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Abstract. Simulation of atmospheric nitrogen (N) depo- terrestrial and aquatic ecosystems, contributing to severe en-
sition in the North China Plain (NCP) at high resolution, vironmental problems (Castro et al., 2002; Matson et al.,
5 x 5 km?, was conducted for the first time by the Fine Res- 2002). Atmospheric transport models (ATMs) have been de-
olution Atmospheric Multi-pollutant Exchange (FRAME) veloped and applied to long-range multi-pollutant transport
model. The total N deposition budget was 1481 Gg in thisand distribution in Europe and North America for decades,
region, with 77 % from reduced N and 23 % from oxidized e.g. EMEP, RADM, MATCH, and ACDEP (Jonson et al.,
N, and the annual deposition rate (47 kg N'Hawas much ~ 1998; Hertel, et al., 2002; Simpson et al., 2003; Langner et
higher than previously reported values for other parts of theal., 2005). However, application of models to calculate N
world such as the UK (13 kg N hi&), Poland (7.3 kg N hal) deposition in China, especially in high N deposition regions,
and EU27 (8.6kgNhal). The exported N component has been rare. Dentener et al. (2006) assessed the global dis-
(1981 Gg) was much higher than the imported N componentribution of N deposition by different ATMs and found that
(584 Gg), suggesting that the NCP is an important net emisChina (especially eastern China) has become one of the high-
sion source of N pollutants. Contributions of N deposition est N deposition regions in the world.
budgets from the seven provinces in this region were propor- The North China Plain (NCP) is an intensively managed
tional to their area ratios. The calculated spatial distributionsagricultural region and economically developed area. The
of N deposition displayed high rates of reduced N depositionseven major provinces on the NCP, namely Beijing, Tianjing,
in the South and of OXidiZed N deposition in the eastern partHebei, Shandong, Henan, Jiangsu and Anhui, Share Only 8%
The N deposition exceeded an upper limit of 30kgNha  of the total area of China but contribute 37 % of the total
for natural ecosystems over more than 90 % of the regionnational GDP (China Statistical Yearbook, 2009). They con-
resulting in terrestrial ecosystem deterioration, impaired airsyme 27 % of the total N fertilizer and 26 % of the total en-
quality and coastal eutrophication not only in the NCP itself ergy nationally (China Statistical Yearbook, 2009), making
butalso in surrounding areas including the Bohai Sea and thgne NCP one of the great emitters of nitrogenous pollutants
Yellow Sea. (Wang et al., 2005; Zhang et al., 2010; Richter et al., 2005;
Clarisse et al., 2009) and one of the high N deposition ar-
eas both nationally and globally (Zhang et al., 2008; Shen et
1 Introduction al., 2009; He et al., 2010). Although global or continental
scale studies of N deposition cover this region (Dentener et
Nitrogenous po”utant (Nb-' and NQ) emissions have in- al., 2006, HO||OW8.y et a.l., 2002), itis impOSSib|e to describe
creased sharply in the last three decades in China due t€ Situation in a region with an area of 313 295at res-
the rapid development of agriculture and industry (GAINS, olutions from 0.3 to 10°. Kim et al. (2003) used a nested
2009; EDGAR, 2011; REAS, 2006). The increased reactivedrid with a grid size of 8.9 km to model the acid deposition
N emissions damage air quality (Fowler et al., 1998; Eris-in the Northeast Asia, which covered parts of the NCP. Un-
man et al., 2004) and are also deposited back to surroundinfprtunately, the simulation was conducted for the year 1996,
which is difficult to apply to recent situations. Thus, it is
critical to model the long-range transport and regional distri-
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The FRAME (Fine Resolution Atmospheric Multi- WE SPE S¢E WCE  HOE D0E 130°F
pollutant Exchange) model, a Lagrangian model which was ™™ [+ / b L
originally developed in the UK, was used to simulate N de-
position in the NCP. Simulation of the spatial distribution of .
N deposition at fine resolution, 65 kn? grid, was under-  wx}.
taken for the year 2008. The import, export and transport of
nitrogenous pollutants in the NCP were calculated. The re-
sults of the model form the essential inputs for estimation of ,..| ¢/
exceedance of critical loads for N deposition and estimation 7
of the abatement of pollutant gases required to protect natu /
ral and semi-natural ecosystems. The objectives of this study |
were to assess the distribution of N deposition in the NCP~ | /[
at 5km resolution and to evaluate the environmental CONSE" (‘i s S
quences of such N deposition to the NCP and surrounding ‘
regions.
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2 Methods
2.1 Case study region

The domain in the study was about°lid longitude from
112 to 122 E and 10 in latitude from 32 to 41° N, com-
prising 11 provinces/municipalities, i.e. Beijing, Tianjin, ™ : " : I s
Hebei, Henan, Shandong, Shanxi, Anhui, Jiangsu, Hubei, |
Liaoning, Inner Mongolia, as well as parts of the Bohai and ===t ~ o i | R
Yellow Seas, bordering and within the model domain but

may not belong to the NCP. The location, boundary and lan+ig, 1. The model domain and the NCP in Chita) the model
duse of the NCP are outlined in Flg 1, covering parts Ofdomain and the NCRb) the provinces in the NCRg) land use in
Beijing, Tianjin, Hebei, Henan, Shandong, Anhui and Jiansuthe NCP.

provinces (or municipalities). The total area of the NCP is

313300km, 39 % of the model domain area.

o NH3z-N for the model domain was 3500 Gg, 15 % higher than
2.2 Model application the result estimated (3100 Gg) by REAS for the year 2003
. . nd consistent with the result (3300 G rojected by REAS

The FRAME model is an atmospheric transport model usecﬁ)r the yelar 208’;' (REAS 2%0((3) Totalg()arzisjsions ofj\KD
fpr modeling the long-range transport anq 'annual depOSi'and SQ-S for the model d,omain were 2000 Gg and 4700 Gg,
tion of NHy (NH3 and Nkﬁ)' NGy and oxidized sulphur respectively, without significant differences among the re-

(S(d)‘.)' It uses fta“S“fa”y weighted Ztr?ig.*t‘;"ri]r.‘eh”r?je.cm”tesl sults estimated by REAS, 2100 Gg N and 5000 Gg S©
and is a multi-layer, Lagrangian model with high horizontal $'¢e 'y vear 2006 (CGRER, 2007).

(5 x 5km?) and vertical (33 layers) resolution. The model . . .
Emissions of NH, NOx and SQ outside the NCP domain

is described in detail by Singles et al. (1998); Fournier et ) . .
al. (2004) and Dore et al. (2007). were taken from a national scale emissions map (cited from

Spatial distributions of N&, NO and SG emissions at REAS database), gridded at 50 km resolution. Boundary
5 x 5 ki? input into the model are shown in Fig. 2. An NCP conditions for air concentrations of aerosols for the regional
NHs emission inventory and map for the year 2008 were(5 km resolutipn) NQP simulation Were.calculated with a
calculated following the methodology adopted by Zhang e,[Iarger' scale simulation at 50 km resolution over the whole
al. (2010) for the year 2004. The N@mission inventory ofChlna.. .
was estimated from the census data and the emission fac- The wind roses employed in the FRAME model used
tors cited from Kato and Akimoto (1992). The $@mis-  6-hourly operational radiosonde data from the 6 stations
sion inventory was cited from the China Statistical Yearbook (Fig. 3), spanning a ten-year period (1997-2007) to estab-
(2009). Both the NQ and SQ emission inventories were lish the frequency and harmonic mean wind speed as a func-
allocated onto the most suitable land use type by the bottomtion of direction for the NCP. Radiosonde data were obtained
up process. Primary census databases used for the estimatii@m the British Atmospheric Data Centre (2008).
of emission inventories of Ngdand NQ, were obtained from The precipitation and land use data employed in the model
the China Statistical Yearbook (2009). The total emission ofwere published by the Institute of Geographic Sciences and

Biogeosciences, 8, 33138329 2011 www.biogeosciences.net/8/3319/2011/



Y. Zhang et al.: Modelling nitrogen deposition in the North China Plain 3321

) 400
Kilometers

Fig. 2. Emissions of NH (a), NOy (b) and SGQ (c) in the NCP in the year 2008.

2.3 Comparison between modeled and measured results

A comparison with measurements from monitoring sites on
the NCP was carried out to evaluate the performance of the
model. Because of the lack of monitoring data of gases
(NHs3) and aerosols (NEL NO; and HNQ), it was diffi-

cult to fully quantify the uncertainties from dry deposition.
NO, concentrations were only available at 13 monitoring
sites in 2008 (China Statistical Yearbook, 2009). Measured
wet deposition data were available at 13 monitoring sites in
the NCP in 2008 (reduced N deposition at 13 sites and ox-
idized N deposition at 12 sites). Volume weighted annual
mean concentrations of I\I{Hand NG from precipitation
were selected to validate the model. With the present in-
formation, modeled Nﬁl NOj concentrations in precipita-
tion and NQ concentrations in air were compared against
measured results for the year 2008 (Fig. 4), and the model
evaluation statistics were listed in Table 3. Linear regres-
77 . ) A .

I sions with non-zero intercepts were conducted and displayed
higher intercepts for NEI and NG; than those in the sim-
ulation in the UK (Dore et al., 2009), respectively, possi-
bly related to fewer data distributed in the low concentra-
tion ranges in the NCP. Although the correlations were sta-
tistically significant p < 0.05), they could not be claimed to
explain the real situation. Linear regressions with zero inter-
cepts were also conducted. In these comparisons, modeling

Fig. 3. Wind frequency ros¢a) and wind speed rosgh) derived rgsults of_l\[l—]{ fitted the measured data well W|th.a regres-
from radiosonde data in the North China Plain (Radiosonde data ar§ion coefficient of 1.05 (Fig. 4a). However, modeling results
from stations at Beijing, Fuyang, Jinan, Xuzhou and Zhengzhou)for NOz were significantly underestimated with a regression
(a. Radial units are percent per’ldirectional band; b. wind speed. coefficient of only 0.63 (Fig. 4b). Underestimation of mea-
units are ms1). sured nitrate wet deposition by models has also been reported
by other authors (Dore et al., 2007; Chemel et al., 2010). The
more complex chemical reactions associated with the for-
mation of nitrate aerosol may mean that wet deposition of
Natural Resources Research, Chinese Academy of Sciencethis chemical species is more difficult to simulate accurately
The original databases were at 1 km resolution and they weréhan wet deposition of ammonium. Some dry deposition of
aggregated to 5km resolution for input into the FRAME nitric acid onto the surface of the rain collector may have
model of the NCP. occurred, though assessment of this has not been reported

A
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Fig. 4. Comparison of simulated concentrations oflilfrh precipitation(a), NO3 in precipitation(b) and NG in air (c) with measured

data (units for NljL and NG; are mg L=L; unit for NO, is pg nT3). (The dotted lines are 1:2 and 2:1 fit line, and the dashed line is 1:1 fit
line. The red and blue solid lines are linear fit of zero intercept and non-zero intercept regressions, respectively.) A model is considered fit
for purpose if more than 50 % of the points fall within the 1:2 and 2:1 lines.

in the literature. Also, N deposition derived from shipping et al., 2009). Compared to the result above, the total deposi-
emissions of N@ was not included here. Relatively robust tion of N in the NCP was 4.7 times that in the UK, while the
regressions were displayed for M@oncentrations in both  area ratio of the NCP to the UK is only 1.3. Thus, the aver-
the regressions. Modeled concentrations obN¥@re higher  age N deposition rate at grid cell in the NCP was 3.6 times
than measured results with coefficients of 1.10 and 1.23 foithat in the UK. The NK deposition budget for Poland calcu-
the two regressions, respectively (Fig. 4c), which further sup4ated by the same model was 227 GgNN in 2002 (Kryza,
ports the hypothesis for the underestimation of Né@ncen-  2009). Modeled NN deposition was 1143 Gg in the NCP
tration. Moreover, points located between 2:1 and 1:2 ref-in our study. Taking the area ratio of the two regions into
erence lines were analyzed. 92 % of the model results fomccount, the average deposition rate ofN¥at grid cell in
NHI were accordant within a factor of two times the mea- the NCP was about 5 times that in Poland. The EMEP model
surements, 100 % of modeled results for N@ere withina  calculated the total N deposition in the EU27 countries to be
factor of two times the measurements, and 80 % of modeled®714 Gg in the year 2008 (EMEP, 2011), equal to an average
results for NQ were within a factor of two times the mea- deposition rate of 8.6 kg N h& yr—1 in the EU 27 countries
surements. A model is generally considered fit for purpose ifand less than 20 % of that in the NCP.
more than 50 % of the points fall within the 1:2 and 2:1 lines. Reduced N deposition was higher than oxidized N deposi-
Combined with the regression coefficient, this analysis im-tion in the NCP, illustrating higher Njemissions from agri-
plies that the FRAME model was effective in capturing the cultural sources than NGemissions from industrial or traffic
spatial variability of N deposition over the NCP. sources (Bouwman et al., 1997; Streets et al., 2000). Aver-
age NH-N to NOy-N ratio was 3.4 with ratios less than 2.0
found only in the Beijing and Tianjin municipalities, which

3 Results and discussion are more highly developed regions with more ;N@mis-
sions from traffic and industrial sources. The domination of
3.1 Budget of N deposition in the NCP NHyx-N was consistent with observed resultdi(and Tian,

2007). However, the lower oxidized N ratio did not corre-
Budgets of NK and NG, from dry and wet deposition over spond to less deposition than in other regions. Averagg-NO
the NCP in the year 2008 were calculated by the FRAME N deposition was 11 kg N ha yr—1, comparable to the mod-
model. Results for import, export, emission, and deposi-eled total N deposition in the UK (Dore et al., 2009). High
tion of materials are listed separately in Table 1. In to-tropospheric NH and NG concentrations over this region
tal, 1484 GgN were deposited in this region from both have been observed from space by remote sensing (Richter
dry and wet deposition, with an average N deposition ofet al., 2005; Clarisse et al., 2009). Both the highN¥and
47kgNhalyr-1. N deposition was previously calculated NOy-N deposition rates may be attributed largely to China’s
in both the UK and Poland by the same model (Dore et al. rapidly developing economy, especially increased fertilizer N
2009; Kryza, 2009). It was calculated that the same budgeapplication and rapidly increasing energy consumption over
for the UK in the year 2005 by FRAME was 319 Gg (Dore recent years (China Statistical Yearbook, 2009).

Biogeosciences, 8, 33138329 2011 www.biogeosciences.net/8/3319/2011/
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Table 1. Mass budgets of emission, import, export and deposition of N in the NCP.

N species Import Emission Dry deposition Wet deposition Total deposition Sea deposition Export Export/Import

(Gg)  (Go) (Gg) (Gg) (Gg) (Go) (Gg)  ratio
NHyx-N 283 2346 316 827 1143 278 1206 4.27
NOy-N 301 899 150 190 340 82 776 2.58
Total-N 584 3245 466 1018 1484 360 1981 3.40
a b

Beijing Tianjin
3% 4%

Fig. 5. Contributions of area) and N deposition budgetb) in the NCP at province level (only the areas and N deposition budgets of the
seven provinces within the NCP were included; areas and N deposition budgets of the seven provinces outside the NCP were omitted).

High N deposition was not restricted to the NCP, but also The distribution of the modeled NHconcentration was
influenced the surrounding area by the long-distance transeorrelated to the distribution of NdHemission (Figs. 2a and
portation of N-compound pollutants. The exported N com- 6a), which can be attributed to the short-distance transport
ponent (1981 Gg) was 3.4 times the imported N componenbf NH3z (Asman et al., 1998). In contrast to NHemitted
(584 Gg), demonstrating the important pollution source ef-NO; has a longer lifetime and deposition occurs far from the
fect of the NCP. Of the total N deposition budget in the NCP, sources. Hotspots of the N@missions extended to larger
22 %, 19%, 26 %, 14 %, 13%, 3% and 3% were derivedareas by long-distance transport, resulting in greater regions,
from Hebei, Shandong, Henan, Jiangsu, Anhui, Beijing andeven the coastal regions, sharing higher gaseous ¢¢@-
Tianjin, respectively. Contributions to the N deposition bud- centrations (Fig. 6b). Nfﬁ and NG; ions are mostly formed
gets from the seven provinces were nearly proportional tathrough gas to aerosol conversion forming fine N4$0y,
the area percentages of the individual provinces to the NCANH4HSO, and NHiNO3 particles. These aerosols are re-

(Fig. 5). moved principally by wet deposition. Relatively higher con-
S S centrations of aerosol I\Q'-|and NQ, were found in the north-
3.2 Spatial distribution of N deposition in the NCP ern area where lower precipitation and reduced aerosol re-

_ i . moval rates occur (Fig. 6¢, d). Higher concentrations of
Emitted N-compounds are deposited onto terrestrial and o, were distributed in the areas with lower Nidoncen-
aquatic surfaces in the form of dry and wet deposition. yatiqn while lower concentration of HNbccurred in the
Chemical reactions take place in the gtmospheri in both thg aas with higher NEiconcentration (Fig. 6e). This can be
aqueous and dry phases, and species og,N¥H;, NO,  gyplained by the increased production of N from the
NOz, NO3, PAN and HNQ are produced during the emis- gaseous precursors Niand HNG.
sion, transport and deposition processes (S-compounds are

also produced but not discussed here). Concentrations of N- The. dtry dde'[t)r? ?tﬁ]nﬂ:aFes of redtuctgd and 3>;Ld|ge(;j N W.?.re
compounds, N, NH, NO,, NO; and HNG, and depo- associated with both their concentrations and their deposition

sition rates of reduced and oxidized N from dry and wet de_velocities. The dry deposition of reduced N exhibited higher

. P rates in areas around rather than within the NCP (Fig. 7a),
gosmon are mapped at:65 k¥ resolution in Figs. 6 and which could be attributed to land use (Fig. 1c). The NCP

is an intensive agricultural region dominated by farmland,
whereas it is surrounded by mountains in the west and the

www.biogeosciences.net/8/3319/2011/ Biogeosciences, 8, 33292011
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Fig. 6. Modeled concentrations of N-containing pollutants in the NCP in 2008xab Em? resolution (a. NH; b. NOy; c. NH:{; d. NG3;
e. HNOy).

Fig. 7. Modeled deposition of N-containing pollutants in the NCP in 2008 at3n? resolution (a. NK-dry; b. NG,-dry; c. NHy-wet,
d. NOy-wet; e. N-total).
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north with forest and grassland. Ntdeposition velocity is Table 2. Dry deposition velocities of N-compound pollutants cited

connected with bulk canopy resistance varying with vegeta-, shen et al. (2009) and in the FRAME model (unit: mnts
tion. Bulk canopy resistance increases in regions of farm-

!and and improv_ed grassland, causing _dry deposition veloc_:- Species  Value cited by value used in
ity decreases (Singles et al., 1998; Smith et al., 2000). This Shen et al., 2009 the FRAME model
explains the higher dry deposition of reduced N at the west-

ern and northern boundaries. With less influence from land NH3 74 Canopy fehSiSta?Ce calculation
use, oxidized N deposition was better correlated to the NO (Smit etal, 200.9)

. . . e NO> 5.9 Vegetation specific
concentration (Figs. 2b and 7b). High deposition rates of (Smith et al., 2000)
reduced N and oxidized N occurred in the south and the HNO3 20 30
east, respectively (Fig. 7c, d), attributed to both the high .+ 24 1
aerosol concentrations and the high precipitation. The total NO% 24 1

N deposition is illustrated in Fig. 7e. Total N deposition in
the NCP at 5< 5 kn? cell grid generally ranged from 20 to
80kgNhalyr—1. Hotspots appeared in the southern NCP

with N deposition higher than 80 kg N hayr o+ CONSISteNt  gap1e 3. Model evaluation statistics for Nf NOj and NG con-
with the global spatial distribution of N deposition (Dentener centrations.

etal., 2006).
Species n  FAC2 MB MGE NMB NMGE RMSE r
3.3 Comparison between modeling results and NMHf 13 092 047 113 014 035 145 035
observations NO; 12 100 -241 250 -035 037  7.00 0.7

NO, 13 0.77 100 16.35 0.03 0.52 21.98 0.30

The modeled averages of N wet and dry deposition were 32

and 15kgNhatlyr—1, respectively. Wet N deposition was

consistent with results in the NCP in the 2000s (Zhang etolder critical level of 8 mug m?® for vegetation in Europe. If

al., 2008). However, dry deposition of N was much lower 3 ug nT3 was applied in our study, ammonia concentrations
than results obtained from monitoring results (Shen et al.jn 99.3 % of the areas in the NCP would exceed the critical
2009). Such difference could be attributed by following rea- level (Fig. 8a). Bobbink et al. (2010) summarized empirical
sons. Firstly, no measured deposition velocities of gases andritical loads for various terrestrial ecosystems in Europe and
aerosols have been available in this region until now. Sherthe US with a range of 5-30 kg N hayr—! for forests and

et al. (2009) cited much higher deposition velocities thangrasslands. Experiments in temperate deciduous forests and
those applied in the FRAME model (Table 2). Secondly, temperate grasslands in China showed similar critical loads
NHz is a bi-directional exchange species and only net fluxesof 10-30 kg N halyr~1 (Pan et al., 2005; Zhao et al., 2008).
were considered in the model, which may underestimate thé&ven taking the upper limit, N deposition in 99.7 % of the
N dry deposition because the model did not distinguish be-areas of the NCP exceeded the critical load (Fig. 8b).

tween the two deposition and emission processes fo§.NH  However, the NCP is an intensive agricultural area domi-
Shen et al. (2009) used a simple BlHompensation point nated by farmland which is nutrient tolerant. Liu et al. (2011)
(5 g N nm3) value to estimate dry deposition of reactive N estimated and mapped critical loads in China based on the
species (assuming dry deposition occurred only whenr NH steady state mass balance (SSMB) method and data from the
concentration was higher than 5ug N# in their calcula-  literature, which resulted in a very high critical load, more
tion, which may also lead to some uncertainties due to the abthan 200 kg N hal yr—1, for the agricultural area in the NCP.
sence of a stable NHcompensation point during the winter As 92 % of the area is arable land in the NCP (including over-
wheat and summer maize double cropping system. Thereforlaps with forest, grassland and urban areas), this indicates
there is some need to improve both the monitoring and thehat N deposition in nearly all the areas was under the criti-

simulation of N dry deposition in the NCP. cal limit, in complete contrast to initial calculations with ex-
ceedances estimation at a critical load of 30 kg N'ha—1.
3.4 Potential exceedances However, this does not suggest that the current N deposi-

tion level in the NCP is completely safe. First of all, the
High N concentration was found in the NCP, at a level which critical loads and exceedances discussed above were based
is known to cause adverse effects to ecosystems by acidien a theoretical calculation. The cereal and vegetable crops
fication and eutrophication in the North America and Eu- have a high tolerance of eutrophication and the calcareous
rope in spite of few studies of critical levels available in soil in the NCP has a high tolerance of acidification. The
this region until now. Cape et al. (2009) reviewed the crit- properties of both vegetation and soil determined the high
ical level of NHs, proposing 1ugm? for bryophytes and critical load. Actually, agricultural ecosystems in the NCP
lichens and 3 ug e for all other plant species instead of the had already been artificially N saturated with excessive N

www.biogeosciences.net/8/3319/2011/ Biogeosciences, 8, 33292011
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Fig. 8. Accumulated area fraction of grid cell Nftoncentratior{a) and N depositiorfb) in the NCP in 2008.

accumulation, nitrate leaching, ammonia volatilization andhigh PMp 5 concentrations and contributions from nitroge-
N2O emissions (Ju et al., 2009). The simulated critical loadnous pollutants. More importantly, Nfand NQ, emissions

of N, 200kgN halyr—!, was a safe value consistent with in China kept increasing in the last three decades without
the optimum total N inputs in the agricultural ecosystemsany downward trend observed by now (Reis et al., 2009;
in the NCP rather than a real critical load of N deposition Liu et al., 2011). And it is much more difficult to depress
in this region. Actual N fertilizer application rate in the the concentrations of Ntthan the concentrations of NO
NCP is double or triple the optimum value for the agroe- e.g. the NQ emissions were significantly lowered (Wang et
cosystems (Zhao et al., 1997). Even the lowest N depositioral., 2010) but there was no significant decrease in thg NH
(17 kg N halyr~1in the simulation in this study) would still concentrations in Beijing during the 2008 Olympic Games
further stimulate environmental pollution related to reactive (Shen et al., 2011).

N. In addition, natural regions surrounding the NCP were | 55t byt not least, high N deposition affected not only the
exposed to high N deposition for the diffusion of nitroge- (errestrial ecosystems but also the offshore regions. In the ex-
nous pollutants from intensive emission sources, €.g. Miyun, budget, 18 % of the N was deposited onto the coastal re-
Reservoir, a protected area for the drinking water source ;Eion (Table 1), corresponding to 22 kg Nabeing directly
Beijing (Fig. lb),lthe total N cor?centrat@on of the water_w_as deposited to the surface. Assuming that the total N deposi-
around 1.0mgL" in 2000s (China Environmental Statisti- o in the coastal region originates from precipitation, the
cal Yearbook), which would be enriched even only the wet Njyme weighted N concentration was as high as 4.4 mig L
deposition was taken into consideration (Fig. 7). in our studies. It was reported that the inorganic N concentra-

Moreover, the high concentrations of N pollutants in the tion of the seawater in the coastal regions ranged from 0.002
atmosphere contributed to reduced visibility, regional hazeto 5.310mg L1, 0.308 mg =1 on average, with 27.5% of
reaction with @, formation of photochemical smog and samples exceeding the critical level (0.3 mglh in 2008
health impacts associated with fine particulate matter (PM)YCoastal Environmental Quality Yearbook, 2008). The dif-
(He et al., 2002; Chan and Yao, 2008). In the modeled reference in the inorganic N concentrations between rainwa-
sults, the annual concentration of N@ 4% of the total  ter and seawater indicates that precipitation greatly enriched
areas exceeded the critical level (40 ugfor NO,) inthe  the N concentration of the seawater. N deposition derived
World Health Organization Air Quality Guidelines (2005). from shipping emissions of NQwas not included here. This
There is no special critical level of N-butlined for air qual-  has been demonstrated to be highly significant in other re-
ity, but it neutralizes acidic pollutants as a key precursorgions (Dore et al., 2007). If these emissions were taken into
and produces fine particulate materials such agH\&0;, account, the N concentration and deposition would be even
(NH4)2SOy, NH4NO3, and NH,CI. The concentrations of higher than the current modeled results. According to data
PM, 5 were around 100 pgn in Beijing in the 2000s, with  published by the State Oceanic Administration, there were
a large contribution (22-54 %) from ammonium, nitrate and 79 red tides on average in the year 2000s, while there was
sulfate (He et al., 2003). De Leeuw and Himk (2009) es- only one every five year in the 1960s. Kim et al. (2011) re-
timated that annual average B¥lconcentration was range ported that significant increasing N abundance driven by N
from 11.7 to 12.9 ugm?® in the EU 27 countries in 2005, deposition in the Northwestern Pacific Ocean, especially in
causing 492 000 premature deaths. Although there is no aithe East China Sea. As the simulated results in this study,
quality impacts on human health data available in China,high N deposition has become one of the main contributors
potential risks must have been happened already at sucto coastal eutrophication in China.
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4 Conclusions Bouwman, A. F., Lee, D. S., Asman, W. A. H., Dentener, F. J., Van
Der Hoek, K. W., and Olivier, J. G. J.: A global high-resolution

Simulation of atmospheric N deposition in the NCP, a emission inventory for ammonia, Glob. Biogeochem. Cy., 11,

global hotspot for N deposition, was undertaken using the 561-587,1997.

FRAME model for the first time at a much higher resolu- British Atmospheric Data Centrehitp:/badc.nerc.ac.uk/home/

tion (5x 5km?) than previous studies in China. The total _ index.htm), 2008. ,

N deposition budget was 1481 Gg in this region, with 779, ¢ape, J. N., van de_r Eerden, L J, Sheppard, L. ‘] Leith, I. D.,

from reduced N and 23 % from oxidized N. The average grid and Sut_ton, M_. A.: Evidence for changing the critical level for

. Byrl 3.5 times hiaher ammonia, EnV|ron_. Pollut., 157, 1033—103_7, 2009. N

square deposmo!'l of 47kg N hayr® was ) 9 Castro, M. S. and Driscoll, C. T.: Atmospheric nitrogen deposition

than values obtained for European countries. The exported ; estyaries in the Mid-Atlantic and Northeastern United States,

N budget (1981 Gg) was much higher than the imported N - gnyiron. Sci. Technol., 36, 3242-3249, 2002.

budget (584 Gg), suggesting that the NCP is an important neEGRER  fittp://www.cgrer.uiowa.edu/EMISSIQRATA _new/

emission source of N pollutants. The calculated spatial distri- index.16.htm), 2007.

butions of N deposition displayed high rates of reduced N de-Chan, C. K. and Yao, X.: Air pollution in mega cities in China,

position in the south and of oxidized N deposition in the east. Atmos. Environ, 42, 1-42, 2008.

The N deposition exceeded an upper limitof 30kg N'heor ~ Chemel, C., Sokhi, R. S, Yu, Y., Hayman, G. D., Vincent, K. J.,

critical loads for natural ecosystems in more than 90 % of the Dore. A.J., Tang, Y. S., Parin, H. D., and Fisher, B. R. A.: Eval-

region and the critical level for ammonia concentrations of Uation of a CMAQ simulation at high resolution over the UK for

3ug 13 for all plant species was also exceeded in over 90 % the calendar year 2003, Atmos. Environ., 44, 2927-2939, 2010.

£ th - High . f ni I China Environmental Statistical Yearbodkttp://english.mep.gov.
ot the region. High concentration of nitrogenous pollutants cn/standardseports/EnvironmentalStatistigs2011.

impaired air quality and threatened human health even withcpina statistical Yearbook 2008ttp:/www.stats.gov.cn/tjsi/ndsj/
out available assessments available by now. At the same time 2009/indexch.htijy 2011.

it resulted in coastal eutrophication not only in the NCP it- Clarisse, L., Clerbaux, C., Dentener, F., Hurtmans, D., and Coheur,
self but also in surrounding areas including Miyun reservoir, P.: Global ammonia distribution derived from infrared satellite
the Bohai Sea and the Yellow Sea. Future work to improve observations, Nat. GeoSci., 2, 479-483, 2009.

spatially disaggregated estimates of N deposition in the NCFCoastal Environmental Quality Yearbook 2008§://jcs.mep.gov.
will focus on refining techniques to spatially map emissions ~ cn/hjzl/jagh/2008jagb/201004/P02010041439299809099. pdf
of NH3 and NQ (and including emissions from international _ 2010 (in Chinese). .
shipping) and expansion of monitoring networks for gas andDe Leeuw, F. and Hadek, J.: Assessment of the Health |mp_acts
aerosol concentrations and wet deposition of N compounds. o;ezfiliurgoggzwgoegga European level, ETC/ACC technical
Moreovgr, we recomrr_1end fut.ure studies'with the applicationDe%tgner' F Steveﬁson, D Ellingsen, K., van Noije, T., Schultz,
of Eulerian models with detailed dynamic meteorology and \; “amann, M., Atherton, C.. Bell. N., Bergmann, D., Bey, I.,
more complex atmospheric chemistry to estimate N deposi- Bouwman, L., Butler, T., Cofala, J., Collins, B., Drevet, J., Do-

tion in the NCP. herty, R., Eickhout, B., Eskes, H., Fiore, A., Gauss, M., Hauglus-
taine, D., Horowitz, L., Isaksen, |. S. A., Josse, B., Lawrence, M.,
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