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[1] We use 23 atmospheric chemistry transport models to calculate current and future
(2030) deposition of reactive nitrogen (NOy, NH) and sulfate (SOy) to land and ocean
surfaces. The models are driven by three emission scenarios: (1) current air quality
legislation (CLE); (2) an optimistic case of the maximum emissions reductions currently
technologically feasible (MFR); and (3) the contrasting pessimistic IPCC SRES A2
scenario. An extensive evaluation of the present-day deposition using nearly all
information on wet deposition available worldwide shows a good agreement with
observations in Europe and North America, where 60—70% of the model-calculated wet
deposition rates agree to within £50% with quality-controlled measurements. Models
systematically overestimate NH, deposition in South Asia, and underestimate NO,,
deposition in East Asia. We show that there are substantial differences among models for
the removal mechanisms of NOy, NHy, and SOy, leading to +1 o variance in total
deposition fluxes of about 30% in the anthropogenic emissions regions, and up to a factor
of 2 outside. In all cases the mean model constructed from the ensemble calculations is
among the best when comparing to measurements. Currently, 36—-51% of all NO,, NH,,
and SO, is deposited over the ocean, and 50—80% of the fraction of deposition on land

falls on natural (nonagricultural) vegetation. Currently, 11% of the world’s natural
vegetation receives nitrogen deposition in excess of the “critical load™ threshold of
1000 mg(N) m~? yr~'. The regions most affected are the United States (20% of
vegetation), western Europe (30%), eastern Europe (80%), South Asia (60%), East Asia
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(40%), southeast Asia (30%), and Japan (50%). Future deposition fluxes are mainly
driven by changes in emissions, and less importantly by changes in atmospheric
chemistry and climate. The global fraction of vegetation exposed to nitrogen loads in
excess of 1000 mg(N) m 2 yr~ ' increases globally to 17% for CLE and 25% for A2. In
MEFR, the reductions in NOy, are offset by further increases for NH, deposition. The
regions most affected by exceedingly high nitrogen loads for CLE and A2 are Europe and

Asia, but also parts of Africa.

Citation:
Biogeochem. Cycles, 20, GB4003, doi:10.1029/2005GB002672.

1. Introduction

[2] Reactive nitrogen Nr (NO,, NH,) plays a central role
in the chemistry of the atmosphere as well as in the
productivity of marine, freshwater and terrestrial ecosys-
tems. There is a host of evidence that increasing human
activities seriously disturb the natural nitrogen cycle
[Galloway et al., 2004; Phoenix et al., 2006; Vitousek
et al., 1997]. Nr enters the environment through a number
of processes related to fertilization, waste discharge and
atmospheric emissions.

[3] Nitrogen oxide (NO) is emitted into the atmosphere
by natural processes such as lightning or soil emissions, and
by human activities related to power generation, industry,
traffic and open biomass burning. In the atmosphere NO is
converted into a number of other oxides of nitrogen,
generally denominated as NOy (in this work NOy, = NO +
NO, + HNO; + HNO,4 + NO3 + 2xN,0O5 + PAN + organic
nitrates). NO emissions can lead to the formation of ozone
in both the background troposphere [Crutzen, 1974] as well
as in rural environments [Finlayson-Pitts and Pitts, 1986],
with detrimental effects for human health [World Health
Organization, 2003], natural vegetation and agricultural
crops [Emberson et al., 2000; Mauzerall and Wang,
2001]. In addition, NO emissions influence the oxidation
capacity of the atmosphere [Lelieveld et al., 2002; Wang
and Jacob, 1998].

[4] The alkaline gas ammonia (NH3) is predominantly
emitted from agricultural sources and reacts readily in the
atmosphere with sulfuric acid (H,SOy,), nitric acid (HNO3)
and other acids, to form particulate ammonium (NH,).
Ammonium influences the abundance, composition and
radiative properties of aerosol and its climatic impact
[Metzger et al., 2002]. The sum of NH;+NH, is generally
referred to as NHy. Since the chemistry of ammonia is
closely connected to that of sulfate (SO,), an integral part of
our study involves the analysis of the sulfur dioxide (SO,)
emissions and SO, (=SO, + SO,) deposition.

[5] The ultimate fate of the NOy, NH, and SOy is removal
by wet scavenging and dry deposition on terrestrial and
aquatic ecosystems. Deposition of reactive nitrogen induces
a cascade of environmental effects [Galloway et al., 2004].
Since the net primary production of most terrestrial ecosys-
tems is limited by nitrogen availability, deposition of
reactive nitrogen may enhance ecosystem productivity
[Vitousek et al., 1997] with possible consequences for the
global carbon cycle [Prentice et al., 2001]. On the other
hand, eutrophication by Nr can cause acidification [Rodhe et
al., 2002], an imbalance in nutrient cycling leading to a
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change of ecosystem diversity [Bobbink et al., 1998;
Phoenix et al., 2006; Sala et al., 2000], as indicated by
the exceedance of critical loads [Bobbink et al., 1998;
Bouwman et al., 2002b]. In fresh water and coastal regions,
nitrogen inputs can lead to noxious and toxic algal blooms,
increased turbidity, and disruption of ecosystem function-
ing, shifts in food webs and loss of fish stocks [Rabalais,
2002]. Nitrogen deposition to coastal waters leads to deni-
trification and enhanced emissions of N,O, which is in turn
a strong greenhouse gas and perturbs the chemistry of the
stratosphere [Seitzinger and Kroeze, 1998].

[6] Owing to increasing anthropogenic activities, such as
the use of fossil fuels and agricultural production, the global
emissions of NO, NH; and SO, may have increased by
more than a factor of 3 since the preindustrial era. Region-
ally, these increases have been even more substantial and
emissions from large portions of North America, Europe and
Asia increased by more than a factor of 10 during the last
century [Aardenne et al., 2001]. Recent studies [Galloway
et al., 2004; Lamarque et al., 2005; Nakicenovic et al.,
2000] indicate substantial further increases of emissions and
deposition toward 2050 and 2100.

[7] In this work we focus on nitrogen and sulfur deposi-
tion in the year 2030 using a new set of emission scenarios
for NO,, SO,, CHy4, and CO recently developed at ITASA
(International Institute for Applied Systems Analysis) and
described by Dentener et al. [2005, and references therein].
The scenarios differ substantially from the previous SRES
[Nakicenovic et al., 2000] scenarios, since they address
concerns about the environmental impacts of the rapid
growing economies of countries in Asia and Latin America.
Therefore in the early 2000s a number of countries have
issued legislation on advanced emission controls, which can
significantly cap the air pollution emissions at the regional
and global scales. This is the basis of our CLE (Current
LEgislation) scenario. Further, we evaluate the effects of the
emissions of a MFR (Maximum technologically Feasible
Reduction) scenario. To illustrate the situation of rapid
economic growth paired with no further controls on air
pollutant emissions, we also use the SRES A2 scenario.
Both CLE and MFR are based on economic developments
consistent with the moderate SRES B2 scenario. For NHs,
ITASA and IPCC-SRES have no emission scenarios avail-
able. We used the RIVM-IMAGE regional assumptions on
population increase and agricultural developments from the
SRES A2 and B2 scenarios, to make a separate estimate for
the development of NH; emissions.

[8] These emission scenarios were used by a large set of
global atmospheric chemistry-transport (CTMs) and general
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Table 1. Overview of Simulations and Global Annual Anthropogenic Emissions (Including Biomass Burning) of NO,, NH;, SO,, CO,

and NMVOC
Simulation Meteorology Description NO, Tg N NH; Tg N SO, TgS CO Tg CO NMVOC Tg NMVOC

S1-B2000 CTM 2000 baseline 38.0 53.4 55.6 977.0 147.1
GCM SSTs 1990s

S2-CLE/CLEc CTM 2000 ITASA CLE 2030 42.9 69.8 58.8 904.1 145.5
GCM SSTs 1990s Current Legislation scenario

S3-MFR CTM 2000 ITASA MFR 2030 Maximum 233 69.8 17.9 728.7 104.4
GCM SSTs 1990s  Feasible Reduction scenario

S4-A2 CTM 2000 SRES A22030, the most 64.8 74.3 101.1 1268.2 206.7
GCM SSTs 1990s “pessimistic” IPCC SRES scenario

S5¢-CLE2030c only GCM SSTs ITASA CLE 2030 + climate change 429 69.8 58.8 904.1 145.5

2030s

circulation models (GCMs) to evaluate present and future
(2030) ozone air quality, ecosystem exposure to nitrogen/
acid deposition, and impacts of climate change on atmo-
spheric chemistry. Detailed results on these aspects can be
found in a series of publications recently published or in
press [Dentener et al., 2006; Stevenson et al., 2006; van
Noije et al., 2006; Shindell et al., 2006] or in preparation
(K. Ellingsen et al., Ozone air quality in 2030: A multi-
model assessment of risks for health and vegetation, man-
uscript in preparation, 2006). This paper evaluates nitrogen
and sulfur deposition in the present and in future, analyzing
both intermodel and interscenario differences.

[9] In section 2 we will describe the set-up of the model
experiment, give model characteristics, and describe the
input emissions. In section 3.1 we will give an evaluation of
the current ability of models to calculate wet deposition,
with an emphasis on what we can learn from the multimodel
approach. Section 3.2 describes how deposition changes in
the future, and how this may impact regional and ecosystem
specific deposition. In section 4 we present the discussion
and concluding remarks. This manuscript is accompanied
by auxiliary material' containing additional information and
analyses.

2. Simulations, Models, and Emissions

[10] Of the 26 models participating in the ACCENT
IPCC-AR4 modeling exercise, 23 models labeled A—W,
submitted deposition calculations (Table tsO1). Some of
these models share common modules and/or meteorological
input data. In this work, we treat each model with equal
weight. One model had a resolution of 1° x 1° in North
America, Europe and Asia, 9 models had resolutions
between 2° x 2° and 3° x 3°; 12 models had a grid spacing
of around 5° x 5°, and one model had a resolution of
23.5° x 10° (longitude x latitude). Of the 23 models,
10 models included the tropospheric sulfur cycle, and
7 models included NHy chemistry. Up to five simulations
were performed by each model (Table 1 and Table 2).
S1-B2000 evaluated the reference year 2000, whilst
S2-CLE, S3-MFR, and S4-A2 assessed the year 2030.
CTMs used the meteorological year 2000. GCMs performed
typically 5—-10 years of simulations, using a climate
appropriate for the time period 1995-2004. To evaluate

'Auxiliary material data sets are available at ftp:/ftp.agu.org/apend/
2005gb002672. Other auxiliary material files are in the HTML.

the impacts of climate change, an additional simulation
(S5-CLE2030c) was computed by 10 of the GCM-driven
models, using various projections of climate appropriate
for 2030, corresponding to a global mean surface warming
of about 0.7K between 2000 and 2030. Global anthropo-
genic emissions of SO, and NO were generated by IIASA,
and spatially distributed using the EDGAR3.2 database
[Dentener et al., 2005]. NH; emissions were calculated
using the agricultural and land-use modules of the Earth
system model IMAGE2.2 [Eickhout et al., 2004] and spa-
tially distributed using the Bouwman et al. [2002a] global
ammonia NH; inventory. Only two NHj; emissions scenarios
were generated using the assumptions made regarding eco-
nomical and agricultural developments in the SRES B2 and
A2 scenarios. For simplicity we group the B2 scenario
together with the IIASA CLE scenario. Since thus far no
realistic MFR analysis for worldwide NH3 emission reduc-
tion potentials has been made, we also used the B2 emissions
for our MFR (S3) scenarios, but we do not focus on these
results. Ship and aircraft emissions were also included in this
study; however, no separate estimate for the MFR and A2
scenario was made. Aircraft emissions followed the IPCC
aircraft scenario described by Isaksen et al. [1999]. Ship
emissions in all three scenarios included an assumed global
increase of 1.5% yr~ ' (resulting in a 70% increase by 2030),
without assuming improvements of engine performance. A
recent evaluation of present and future ship emissions
[Eyring et al., 2005] shows large uncertainty in the estimates
of current emissions, and a larger possible range of future
emissions due to technological developments.

[11] In this exercise we assumed that biomass burning
emissions remained constant between 2000 and 2030. We
took the CO emissions from the Global Fire Emissions
Dataset GFED1.0 [Van der Werf et al., 2003] averaged for
the years 1997-2002, and scaled them with the ecosystem
specific emissions factors for other components compiled
by Andreae and Merlet [2001]. Note here that a recent
revision of that database (A. Andreae, personal communi-
cation, 2005) indicates lower emissions for NO from
savannah fires, which was not included in this work. All
models also included natural emissions, for which global
source strengths were recommended. However, since mod-
els often calculate natural emissions, we did not provide
specific emission data sets. Some of the climate models
included a (small) feedback of climate on these natural
emissions. Probably the only relevant climate-emission
feedback included in some models involves lightning,
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which we will analyze in section 3.5. In Table 1 we
present the global emissions of NO, NHj, and SO,, CO
and NMVOC for each scenario, while regional and sec-
toral breakdown of the anthropogenic NO, NHs, and SO,
emissions for the year 2000, and the development of the
total emissions for the 3 scenarios are presented and
discussed in auxiliary Tables ts02, ts03, and ts04.

3. Results

[12] We start in section 3.1 with an evaluation of the
ability of the models to calculate current wet deposition. We
focus on wet deposition since a fair amount of data are
available worldwide. Dry deposition is an equally important
process to remove nitrogen and sulfur species. Some obser-
vations relevant to derive dry deposition are available in, for
example, North America and Africa. However, the analysis
of these measurements would involve a careful analysis of
aerosol and gas surface concentrations and dry deposition
parameterizations in the models and would not have a
global coverage. Therefore it is beyond the scope of this
manuscript. In section 3.2 and 3.3 we analyze current and
future total deposition. Section 3.4 deals with the role of
climate change, whereas 3.5 concerns ecosystem specific
deposition. Model results of individual models were inter-
polated to 1° x 1° for further analysis. We calculated per
1° x 1° grid box the mean, median and standard deviation
from the individual model results. In the following we call
this the “mean” and “median” model. We will show that
there is very little difference in the mean and median
model results, and in section 3.2 and further we will
mainly use the mean model results.

3.1. Evaluation of Current Wet Deposition

[13] We evaluate the annual average wet deposition of all
models, and most results pertain to the mean of these
models. Results for individual models are available at
http://ccupeople.jrc.it/dentener/index.htm. For North Amer-
ica we used wet-only deposition measurements for 2000 of
the North American Deposition Program (NADP) network
available through the internet (http://nadp.sws.uiuc.edu/).
For Europe we use wet-only deposition measurements
for 2000 from EMEP (http://www.nilu.no/projects/ccc/
emepdata.html). For Africa we use the deposition data from
the IDAF (Igac Debits Africa) program (http://medias.
obs-mip.fr/idaf). Of the eight available stations, four sta-
tions had measurements for the year 2000, but only one of
them (Niger) had reliable measurements. For the other four
stations we included a multiannual average representative
for 1996—1999. IDAF data are described in various pub-
lications [Galy-Lacaux et al., 2003; Jaeglé et al., 2004]. For
East Asia we obtained data from the recently established
Acid Deposition Monitoring Network in East Asia [EANET,
2001] for the year 2000. The complete network consists
of 46 stations, 9 in China, 10 in and around Japan, 4 in
Indonesia, and 1-3 stations in Malaysia, Mongolia, the
Philippines, Korea, Asian Russia, Thailand and Vietnam.
We selected the regional and remote stations and ignored
the data that were reported not to meet EANET quality
checks. Some very high SO, rain-water concentrations
were correlated with high concentrations of Ca. Since a
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significant fraction of the CaSO, may originate from the
dust-source regions [Grassian, 2001], we ignored SOy,
deposition measurements coinciding with calcium deposi-
tion larger than 20 mmolm 2 yr~'. However, we cannot
exclude that part of the SO4 was derived from anthropo-
genic emissions, mixed with natural dust. We comple-
mented the EANET data with five stations from the
IMPACT (Integrated Monitoring program on acidification
of terrestrial Ecosystems) network in China for 2001—-2003
[Larsen et al., 2004].

[14] For India we used the precipitation chemistry com-
pilation of Kuhlshrestha et al. [2005]. The data set spans
about 100 stations, of which we used the 50 stations which
were characterized as “‘rural” and “sub-urban.” We dis-
carded “urban” and “industrial” measurements since they
are not representative for the coarse resolution models used
in this study. Only few stations operated wet-only measure-
ments. Most data apply to the 1995-2000 period. Very few
publications reveal their QA procedures. We will see later
that our models seriously overestimate measured NHy
deposition and we can not exclude that in many cases
sample degradation may have lead to an underestimate of
NH; in the measurements.

[15] For South America we used a variety of data for
various years described by Dentener and Crutzen [1994]
and Whelpdale et al. [1997] supplemented with the more
recent measurements reported by Filoso et al. [1999] and
Lara et al. [2001]. Altogether we report on South American
wet deposition measurements in 17 locations. Given the
heterogeneity of data sources, we expect that data quality
and representativeness are important issues.

[16] Finally, to evaluate worldwide background deposi-
tion, we used the set of 11 stations described in more detail
by J. N. Galloway et al. (Atmospheric wet deposition in
remote regions: Benchmarks for change, manuscript in
preparation, 2006). Data covered the period 1980—1999.
For this work we made multiannual averages. Measurement
locations are mostly background locations on remote
islands, Australia and South America.

[17] In Figures 1, 2, and 3 we display scatter plots of the
mean model NO;, NH, and SO, wet deposition for four
networks in Europe, North America, East Asia, and Africa,
respectively. The model NOj deposition contains the con-
tribution of gas phase HNO; and aerosol nitrate (the latter
only for the models that included aerosol nitrate). The
model SO, contains the wet SO, and SO, deposition
(assuming that in the rainwater dissolved SO, gets oxi-
dized). Model NH, deposition contains the sum of aerosol
NH, and gas phase NH; wet deposition. Similar plots are
available at http://ccupeople.jrc.it/dentener/resultsIPCC
meas.htm for all models and all regions under consideration.
A summary of the statistical analysis for all regions and the
mean/median model is presented in auxiliary Tables ts05,
ts06 and ts07 for NO3, NH,, and SO, deposition, respec-
tively. Figure 1 shows that the mean model convincingly
represents NO; deposition in Europe, North America and
Africa, and East Asia; 70—80% of the mean model results
agree within £50% with the observations. The mean model
underestimates NO5 deposition in South and East Asia, and
somewhat overestimates in Africa (auxiliary Table ts05).
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Also NH, is rather well modeled in those four regions
(Figure 2); however, in East Asia, NH4 is somewhat under-
estimated. In South Asia (India) NHy deposmon 1s
strongly overestimated by on average 350 mg(N)m 2 yr~
(auxiliary Table ts06). This overestimate could be simply
related to an overestimate of the highly uncertain NHj
emissions in India. Alternatively, the measured NH, could
be underestimated owing to biological degradation of
unstabilized samples. An additional likely explanation for
the underestimate is the interaction of dust and sulfate
which may neutralize sulfate and reduce the ammonium
sulfate formation.

[18] This important aerosol interaction was not included
in the models participating in this exercise. Good agreement
is found for SO, deposition in North America, Europe and
Africa (Figure 3), but not for Southeast and East Asia. The
disagreement would be even larger had we used the SO4
deposition fluxes in high dust deposition regions. A possible
explanation could be that the sulfur emission factors for coal
burning in China are too low, and/or unaccounted sources
from small industrial activities. Note that SO, emissions in
China in this study are higher by 40% compared to the widely
used TRACE-P inventory for 2000 [Streets et al., 2003].

[19] The question now arises as to how representative the
mean or median model are for the set of model simulations
in our study. To answer this question we display in Figure 4
and auxiliary Figures fs02 and fsO3 the spatial correlation
coefficient (“r””) of the annual wet deposition of all models
and measurements and their spatial standard deviation for
NO,, SOy, and NH, for the four networks in Europe, North
America, East Asia, and Africa. In our study we used
standard deviation defined as

x; — mean(x))*

(1)

n—1

These so-called Taylor [2001] plots then give the “best”
model as the shortest distance to the observation. The mean
represents the region average of the annual deposition at n
stations. The best agreement between modeled and
measured NO; wet deposition is found in North America
(Figure 4), corresponding to spatial correlation coefficients
of around 0.8 and spatial standard deviations of models
similar to those measured. The correlation in Europe
(EMEP) is for most models around 0.6, with an under-

5 of 21



GB4003 DENTENER ET AL.: MULTIMODEL GLOBAL DEPOSITION GB4003
1000 [gv_model; 347 av méas: 339 - 0.73#n 39" ] 1000 [gv_model; 167 av_meas: 151 r-0.80 #n 227
12 param fit: y= 159. +0.55x l 12 param fit: y=57.3 + 0.7 l
|1 param fit: y= 0.89x” |1 param fit: y= 0.99x ,
800 percentage within 47- 50 %: 71.7 ] 800 | Percentage within 77- 50 %: 67.4 i
L ,/ ' ] L ,/ ]
i , ] L , ]
5 600" / =" . _ 600 , a
° I S %K % ) 3 i / 1
o I ¥ X Uk * _ - o I / -
1S / % * ~ IS / -7
400 - / -7 . 400 - / - 1
N 7 e * ‘X -7 ]
RN v T I ] I e -
L - _ X - i
200 [y ¥ % * 1 200 X 5 1
0 //A./ - [ L L N ‘A‘ ] 0 ;* I X‘ L o P ‘B‘ ]
0 200 400 600 800 1000 0 200 400 600 800 1000
measurement measurement
2000 [av_model: 519 av mee(é 653 r-0.47 #n 23~ 7 600 [av_model: 175 Av_meas: 184 1:'0.90 #n'5
2 param fit: y= 335. +0.2 l 2 param fit: y=26.5 + 0.80x .
|1 param fit: y= 0.49x” i 1 param fit:
'percentage within 7—7- 50 %: 43.4 Chi percentage within ﬂ 50 %: 80.0 .
1500+~ )@br )Q r T / 7
i . ] ,
I chi ] 400+ , .
— r / 1 ,
) H ° ele
8 1000 / A3 / e »
£ i / e £ / -~
L / /_/ 4 r _ -
I e - 1 200 - // ,l_amto - |
L / P 4
500 - ¥ ha, - i | ,/ mersfo/ort |
L / - 4 yA [
iﬂﬁ »wap g /Lo Didimbo 1
I, ’ )ef!;a 7 ’ A P 4
0 ! 8 L M [ ] 0 // ‘/ - . . I | D
0 500 1000 1500 2000 0 200 400 600
measurement measurement

Figure 2. As in Figure 1 for ammonium wet deposition.

estimate of spatial variability in most models, except for
those with relatively high spatial resolutions (e.g., A, B, T
and U; for model codes see auxiliary Table S1). This result
is remarkably better than found by Lamarque et al. [2005],
who report correlation coefficients of 0.2—0.4. We explain
the difference from the fact that in this study we used an up-
to-date emission dataset for the year 2000, whereas in the
Lamarque et al. [2005] study, older emission data sets were
used. In Southeast Asia (EANET) and Africa spatial
correlations are generally between 0.4 and 0.6, together
with an underestimate of measured spatial variability. The
“mean” and “median” models are generally among the
best of the set model simulations, but never superior to
the best single model result for a specific region. Auxiliary
Figure fs02 shows that the model-and measurement
deviations of the short-lived component NH, is generally
larger than those of NO3 with a high correlation in Europe
and North America and, as expected, an underestimate of the
spatial variability. For SO4 in North America, Europe and
Africa (auxiliary Figure fs03) we see a similar picture, along
with the strong underestimate of calculated SO,4 deposition
by all models in East Asia. No single model could represent
the measurements and underestimates of wet SO, deposition
were found throughout Asia, which strongly indicates
shortcomings in the SO, emissions estimates.

[20] In Figures 5a—5c we present a synthesis of world-
wide modeled and measured wet deposition, by averaging
all measurements that were obtained in a 10° longitude x 5°
latitude region and plotting it on the calculated deposition.
This presentation highlights that the worldwide deposition
patterns of NO;, NHy, and SO are well represented in our
mean model. In general modeled NOj deposition agrees
within £100 mg(N)m ™2 yr~' with measurements. The
deviations of NH, deposition with measurements in South
Asia (India) is apparent in Figure 5b, but otherwise NHy
deposition agrees relatively well with observations. The
modeled and measured SO, deposition seems fairly consis-
tent. However, as indicated before, there are serious model
underestimates of SO, deposition in Asia, which are not
obvious in Figure 5c.

3.2. Present Deposition

[21] Whereas in the previous section we evaluated the wet
deposition calculations, in this section we focus on the total
(wet + dry) deposition of NOy, NH,, SOy, and total reactive
nitrogen Nr for the present and future scenarios.
3.2.1. Global Budgets of NOy, NH,, and SO
Deposition

[22] A comparison of the global deposition budgets for
the individual models is presented in auxiliary Figure fs05.
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Figure 3. As in Figure 1 for sulfate wet deposition.

The spread (£10) of about 6%, 8%, and 10% in the total
global model deposition of NOy, NH,, and SO, respec-
tively, gives an indication of the global variability of
natural emissions among models. We note here that al-
though we gave recommendations on the source strength of
natural emissions, most models used their own parameter-
izations to calculate, for example, oceanic DMS, lightning,
and soil NOy emissions. To gain insight into the relative
importance of dry and wet deposition in our calculations we
present in auxiliary Figure fs06 for all models the ratio of
global wet to total NO,, NH,, and SOy deposition, respec-
tively. The relative importance of wet and dry deposition
for removal of NO, varies significantly among models.
Globally, between 40% and 70% of NO, (auxiliary
Figure fsO6a) is removed by wet deposition. The models
are remarkably consistent regarding the importance of gas-
eous HNO; and aerosol-NOj; deposition, accounting for 80—
90% of all NO,, deposition (auxiliary Figure fs06b). The
remainder is deposition of NO, and organic nitrates. For
NH, (auxiliary Figure fs06c) the fraction of wet deposition
ranges hugely among models, from less than 40% to more
than 80%. The assumptions used in various models regard-
ing the NH3 dry deposition velocity, and the atmospheric
chemistry of NH, formation, are causing these differences.
Also, model mixing characteristics and resolution are

likely to be important for the NH, budget. Finally, rela-
tively consistent among models, wet deposition contributes
between 50 and 70% to the total global SO, deposition.

[23] There are small differences in the ratio of wet to total
deposition for scenarios S2—S5; for instance, most models
predict a larger fraction of NO, removed by wet deposition
in scenario S3-MFR compared to S1-B2000 and a some-
what lower fraction when comparing S4-A1 and S1-B2000.
These changes in the global budgets can be explained by the
dissimilar interaction of emissions, chemistry, and meteo-
rology in various parts of the world contributing differently
in the various scenarios. Note that meteorology (e.g.,
precipitation) in simulations S1—S4 was prescribed so that
the wet and dry removal rates were unchanged in simula-
tions S1—S4. Differences in the global removal processes of
S5-CLEc and S2-CLE are also small and will be further
discussed in section 3.4.

[24] How different are the models results on regional
scales and what is the role of model resolution? To illustrate
this we present in Figures 6a—6c the calculated wet, dry and
total NO,, deposition [Tg(N)yr '] of all models over the
eastern part of Asia (20°N—45°N; 110°E—130°E), separat-
ing the deposition over land and over sea. We assume here
that to a large extent the eastern Asian budget is closed
meaning that the emissions over eastern Asia should be
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Figure 4. Taylor plots of correlation of modeled and measured NO; (HNO; and aerosol nitrate) wet
deposition, and standard deviation of the model and measurements for four networks: (a) EMEP, Europe,
(b) NADP, North America, (¢c) EAnet Asia, and (d) IDAF/DEBITS, Africa. Models indicated in green
have resolution between 1° x 1° and 3° x 4°; models in blue have resolutions around 4° x 5°. OBS
(large red cross) indicates the mean of the observations. The horizontal and vertical axes give the standard
deviation; the curved axis gives the correlation coefficient. The distance of a model to the observation is a
measure of the root-mean-square error. Similar diagrams for NH, and SO, deposition and model labels

are found in the auxiliary material.

either deposited over land or exported to and deposited into
the adjacent ocean. Surprisingly, the wet and total deposi-
tion over land shows a larger variability (standard deviation
o = 20%) than over sea (o = 11%). Nevertheless, the total
deposition taken from single models may differ by up to
30% from the mean model. Unfortunately, our study cannot
resolve which individual model process (or resolution)
caused the difference in calculated deposition, but it is not
likely that resolution alone would cause these differences.
For example the higher resolution models TM5 (1° x 1°
over Asia), and CHASER (2.8° x 2.8°) do not show
obviously different deposition distributions over land and
ocean than the mean model.

3.2.2. Total Deposition

[25] In Figures 7a—7c we present the mean, absolute and
relative standard deviations of the present (S1-B2000)
modeled NO, total deposition. The mean regions of high
deposition are North America, western and eastern Europe,
and East Asia. Despite large differences in model reso-
lutions, chemistry parameterizations, and wet and dry
removal processes, the variability (=1 o) of the model
results in the source regions is relatively small compared
to the absolute deposition (20—30%). Larger relative
variations (100% and more) in NO, deposition are found
over the poles, oceans and in some tropical regions. Note,
however, that the absolute deposition is small in these
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