between measured species (e.&, S©.
by the fifth-generation NCAR/Penn State Mesoscale ModelNO3). All statistical analyses were performed using the soft-
(MM5 v3.7). The monthly-averagey of NO2, NO and NH ware Origin 8.0 (Origin Lab Corporation, Northampton, MA,
were multiplied with their ambient concentrations measuredUSA) and SPSS 11.5 (SPSS Inc., Chicago, IL, USA).
by passive samplers during the corresponding period to ob-
tain the gaseous dry deposition flux of INN).

The defaultVy implemented by CMAQ v4.6 in its second 3 Results and discussion
dry deposition scheme (M3Dry) is parameterized following
the well-known resistance approach (Wesely, 1989). Thre3.1 Wet deposition flux of N species
resistances are considered in this theory: aerodynamic re-
sistance Ra), quasi-laminar resistanc&®y), and surface or 3.1.1 Spatial variations ofwIN

canopy resistancer{), among which theR. is the most dif- _ _ _
ficult one to simulate (Zhang et al., 2008b). Thgis ex-  1he mean annuglIN at the ten sites during the period from

pressed as 2008 to 2010 ranged from 16.3 to 28.2kg N'hgr—*, with
i 63 % to 78 % in the reduced NHform (Fig. 2a). The con-
Va= (Ra+ Rp+ Re) ™ (1) tribution of NG5 to theyIN (21-36 %) was less than that

V4 here was taken from a height of 38 m above ground, whichof NH; , whereas NG played a minor or insignificant role.
is the center of the lowest layer in the CMAQ model. Al- The wet deposition flux of N§i (wNH;) was, on average,
though V4 is calculated not according to the measurement2.7-times greater than that of NO(wNO3). This differ-
height at each site, it results in insignificant errors in flux es-ence was more pronounced in the agricultural sites (LC and
timates, because the differencesigfbetween 10 and 50m YC), thereby indicating thax,NH;{ had a greater contribu-
were estimated in previous reports to be only a few percention toIN in agricultural areas than in urban and industrial
under neutral and unstable atmospheric conditions (Zhang edreas. The estimate@N varied among the sites; the high-
al., 2005). On the other hand, during the night when the conest values occurred at the TG site (28.2 kg Nhar—1) fol-
ditions are stablely was much lower due to the limited ver- lowed by the BJ and YC sites (27.9 and 24.8 kg Nhar—1).
tical dispersion of pollutants (Zhou et al., 2010). The wIN results were similar for the BD, CZ, LC, TS, YF
Different from most gases that are consistently depositedand TJ sites, with values of 23.1, 22.6, 22.2, 21.6, 20.7 and
the surface—atmosphere exchange ofsN#ibi-directional,  18.1kgNhalyr—1, respectively. As expected, the lowest
but in CMAQ v4.6 it is treated as dry deposition only (Byun flux was observed at the rural XL site, with a three-year mean
and Ching, 1999). Bi-directional exchange of Nitas de-  value of 16.3kgNhalyr—1, 10-42% lower than that of
veloped in the latest version of CMAQ v5.0, but cannot be the other sites. However, the differences were not significant
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Fig. 2. Atmospheric deposition flux of nitrogen species at the ten selected sites in Northern China. The data shown are means of three-year
observations, with the error bars denoting standard deviation. MC, 1A, SU, AR and RS denote urban, industrial, suburban, agricultural and
rural sites, respectively. The definition of the site codes is found in the caption of Fig. 1. The molar ratio§m®Nl®3? in precipitation

(a) and dry-deposited particléb) were calculated using flux data, whereas the molar ratio of gaseoygddNNO, was calculated using
concentration datéc). The concentrations of N}l and NG in coarse particles with a diameter larger than 2.1(gjrare derived from our

previous size-resolved compositional analysis performed for particles between 0.1 and 100 pm diameter over bi-weekly intervals during the
winter (from December 2009 to February 2010) and summer (from June to August 2010) at the five sites simultaneously (Sun, 2011). The
daily aerosol samples were collected on Teflon filters with an 81 mm diameter using a nine-stage cascade impactor (Anderson Series 20-800
USA) at a flow rate of 28.3 1 mint. Therefore, in total, during the period of study, 12 sampling campaigns were carried out at each site. The
pre-treatment and analysis of the samples were similar to the PUF filters described in Sect. 2.3.

(p > 0.05) between the sites or the different years, thus indi-(June to August) were, on average, 10.7 and 3.5kgNha
cating the absence of a geographic trend in the spatial distrirespectively, for the ten sites during the three-year period;

bution of wet deposition. WNHI and wNO; accounted for 66% and 57 % of the
annualIN, respectively. Correspondingly, the study area
3.1.2 Seasonal variations qfIN received 364 mm of rain during the summer, accounting for

66 % of the total annual precipitation. On the other hand,
The mean monthly wet deposition flux of N species the minimumyIN level that occurred in the winter season
monitored for the three years ranged from O to was attributable to a decrease in precipitation. In general, a
12.4kgNhalmonth® for NHI and from O to positive relationship between the monthly deposition of N
3.9kgNhalmonttt for NO; (Fig. 3a, b). The sea- species (Nlj‘ and NG;) and precipitation was observed at
sonal variations of these two N species were similar at eacteach site (57 < r2 < 0.88, p < 0.001), thereby indicating
site: they were higher during the summer than in the springthat the rainfall amount was an important controlling
autumn or winter, which corresponded with the seasonainfluence on the seasonal trends of N wet deposition.
distribution of precipitation levels in Northern China. For  The above-mentioned positive relationship is similar to
example, the tota,{,NHj andwNO;3 throughout the summer that observed between dissolved organic carbon and the
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Fig. 3. Seasonal variations of the atmospheric deposition flux of nitrogen species at the ten selected sites in Northern China. The data shown
are the monthly meat standard deviations of three-year observations (from December 2007 to November 2010). The definition of the site
codes is found in the caption of Fig. 1.

amount of precipitation in the target areas (Pan et al., 2010a)3.1.3  Effects of the precipitation amount on annualyIN
Previous studies have also reported consistent precipitation

effects on the wet deposition of N and other soluble specieg-actors influencing the regional variations of annual wet de-
(Zhao, X. et al., 2009; Zhang et al., 2008a; Guo et al., 2008) position were investigated on the basis of the scavenging
thus suggesting that the amount of rainfall influences theratios following previous studies (Sakata et al., 2006). The
seasonal trends of wet deposition at a given site. Howeverconcept of the scavenging ratio is based on the simplified
the wet deposition of N species in June through Septembe@ssumption that the concentration of a component in precip-
fluctuated dramatically between the sites (Fig. 3a, b), andtation (Cp) is related to the concentration of the respective
differences between the precipitation and deposition trend§ompound in the air@a). Thus, the scavenging ratio can be
were observed (Fig. 4a). These monthly fluctuations could bealculated on a mass basis

partially explained by the variable amounts of precipitation.

However, differences in the precursor atmospheric concen? = Cp/ Ca @)
trations of N species are also contributing factors.
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When the precipitation amount is expressedPaghe wet 400 .
deposition flux of the constituents'} depends o, Ca and o [ Spring Summer Autumn
P by e BJ
300 —»—TJ
F =WC4P. 3) E - — = BD
‘é 250F —«— TG
Therefore, if the scavenging ratio and atmospheric concen-g ,, [ —* TS
trations are constant in the region, the wet deposition flux § I :é’;
increases in proportion to the precipitation amount. How- & 150 LG
ever, for the sites with higher concentrations of pollutants, e vC
the wet deposition flux was greater than expected from the | e XL
amount of precipitation based on the above premise (i.e., 50 |- P N\
W Ca=constant). This allows us to evaluate the degree in- P s | R ==

. . . . . 0 = - = n n n
flueqced py anthropogenic emissions at each site, using the Dec Jan Feb'Mar Apr May'Jun Jul Aug:Sep Oct Nov
relationship between the wet deposition of N species and the

precipitation amount. 0 M) NO,+NR. (/=10.5+0.022x, =035, p<0.0001)
The statistical analysis of data from the three-year period~ | % NH," (y=5.90+0.019%, 1°=0.44, p<0.0001)
revealed a positive relationship between the angidj par- } o NO, (y=4.59+0.003x, =0.052, p>0.05)
ticularly between th@VNHj{ and the corresponding precip- £ 3o} o g ° R
itation amounts £ < 0.001) (Fig. 4b). However, only 35% 5 00 oL,
and 44 % of the variance of th@N (- =0.35) andyNH; 3 e v % .
(r% = 0.44), respectively, were explained by the amount of § 20| R o ﬁ% y - %
precipitation. The results suggest marked differences in thez% el '% ' %%%’% *
scavenging ratio and the atmospheric concentrations of N5 | T % o L
compounds across Northern China. Specifically, jhgH; s ol _ =7 . *
values at the BJ, LC and TS sites in certain years tended tog - AR I\
be much higher than those expected from the precipitation§ - R : ’.?;_‘—&——v’—"
amount, thereby indicating a large contribution of anthro- 2 L . . . . . .
pogenic emissions. However, the relatively IgitH values % 20 400 600 800 1000
at the XL site compared with those expected from the pre- Precipitation (mm)

cipitation amount may be due to the lower number of anthro-

pogenic sources in the rural areas. In contrast to the trendBig. 4. Seasonal variations of precipitation at the ten selected sites
of wIN andWNHI, the annual,NO; values were not sig- (a)and the a_nnual precipitation agains_»t \_Net_deposition of nitrogen in
nificantly correlated with the precipitation amount (Fig. 4b), Northern Chindb). The seasonal precipitation data are the monthly

likely because the annuaNO; values were strongly depen- meant standard deviations of three-year observations (from De-
dent on local anthropogenicssources cember 2007 to November 2010). The definition of the site codes

is found in the caption of Fig. 1.

3.1.4 Source information of N species in precipitation

To obtain additional source information on the wet deposi-and its suburban YF site (May and June) had high values rel-
tion at the local scale, the molar ratio of Ijﬂ‘NOg was  ative to most sites (Fig. 3b). This result further reflects the
calculated and is presented in Fig. 2a. The molar ratio ofeffects of NQ emissions from industry and transportation
NHj{/NOg varied between 1.8 (YF) and 3.3 (LC), and the in urban areas. However, when compared with values at the
average was 2.7. The results indicate thatsNkdm agri- other sites, thq,NHjlr andywNOj3 values were especially el-
culture and human and animal excrement remains the majoevated in June at the TG site, which was likely the result of
contributor to wet N deposition in the target areas, comparedocal anthropogenic sources.

with the NG; from fossil fuel combustion in industry and

transportation (Fahey et al., 1999). This fact was more pro3.1.5 Anthropogenic influence on NQ in precipitation
nounced at the agricultural sites, YC and LC, than at certain

industrial and urban sites such as BD, TJ and TS. HoweverJ0 determine the sources of NCn precipitation, we per-

for the wet N deposition, the contribution from iJQvas rel-  formed a preliminary inspection of scatter plots of N@s.
atively more important at the BJ, XL and YF sites, consider- SG;~, which are major contributors to precipitation acidity
ing that the ratio of NEf/NOj at these sites was much lower (Wang et al., 2012). The results revealed that their relation-
than the values at the other sites. Of note is {iND; in cer- ships were reasonably explained by linear models at each site
tain months at the mega city BJ site (April, June—Septemberf0.56 < r2 < 0.94, p < 0.001), indicating some similarities
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in the sources and sinks of these species (Arimoto et al.was negligible (less than 11 % giN). NHI was the primary
1996). This can be due to the fact that in China a large part obpecies at most of the sites with the exception of BJ, TJ, TS
NO3 comes from coal combustion, which is the major sourceand YF (Fig. 2b).

of so}; (zhang, Q. et al., 2009). However, the sources for

atmospheric N@ are considerably more diverse thanﬁo 3.2.2 Seasonal variations ofIN
especially in urban areas where the contribution from vehi-

cle emission cannot be ignored (Huebert et al., 1988). FO'During the three-year period, the monthly mean dry
lowing previous studies (Huebert et al., 1988; Arimoto et deposition flux of particulate N species ranged from
al., 1996; Yao et al., 2002), the mass ratio of N@ so}; 0 to 1.1kgNhalmont? for NH;1r and from O to
(NOg/SOfl‘) was used as an indicator to investigate the rel-1.8 kg N hal month for NO3 (Fig. 3c, d). For most sites,
ative importance of stationary vs. mobile sources of sulfurine particulate dry deposition flux of '\I{H(pNHI) Was

(S) and N in wet deposition, and two interesting results werenigher in the winter than in the other seasons, which corre-
found. One was that the annual §I(30;~ ratio was lower sponded to the period of dry season with lower precipitation
than 1 among all of the sites, revealing that stationary source, the target areas. Th\H; was lower in August than in
emissions are still the important contributor to these com-ihe other months, probably as a result of efficient wet depo-
pounds i_n precipitation in Northern China (Yao et al., 2002). gjtion. Compared Wit@NHZ, the particulate dry deposition
Of.note IS also the fact that the average a””“a‘;mft flux of NO3 (pNO3) showed a different seasonal variation
ratio varied from 0.36 to 0.58 among sites possibly causeq iy 4 jower flux in the winter than in the other seasons. The
by d|fference_s in emissions. The ratlo_was hlghest at thg BJ, NOj was notably higher in July, August and September at
YF and XL sites, suggesting these sites received relativelyfp. & 3 gite. This pattern was different from that observed at
more emissions from vehicles than other sites. In contrasty . +g site, where thgNO; peaked in September, Octo-
lower ratio was recorded at TS, YC, LC and CZ sites due 0y, and November, at the -?-J, TG, YC and YF sites, where a
predominant S@ emissions from coal-based power plants, higher,NO; was observed during April and June, and at the

|nd'ustry and re5|dept|al heating. However, the yso‘zli XL and CZ sites, where the highggiiO5 occurred in Oc-
ratio may increase in the near future, because the trend of

SO, emissions would be stable and N@missions from tober..ThepNO3 was elevateq'ln June at the TG site, which

the transport sector, especially in mega cites, will keep onVas similar to the wet deposition trend.

rising (Zhao, Y. et al., 2009). In Beijing, for example, the

NOg/SOf[ ratio increased rapidly from 0.24 to 0.58 during 3.2.3 Seasonal variations gfNO3 vs. NOy

1981-2010 (Wang et al., 2012). If this trend continues, it can concentrations in coarse particles

be expected that the contribution of mobile sources tg,NO

in precipitation will be enhanced in the coming decades. From the above analysis, it can be seen thai,@; tend
to be lower during the winter and higher in other seasons.
Compared with,NO3', however, the ambient concentrations

3.2 Dry deposition flux of particulate N species of NO3 in PMz5 and PMp in the target areas presented a
different seasonal change pattern peaking in winter (Zhang
3.2.1 Spatial variations ofpIN et al., 2012; Wang et al., 2005). This difference is not sur-

prising, because the majority of the dry-deposited;N®-
The largest mean annugiN during the period from 2008  sults from coarse particles (Holsen and Noll, 1992; Lestari et
to 2010 was observed at the LC site (7.1kg Nhgr—1) al., 2003). Therefore, the seasonal variatiop®O; is ex-
followed by the BD, TS, YC and CZ sites, with values of pected to be highly correlated to the concentration of;NO
6.7, 6.6, 6.5 and 6.5kg N hayr—1, respectively (Fig. 2b). in coarse particulate matter, considering the fact that the sea
However, differences in the monthly mean values at thesesonal cycle ofVy of coarse particles was not evident (Nho-
sites were not significanip(> 0.05). ThepIN was compa-  Kim et al., 2004). This hypothesis is confirmed by our pre-
rable for the BJ, TG, TJ and YF sites, with values of 5.6, vious size-resolved compositional analysis shown in Fig. 2d,
5.4, 5.2 and 5.1kgN hd yr—1, respectively; the monthly which illustrates that the concentration of §l@ coarse par-
mean values at these sites were also not significantly differenticles with a diameter larger than 2.1 pm was higher in sum-
(p > 0.05). The lowest annual mean flux was observed at themer than in winter (Sun, 2011). The size distribution of NO
XL site (4.2kgNhalyr—1), and this result was attributed in particles was greatly affected by temperature and relative
to the site’s rural characteristics. The monthly mean valueshumidity (Guo et al., 2010), which may favor the formation
at this site differed significantly from those at the other sitesof coarse mode ND in warm months, and thus the higher
(p < 0.05) with the exception of YF. In general, NH29—  values of,NO; in summer and fall. Although some inter-
72% of pIN) and NGy (27-70 % ofyIN) were the predom-  pretations for the seasonal variations of dry-deposited NO
inant species in thgIN, whereas the contribution of ND  have been given, more evidence is needed to prove this.
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3.2.4 Partition of particulate dry-deposited N sources more observation of size-resolved chemical analysis of par-
ticulate matter alongside with dry depositions in Northern
The molar NH//NOj ratio was also calculated to investi- Chinais necessary.
gate the relative contribution of agriculture vs. industry and It should be noted that NH played a greater role than
transportation contributions to the dry deposition of particu-NO3 in pIN at most of the sites with the exception of BJ,
late N species (Fig. 2b). Relative to wet deposition, industryTJ, TS and YF (Fig. 2b). At these four sites the contribu-
and transportation emissions appeared to have a greater inion of NHI-N is lower than N@-N in particulate N dry
pact on the composition of dry-deposited particulate N. Sev-deposition. This cannot be attributed simply to Nelapo-
eral points may support the view. First, the spatial variationsration during the sampling period, because the volatilization
of pNHI and pNO; differed, thereby indicating different of NHj,rr in this study could be a systematic error for all the
sources. Second, the J#NO; ratio at each site was lower ten sites and not limited to a few sites. As discussed above,

than that of wet deposition. Third, NOplayed a greater ~We suggest that the relatively high molar ratio of JMNO;
role than N"I in ,IN at the BJ, TJ, TS and YF sites, where atthese fogr sites was atjmbuted to the erjhanced cqntrlbut!on

of NO3'. This conclusion is reasonable, since these industrial
and urban sites are strongly affected by Ngbnissions from
consumption of fossil fuel. This can be further supported by
the measurements that IJOn particles had a larger coarse
mode in polluted urban areas of Beijing than its upwind rural
site (Guo et al., 2010).

the Nl—ﬁ/NOg was less than 1. This result is not surprising,
because these sites are strongly affected by Hissions
from industry and transportation. The chemical composition
of dry-deposited particulate N was different from the wet-
deposited form at these sites, thus reflecting the intense pe
turbation of the atmospheric N cycle by anthropogenic activi-
ties. However, the ratio was greater than 1 at the BD, LC, CZ
YC, TG and XL sites, which indicates that particulate j\IH
from agriculture and human and animal excrement was th
major contributor tgIN. The NH; /NOj3 ratio at the YC and
LC sites reached 2.6, which is twice that of the remaining
four sites and implies that thgN value in the agricultural
regions was mainly dominated by NHom agricultural ac-
tivities and not by NQ from industrial activities. This find-
ing agrees with the wet deposition results for agricultural re-
gions.

'3.3 Dry deposition flux of gaseous N species
3.3.1 Spatial variations ofgIN

The spatial variations of the mean anngi®d between 2008
and 2010 are presented in Fig. 2c. The results show rela-
tively high IN at the coastal TG site (66.8 kg N'hayr—1)
and the two agricultural sites, YC and LC (39.3 and
46.3kgNhalyr—1, respectively); relatively low values
were observed at the suburban YF site and the rural XL
_ _ , site (16.7 and 8.1kgNhayr—1, respectively). However,
3.25 Partlcul_a_te dry-dep_osned N species vs. the 4IN was approximately equal at the BD, BJ, CZ, TJ
composition of particulate matter and TS sites, with values of 28.5, 25.7, 29.8, 28.9 and
_ _ . o 31.7kgNhalyr1, respectively. In general, the annual
It has been found in previous studies that the contribution OfmeanglN values at the TG and LC sites were significantly
NO; to PM;.s and PMo is larger than that of Nii, whereas higher than those at the other eight sitps<(0.05). In con-
in terms of N, the concentration of NHN is larger than  trast, the annual megytN values were significantly lower at
NO3-N in both PMys and PMo (Wang et al.,, 2005; He the rural XL and suburban YF sites than those at the other
et al., 2001). However, the components of dry-deposited Neight sites p < 0.05), which is indicative of fewer sources
at the BJ, TJ, TS and YF sites do not coincide with theseof emissions.
studies. This inconsistency is not surprising, because large The year-to-year variations in the annual averglbewere
particles play a significant role in dry deposition flux due to comparatively small at each site with the exception of XL,
their V4. For example, it was found that the majority of the which showed significantly lower values in 2008 than in
total flux for particulate mass and both $Oand NG is 2009 or 2010 f < 0.05). Although differences between the
due to coarse particles (Holsen and Noll, 1992; Lestari et al.three years are not significant at the 0.05 level at most of the
2003). Therefore, the composition of dry-deposited particlessites, it is important to point out thglO, appears to slightly
is expected to be in agreement with the coarse particulaténcrease year by year except for TJ and TS. The overall av-
matter. In our previous size-resolved compositional analysiserageyNO; at the ten sites was 22 % higher in 2010 than
(Sun, 2011), the concentration of IXIFN is observed to be  2008. On the other hand, the inter-annual trengdNifi3 is
lower than NG -N in coarse particles with a diameter larger more ambiguous than that gRO, at most of the sites, yet
than 2.1 um at the BJ, TJ and TS sites; however, at the BOhe overall averaggNHz was 8 % higher in 2010 than 2008.
site in winter, the reverse is true (Fig. 2d).This finding coin- Our finding is consistent with the increasing trend of NO
cides with the present studies at these sites on dry-depositeahd NH; emissions in recent years due to increasing fos-
N components. To improve current understanding of the resil fuel combustion and agricultural activities, respectively
lationship between coarse particles and deposited N specie§&Zhao et al., 2008). However, interpreting the relationship
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between emissions and deposition of N without long-termthe summer as a result of the higher relative humidity of the
measurements is challenging. coastal area and wet deposition near the source (Fig. 2a).
Overall, the average gaseous dry deposition of N
species in Northern China based on the ten sites wa8.3.3 Seasonal variations oV for gaseous N species
32.2kgNhalyr—1 during the period from 2008 to 2010.
More than 91 9% (84-97 %) of this total was attributed to Although NH; played a greater role than NOn 4IN in
NHs;, thereby indicating that Niplayed a more significant Northern China (Fig. 2c¢), the mean annual molar ratio of
role than NQ in the gIN for agricultural, rural, suburban gaseous concentrations of Nitb NO, was lower than 1 at
and even urban sites. For example, the gaseous dry deponrost sites with the exception of YC and LC, thereby indi-
sition flux of NHz (gNH3) at the LC and YC sites was 2— cating that fossil fuel combustion was a dominant factor in-
3 times higher than that at the urban and industrial sites (BDfluencing the concentrations of gaseous N in the air. How-
TJ, BJ and TS), whereas the gaseous dry deposition flux oéver, the gas dry deposition flux was determined by both the
NO> (4NO,) at these two agricultural sites was compara- concentrations anély. Even the measured concentrations of
ble to or lower than at the other sites. The relatively highNH3 and NQ were comparable; the flux estimates can be
gNH3z at the LC and YC sites mainly resulted from local significantly different because of differences in the model-
emissions during agricultural activities. Farmers typically ap- estimatedvy.
ply about 500 kg N hal yr—1 as N fertilizer to achieve high To give a detailed interpretation for the variationgyb,
yields of maize and wheat in this region. Of the applied N V4 and concentrations of N species are presented in Fig. 5.
fertilizer, however, less than 30% will be absorbed by thelt can be seen that the mean montfly of NH3 and NQ
crops and more than 20 % (ca. 100 kg N‘hgr—1) islostby ~ modeled for the three years fall in the range of 3.9-19.8 and
NH3 emission (Shen et al., 2009). This makes a significant0.2—1.7 mm s, respectively. Note that NO was negligible in

contribution to highyNH3 in agricultural regions. thegIN (Fig. 2c), since NO is largely an emitted species and
its Vg is in the range of 0.2—0.6 mm'$. The presenty data
3.3.2 Seasonal variations ofIN compare well with those from a number of previous studies

(Marner and Harrison, 2004; Endo et al., 2010; Yang et al.,

The monthly mean dry deposition flux of gaseous N 2010; Zhang, L. et al., 2009; Hanson and Lindberg, 1991),
species during the three-year period ranged from 0.06and provide enhanced spatial and temporal resolution for this
to 10.4kgNhalmontir! for NH; and from 0.02 to area (Fig. 5b, d).
0.57 kg N hal month® for NO, (Fig. 3e, f). The seasonal The seasonal variations &§ for NO, were similar at each
variations ofgNO, were similar at most sites, with higher site, with higher values simulated in summer. Considering
values observed between May and October, relating to theéhe weaker seasonal variations of N@oncentrations, the
variations ofVy (Fig. 5d, discussed below). At the XL site, seasonality ofNO; is a function ofVy. Compared withR,
however, the seasonal distributiongdO, was not distinct, and Ry, Rc is a significant factor determiningy of NO;
because its concentration was constant throughout the enti@Vesely and Hicks, 2000). The canopy or surface resistance
year (Fig. 5c, discussed below). As presented in Fig. 3e, tha@escribes the uptake process at the surface and in turn is de-
seasonal trends gfNHz at most sites, with the exception pendent on the vegetative characteristics of the underlying
of TG, did not significantly differ. All sites showed notable surface, with smalle®R. for surfaces with stronger uptake
peaks in the summer months (July or August) and lower val-(Mathur and Dennis, 2003). Therefore, the seasonal varia-
ues in the spring, autumn and winter. tion of Vy for NO, was primarily caused by differences in

The gNH3 for the TG site in the winter, spring and au- surface conditions. Compared to MQ@he dry deposition of
tumn were significantly elevated relative to the summer val-NH3 to most surfaces is a relatively efficient removal process
ues. This finding is different from the other locations, in- (Sutton et al., 1994); the canopy resistance to;Nitake is
cluding the urban TJ site. Although the model-estimatgd much lower thanR, and Rp. Thus, R; and Ry, parameter-
from the TJ and TG sites were comparable, the flux esti-ized mainly by the wind speed, are dominant factors. The en-
mates were significantly different because of differences inhancedVy of NHz in winter and early spring may result from
the concentration measurements. This result is supported bgecreasedr, at high wind speeds in cold seasons, which is
the mean NH concentrations at the TG site, which were more pronounced in sites nearest mountainous and coastal
3.3-, 2.4-, 1.6- and 2.9-times higher than those at the TJ sitareas, such as XL, YF, TJ, and TG. However, seasonal varia-
during the winter, spring, summer and autumn, respectivelytions of V4 for NHz did not coincide withyNH3, suggesting
(Fig. 5a, discussed below). These highNHlues atthe TG ambient concentration was the determinarghdfis.
site throughout the year are indicative of complex local emis-
sions from industry, agriculture and other human activities.3.3.4 Seasonal variations of gaseous N concentrations
The difference in NH concentrations between the TG and
TJ sites was smaller in the summer than in other seasons, b&he mean monthly concentrations of N species measured for
cause NH at the TG site can be readily converted to;{\lhi the three years ranged from 0.2 to 45.2 ug Nrfor NH3 and
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Fig. 5. Seasonal variations of the concentrations and dry deposition velocity of gaseous nitrogen species at the ten selected sites in Northerr
China. The data shown are the monthly mezsstandard deviations of three-year observations (from December 2007 to November 2010).
The arrow denotes the timing of N fertilizer application for maize and wheat in agricultural regions of the YC and l(&)sitas definition

of the site codes is found in the caption of Fig. 1.

from 1.2 to 29.1 ug N m? for NO, (Fig. 5a, c). These results et al., 2011; Shen et al., 2011). Additionally, the Nemis-
are comparable to the findings of previous measurements isions from vehicles in urban areas could also contribute to
China (Meng et al., 2010, 2011; Shen et al., 2009; Yang et al.the observed summer maximum (lanniello et al., 2010).
2010). NQ concentrations have weaker seasonal variations, Site TG displayed generally higher NHoncentrations
because they mainly come from industrial and transportatiorthan those sites in industrial and agricultural areas. There was
emissions that have less of a seasonal cycle (Zhang, Q. et ahp obvious seasonal change at this site, although the values
2009). The relatively high value of NOn late autumn and  were lower in January and February. The main source at this
winter corresponds with peak emissions from home heatingsite is likely to have been some unknown industrial emissions
in Northern China. Concentration of N@t the XL site was relating to human activities. This can be partially supported
consistently lower, reflecting the remoteness of the monitor-by the fact that NH concentrations in January and February
ing site. are lower than in neighboring months, because of reduced in-
Unlike NOy, a seasonal pattern of NHconcentrations  dustrial activity during the Chinese Spring Festival holiday.
with a summer maximum was identified at all sites with the
exception of TG. Although the volatilization of NHn the ~ 3.4 Total atmospheric deposition of N species
field was sufficient to justify higlyNH3 in agricultural re-
gions, the source of Nflat a given site is expected to be
influenced by a broader area than just local emissions. Thu

3.4.1 Total atmospheric N deposition in Northern China

. . . NUSrhe current measurements obtained in this study allowed us
the relatively high NH in summer could be a result of agri- to systematically evaluate the total (wet plus dry) deposition
culture and human and animal excrement in the target areag, , “of IN (IN) in Northern China. Previous studies only fo-
This conclusion is supported by the correlation between theCused on either the wet or the dry deposition of individual
seasonal variation of gaseous MNebncentrations and emis- N species (Shen et al., 2009; Zhang et al., 2008a). Although
sions, both of which are closely related to the timing of fertil- ” ; X .

ation (Fi. 5 d lch ft t Zh ten sites are far from enough to make clear the distribution
ization (Fig. 5a) and seasonal changes of temperature ( ang N deposition in Northern China, which is a very large
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area, the monitoring has been the most comprehensive onaf the XL site was several times higher than that observed
in China till now, especially including dry deposition. The by CASTNET, EMEP and EANET (Endo et al., 2010), N
mean annualiN ranged from 28.5 to 100.4 kg N hayr—1 deposition in the target areas was extremely high. Because
over the three-year sampling period at the ten sites (Table 2nation-wide emissions of reactive N will continue to rise,
The spatial variation giN was similar to that of gaseous de- Northern China was estimated to receive the maximum N
position; the values at the BJ, TJ, BD, TS and CZ sites weredeposition values by the CMAQ simulations (Zhao, Y. et al.,
higher than those at the XL and YF sites and lower than thos®009). Therefore, it is important to evaluate the effects of
at the YC, LC and TG sites. The seasonal variationgMf increasing N deposition on different ecosystems in Northern
were also similar to those of the gaseous deposition; higheChina.
values were observed in the summer (not shown). As stated
previously, thegyIN was different from year to year at each 3.4.2 Potential effects of N deposition in
site, and there was a slight increasing trend for dry deposi- Northern China
tion from 2008 to 2010. Yet, as the year-to-year variations of
wIN showed no consistent trend, the inter-annual variationsThe effects of N, such as acidification and eutrophication,
of {IN were more ambiguous. are mainly related to natural ecosystems and can be evalu-
The overall meanIN in Northern China was 66+ ated using critical loads. For forest and grassland in this area
19.6 kg N halyr—1 during the three-year period. This value where the N deposition may be relatively low, comparison
was significantly higher than previous estimates of the to-of critical loads to deposition derived from urban and agri-
tal N deposition in the target area, which ranged from 13cultural areas may overestimate the effects of N. To primar-
to 20kgN halyr—1 (Lii and Tian, 2007). This discrepancy ily evaluate the potential risk of N deposition in Northern
was attributed to their omission of certain species, such a£hina, we compared the critical loads for temperate forests
NHs;, from the synthesis of the observational data. Arithmeticto N deposition levels derived from the XL site, which is lo-
average values for the whole region are not good enoughcated in a forest area and surrounded by few villages. Al-
since the sites represent different areas. However, the resultthough theIN at the XL site (28.5 kg N hal yr—1) are within
which show extremely high values, are of great importancethe range of empirical critical loads (1060 kg Nfigr—1)
When arranged by land use types, the highBstin this for certain temperate forests in the northern part of China
study was found at the agricultural sites, with an average ofLiu et al., 2010), they reach the highest critical loads cal-
73.1kgNhalyr—1. This value was lower than the total air- culated from the steady state mass balance in the target areas
borne N input into the agro-ecosystems in the North China(15-30 kg N halyr—1) (Duan et al., 2001). This result raises
Plain, which was estimated to be 83.3kgNhgr—! using  concerns regarding the harmful biological and chemical ef-
the integrated total N input (ITNI) system (He et al., 2007). fects on ecosystems, including physiological variations, re-
The relatively high values estimated by the ITNI system duced biodiversity, elevated nitrate leaching, and changes in
are not surprising, because the N deposition estimates frorsoil microorganisms (Liu et al., 2010).
this system vary with both the plant development phase and Besides natural ecosystems, the detrimental effects of N
species of crops (Russow andBne, 2005). In addition, the deposition in many other types, such as agricultural ecosys-
tIN in this study was likely underestimated, because certainems and water bodies, should be taken into account. Al-
components, such as HNOwere not measured. However, though N deposition is an important nutrient resource in
their inclusion is not expected to significantly increase thethe agricultural areas (He et al., 2007), it may also result
total deposition because of their limited contribution (Shenin the enhanced emissions of nitrous oxide@) (Zhang
etal., 2009). et al., 2011), which is an important greenhouse gas. More-
The overall mean {IN in industrial sites was over, coastal waters near industrial regions, such as Bohai
72.9kgNhalyr-1 during the three-year period, sec- Bay, may receive greater N loads from atmospheric depo-
ond only to agricultural sites and followed by urban, sition and are susceptible to eutrophication (Barile and La-
suburban and rural sites, with average values of 55.7, 50.@ointe, 2005; He et al., 2011); e.g., tH&l at the coastal
and 28.5 kg N hal yr—1, respectively. Although it is difficult  industrial TG site reached 100.4 kg NHayr—1. Thus, the
to compare with other studies type by type, due to the factpotential risks of heavy N deposition on sensitive terrestrial
that the measurement data in Northern China are lackingand aquatic ecosystems should be controlled to within ac-
the relatively high values in other land use types than ruralceptable levels by substantially reducing the amount of reac-
areas are possibly a result of increased N emissions. Sinciive N emitted into the atmosphere.
there are no serious local emissions within 100 km, the XL Numerical models are useful tools to address these con-
site was usually considered as a background station to uneerns, but a major problem of using this approach is that ob-
derstand the regional air pollution in Northern China (Xin et served data to validate the models are often lacking, thereby
al., 2010). Similarly, the estimategtN in the XL site can be  hampering accurate estimation of N deposition in the target
used as a reference to characterize the current N depositicsrea. Northern China is considered to be one of the main
in Northern China. Considering that the estimated value“hot reference spots” of atmospheric pollution in East Asia
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Table 2. Contribution of different pathways and species to the estimated total N deposition (I(gllyl’rTeil) in Northern China.

Dr
Location Site  Total N deposition  Wet Y Reduced N  Oxidized N
Particle Gas
Urban BJ 59.2 (5.7)b 47.1% 9.5% 43.4% 72.1% 27.9%
TJ 52.2 (5.6)b 347% 9.9% 55.4% 78.4% 21.6%
Industrial BD 58.3(2.8)b 39.6% 11.5% 489% 79.0% 21.0%
TG 100.4 (14.4)a 28.1% 54% 66.5% 86.7% 13.3%
TS 59.9 (3.7)b 36.0% 11.1% 529% 77.9% 22.1%
Suburban YF 42.4(7.0)c 488% 11.9% 39.3% 70.6% 29.4%
Cz 58.8(6.0)b 383% 11.0% 50.7% 82.1% 17.9%
Agricultural LC  75.5(6.1)a 29.3% 9.4% 61.3% 87.5% 12.5%
YC 70.7 (12.0)b 351% 9.2% 55.7% 86.7% 13.3%
Rural XL  28.5(3.5)c 57.0% 148% 282% 72.2% 27.8%
10-site average 60.6 (19.6) 394% 104% 502% 79.3% 20.7%

Standard deviations are in parentheses. Different letters in the “Total N deposition” column indicate significant differences between the
sites atp < 0.05. The definition of the site codes is found in the caption of Fig. 1.

due to the rapid development. Therefore, ten monitoring siteof reactive N emissions from anthropogenic sources (see
were chosen with varying urban geographies, energy strucabove). The influence of fertilization could also explain why
tures and ecosystem types to provide regional informatiorthe agricultural YC site had a highgtN than the other

on N deposition in this region. Although the present investi- industrial locations, including BD, TJ and TS; regardless
gation is far from clearing up all aspects of N deposition in the difference was not significanp (& 0.05). The average
Northern China, it adds substantially to the existing knowl- value of 4IN at the two agricultural sites LC and YC was
edge about the character and amount of the atmospheric M2.8kg N ha®yr—1. This value agrees with the sum of the
deposition to the surrounding environment. Most important,annualgNH3z and gNO, (approximately 40kgN hal yr—1)

the present observations are very useful to better constraithat was previously estimated for agricultural regions in
the emission inventory and atmospheric chemistry models irChina, but it is significantly higher than values from other
this part of the world. In future research, we will use models agricultural areas in the world (Shen et al., 2009; Hu et al.,
(e.g., CMAQ) to address the variations of N deposition and2007). With the exception of the TG, LC, YF and XL sites, no
its impact on various areas, not only on urban, rural and agri<lear differences were found among the other six sites where
cultural regions but also on forests, grasslands and coastahe averaggIN was 30.5kg N halyr—1, which is approxi-
water bodies in China. We believe the land use area weightedhately 7-times higher than the values reported by EMEP and
value is better than the arithmetic average flux of N deposi-EANET (Endo et al., 2010).

tion for the whole region. Except for the land surfaces, how- The wet deposition contributed 28-57 % to thé with a
ever, the spatio-temporal variations of N deposition in North-mean of 40 %, which was 10 % lower thgiiN. The average
ern China are also dependent on the changing emissions argN at ten sites in Northern China was 22.6 kg Nhgr—1
meteorology conditions. All of these factors will be consid- between 2008 and 2010. This is approximately 5-times
ered in future modeling work. greater than the values reported by CASTNET, EMEP and
EANET (Endo et al., 2010). The estimatgtN values are
also greater than those reported for most areas of China
except for the Yangtze River Basin, where the average is
27kgNhalyr~1 (Xie et al., 2008; Zhao, X. et al., 2009).

The dry deposition of gaseous N species was the primary compared with,IN and 4IN, the proportion ofyIN to
contributor tofIN at most sites, and the contribution ranged the IN was relatively small, ranging from 5% to 15 % and

3.4.3 Contribution of different pathways to total
N deposition

from 28% (XL) to 67 % (TG), averaging 50 %. The mean
annualgIN ranged from 8.1 to 66.8kgN hayr—1, with a

mean of 32.6kgN haltyr—1 during the three-year period.
The 4IN was higher at the agricultural sites, YC and LC,
and the industrial site, TG. Given the influence of localdNH
emissions from intensive fertilization (Table 1), it is not
surprising that thgyIN at the agricultural LC site reached
44.5kgN halyr—1. However, the significantly highefN

averaging 10%. The mean annydN ranged from 4.2 to
7.1kgNhalyr-1, with a mean of 5.9kgN ha yr—1 dur-

ing the three-year period. This result is comparable to val-
ues from the North China Plain (1.3-9.6 kg Nthgr—1),
obtained as the difference between the bulk and wet-only
deposition (Zhang et al., 2008a), values from Southeast
China (3.4-7.6kgNha yr—1), which were estimated us-
ing a water-surrogate surface (Chen et al., 2006), and

at the coastal TG site could be attributable to the influence
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values from other areas around the world, such as SingakC site (66.1 kg N hatlyr—1), followed by the YC, CZ, TS,
pore (5.9kgNhalyr-1) (He et al., 2011) and Japan-( BD, BJ and TJ sites, with values of 61.3, 48.3, 46.7, 46.1,
5kgNhalyr-1) (Endo et al., 2010), which were estimated 42.7 and 40.9 kg N ha yr—1, respectively. Overall, the spa-
using the inferential method. tial pattern of NH, deposition reflected changes in jleimis-
Precipitation, particulate and gas dry deposition of N ac-sion sources (Fig. 6b).
counted for 40 %, 10% and 50 % of the total N deposition The extent of spatial variability of N{ deposition
in Northern China, respectively. To our knowledge, the only (Fig. 6¢) was not as large as that of NIfFig. 6a), possi-
other simultaneous determination of these three pathways ibly because NQ has fewer natural emission sources than
China showed that the largest sources of atmospheric N to thBlH3z. Similar to NH,, the lowest NQ deposition values
forest ecosystem in South China were gases (64 %), followed7.9 kg N ha® yr—1) were also observed at the rural XL site,
by rainwater (25 %) and particles (11 %) (Hu et al., 2007). as a result of fewer anthropogenic emissions. This difference
The results from this study suggest that wet deposition canin sources could also explain why the agricultural sites YC
not be used alone to determine the total deposition, becausand LC had relatively low NQdeposition levels compared
the total flux may be underestimated if the dry deposition ofwith the suburban sites CZ and YF. However,\f@position
certain species or pathways is not considered. Because dmyas much higher in the urban and industrial areas, including
deposition in both the particulate and gaseous phase is an inBJ, BD, TG and TS, where power plant, industry and trans-
portant contribution to total N deposition, additional researchportation emissions of NOwere also larger than in the sur-
is needed to refine the quantities of dry deposition flux. Thisrounding regions, as shown in Fig. 6¢. N@eposition was

present study is a significant step in this direction. significantly higher at the site of BJ than TJ, whereassNO
emissions were lower at BJ than TJ (Fig. 6d). Because the
3.4.4 Comparison with emission estimates of BJ site is close to roads, vehicle emissions may be the major
NHy and NOy source of NQ, and these emissions may be underestimated
in existing gridded inventories.
Compared with thgIN, both,IN andgIN are major contrib- The spatial patterns of observed Nehd NG, deposition

utors to thelN at most sites. Because thN andIN are ~ compare well with NH and NG emissions, respectively.
dominated by NH and NH}, the reduced N species (NH It has been noted elsewhere (Zhao et al., 2008) that NO
was found to contribute 71-88 % of tHi&l, whereas the ox- and NH; tend to increase in relation to human activity, and
idized species (N¢) constituted only 12-299% (Table 2). such a pattern was identified here. Additionally, Némis-
This finding indicates that N deposition is dependent not onlysions were greater than those of Ni@ large areas (Fig. 6a,

on the pathway but also on the chemical form, thereby fur-c), which agrees with the field-based evidence mentioned
ther highlighting the need to better resolve the relative con-above. Although the magnitudes of the emissions were not
tribution of oxidized and reduced forms of N in regulation necessarily proportional to the measurements of deposition
strategies. (Fig. 6b, d), the applicability of the emissions data cannot be

Importantly, the field-based evidence from this study candiscounted. If combined with deposition data, emissions in-
be used to validate the emission data and has significant imventory can be used to distinguish approximate regional dif-
plications for policy-makers that are attempting to control ferences in reactive N pollution and help policy-makers im-
atmospheric pollution in Northern China. The mean annualplement source control decisions. To mitigate atmospheric N
deposition flux of N and NG, during the three-year pe- deposition in Northern China and its potential ecological im-
riod was categorized into five grades and plotted on the mappacts, reactive N emissions, especially Ndtirrounding the
showing the spatial distribution of emissions for the corre-BJ, TS and LC sites, must be abated.
sponding gases (Fig. 6a, c).

NHyx deposition at the rural XL site was the lowest
(20.6 kg N halyr~1) of all the sites, which is consistent with
the regional background characteristics of the site (Fig. 6a). o S
The emission data shown in Fig. 6a reveal a little amount3-5-1 Uncertainties in estimation ofyIN
of NH3 emissions over the vast mountainous areas to the
north and west of Beijing. The NHdeposition values at Since wet deposition was measured directly and gaseous dry
the suburban YF site (30.0 kg N'lyr—1) were higher than  deposition was estimated based on modéigahe reported
those at the XL site, which was possibly a result of hu-IN is more accurate than thgN. However, some light rain
man activities. In contrast, the highest NHeposition flux  events were not sampled due to malfunctions of the rainfall
(87.0kg N halyr—1) was found at the TG site, which is not sampler lid. Of the total number of precipitation samples,
surrounded by large NHemission sources (Fig. 6a), thus 16 % were discarded from final analysis due to low volumes
indicating that the inventory did not adequately account for(< 20 ml) that did not permit a complete chemical analysis.
NH3 emissions from some unknown industrial sources. TheThus, these missed samples may result in an underestimation
second highest NfHdeposition values were observed at the of yIN during the observation period. Clearly, if all of the

3.5 Uncertainty analysis and future research needs
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Fig. 6. Spatial variations of the atmospheric nitrogen deposition flux with emissions distribution in Northern China. The deposition data of
NOy (oxidized nitrogen) and Nfl (reduced nitrogen) are the annual means of three-year observations (from December 2007 to Novem-

ber 2010). The emission data of N@nd NH; are from 2008, with a resolution of:09 km?. The definition of the site codes is found in the
caption of Fig. 1.

samples were included in the dataset, then the assessmenta$ summarized by previous work (Draaijers et al., 1996;

wIN could be more precise. Balestrini et al., 2007). Additionally, this method was con-
S o fined to ecosystems with vegetation (e.g., forest and grass)
3.5.2  Uncertainties in estimation ofIN and not suitable for urban surfaces and water bodies where

o vegetation is lacking. Previous studies have found that a
To date, there is still no generally acceptable technology fory ket collected more dry-deposited material than Teflon,

sampling and analyzing particulate dry depositions. Theré+gj o coated foil surfaces (Dasch, 1985). Recently, a PUF
fore, there have been insufficient data to reliably estimateyjjier.hased surrogate surface was placed in the glass bucket
and understangIN. The throughfall method was usually ap- 5 gyccessfully collect the dry-deposited airborne particles
plied to provide an estimate of the total deposition to forests,; trace metal analysis (Pan et al., 2010b). The method can

soils, including dry deposition, by measuring the amount and,giq particle bounce and is relatively inexpensive and sim-

composition of rain water passing through a forest canopyR|e; it can be used at a variety of locations and over varying

However, several problems were also related to this approac
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time intervals to delineate spatial and temporal information.experimental data to confirm the calculated resistances for
The method was used in this study to estimglé For large  the large areas meant to be addressed are not available, un-
particles, gravitational settling is a major component thatcertainties are difficult to quantify (Endo et al., 2010; We-
can be sampled with this method. Studies have shown, howsely, 1989). In a previous comparison of models, relative un-
ever, it is difficult to capture fine particles, because the im-certainties for weekly estimates &§ computed for selected
paction and interception of particles are important for veg-gases for selected areas in the eastern US are approximately
etative canopies, and their effects are not reproduced in the-30 % (Wesely, 1989). Uncertainties Wy modeling can be
design of any standardized artificial collection device (We-reduced if field measurements provide constraints on param-
sely and Hicks, 2000). Therefore, the estimation of the dry-eterizations, but that is beyond the scope of this paper. To re-
deposited particles in this study has potential uncertaintiedine the quantities of dry deposition flux, follow-on field ex-
and may provide an estimation of the lower limit f3N. periments will focus on comparisons of the modeling-based
Additionally, measuring the particles I\IHand NG is results against Ngiflux measured by eddy covariance, con-
known to be plagued with problems due to the semi-volatility sidering NH; contributes a larger fraction of the reactive N
in the form of NHjNOg3 (Lestari et al., 2003). In previous budget.
studies, the concentrations of particulate NCollected by
the weekly filter pack were 7% lower than those by the an-3.5.4 Effects of the stomatal compensation point on
nular denuder system (Sickles et al., 1999). Even the two ex- NH3 deposition
isting North American inferential dry deposition networks,
CASTNET and CAPMoN, have known measurement uncer-NH3 is subject to a bi-directional flux over N-rich ecosys-
tainties due to the volatilization of the particle MNO3, and tems and the net direction of this flux is often uncertain. To
large uncertainties in the flux estimates due to differencegletermine the direction of the NHlux, a so-called compen-
in their respective inferential models (Dentener et al., 2009).sation point Co) was introduced in previous studies (Massad
Since the dry-deposited particles in this study were collectectt al., 2010; Sutton et al., 1998). The bi-directional exchange
at ambient temperatures for a relatively long sampling pe-flux of NHz (Fnh,) is defined as
riod, artifacts cannot be prevented due to volatilization of
some reactive N species, especially NHnd NG in sum-  Fixg = (Cair — Co) V. 4)
mer, and,IN could probably be underestimated.
Deposition occurs wheify is below the ambient concen-
3.5.3 Uncertainties in estimation ofIN trations of NH; (Cair), otherwise emission occursp is not
available in the present study; for simplificatiaty was as-

Measurements of gas dry deposition are technically chalsumed to be 5ugN ¥ under a crop canopy (Denmead et
lenging and expensive, so modelégare paired with mea- al., 2008). WherCo was set as zerdinn, was equal to the
sured concentrations to estimat#l in this study. However, ~flux deposited only (i.e., the N¢icompensation point was
all models entail a degree of uncertainty and this study isnot taken into account in the flux calculation). The deposi-
no exception. Due to many factors, including incomplete-tion flux of NHs (Fy,,,) is then given by
ness of observations, uncertainties in chemistry schemes and
sparseness of measurements, modeled dry deposition quer{\,H3 = CairVa. 5)
are very uncertain and can seldom be compared to measure-
ments (Pleim and Ran, 2011). For example gdhibits dis-  Therefore, the ratio 0€/Cyjr can be used as an index to
tinctly bi-directional behavior, where it alternately deposits evaluate the degree influenced by use and non-use of bi-
and emits on diurnal, seasonal, or sometimes longer timelirectional exchange. Using the three-year mean concentra-
scales, yet CMAQ v4.6 is not able to model this real-world tions of NHg at the YC and LC (14.0 and 20.1 ug N
phenomenon. Additionally, the current model works with sites,Co/Cyir at these two sites was estimated to be 0.36 and
outdated land cover databases, because land cover in receli25, respectively. This result indicated thhitHz would de-
years was not available. Furthermore, the underlying surfacerease 36 % and 25 % if Nfmission from the vegetation
parameters (e.g., albedo and surface roughness length) useas considered, declining from 37.3 to 24.0 and from 44.1
in CMAQ were on the basis of early measurements in Eu-to 33.1kgNhalyr—! at the YC and LC sites, respectively.
rope and the US and may be different from China, possiblyThus, thegNHz estimated for the two sites in Figs. 2c and
leading to large inconsistencies. 3e should be treated as the high-end values. Ignoring the bi-
Although it is important to understand the dominance of directional NH exchange is unlikely to significantly over-
these factors on th&; variations, it still remains unclear how estimate the total flux, but will result in misleading spatial
accurate the model is due to a paucity of measurements. Evevariation of that flux. Additional work is required to evaluate
for ozone dry deposition, which is the most widely measuredbi-directional NH exchange more thoroughly over agricul-
substance, current model results still show substantial errortural areas, in the context of the stomatal compensation point,
compared to observations (Pleim and Ran, 2011). Since thas well as an extension of this framework to the whole region.
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4 Conclusions was greater than that of NOHuman activities have
greater significant impacts on the deposition of NO
Although uncertainties existed in the current estimation of than NH, at certain urban and industrial sites, which is
atmospheric N deposition, this is the first time such an in agreement with Ngland NG, emission data.
experiment-based work has been applied to quantify the indi-
vidual N species deposited via precipitation (wet deposition)Despite the bias of the current monitoring approach for dry
and as gases and particles (dry deposition) simultaneously ifeposition, the results presented in this study clearly demon-
Northern China. This unique dataset provides field-based evstrate the importance of the contributions of td the to-
idence that the total N deposition is significantly higher thantal N deposition. To mitigate N deposition risks to sensitive
previous estimates in the target area and in other regions derrestrial and aquatic ecosystems in Northern China, prior-
the world, thus prompting concerns regarding ecological im-ity should be given to strategies for bringing dEmissions
pacts. We consider that the results presented are importai® within acceptable levels. The results also underscore the
not only to inform policy-makers on abatement of pollutant need to refine total N deposition measurement over North-
emissions and ecosystem protection but also to initiate furern China, in the context of an improved simulation\of
ther detailed studies. The major results and conclusions ar&r the gaseous N dry deposition, as well as an extension of
as follows. this framework to the whole country. An alternative method
for quantifying bi-directional flux of NH using eddy covari-

1. Clear seasonal variations were observed, although spa- : . .
S . o ance and concentration measurements is underway and will
tial differences in thg,IN were not significant between

the ten sites or in the different years. While the spatial constrain the s_imulate_lzrd in evaluating the performance of
variations of annua,l,NHj{ throughout Northern China the atmospheric chemistry models (e.g., CMAQ). Such mod-

. . S els are also needed to provide regional-scale deposition maps
can mainly be explained by the precipitation amount, . : .
= . over long-term periods so that the information can be used to
annualyNO3 was strongly dependent on local emis-

. . . . investigate the detrimental effects of N deposition on various
sions from coal burning. N}l remains the major con-

. 0" A natural ecosystems.
tributor to wet N deposition in the target areas, but the 4
contribution of NG toIN was enhanced in certain ur-
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