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Abstract. This study uses multi-model ensemble results of 11 models from the 2" phase of Task
25  Force Hemispheric Transport of Air Pollution (HTAP II) to calculate the global sulfur (S) and
nitrogen (N) deposition in 2010. Modelled wet deposition is evaluated with observation networks
in North America, Europe and Asia. The modelled results agree well with observations, with 76-
83% of stations having predicted within £50% of observations. The results underestimate SO,
NO; and NH4" wet depositions in some European and East Asian stations, but overestimate
30 NO; wet deposition in Eastern United States. Inter-comparison with previous projects
(PhotoComp, ACCMIP and HTAP I) shows HTPA II has considerably improved the estimation
of deposition at European and East Asian stations. Modelled dry deposition is generally higher
than the “inferential” data calculated by observed concentration and modelled velocity in North
America, but the inferential data has high uncertainty, too. The global S deposition is 84 Tg(S) in
35 2010, with 49% of the deposits on continental regions and 51% on ocean (19% on coastal). The

global N deposition consists of 59 Tg(N) oxidized nitrogen (NOy) deposition and 64 Tg(N)
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reduced nitrogen (NHy) deposition in 2010. 65% of N is deposited on the continental regions and
35% is on ocean (15% on coastal). The estimated outflow of pollution from land to ocean is
about 4 Tg(S) for S deposition and 18 Tg(N) for N deposition. Compared our results to the
40  results in 2001 from HTAP I, we find that the global distributions of S and N depositions have
changed considerably during the last 10 years. The global S deposition decreases 2 Tg(S) (3%)
from 2001 to 2010, with significant decreases in Europe (5 Tg(S) and 55%), North America (3
Tg(S) and 29%) and Russia (2 Tg(S) and 26%), and increases in South Asia (2 Tg(S) and 42%)
and the Middle East (1 Tg(S) and 44%). The global N deposition increases by 7 Tg(N) (6%),
45  mainly contributed by South Asia (5 Tg(N) and 39%), East Asia (4 Tg(N) and 21%) and
Southeast Asia (2 Tg(N) and 21%). The NHy deposition is increased with no control policy on
NH; emission in North America. On the other hand, NO, deposition starts to dominate in East

Asia (especially China) due to boosted NOx emission in recent years.

1 Introduction

50 The nitrogen (N) plays an important role in the balance of the global ecosystem. Human
activities such as consumption of fossil fuels, production and usage of N fertilizers and livestock
cultivation disturb the N cycle in the ecosystem (Vitousek et al., 1997; Galloway et al., 2008).
Estimation under the IPCC SRES A2 scenario shows that the N deposition over land increases
by a factor of ~2.5 from 2000 to 2100 (Lamarque et al., 2005). Elevated N deposition can cause

55  exceedance of N critical loads on ecosystems (Sanderson et al., 2006; Sun et al., 2017). 11% of
the world’s natural vegetation has already received N deposition that exceeds the critical load in
2000 (Dentener et al., 2006). The most affected regions are Eastern Europe (80%), South Asia
(60%) and East Asia (40-50%). This percentage will be 40% for the world’s protected areas in
2030 (Bleeker et al., 2011). Elevated S and N deposition are also associated with a host of

60  environmental issues such as acidification and eutrophication of the terrestrial system (Bouwman
et al., 2002), loss of ecosystem biodiversity (Bobbink et al., 2010), harming the heterotrophic
respiration and disturbing the soil decomposition process (Janssens et al., 2010), although some
studies found increasing N deposition could benefit the carbon uptake by land processes (Reay
et al., 2008; Holland et al., 1997). Similar to the terrestrial system, over-richness of S and N

65  deposition is also a threat to the aquatic system by acidification (Doney et al., 2007) and
eutrophication of the ocean (Bergstrom and Jansson, 2006; Jickells, 2006; Jickells et al., 2017).
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In order to understand S and N deposition, a number of global scale studies have been
conducted in the last decade. Dentener et al. (2006) investigated the current (2000) and future
(2030) S and N deposition with multi-model ensemble results of ACCENT IPCC-AR4

70  experiment (PhotoComp). Model evaluation showed that 60-70% of modelled wet deposition is
within +50% of measurements in Europe and North America. NHy deposition is overestimated in
South Asia and NO, deposition is underestimated in East Asia. 11% of the world’s nature
vegetation receives N deposition that exceed the critical load in 2000, and this percentage will
increase to 17% under current air quality legislation and 25% under IPCC SRES A2 scenario in

75  2030. Sanderson et al. (2008) used the ensemble results of the 1% phase of the Task Force
Hemispheric Transport of Air Pollution (HTAP I) to estimate the long-range transport of
oxidized nitrogen between Europe, North America, South Asia and East Asia. Results showed
that 8-15% of NOy from source regions could be transported beyond the distance of 1000 km,
which indicates the impact of inter-continental transport of air pollutants on deposition.

80 Lamarque et al. (2013) calculated the S and N deposition in 2000 using a multi-model ensemble
of the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP). Model
performance on NO;™ wet deposition is comparable with PhotoComp and HTAP I, but NH," wet
deposition is not well simulated. Simulations with the projected emissions in 2100 under four
Representative Concentration Pathways (RCP) indicated that N deposition is likely to

85  substantially increase in Latin America, Africa and parts of Asia (especially South Asia) in the
future. Vet et al. (2014) conducted a comprehensive evaluation on the model performance of
HTAP I. The results underestimated the wet deposition at observation sites with highly observed
N deposition in North America, Southern and Northern Europe and East Asia. Dry deposition in
the Unites States is found to deviate with inferential dry deposition data. Kanakidou et al. (2016)

90  used the ACCMIP simulation results under historical, RCP6.0 and RCP 8.5 emission scenarios to
estimate the changes in N deposition driven by human activity in the past (1850), present (2005)
and future (2050). Their results showed that organic nitrogen (ON) from primary emission and
secondary organic aerosol (SOA) accounted for 20-30% of total N deposition. The impact of
human activity on N deposition has increased from 15% in the past to 60% in present years.

95  This impact is likely to persist in the future. Bian et al. (2017) examined the possible factors
causing the inter-model diversity in simulating NOs;™ and NH;" deposition by comparing the

results of 9 models participating in the 31 phase of Aerosol Comparisons between Observations
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and Models (AeroCom III). The results showed that models have large differences in calculating
the pH adjustment for the effective Henry’s law constant, which can largely influence the

100  simulation of NHy wet deposition.

These studies give a clear view to S and N deposition in the early 2000s. However, large
changes are seen in the global N emissions in the last decade (van der A et al., 2008), including a
large increase in China (Zhang et al., 2009b; van der A et al., 2006; Richter et al., 2005;
Kurokawa et al., 2013; Zhang et al., 2007; Li et al., 2017), and general decreases in both Europe

105  (Terseth et al.,, 2012) and Eastern United States (Kim et al., 2006). In addition, ground
observations and satellite measurements show large increases in the dry deposition in the western
United States, Eastern Europe and East China, together with decreases in Eastern United States,
Western Europe and Japan (Jia et al., 2016). Thus, a follow-up study is needed to update our
knowledge about the S and N deposition with emission changes in the 21* century.

110 In this study, we use the multi-model mean (MMM) of 11 global models from the 2™
phase of HTAP (HTAP II) project to calculate the S and N deposition in 2010. Section 2 gives a
short description of the HTAP II project and introduces the method to develop MMM and
metrics for model evaluation. Section 3.1 evaluates MMM performance on wet deposition with
observations from networks in North America, Europe and East Asia. The modelled dry

115  deposition is compared with the inferential data in North America (see detail in Section 3.1). We
also compare the model performance of this study with previous studies in 2001 of PhotoComp
(Dentener et al., 2006), HTAP I (Vet et al., 2014), and ACCMIP (Lamarque et al., 2013). Section
3.2 and Section 3.3 estimate the S and N deposition on continental, coastal and ocean regions in
2010. By comparing our results with deposition in 2001 of HTAP I, we investigate the changes

120  of deposition in the past 10 years. We conclude with the findings in Section 4.

2  Methodology

2.1 Model description and Experiment setup

The HTAP was developed in 2005 aiming at understanding the long-range transport of air
pollution and its impact on regional air quality. HTAP I has involved more than 20 global
125  models with base simulation year of 2001. A comprehensive assessment has been published to
summarize the findings in HTAP 1 with respect to the long-range transport of (1) ozone and

particulate matter (2) mercury and (3) persistent organic pollutants (HTAP, 2010). The HTAP 11
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was launched in 2012 with base year of 2010. A prescribed emission inventory called HTAPv2.2

is used by models from different groups to facilitate a fair evaluation of the models’ ability and

130  uncertainty (Galmarini et al., 2016). It is a harmonized emission inventory formed by the best

estimation of emissions from different organizations, including Environmental Protection

Agency (EPA) of United States, the EPA and Environment Canada, the European Monitoring

and Evaluation Programme (EMEP) and the Netherlands Organisation for Applied Scientific

Research (TNO), the Model Inter-Comparison Study for Asia (MICS-Asia III) and the Emission

135  Database for Global Atmospheric Research (EDGARv4.3). The development of the emission
inventory is described in Janssens-Maenhout et al. (2015).

Among the 20 models participating in the HTAP II project (configurations described n

Stjern et al. (2016)), 11 models (i.e. CAM-Chem, CHASER rel, CHASER t106, EMEP rv48,

GEMMACH, GEOS5, GEOSCHEMAJOINT, OsloCTM3v.2, GOCARTvVS, SPRINTARS and

140  C-IFS_v2) submitted the model outputs of S and N deposition. To develop the MMM, all models

are interpolated to a uniform 0.1° x 0.1° horizontal resolution (the same resolution as the

emission inventory) by linear interpolation. Then the MMM of the emission/deposition quantities

of each of S and N is calculated by averaging (arithmetic mean) all available model outputs.

More details are demonstrated in Section 2.2. The base year of simulation is 2010, with

145  additional six-month run as model spin-up. The administrative boundaries of 17 regions are

shown in Fig. S1. Details about the experiment setup can be found in Galmarini et al. (2016).

2.2 Method for calculating the MMM

To make the discussion clear, we define the terms as follows: The continental regions refer to all
land regions including the Antarctic. The coastal regions are defined in Fig. S1. In section 3.2
150  and 3.3, the S deposition contains gas phase SO, deposition and aerosol SO4> deposition. The N
deposition includes oxidized nitrogen (NOy) deposition and reduced nitrogen (NHy) deposition.
NOy deposition is composed of all oxidized nitrogen species except N,O. Based on the model
outputs, NOy deposition mainly includes NO,, HNOs3, aerosol NOj", peroxyacyl nitrate (PAN)
and other organic nitrates than PAN (Orgn). NHy deposition consists of gas phase NH;
155  deposition and aerosol NH4" deposition. Before constructing the MMM, we check the quality of
model outputs using two criteria. First, we check the mass balance of each of the models by

comparing the global deposition of each with its emission. Models are excluded if their
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deposition values fall outside the range of +20% of their emission values. The second criterion is
to check if the result of a model is away from the mean value of all models. We adopt the upper
160  and lower limits as median of models + 1.5 x interquartile by Vet et al. (2014) and check the
values separately for all species of deposition and emission. The models used to develop the
MMM and their values are summarized in Table S1-S3. After the quality check, we calculate the
mean value of each species using equation (1) with all available model outputs. Then, we

combine all of the related species into total deposition/emission by equation (2).
N1 :
165 Summ () =~ i=15:() (1)
Summ(NOy, NH, or §) = Z§=1 Swumm () (2)
For both equations (1) and (2), i is the individual model and j is the species of

deposition/emission from model outputs. S;(j) is the species j from model i and Symm(j) is the

MMM of species j.

170 2.3 Model evaluation metrics

To compare the model performance with previous projects consistently, we adopt the following
metrics in Lamarque et al., (2013): Linear fit slope, mean bias, mean observation, mean model,
correlation coefficient (R) and fraction (of model results) within + 50% (of observations).

In addition, we use 4 statistical metrics following Eq. (3)-(6).

175 NMB (normalized mean bias) = W x100 3)
i=1 Vi
: _ 2?:1 |Mi_0i|
NME (normalized mean error) = St o x100 4)

i=1Yi

. . _ l n M;-0;

MFB (mean fractional bias) = w2i=1 1007 X100 ®)
. _1len _IMi—0i|

MFE (mean fractional gross error) = 2 2i=1 00100/ X100 (6)

For equations (3)-(6), M; is the model result, O; is the observation and n is the sample size.
180 NMB, NME, MFB and MFE normalize the model mean bias to avoid data inflation in case of
large data range. NMB and NME normalize the mean bias by the observation data and thus may
tend toward model overestimation. MFB and MFE normalize the mean bias by the average of
observations and model results, considering both model overestimation and underestimation, and
thus are less biased. In Section 3.1, we use MFB and MFE as the main metrics to evaluate the

185  model performance.
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3 Results

3.1 Evaluation of model performance
3.1.1 Wet deposition

We evaluate the MMM results of SO42', NO;™ and NH4" wet deposition with site observations in

190  United States, Europe and East Asia. The MMM result is annual deposition in 2010 and the
observation data is 3-year annual average deposition during 2009-2011. The observation data in
United States comes from the National Atmospheric Deposition Program (NADP)
(http://nadp.sws.uiuc.edu/). The quality and completeness of the observations are checked
according to the 4 criteria established by the NADP technical committee

195  (http://nadp.sws.uiuc.edu/documentation/notes-depo.html). As a result, we use the data from 136
stations of the 267 available stations. The observations in Europe are derived from the European
Monitoring and Evaluation Programme (EMEP) CCC reports
(http://www.nilu.no/projects/ccc/reports.html). After checking the data quality and completeness,
we use the data from 82 stations of the 102 available stations. The observations in Asia are from

200 the Acid Deposition Monitoring Network in East Asia (EANET) (http://www.eanet.asia/). Data
from 43 stations of the 52 available stations are used for evaluation.

Fig. 1 shows the scatter plots of the MMM SO,*, NOs” and NH;" wet deposition with
observations at the NADP, EMEP and EANET stations. The SO,* wet deposition comprises gas
phase SO, and aerosol SO,* wet deposition. The NOs™ wet deposition includes gas phase HNO;

205  and aerosol NOs™ wet deposition. The NH;" wet deposition contains gas phase NH; and aerosol
NH," wet deposition. Performance of individual models can be found in Figs. S2-S4 in the
supplementary material. Fig. 2 displays the spatial distributions of MMM SO,*, NO;™ and NH,"
wet deposition (contours) with observations (filled circles). In terms of SO4* wet deposition, the
MMM results are consistent with observations at the NADP stations with a close to 1 slope (0.9)

210 and a high R value (0.8) (Fig.1 (a)). The MFB and MFE are 9% and 32%, indicating slight
overestimation. According to Fig. 2(a), the observed SO, wet deposition is highest in
northeastern United States, and this spatial distribution is well captured by MMM. The EMEP
stations are well simulated with low MFB (-7%) and MFE (25%) (Fig. 1(b)). The MMM
predictions are within +£50% of observations at 87% of the stations. According to Fig. 2(b), 1

215  station in Poland and 1 station in Norway, with observed SO4> wet deposition of 1000 and 500
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mg (S) m? yr'1 respectively, are underestimated by 50%. At the EANET stations, very high SO4*

concentrations were measured at some stations, probably correlated with dust emission

(Dentener et al., 2006). Therefore, we ignore the measurements coincident with measured

calcium (Ca®") deposition larger than 20 mole m™yr''. The evaluation (Fig. 1(c)) shows that the

220 SO4* wet deposition is generally underestimated at the EANET stations by 23% (MFB) and 44%

(MFE). The stations in Korea and Vietnam are generally underestimated by more than 200 mg

(S) m* yr'! (Fig. 2(c)). On the other hand, the SO4* wet deposition is generally well simulated in

Indonesia, Philippines, Thailand and Japan. Overall, 76% of the stations predicted quantities

within £50% of observations. The EANET stations have the highest model bias among the 3

225  networks. It should be noted that for the 3 excluded stations (located in China) with high Ca*"

deposition, the SO4* wet deposition is largely underestimated by more than 1000 mg (S) m™yr

(not shown in figures). If we include these stations in the model evaluation, the mean bias for

East Asia increases from 160 mg (S) m™ yr' to 300 mg (S) m” yr'. We also realize that the

observation stations in China are mainly located along the eastern and southern coast, while the

230  highest deposition is found in the inland areas. Therefore, it is hard to conduct a comprehensive
evaluation over this region.

For NOs” wet deposition, the MMM results agree well with observations at the NADP

stations, as shown by the linear regression line in Fig. 1(d) with slope of 1.2 and R value of 0.9.

However, the amount of deposition is overestimated by 33% (MFB) and 36% (MFE). According

235  to Fig. 2(d), the over-predicted stations are mainly located in Midwestern and Southeast United

States. At the EMEP stations, the NO3™ wet deposition is well simulated with low MFB of -5%

and MFE of 24% (Fig. 1(e)). The modelled deposition is within £50% of observed deposition at

more than 90% of the stations. The MMM results are close to the observations at stations with

deposition lower than 400 mg (N) m? yr', but generally underestimate the deposition at stations

240  with higher observations. According to Fig. 2(e), 3 stations in Poland, Norway and Spain

underestimate wet deposition by 430 (59%), 420 (63%) and 290 (67%) mg N m? yr',

respectively. Besides, the stations in Germany generally under-predict these values by 100-200

mg (N) m?yr'. The NOs wet deposition at the EANET stations is well simulated with MFB (-

3%) and MFE (43%) (Fig. 1(f)). The model estimations are within £50% of observations for

245  77% of the stations. According to Fig. 2(f), 1 station in Central China is overestimated by 400

(130%) mg (N) m? yr''. On the contrary, 3 stations in Thailand, Vietnam and Malaysia are
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underestimated by 570 (78%), 350 (66%) and 200 (64%) mg (N) m?yr'. Overall, 83% of the

MMM results are within £50% of observations. The NADP stations have the highest MFB due to

a generally positive bias in the eastern United States. The EANET stations have the highest MFE
250  value, mainly due to the underestimation in Southeast Asia.

The modelled NH;" wet deposition agrees well with observations at the NADP stations
with MFB of 7% and MFE of 25% (Fig. 1(g)). 88% of modelled deposition is within £50% of
observations as shown by the R value of 0.9. The MMM has well captured the high deposition in
the United States Midwest, but slightly underestimates the deposition in the Southeast (Fig.

255 2(g)). At the EMEP stations, the NH,;" wet deposition is well simulated with MFB of -1% and
MFE of 36% (Fig. 1(h)). The MMM results are close to the observations at most stations and
well reproduce the high deposition in Germany and Italy (Fig. 2(h)). Some stations in Norway
and Poland are slightly underestimated by 100-200 mg (N) m™ yr'. These stations all report
observations of higher deposition than 500 mg (N) m™” yr'. The NH;" wet deposition is

260  underestimated at the EANET stations by 10% (MFB) and 50% (MFE) (Fig. 1(i)). The MMM
has well captured the high deposition in Eastern China and Indonesia, but generally
underestimates the NH," wet deposition at the Russian stations (Fig. 2(i)). In addition, the
observed deposition at the 3 Korean stations is relatively high (~500-600 mg (N) m~yr), but
the MMM fails to reproduce any of them. There could be a missing emission source in that

265  region. Overall, 81% of the MMM predictions are within £50% of observations. The NH," wet
deposition is somewhat underestimated in all 3 regions, especially in East Asia.

Table 1 compares the model performance of this study (HTAP II) with previous projects
of PhotoComp (Dentener et al., 2006), HTAP I (Vet et al., 2014) and ACCMIP (Lamarque et al.,
2013). It should be noted that the emission inputs, simulation periods and participating groups of

270  this study (year 2010) are different from those of the previous projects (year 2001). Although the
observations are from the same networks, the previous projects used 3-year averaged
observations of 2000-2002 and this study used those of 2009-2011. Due to these differences, the
model performances may not be totally comparable. In terms of SO, wet deposition, the model
performance is similar to that for previous projects in North America, with 4-6% higher

275  percentage of stations within +50% of observations. Large improvement is found in Europe. The
absolute mean bias decreases from 50-130 mg (S) m™ yr”' to 30 mg (S) m™ yr'. There is 10%

increase in the fraction of stations within £50% of observations. At the East Asian stations, the
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absolute mean bias decreases slightly from 180~290 mg (S) m™ yr' to 160 mg (S) m™ yr'. But
the R value and fraction within +50% have somewhat declined. For NOs™ wet deposition, HTAP
280 II performs similar to the ensembles used in previous projects in North America, but slightly
better in Europe with lower mean bias and 5% increase in the fraction within +50% of
observations. The model mean bias at the Asian stations has decreased significantly from ~50
mg (N) m? yr' to ~1 mg (N) m? yr''. However, the biases for individual models are large (Fig.
S3). Large negative model bias is found in Southeast Asia and improvements are needed in the
285  future. In terms of NH," wet deposition, HTAP II shows similar R values to those of ensembles
used for the previous projects at the NADP stations, with slightly lower model bias. However,
HTAP II shows considerable improvement in Europe. The slope of the regression line increases
from 0.3-0.4 to 0.6 and the mean bias decreases from as large as -95 mg (N) m™ yr™' to -4 mg (N)
m™? yr'. For Asia, the slope, mean bias and R values for HTAP II are all within the ranges of the
290  previous projects, while the absolute mean bias decreases form 70~140 mg (N) m™ yr' to 30 mg

(N) m? yr'].

3.1.2 Dry deposition

The number of dry deposition measurements is limited due to difficulty in measuring the
dry deposition directly by instruments. This study evaluates the dry deposition in United States
295  using information from the Clean Air Status and Trends Network (CASTNET). Instead of direct
measurements, the data are produced by an “inferential” method, using calculations of the
measured concentration of species and modelled dry deposition velocities. The uncertainty is
estimated to be 10-20% in the measurement of mixing ratio of species, 20% in the calculated
velocity and ~20% when lacking of hourly concentration for species with strong diurnal
300 variation (Zhang et al., 2009a). Schwede et al. (2011) compared the CASTNET data with the
Canadian Air and Precipitation Monitoring Network (CAPMoN). The CASTNET data is 54%
lower for SO, dry deposition and 47% lower for HNO; dry deposition than CAPMoN, mainly

due to using different models to calculate the dry velocity.
We use the 3-year average data of 2009-2011 from CASTNET and adopt the same
305 selection criteria as we did for the wet deposition measurements. Data from 81 stations out of 85
available stations is used for comparison. Fig. 3 shows the scatter plots of the MMM SO,, SO4,
NO;, HNO; and NH4" dry deposition with inferential data at the CASTNET stations.
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Performances of individual models can be found in Fig. S5-S9 in the supplementary material.
The modelled SO, dry deposition is 240 (170%) mg (S) m™ yr' higher than the inferential data
310 and only 5% of the stations is within £50% of the inferential values. There are smaller
discrepancies for values of SO4> dry deposition (14 mg (S) m™ yr' and 60%) between model and
inferential results. Modelled NOs, HNO; and NH," dry deposition is generally 0.5-1 times
higher than the inferential data and the fraction within +50% is about 15%. Fig. 4 shows the
spatial distributions of MMM dry deposition (contours) with the inferential data (filled circles).
315  The MMM results are consistent with the inferential data in the western United States, where the
dry deposition is generally low. And both datasets predict high NO;™ dry deposition in western
California. Large disagreements are found in the eastern United States. In the Midwest (mainly
Indiana and Ohio states), although both results estimate higher N (NO;", HNO; and NH,") dry
deposition in this region than the others, the prediction of MMM is 20-30 mg (N) m™ yr'' higher
320 than the inferential data at every station. In addition, the MMM estimates much higher deposition
in southern and northeastern United States than in the western United States, but this pattern is

not clear from the inferential data.
Table 2 compares the model performance of this study (HTAP II) with that of the models
used in the previous projects of HTAP I (Vet et al., 2014) and ACCMIP (Sun et al., 2017).
325  HTAP I used the 2001 simulation results and compared them with 3-year average (2000-2002)
CASTNET data. ACCMIP used 10-yr averages of both MMM and CASTNET data from 2000 to
2009. The N dry deposition values for all projects contain NO3", NH;" and HNOs and the S dry
deposition includes SO, and SO4>. Both HTAP I and HTAP II overestimated the S and N dry
deposition, but HTAP II has ~100 mg(S) m™ yr' and ~80 mg(N) m™ yr"' lower mean bias than
330 HTAP L. The comparison with ACCMIP results may not be solid since there are large differences
in simulation periods. Generally, the HTAP II performance is similar to ACCMIP for NH,", SO,
and SO,” dry deposition simulation, but has larger mean bias for HNO; dry deposition

prediction.

3.2 S deposition

335 Table 3 lists the calculated amount of S emission and deposition on continents, coastal
regions and oceans. Fig. 5 presents the distribution of S emission and deposition from MMM

results. The distributions of components of S deposition are shown in Fig. S10 in the

Page 11 of 36



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1121 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 3 January 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License.

Discussions

supplementary material. The global S deposition is 84 Tg(S) in 2010, with 49% deposits on non-
coastal continents, 32% deposits on non-coastal ocean and 19% deposits on coastal area. For
340 continental non-coastal regions, East Asia receives the largest amount of S deposition (17%).
The highest S deposition is found in Eastern China (2000 mg(S) m™ yr') (Fig. 5(b)). Other
regions with largely extended areas of high S deposition are the Indian peninsula (800-1200
mg(S) m? yr'l), Malaysia and Indonesia (~1200 mg(S) m? yr'l), United States Midwest (800-
2000 mg(S) m? yr'), Mexico and Central America (400-800 mg(S) m™ yr'), Peru and Chile
345  (400-600 mg(S) m” yr’'), Eastern Europe (~800 mg(S) m™ yr') and the northeastern Middle
East (500-1200 mg(S) m™ yr'"). The distribution of high deposition regions agrees very well with
high S emission regions (Fig. 5(a)). For coastal regions, East Asia and Southeast Asia receive the
most S deposition (3% and 3% respectively). The east coast of East Asia and North America and
all of the coast of India have relatively high deposition (400-800 mg(S) m™ yr'"), followed by the
350 west coast of Mexico (~400 mg(S) m? yr’l). The ocean serves as an important sink of S
deposition. This study estimates 43 Tg(S) of S deposition on the ocean in 2010 (include non-
coastal and coastal), and accounts for 51% of global S deposition. The ratio is similar to the 51%
estimated by Dentener et al. (2006) and 46% estimated by Vet et al. (2014) in 2001.
We calculate the ratio of S deposition to S emission (Fig. 5(c)). Because it is not clear
355  how dimethyl sulphide (DMS) emission will transfer to S deposition, this ratio does not represent
the transformation of S emission to deposition. For continental non-coastal regions, the average
ratio is 85% (86% if taking consideration of coastal regions). In high emission regions, this ratio
can be viewed as the “scavenging” effect of S pollution by deposition. In major source regions of
S emission (i.e. North China Plain, Midwest of United States and India), the ratios are only
360  slightly higher than 50%, while in low S emission regions (<10 mg(S) m™ yr™), the ratios could
exceed 400 % (areas with white color in Fig. 5(c)). This result indicates that the deposition in
these regions is largely affected by long-range transport of pollution from other regions. The
impact of intercontinental transport of air pollutants on deposition can be quantified by the
emission perturbation experiments in HATP II. Results from those experiments will be discussed
365  in another paper.
We compare the S emission and deposition in 2010 from HTAP II with that in 2001 from
HTAP I (Vet et al., 2014) (Table 3). We re-calculate the HTAP I results according to the regions
defined in HTAP II (Fig. S1), so the HTAP I results may look different from those in Table 2 of
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Vet et al. (2014). Because different models were used for each of the two ensembles compared,
associated uncertainty is expected. In addition, emissions in HTAP I were not prescribed, so each
modelling group used its own best estimation of emissions (Sanderson et al., 2008). Conversely,
all models in HTAP II, used the same anthropogenic emission values (although there were still
differences in natural emission). Globally, the S emission decreases by 5 Tg(S) from 2001 to
2010, with 8 Tg(S) (13%) decrease in continental non-coastal regions, 6 Tg(S) (32%) increase in
non-coastal ocean regions and 3 Tg(S) (15%) decrease in coastal regions. For continental non-
coastal regions, there are big drops in S emissions from Europe (6 Tg(S) and 61%), North
America (3 Tg(S) and 34%) and Russia (2 Tg(S) and 44%). On the other hand, South Asia and
Middle East have 2 Tg(S) (56%) and 1 Tg(S) (69%) increase in S emissions. East Asia, one of
the main contributors to S emission seems to show little change between 2001 and 2010.
However, it has experienced large changes during these 10 years, with stable annual increases
from 2000 to 2005 due to increased energy consumption and decreases after 2006 owing to the
successful implementation of the SO, control policies in China’s 11" Five-Year-Plan (FYP) (Lu
et al., 2010). For coastal regions, Europe has experienced a 2 Tg(S) (54%) decrease and East
Asia has experienced a 1 Tg(S) (43%) decrease in S emission. Other regions have relatively
small (0-0.6 Tg(S)) changes. The global S deposition decreases by 2 Tg(S), with 5 Tg(S) (11%)
decrease in continental non-coastal regions, 4 Tg(S) (16%) increase in non-coastal ocean regions
and 1 Tg(S) (5%) decrease in coastal regions. The regions with the largest change in deposition
coincide with those having big changes in emission. For instance, Europe experiences 5 Tg(S)
decrease in S deposition with 8 Tg(S) decrease in emission, and South Asia receives 2 Tg(S)
more S deposition with 2 Tg(S) increase in emission. Fig. S11(b) compares the S deposition in
HTAP II with that in HTAP 1. Declined S deposition is found in large areas of the eastern United
States and Europe (400-1,500 mg(S) m? yr'"). Regions with increased S deposition are India and
Indonesia (100-800 mg(S) m?yr™"). In China, there is a mixture of both increases and decreases
in S deposition over different areas. The changes in S depositions agree well with changes in S
emissions (Fig. S11(a)). During China’s 11™ FYP, one of the main technologies to control the
SO, emission was to install the Flue Gas Desulfurization (FGD) on power plants (Cao et al.,
2009). The effectiveness of this technology in removing SO, emission varies considerably
regionally, as a result of several factors such as the coverage of FGD technology on power plants,

local reduction targets and stringency of policy implementation by local governments. On the
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400  other hand, new sources of SO, emission, such as newly built power plants, are found
responsible for the increased S emissions and deposition over some areas in China (Tan et al.,

2017).

3.3 N deposition
3.3.1 NOy deposition

405 Table 4 summarizes the NO, emission and deposition in each region and Fig. 6 presents
the distribution from MMM results. Distributions of components of NOy deposition are shown in
Fig. S12 in the supplementary material. The global NO, deposition is 59 Tg(N) in 2010, with
62% of deposits on non-coastal continents, 22% of deposits on non-coastal ocean and 16% of
deposits on coastal areas. For continental non-coastal regions, East Asia receives the largest NOy

410  deposition (14%). The highest NOy deposition is found in northeastern China (2000 mg(N) m”
yr'"), followed by the Indian peninsula (800-1200 mg(N) m? yr'"), Malaysia and Indonesia (500-
800 mg(N) m? yr'"), Germany, Switzerland and Poland (500-600 mg(N) m™ yr™"), northern Sub-
Saharan Africa (300-500 mg(N) m™ yr™), northeastern Middle East (400-500 mg(N) m™ yr'"),
United States Midwest (500-600 mg(N) m™ yr™') and Brazil (300-600 mg(N) m™ yr™").

415 For coastal regions, the east coast of East Asia also receives the largest amount of NOy
deposition (600 mg(N) m” yr' and 4%). Relatively high deposition is found on the east coast of
North America (150-400 mg(N) m? yr’l), all of the coast of India (300-500 mg(N) m? yr'l), the
west coast of Europe and all of the coast of Southeast Asia (150-200 mg(N) m? yr'"). This study
estimates 23 Tg(N) of NO, deposition on the ocean in 2010 (include ocean non-coastal and

420  coastal), similar to Dentener et al. (2006)’s estimation of 23 Tg(N), Duce et al. (2008)’s
estimation of 14-32 Tg(N) and Vet et al. (2014)’s estimation of 20 Tg(N). About 38% of global
NOy deposits on the ocean, lower than 43% in PhotoComp (Dentener et al., 2006) and 42% in
HTAP I (Vet et al., 2014), but higher than 30% estimated by Lamarque et al. (2005). It should be
noted that these values partly depend on the land-ocean mask, which may differ among different

425  studies. For non-coastal ocean regions, the NOy deposition is 13 Tg(N), accounts for 22% of the
global deposition. While the emission from oceans is only 2 Tg(N), about 4% of global emission.
The difference of 11 Tg(N) indicates NO, transport from continents to the open ocean. Antarctic
have near zero NO, emission, but receive 0.1 Tg(N) NOy deposition. Deposition has been a non-

negligible pathway that human pollution is contaminating the nearly untouched areas.
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430 We calculate the ratio of NOy deposition to NOy emission (Fig. 6(c)). In continental non-

coastal regions, the average ratio is 74% (81% if taking consideration of coastal regions). In high
NOx emission regions (i.e. North America, East Asia and South Asia), an average 60-80% of the
NOy is removed by deposition, with large regional variation. For low emission regions (i.e. North
Africa and Central Asia), the ratio can reach higher than 90%. Also in coastal regions and open
435  ocean, the ratio is generally over 200%. Instead of the local emission, the transport of air

pollutants from elsewhere is the major source of deposition.

3.3.2 NH;, Deposition

The global NHy deposition is 54 Tg(N) in 2010, with 69% of deposits on continental non-coastal

regions, 19% of deposits on ocean non-coastal regions and 13% of deposits on coastal regions

440 (Table 4). For continental non-coastal regions, South Asia receives 16% of global NHy

depositions, followed by East Asia (13%). The whole Indian peninsula receives higher NHy

depositions than 2,000 mg(N) m? yr'1 (Fig. 6(e)). Also, the Asian regions have several high

deposition areas: the North China Plain and Indonesia (1,200-2,000 mg(N) m™ yr’"), Japan,

Thailand, Vietnam and Myanmar (500-600 mg(N) m™ yr'). Other regions with high NH,

445  deposition are: the United States Midwest, Germany, France, Northern Italy, Southern Brazil

and Ethiopia (400-800 mg(N) m™ yr'). Distributions of components of NH, deposition are
shown in Fig. S13 in the supplementary material.

Coastal regions of Southeast Asia (3%), East Asia (2%) and South Asia (2%) receive the

largest NH, deposition (~200-400 mg(N) m™ yr'). The east coast of North America and Mexico

450  also have high NH, deposition (150-200 mg(N) m~ yr"). Compared to NOy deposition, the NHy

deposition on coastal regions is relatively lower. The ocean receives 17 Tg(N) of NHy deposition

in 2010, within the range of 13-29 Tg(N) estimated by Duce et al. (2008), but lower than 23.5

Tg(N) estimated by Dentener et al. (2006) and 21.4 Tg(N) estimated by Vet et al. (2014). 31% of

NH; emission is deposited on ocean areas, similar to 31% estimated by Dentener et al. (2006)

455  and 30% estimated by Lamarque et al. (2005), but slightly lower than 37% in PhotoComp

(Dentener et al., 2006) and 37% in HTAP I (Vet et al., 2014). The ocean emitted 12 Tg(N) of

NH;3 in 2010, which means that at least 5 Tg(N) of NHy deposition on oceans in 2010 came from

continental regions. This value is considerably lower than the 13 Tg(N) of deposition-emission

difference for NOy (including the 2 Tg(N) difference on coastal regions). A possible explanation
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460 is that NH; has a short lifetime in the atmosphere, which makes it more likely to deposit close to
where it is emitted (Shen et al., 2016), while NOy can be oxidized to organic nitrate (Moxim et
al., 1996), which facilitates the long-range transport from land to open ocean.

We calculate the ratio of NHy deposition to NH; emission (Fig. 6(f)). The average ratio is
87% for continental non-coastal regions (92% if also considers the coastal regions). The ratios

465  are generally higher than those of NOy deposition (74% and 81%), since large a proportion of
NHy deposits near the source. The ratios are generally over 400% for coastal areas, but less than
100% on open ocean (70-90%). This is because there is less continental NHy transported to the

open ocean than to coastal regions.

3.3.3 N deposition

470  The global N deposition in 2010 is 113 Tg(N), with 65% of deposits on the continental non-
coastal regions, 20% on non-coastal oceans and 15% on coastal regions (Table 4). East Asia
(13%) and South Asia (11%) receive the largest amount of N deposition, consistent with the fact
that they are also the largest N emission sources (16% and 13% respectively). The deposition
reaches 3000 mg(N) m™ yr”' over Eastern China (especially North China Plain) and 2000 mg(N)

475 m™ yr' over India and Southeast Asia (Thailand, Vietnam and Malaysia). Other regions of high
N deposition are the United States, northeast Western Europe (800-1200 mg(N) m™ yr'),
Mexico, Central America, Brazil, northern Sub-Saharan Africa and the northeastern Middle East
(500-600 mg(N) m? yr'"). For coastal regions, the east coast of the United States, all coasts of
India and the east coast of East Asia are identified with relatively high deposition (>600 mg(N)

480 m7yr').

Table 5 compares the N emission and deposition in HTAP II with HTAP I. The global N
emission increases from 105 Tg(N) to 115 Tg(N), with a 12 Tg(N) (15%) increase in continental
non-coastal regions and a 2 Tg(N) (14%) decrease in coastal regions. The change on the ocean is
small due to increased NO, deposition but decreased NHy deposition. For continental non-coastal

485  regions, positive changes happen in South Asia (5 Tg(N), 56%), East Asia (4 Tg(N), 26%) and
Southeast Asia (2 Tg(N), 58%), while the emission in Europe decreases by 1 Tg(N) (12%). The
emission changes in coastal regions are relatively small. The global N deposition increases by 7
Tg(N), with a 9 Tg(N) (14%) increase in continental non-coastal regions and a 2 Tg(N) decrease

in ocean regions. Asian regions also have experienced the largest increases in deposition, and the
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amounts are identical with corresponding emission changes. Fig. S14 (b) compares the
distribution of N deposition in HTAP II with HTAP I. Elevated N deposition is found in India,
Indonesia and North Chain Plain (1,500 mg(N) m~yr™"). Regions with small increases are Japan,
the northern Middle East, northwestern Brazil and Mexico (~200 mg(N) m™yr'"). On the other
hand, the N deposition in the eastern United States and Europe have decreased by 200-400
mg(N) m™ yr.

The global N dry and wet deposition is 40 Tg(N) yr' and 73 Tg(N) yr' in 2010,

respectively. We calculate the ratio of dry deposition as

dry deposition

x100%.

dry deposition+wet deposition

For continental non-coastal regions, about 44% (range from 35-61%) of the N deposition comes
from dry deposition (42% if take coastal regions into consideration). If the overestimation of N
dry deposition in Section 3.1.2 is considered, this ratio could be even lower. Desert areas (e.g.,
the Sonoran, Mojave and Chihuahuan deserts near the west coast of North America, the Sahara
Desert in North Africa, the Arabian Desert in Middle East and the Great Victoria Desert in
Australia) are seen with high ratios of dry deposition (80%) (Red color regions in Fig. 7(c)). This
outcome is reasonable since these areas generally lack precipitation. Low fractions of dry
deposition (30%) are found in Russia, Western China, Southeast Asia, Australia and Central
America. Almost all coastal regions are dominated by wet deposition. A study by Jickells (2006)
reported a dry deposition ratio of 21-45% for the east coast of the United States and a study by
Baker et al. (2010) suggested a ratio of 15-22% for the Atlantic Ocean. Our study receives
similar ratios for these coastal regions. A study by Bey et al. (2001) found an outflow of NOy
from Asia over the Western Pacific Ocean through deposition. According to this study, about
70% of this land-to-ocean export of NO, deposition is through wet deposition (Fig.7 (a)).

The NH, and NOy deposition is 54 Tg(N) yr'! and 59 Tg(N) yr' in 2010, respectively.

NH, deposition

The average ratio of NHy deposition (calculated as X100%) for

NHy deposition + NO,, deposition
continental non-coastal regions is 47% (45% if coastal regions are taken into consideration).
South Asia (71%) and Southeast Asia (63%) are dominated by NHy deposition, owing to high
local NH3 emission, while the Middle East (25%) and North Africa (34%) are dominated by NOy
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520  deposition. Fig. 7(f) shows the global distribution of the ratio of NH deposition. Except the high
ratio found in the Indian peninsula, Southeast Asia, Southeast Brazil, South Argentina and New
Zealand (70-80%) and Eastern Asia (~60%), other continental non-coastal regions are mainly
dominated by NO, deposition. This is consistent with finding by ACCMIP (Sun et al., 2016). We
compare the ratio of NHy deposition in 2010 (HTAP II) with that in 2001 (HTAP I) (Fig. S15).

525 In United States, the ratio of NHy deposition in California was 15-20% in 2001 and increases to
40-60% in 2010. The ratio in Alaska also increases from 30-40% to 50%. There is a generally 5-
10% increase over the eastern United States. This is consistent with an observed large increase of
the NHy depositions and decrease of NOy depositions in northeastern United States from 1990s
to 2010s (Du et al., 2014;Li et al., 2016). A possible explanation is that the implementation of

530 emission control stretegies such as the Clean Air Act (CAA) has resulted in a large reduction in
NO, emssions, which lowered the NOy deposition in the United States (Lloret and Valiela, 2016).
This benefit is compensated by increasing NHy deposition because no limitation is implemented
on NHj emission (Kanakidou et al., 2016;Li et al., 2016). Some regions have small increases in
the ratio of NHy deposition, such as North Europe (Norway) (5%), Southeast Asia (10%) and

535  Western Australia (10%). On the other hand, a 30% decrease is found in southeastern China,

mainly due to the large increase in NOx emission during the last decade.

4 Conclusions

We calculate the S and N deposition in 2010 using the multi-model mean (MMM) of an 11-
model ensemble from the HTAP II project. The model performance on wet deposition is
540  evaluated with measurement networks of NADP over North America, EMEP over Europe and
EANET over East Asia. The modelled wet deposition compares favorably with the observations.
About 76-83% of stations are predicted within £50% of observations. SO4* wet deposition is
underestimated in East Asia by 20%, especially at 3 Chinese stations with high Ca®"
concentration. Because the locations of the Chinese stations don’t cover the areas with highest
545  deposition, it is hard to provide a comprehensive evaluation over this region. For NO3;  wet
deposition, 20% positive model bias is generally found at stations in eastern United States, while
some European (Poland, Norway and Spain) and East Asian (in Southeast Asia) stations with
high observed deposition are underestimated by about 60-70%. NH,  wet deposition is

underestimated in Europe (especially in Norway and Poland) and East Asia (especially in Russia
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550 and Korea). An inter-comparison is conducted with previous projects of PhotoComp, ACCMIP
and HTAP 1. HTAP II has significantly improved the estimation of both S and N deposition at
European stations compared to that in previous projects. Improved estimates are also found in
East Asia. Modelled dry deposition is compared with the inferential data from CASTNET in
North America. The MMM results are generally higher than the inferential data by 50-170%,

555  which is also reported in ACCMIP and HTAP I studies.

We calculate the S and N depositions on lands, costal zones and open oceans. The global
S deposition is 84 Tg(S) in 2010, with 49% deposits on continental non-coastal regions, 32%
deposits on non-coastal oceans and 19% deposits on coastal regions. The global N deposition is
113 Tg(N) in 2010, of which 59 Tg(N) is NOy deposition and 64 Tg(N) is NH, deposition. 65%

560  of N is deposited on the continental non-coastal regions and 35% is on oceans (including 15% on
coastal regions). For continental regions, high S deposition is found in Asia regions (East Asia,
South Asia and Southeast Asia), United States Midwest, Central America and Eastern Europe.
For N deposition, high deposition is also identified in the above-mentioned regions plus the Sub
Sahara Africa and Brazil. For coastal regions, the east coast of Asia, all coasts of India and

565 Malaysia and east coast of Unites States are seen with relatively high S and N deposition.
According to our estimation, about 4 Tg(S) of S deposition and 18 Tg(N) of N deposition are
exported from land to ocean, including 0.3 Tg(S) and 4 Tg(N) in coastal regions.

We compare the HTAP 1II results in 2010 with HTAP I in 2001 by using the same land-
ocean mask. The S deposition decreases 2 Tg(S) from 2001 to 2010, with significant decreases in

570  Europe (5 Tg(S)), North America (3 Tg(S)) and Russia (2 Tg(S)), and increases in South Asia (2
Tg(S)) and the Middle East (1 Tg(S)). East Asia doesn’t have large changes in its S deposition
due to increased S emission from 2001-2005 and a continuous reduction in S emission starting
from 2006 owing to the SO, control policies in China’s 11™ FYP. The N deposition increases by
7 Tg(N). The increased N emissions from South Asia (5 Tg(N)), East Asia (4 Tg(N)) and

575  Southeast Asia (2 Tg(N)) lead to identical amounts of elevation in deposition in corresponding
regions. We also compare the ratio of NH deposition in total N deposition between HTAP I and
HTAP II. The ratio has increased in some regions of North America, especially in California
(~20%), Alaska (~10%) and the eastern United States (5-10%), which agrees well with recent
observational and modelling studies in United States. A small increase in the ratio of NH

580 deposition is found in North Europe (Norway) (5%), Southeast Asia (10%) and Western
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Austrilia (10%). On the other hand, NOy deposition starts to dominate in East Asia (especially
China) due to increased NOy emission in recent years.

This study updates our knowledge about the global S and N deposition in 2010. We find

that the global distributions of S and N depositions have changed considerably during the last 10

585  years, with decreases in North America and Europe and increases in Asian regions. Further

studies could determine how much these changes could affect the source-receptor relationship on

deposition between continents and the impact of this relationship on global agriculture and

ecosystems?
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Figures

Caption:

Fig. 1 Evaluation of MMM performance of SO4*, NO;™ and NH," wet deposition (mg (N or S)

m” yr'') at NADP (left), EMEP (middle) and EANET (right) stations. The MMM is the annual
775  wet deposition in 2010 and the observation is 3-year average annual data of 2009-2011.

Performances of individual models are in Fig. S2-S4 in the supplementary material.

Fig. 2. Distribution of SO4*, NO;™ and NH," wet deposition (mg (N or S) m? yr'') of MMM and
observation. The MMM is the annual wet deposition in 2010 and the observation is 3-year
780  average annual data of 2009-2011.Contours are MMM results and filled circles are observation.

Fig. 3 Evaluation of MMM performance of SO, SO42', NOj;, HNO; and NH," dry deposition

(mg (N or S) m? yr'') at CASTNET stations. The MMM is the annual dry deposition in 2010 and

the observation data is 3-year average annual data during 2009-2011 from CASTNET network.
785  Performances of individual models are in Fig. S5-S9 in the supplementary material.

Fig. 4. Distribution of SO,, SO4*, NO;", HNO; and NH," dry deposition (mg (N or S) m™ yr') of

MMM and observation. The MMM is the annual dry deposition in 2010 and the observation is 3-

year average annual data of 2009-2011. Contours are MMM results and filled circles are
790 inferential data from CASTNET.

Fig. 5 (top panel) MMM results of S emission and deposition in 2010 (mg(S) m™ yr') and ratio
of S deposition in S emission (%). (bottom panel) MMM results of S dry and wet deposition in
2010 (mg(S) m? yr'l) and ratio of dry deposition in total (wet+dry) deposition (%).

795

Fig. 6 MMM results of NOx, NH3 and N(NOx + NH;) emission (mg(N) m™ yr'') (left panel),
NOy, NHx and N (NO,+NHx) deposition (mg(NN) m~ yr'") in 2010. (middel panel), ratio of NO;y,
NHx and N deposition to NOx, NH; and N(NOx + NH3) emission (%) (right panel). purple
colors represent regions where deposition is larger than emission.

800

Fig. 7 (top panel) The percentage of dry deposition in wet+dry deposition for NOy, NH, and N
(NOy+NHy) deposition. The ratio is calculated as (dry deposition)/ (dry+wet deposition) x100%.
(bottom panel) The percentage of NHx deposition in N (NO,+NHjy) deposition for wet, dry and
(wet+dry) deposition. The ratio is calculated as (NHx deposition)/ (NO,+NH, deposition).

805
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Fig. 1 Evaluation of MMM performance of SO4~, NOs™ and NH4" wet deposition (mg (N or S)
2 1 . . . .
m™ yr ) at NADP (left), EMEP (middle) and EANET (right) stations. The MMM is the annual
wet deposition in 2010 and the observation is 3-year average annual data of 2009-2011.
Performances of individual models are in Fig. S2-S4 in the supplementary material.
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Fig. 3 Evaluation of MMM performance of SO, S04, NO5, HNO; and NH," dry deposition
(mg (N or S) m™ yr'") at CASTNET stations. The MMM is the annual dry deposition in 2010 and
the observation data is 3-year average annual data during 2009-2011 from CASTNET network.
Performances of individual models are in Fig. S5-S9 in the supplementary material.
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Fig. 4. Distribution of SO, SO4*, NOs", HNO3z and NH4* dry deposition (mg (N or S) m? yr?) of
MMM and observation. The MMM is the annual dry deposition in 2010 and the observation is 3-
year average annual data of 2009-2011. Contours are MMM results and filled circles are inferential
data from CASTNET.
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Fig. 5
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Fig. 5 (top panel) MMM results of S emission and deposition in 2010 (mg(S) m™ yr') and ratio
of S deposition in S emission (%). (bottom panel) MMM results of S dry and wet deposition in
2010 (mg(S) m? yr'l) and ratio of dry deposition in total (wet+dry) deposition (%).
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Fig. 6 MMM results of NOx, NH; and N(NOx + NH3) emission (mg(N) m? yr'l) (left panel),

NOy, NHx and N (NO,+NHx) deposition (mg(N) m? yr') in 2010. (middel panel), ratio of NOy,

NHx and N deposition to NOx, NH; and N(NOx + NH3) emission (%) (right panel). purple
850  colors represent regions where deposition is larger than emission.
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Fig. 7 (top panel) The percentage of dry deposition in wet+dry deposition for NOy, NHy and N
855  (NO,+NH,) deposition. The ratio is calculated as (dry deposition)/ (dry+wet deposition) x100%.
(bottom panel) The percentage of NHy deposition in N (NO,+NH,) deposition for wet, dry and

(wet+dry) deposition. The ratio is calculated as (NHx deposition)/ (NO,+NH, deposition).
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Table 1. Intercomparison of HTAP Il MMM performance with previous projects on wet deposition

(NorS) m? yr'l.

Discussions

. The unit is mg

North America Europe Asia
N .

Wet SO+ Deposition Ph"t"ﬁg HTAPI ACCMIP  HTAPII Ph‘m’ﬁg HTAPI ACCMIP  HTAPII Ph"“’gg HTAPI ACCMIP  HTAP II
Linear Fit Slope 0.9 1 0.6 0.9 04 0.6 03 04 04 05 03 0.5
Mean Bias 46.3 50 -18.8 30.9 67.1 51.5 -125.3 313 2186 -182.1 2924 -161.5
Mean Observation 309.8 309.8 309.8 2537 404.5 404.5 404.5 2287 686.1 686.1 686.1 653.7
Mean Model 356.1 359.8 291 284.6 3373 456.1 279.3 197.4 467.5 504.1 393.7 4922
R 0.9 0.9 0.9 0.8 0.6 0.6 0.6 0.7 0.9 0.9 0.8 0.6
Fraction within +50% 70.4 70 722 76.5 78.7 528 78.7 86.4 80 88 72 68.6

North America Europe Asia
Wet NOy Deposition E;"“’CO HTAPI  ACCMIP HTAPII g}:’“’co HTAPI  ACCMIP HTAPII Ell;)"“’co HTAPI  ACCMIP HTAPII
Linear Fit Slope 1 1 0.9 12 03 03 03 05 0.5 05 04 08
Mean Bias 34.8 21.9 443 57.8 414 -60 752 22.0 478 493 -46.4 0.8
Mean Observation 191.3 1913 1913 153.7 300.5 300.5 300.5 2373 263 263 263 356.4
Mean Model 226.1 2133 235.6 2115 259.1 240.5 2253 2154 2152 213.7 216.7 3557
R 0.8 0.9 0.9 0.9 0.6 0.6 0.6 0.7 0.8 0.8 0.8 0.7
Fraction within +50% 77 843 68.7 66.9 75 85.2 852 90.2 84 84 88 76.7

North America Europe Asia
Wet NH," Deposition Ph"toli‘; HTAPI ACCMIP  HTAPII Ph"mr(;g HTAPI ACCMIP HTAPII Phom}ig HTAPI ACCMIP HTAPII
Linear Fit Slope 0.8 0.9 05 0.8 04 04 03 0.6 0.8 0.7 0.1 0.6
Mean Bias 55 10.9 -12.1 23 23.9 -49.7 -94.7 -4.0 -69.7 -63.4 -136.2 28.7
Mean Observation 161.3 1613 161.3 195.5 336 336 336 286.1 400.5 400.5 400.5 5345
Mean Model 166.8 1722 149.2 197.9 312.1 286.4 2413 2822 330.8 337.1 264.4 505.8
R 0.9 0.9 0.8 0.9 0.8 0.6 0.6 0.6 0.8 0.8 0.2 0.7
Fraction within £50% 822 84.8 75.7 87.5 73.9 79.5 78.4 75.3 76 68 56 60.5

865
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Table 2. Intercomparison of HTAP Il MMM performance with previous project on dry deposition. The unit is mg (N
or S) m? yr’'. S dry deposition is the sum of SO, and SO4* dry deposition. N dry deposition is the sum of HNOs,
NO; and NH," dry deposition (not include NO, and NH; deposition).

S dry deposition SO, dry deposition SO4* dry deposition
ACCMIP HTAPI HTAPII ACCMIP HTAP I HTAP 11 ACCMIP HTAP I HTAP 11
Linear fit slope 1 - 2.7 1 - 2.7 1 - 1.6
Mean Bias 280.9 367 251.2 264 - 237.8 17 - 13.5
Mean observation 225.6 - 108.9 191 - 84.8 35 - 24.1
Mean model 506.5 - 360.2 455 - 322.6 52 - 37.5
R 0.8 0.8 0.8 0.8 - 0.8 0.9 - 0.8
Fraction within £50% 6 - 12.5 6 - 5 48 - 46.3
N dry deposition HNO; dry deposition NH," dry deposition
ACCMIP HTAP 1 HTAP 11 ACCMIP HTAP 1 HTAP 11 ACCMIP HTAP 1 HTAP II
Linear fit slope - 2.1 1 - 1.9 2 - 2.1

411 (eastern NA)

Mean Bias - 114 (western NA) 185.1 75 - 139.5 33 - 24.6
Mean observation - - 101.1 119 - 74.7 28 - 20.5
Mean model - - 286.1 195 - 214.2 60 - 45.1
R - 0.8 0.7 0.8 - 0.6 0.8 - 0.7
Fraction within £50% - - 13.8 38 - 13.8 18 - 16.3
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870 Table 3. MMM estimates of S deposition and emission in 2010 (Tg(S) yr'") and comparison with HTAP I results.

S emission S deposition
Regions Non-coastal Coastal Non-coastal Coastal
HTAP _ HTAP N HTAP _ HTAP N HTAP  HTAP N HTAP _ HTAP N
i I i I i I I I

3. North America 62 95  -33(-343) 1.0 13 0.2(-19.2) 4.7 72 2.5 (-34.8) 13 13 0.0(-12)
4. Europe 39 100 -6.1(-60.8) 1.6 3.6 1.9 (-54.2) 27 6.4 3.7(-58.2) 1.5 2.9 -1.4 (-49.6)
5. South Asia 52 33 1.9 (56.4) 0.8 0.8 0.0 (-3.6) 37 24 1.4 (57.8) 1.0 0.9 0.1(17.0)
6. East Asia 15.0 15.6 0.6 (-4.0) 1.8 32 S14(-428) 112 119 0.7 (-5.6) 2.9 33 0.4 (-13.3)
7. Southeast Asia 25 1.7 0.7 (42.4) 26 24 0.1(6.0) 24 1.9 0.5 (27.6) 2.8 24 0.4 (16.1)
8. Australia 1.5 1.0 0.5 (56.0) 2.0 1.4 0.6 (42.0) 1.0 0.7 0.3 (43.9) 15 11 0.3 (28.0)
9. North Aftica 0.7 1.1 0.4 (-37.0) 0.9 0.9 0.0 (-2.9) 1.0 1.1 0.1 (-12.3) 0.5 0.6 0.1 (-11.3)
J\Of'risczb Saharan 2.5 2.8 0.4 (-12.6) 0.9 0.7 0.2(24.2) 27 2.6 0.1 (4.8) 0.7 0.7 0.0 (-4.9)
11. Middle East 32 1.9 1.3 (68.9) 1.1 0.5 0.6 (108.1) 1.7 12 0.5 (47.0) 0.6 0.4 0.2 (50.4)
12. Central America 22 21 0.2(7.7) 14 1.7 03 (-15.2) 14 14 0.0 (1.6) 1.4 14 0.0 (2.0)
13. South America 31 27 0.4 (16.9) 0.8 1.0 -0.2(-23.3) 24 21 0.3 (14.3) 0.6 0.6 0.0 (1.6)
14. RBU 2.9 5.1 2.2 (-43.9) 0.5 0.5 0.0 (-5.8) 36 53 1.7 (-32.1) 0.9 0.8 0.1(9.7)
15. Central Asia 1.6 1.4 0.2(18.3) 0.0 0.0 0.0 (-5.9) 12 12 0.0 (2.7) 0.1 0.1 0.0 (-13.5)
17. Antarctic 1.1 1.1 0.1(-7.2) 0.0 0.0 0.0 (0) 1.4 0.8 0.6 (73.7) 0.0 0.0 0.0 (0)
Continental 515 593 77(¢130) 153 18.0 27(-148) 410 46.0 49(-107) 156 16.5 0.8 (-5.1)
2. Ocean 239 18.1 58(31.9) 153 18.0 27(-148) 269 233 3.6(155) 156 16.5 0.8 (-5.1)
1. World Total 75.4 774 20(-2.6) 153 18.0 27(-148) 679 69.2 S13(¢-19) 156 16.5 0.8 (-5.1)
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Table 4. MMM estimates of N, NO, and NHx deposition and emission in 2010 (Tg(N) yr'h)
NOx emission NO, deposition NH; emission NHx deposition N emission N deposition
Regions
ceons Non- Coastal Non- Coastal Non- Coastal Non- Coastal Non- Coastal Non-coastal Coastal
coastal coastal coastal coastal coastal

3. North America 6.6(10.9)  0.6(L.1) 4415  08(l4) 37(69)  02(03) 34(63) 04(07)  103(9.0)  0.8(0.7) 78(69  12(1.0)
4. Europe 3762  12(1.9) 26@44) 1220 3259 06(L.1) 2546  08(14) 69(6.0)  1.8(L6) 5145  2.0(1.8)
5. South Asia 44(13)  04(0.7) 36600 07(12)  104(192)  07(13) 86(159)  1.0(1.9) 148(129)  L1(1.0)  12.1(10.7)  1.7(L.5)
6. East Asia 10.1(168)  13(2.1)  83(140) 2237  78(144)  07(13) 67(125)  1.0(1.9) 180(157)  20(L.7)  151(133) 32(2.8)
7. Southeast Asia 2644 13@.1) 193.1)  14(2.3) 31(58) 1527 32059 1629 58(5.00 27(24) 5.1(45) 2.9(2.6)
8. Australia 1423)  03(0.6) 0.6(1.0)  04(0.7) 07(12)  04(0.8) 04(08)  04(0.8) 20(1.8)  0.8(0.7) 1.0(09)  0.9(0.8)
9. North Africa 1525)  04(0.7) 1423)  0.4(0.6) 09(L7)  02(03) 07(13)  02(03) 2521 0.6(0.5) 2.1(19)  0.5(0.5)
Lof'rii‘;b Saharan 74(122)  04(0.7) 47(19)  0.6(L1) 4.0(75)  03(0.6) 3.4(64)  04(0.7) 114(10.0)  0.7(0.6) 8.1(7.2)  1.0(0.9)
11. Middle East 1931 05(0.7) 1424)  03(0.6) 07(12)  01(02) 0509  0.1(02) 2522 0.6(0.5) 19(1.7)  0.5(0.4)
}f&lgfgml 21(35)  08(1.3) 122.1)  08(14) 1426) 0509 1425  06(L1) 3530 12(LD) 2623) 14(13)
13. South America 54(89)  03(0.5) 3458  03(05) 44@8.1)  03(0.5  38(.1)  03(0.6) 98(85)  0.6(0.5) 73(64)  0.6(0.5)
14. RBU 2441 02(0.3) 2441 0.5(0.9) 1730 01(02) 1.8(34)  03(0.6) 4136  03(02) 43(38)  08(0.7)
15. Central Asia 0.7 (1.1) 0.0 (0) 0.6(1.1)  0.0(0.1) 0.5 (0.9) 00(0)  05(0.8) 0.0 (0) 1.1 (1.0) 0.0 (0) L1(10)  0.1(0.1)
17. Antarctic 0.0 (0.1) 0.0 (0) 0.1(0.2) 0.0 (0) 0.0 (0.1) 00(0)  0.1(0.2) 0.0 (0) 0.1(0.1) 0.0 (0) 02(0.2) 0.0 (0)
Continental 502(832) 77(128) 367(61.9) 9.7(164) 42.6(785) 5.6(103) ( 6?;; 71(13.1) 929 (81.0) ( 1113463) 737 (65.1) ( 114%2;
2. Ocean 244) 77(128) 129Q2L7)  97(164)  60(IL1) 5.6(103) 9.9(18.3) 7.1 (13.1) 8.5 (7.4) (111363) 22.8 (20.1) (]146;;
1. World Total 527(872) 77(128) 49.6(836) 9.7(164) 487(89.7) 5.6(10.3) (x?é(; 7.1 (13.1) (18(;1 f) ( 1113; 96.5 (85.2) ( lfg

Page 35 of 36



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1121 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 3 January 2018 and Physics

(© Author(s) 2018. CC BY 4.0 License.

Discussions

875 Table 5. Comparison of N deposition and emission between 2010 (HTAP II) and 2001 (HTAP I) (Tg (N) yr'"). A is
the difference between 2010 and 2001 calculated as (2010-2001). The numbers in parentheses are the percentage of
change, calculated as % x100%.
N emission N deposition
Regions Non-coastal Coastal Non-coastal Coastal
HTAP 1L HTAP 1 A HTAP 11 HTAPI A HTAP 11 HTAP 1 A HTAP 11 HTAPI A

North America 10.3 10.2 0.1 (0.5) 0.8 1.0 -0.2 (-16.8) 7.8 8.1 -0.2 (-3.1) 1.2 1.2 -0.1 (-4.
Europe 6.9 78 -0.9(-11.8) 1.8 27 0.9 (-33.6) 5.1 57 -0.7(11.4) 2.0 26 -0.6(-23.
South Asia 14.8 9.5 5.3 (56.0) 1.1 13 -02(-15.5) 12.1 6.7 5.4 (79.7) 1.7 1.7 0.1 (3.
East Asia 18.0 14.3 3.7(25.9) 2.0 22 -0.2 (-8.1) 15.1 11.9 3.2(26.8) 32 2.6 0.6 (21.
Southeast Asia 58 37 2.1(57.4) 27 27 0.0 (0.5) 5.1 33 1.8 (54.4) 2.9 3.0 0.0 (-0.
Australia 2.0 2.1 -0.1 (-5.3) 0.8 0.9 -0.2 (-16.6) 1.0 1.3 -0.3 (-23.0) 0.9 1.1 -0.2 (-21.
North Africa 2.5 2.1 0.3 (15.6) 0.6 0.6 0.1 (9.6) 2.1 2.0 0.1 (7.5) 0.5 0.6 -0.1 (-12.
;}isc:b Saharan 11.4 1.8 -0.4(-3.1) 0.7 L1 -0.3(-30.6) 8.1 9.1  -1.0(-10.9) 1.0 1.5 -0.4(-30.
. Middle East 2.5 1.8 0.8 (44.7) 0.6 0.4 0.2 (36.8) 1.9 1.4 0.5(37.3) 0.5 0.5 0.0 (0.
.. Central America 3.5 32 0.3 (9.6) 1.2 1.5 -0.2 (-16.5) 2.6 2.4 0.2 (8.3) 1.4 1.6 -0.2 (-12.
. South America 9.8 8.6 1.1 (12.8) 0.6 0.8  -0.2(-23.4) 73 6.8 0.5 (7.0) 0.6 08  -0.2(27.
- RBU 4.1 4.7 -0.6 (-12.4) 0.3 0.3 -0.1(-17.4) 43 49 -0.6 (-12.6) 0.8 0.7 0.1 (20.
. Central Asia 1.1 1.1 0.0 (4.1) 0.0 0.0 0.0 (24.5) 1.1 12 -0.1(5.1) 0.1 0.1 0.0 (
" Antarctic 0.1 0.1  0.0(-17.5) 0.0 0.0 0.0 (0) 0.2 02 0.0(-10.3) 0.0 0.0 0.0 (
ntinental 929 81.1 11.8 (14.5) 13.3 15.5 -2.2(-14.1) 73.7 64.9 8.8 (13.5) 16.8 17.9 -1.1 (-6.
Ocean 8.5 8.4 0.0 (0.2) 13.3 15.5 -2.2 (-14.1) 22.8 23.5 -0.7 (-2.9) 16.8 17.9 -1.1 (-6.
World Total 101.3 89.6 11.8 (13.1) 13.3 15.5 -2.2 (-14.1) 96.5 88.4 8.1(9.2) 16.8 17.9 -1.1 (-6.

Continue Table 5.

NOx emission NO, deposition NH; emission NHx deposition
Non-coastal Coastal Non-coastal Coastal Non-coastal Coastal Non-coastal Coastal
A A A A A A A A

3. North America -0.1 -0.1 -0.4 -0.1 0.1 0.0 0.1 0.0

4. Europe -0.4 -0.5 -0.3 -0.3 -0.6 -0.4 -0.4 -0.3

5. South Asia 2.4 0.0 2.1 0.2 3.0 -0.2 33 -0.1

6. East Asia 53 0.0 4.5 0.8 -1.6 -0.2 -1.3 -0.2

7. Southeast Asia 1.1 0.1 0.7 0.1 1.0 -0.1 1.1 -0.2

8. Australia 0.2 0.0 -0.1 0.0 -0.3 -0.1 -0.2 -0.2

9 North Africa 0.6 0.1 0.3 0.0 -0.2 0.0 -0.1 -0.1

10. Sub Saharan Africa 1.1 -0.1 0.3 -0.1 -1.5 -0.2 -1.3 -0.4

11 Middle East 0.9 0.2 0.6 0.1 -0.1 0.0 -0.1 -0.1

12. Central America 0.6 0.0 0.2 0.0 -0.3 -0.2 0.0 -0.2

13. South America 1.5 0.0 0.7 0.0 -0.3 -0.2 -0.3 -0.2

14. RBU 0.1 0.0 0.1 0.2 -0.7 -0.1 -0.7 0.0

15. Central Asia 0.2 0.0 0.1 0.0 -0.1 0.0 -0.1 0.0

17. Antarctic 0.0 0.0 0.0 0.0 0.0 0.0 -0.1 0.0

Continental 13.5 -0.4 8.9 0.9 -1.7 -1.8 -0.1 -2.0

2. Ocean 0.7 -0.4 1.7 0.9 -0.7 -1.8 2.4 -2.0

1. World Total 14.2 -0.4 10.7 0.9 2.4 -1.8 -2.6 -2.0
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