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Abstract. Nitrate aerosols are expected to become more im-1  Introduction

portant in the future atmosphere due to the expected increase

in nitrate precursor emissions and the decline of ammoniumNitrate aerosols are chemically formed in the atmosphere and
sulphate aerosols in wide regions of this planet. The GISSheir main precursor species are ammonia and nitric acid.
climate model is used in this study, including atmosphericAmmonia and nitric oxides, which is a precursor of nitric
gas- and aerosol phase chemistry to investigate current an@cid, have a long list of anthropogenic and natural sources.
future (2030, following the SRES A1B emission scenario) The major identified sources of ammonia include excreta
atmospheric compositions. A set of sensitivity experimentsfrom domestic and wild animals, synthetic fertilizers, oceans,
was carried out to quantify the individual impact of emission- biomass burning, crops, human populations and pets, soils,
and physical climate change on nitrate aerosol formation. Wendustrial processes and fossil fueBoiwman et al.1997).
found that future nitrate aerosol loads depend most stronglyfypical sources of nitric oxides are fossil fuel combustion,
on changes that may occur in the ammonia sources. Furthefoils, biomass burning and lightning.

more, microphysical processes that lead to aerosol mixing A series of modeling studies\@ams et al. 2001 Met-

play a very important role in sulphate and nitrate aerosol for-zger et al.2002ha; Liao et al, 2003 Rodriguez and Dabdub
mation. The role of nitrate aerosols as climate change drive?004 Feng and Penng2007) identified nitrate and ammo-

is analyzed and set in perspective to other aerosol and ozor@um as significant anthropogenic sources of aerosol load and
forcings under pre-industrial, present day and future conditheir radiative effectsAdams et al.200% Jacobson200%,
tions. In the near future, year 2030, ammonium nitrate ra-Liao et al, 2004, but currently most global aerosol models
diative forcing is about-0.14 W/n? and contributes roughly ~ still exclude ammonium-nitrate when the direct aerosol ra-
10% of the net aerosol and ozone forcing. The presengliative forcing is studiedSchulz et al. 2006 Textor et al,

day nitrate and pre-industrial nitrate forcings ar@.11 and 2006 Kinne et al, 2006§. Even so, global model stud-
—0.05Wi/n?, respectively. The steady increase of nitrate ies (Adams et al. 2003 Liao et al, 200§ Liao and Sein-
aerosols since industrialization increases its role as a nof€ld, 2009 have demonstrated that rapid increases in nitro-
greenhouse gas forcing agent. However, this impact is stilgen emissions could produce enough nitrate aerosol to off-
small compared to greenhouse gas forcings, therefore theet the expected decline in sulphate forcing by 2100, for the
main role nitrate will play in the future atmosphere is as an airextreme IPCC A2 scenario. Furthermore, recent studies in-
pollutant, with annual mean near surface air concentrationsglicate that the condensation of nitric acid on aerosol par-
in the fine particle mode, rising above:/m?® in Chinaand  ticles may enhance aerosol activation to cloud droplets by

therefore reaching pollution levels, like sulphate aerosols. ~contributing soluble material to the particle surface and ele-
vating the water uptake and growth of aerosol partidkes-

mala et al. 1995 1998 Goodman et al.2000. Thus full
consideration of aerosol composition including hygroscopic
components like nitrate and ammonium could be important
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The formation of nitrate and ammonium aerosol also In this study the GISS GCM is employed, including cou-
affects tropospheric chemistry. Nitrate and ammoniumpled gas and aerosol phase chemistry modules. A brief sum-
aerosols provide additional particle surfaces for scattering inmary of nitrate chemistry is given in Se@. The GCM,
coming ultraviolet solar radiatiori_{ao et al, 2003 and will the emission scenario and the model set up are described in
thus perturb photochemical oxidant production by alteringSect.3. Current day nitrate concentrations to observations
photolysis frequencies. Moreover, nitrate aerosol is formedare presented in Sed, followed by a comparison of present
through heterogeneous reactions of nitrogen radicals such atay and future nitrate and sulphate distributions in Sgct.
N2Os, NOs, and HNQ on aerosol surface®éntener etal. . The sensitivity studies, regarding the impact of changes
1996 Jacob 200Q Bauer et al. 2004 2007. These het- in individual emission sources and physical climate change
erogeneous chemical processes can alter tropospheric cherare presented in Sed. And the radiative forcing contri-
istry; for example the global tropospheric 0zone mass can béutions of the single aerosols and ozone under past, present
reduced by 5% through the interactions of gas-phase speciemnd future conditions are shown in Sett.Conclusions are
with mineral dust aerosols. Meanwhile, insoluble atmo- presented in Secs.
spheric mineral dust lifetime and load are reduced as coating
by hydrophilic air pollution increases its precipitation scav-
enging Bauer and Koch2005 Bauer et al.2007. Inor- 2 Nitrate chemistry
der to study the effects of nitrate and ammonium aerosol on
radiative processes and gas-phase chemistry, one must firkhe formation of ammonium nitrate aerosol depends on the
consider the partitioning of semi-volatile nitrate and ammo-thermodynamic state of its precursor and depends strongly
nium between the gas and aerosol phases. Several equilil® the environmental conditions. Gaseous ammonia and ni-
rium models (EQMs) were developed to predict the phas,gtric acid react in the atmosphere to form aerosol ammonium
equilibrium behavior of multicomponent aerosols and their Nitrate, NHNOs.
gas-phase precursors in the atmosphere — all involving at
least the NH/HNO3/NH4NO3 gas-aerosol system. State- NH3(9) +HNO3(g) = NH4NOs(s) @)
of-the-art EQMs include ADDEMTopping et al. 2005ab),
AIM (Clegg et al.1992 Clegg and Pitzer1992 Clegg et al.
1998ha), EQSAM (Metzger et al.2002h, EQSAM2 Met-
zger et al. 2008 Trebs et al. 2005, EQSAM3 Metzger
and Lelieveld 2007, EQUISOLV Jacobson et 311996,
EQUISOLVII (Jacobsonl999,GFEMN (Ansari and Pandjs
1999, ISORROPIA (Nenes et a).1998 Pilinis et al, 2000,
MARS-A (Binkowski and Shankarl999, MESA (Zaveri
etal, 2005, SCAPE Kim et al,, 1993ab; Kim and Seinfeld
1995, SCAPE2 Meng et al, 1995, UHAERO (Amundson
et al, 2006, older EQMs include EQUILBassett and Se-
infeld, 1983, KEQUIL (Bassett and Seinfeld984, MARS

Ammonium nitrate is formed in areas characterized by high
ammonia and nitric acid conditions and low sulphate condi-
tions. Depending on the ambient relative humidity (RH), am-
monium nitrate may exist as a solid or as an aqueous solution
of NHjlr and NG;. Equilibrium concentrations of gaseous
NH3 and HNG;, and the resulting concentration of WNO3

is calculated by thermodynamical principals, requiring the
ambient RH and temperature. At low temperatures the equi-
librium of the system shifts towards the aerosol phase. At
low RH conditions NHNO3 is solid, and at RH conditions
above the deliquescence, WNOs will be found in the aque-

ous state.
(Saxena et 811986, and SEQUILIB Pilinis and Seinfeld
1987). Some of these models have been comparethang  NH;(g) + HNOs(g) = NHI(aCD +NO; (ag) 2)
et al.(2000; Amundson et al(2006; Metzger et al(20006);
Metzger and Lelievel@2007). For a given temperature the solution of the equilibrium equa-

However, the problem with most of these models is thattion requires the calculation of the corresponding molalities.
they are extremely computationally expensive. Since theThese concentrations depend not only on the aerosol nitrate
GISS Genereral Circulation Model (GCM) is designed for and ammonium but also on the amount of water in the aerosol
long climate applications, computational efficiency is cru- phase. Therefore calculations of the aerosol solution compo-
cial. Therefore, we have chosen the efficient gas/aerosasition requires estimation of the aerosol water content. The
partitioning model EQSAM (Equilibrium Simplified Aerosol presence of water allows NyMO3 to dissolve in the liquid
Model). The approach used for EQSAM is based on the re-aerosol particles and increases its aerosol concentration. Am-
lationship between activity coefficients and relative humidity monium and nitrate will exist in the aerosol phase only if
(Metzger et al.2002h 2006. This relationship allows pa- there is enough ammonia and nitric acid present to saturate
rameterization of the relevant nonideal solution propertiesthe gas phase.
which is sufficiently accurate for global modelinyl¢tzger Sulfuric acid plays an important role in nitrate aerosol for-
et al, 20023. Although EQSAM chemistry is parameter- mation. Sulfuric acid possesses an extremely low vapor pres-
ized, the thermodynamic framework is based on the sameaure. Furthermore (NkJ2SO; is the preferred form of sul-
assumptions used by other equilibrium models. phate, so each mole of sulphate will remove 2 moles of am-

monia from the gas phase.
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Therefore two regimes are important for nitrate formation: 32 species and 77 reactions. Methane concentrations are
the ammonia-rich and the ammonia-poor case. prescribed according to the used scenario. The thermody-
Ammonia-poor: In this case there is insufficient NHo namic gas-aerosol equilibrium model (EQSAMR)dtzger
neutralize the available sulphate. Thus the aerosol phase witt al, 2002ha, 2006 is implemented in the climate model
be acidic. The vapor pressure of BMill be low, and the  to simulate ammonium nitrate aerosols. We use the latest
sulphate will tend to drive the nitrate to the gas phase. Sinceersion EQSAM2, to calculate the gas/liquid/solid partition-
the NHs partial pressure will be low, the NeHHNO3 partial ing of the I—bSOdHSO;/SOﬁ‘ HNO3/NO3 — NH3/NHI -
pressure product will also be low so ammonium nitrate HCL/CL~ — Nat C&t — Mg?+ — Kt — H,O system. Further

levels will be low or zero. aerosol modules applied in this study include sulphktek
et al, 1999 Koch and Hanser2005, carbonaceous aerosols
N Koch et al, 2006 20073, sea saltoch and Hanser2005,
NH3 + H2S = (NH2)HS 3 (
3 2504(9) = (NHHHSQy ®) mineral dustiiller et al., 2006 and heterogeneous sulphate
NH3z + (NH4)H2SO04(g) = (NH4)2SOy (4)  and nitrate production on mineral dust surfacBauer and

Koch, 2005 Bauer et al.2007, 2004).

Ammonia-rich:In this case there is excess ammonia, so that .
. ; Aerosols are represented in a bulk scheme. Aerosol mass
the aerosol phase will be neutralized to a large extent. The

X ) - ! is carried in the model for fine mode sulfate and nitrate using
ammonia that does not react with sulphate will be avallableOne bin for each component. assuming a loa-normal size dis-
to react with nitrate to produce NjNIOs. P ’ g 9

o ; . tribution and an effective radius of 0.2 and @8, respec-
Competition between sulphate and nitrate for available,. : o
X : . : tively. Black and organic aerosols are each carried in two
ammonia results in rather complicated system behavior. The,. . . . )
. . ; different bins, assuming the same size per specie g1l
reduction of sulphate results in partial replacement of re-

) o ) for BC and 0.3um for OC, but different solubility, in order to

duced aerosol mass by available nitric acid. The sulphate . ; .

: . . account for aerosol aging. Two size bins are used to represent

decrease frees up ammonia to react with nitric acid and tg : . . .

: Sea salt aerosols, with effective radii of 0.44 and®. Min-
transfer it to the aerosol phase.

. . . eral dust aerosols are tracked in four size bins, spanning over
Heterogeneous reactions of gaseous species with coar

. : : . he range of 0.1 to 1@m, with effective radii of, 0.46, 1.47,
aerosol species, like mineral dust and sea salt particles, hav;94 and 5.8@m. The sulphate and nitrate coating amounts
an important impact on nitrate aerosol formation. For exam- : X P g I

ple the reaction of nitric acid with calcium carbonate can takethat are deposited on the dust surfaces by condensation of the

. - . . recursor species HNQD Oz, H,SO, onto the dust surfaces
place when alkaline material is present in the mineral dust: P P O3, H2S0 . X
are tracked in the model for each dust size bin.

CaCQ + HNO3 — Ca?*NOg +HCO; (5) The aerosols are approximated as externally mixed for ra-

Once HNQ is formed, it is most likely captured by coarse diative calculations. The radiative effect of nitrate and sul-

mode sea-salt and dust particles, leading to a depletion gphate material that is present in the coarse mode, due o it's
aerosol nitrate in the fine mode. During the night when am_attachment to mineral dust particles, can be assumed negli-

monia is present in excess, ammonium nitrate can be formeog'blel' b_(cajcaLtJ_se Iﬂt]e optical pr;)pc;artl_es of Iﬂ(]je rrtuxedt%artlcle are
however, since this salt is thermodynamically not stable, it early identical to an uncoated mineral dust partiélauer

can evaporate during the day whereby the aerosol precursoert al, 2009. The effect of humidity on sulphate, nitrate

gases NH and HNG; are likely to condense on preexisting ?ndl 3(: ?herosol E'Z?S Isuzt:)sgar?tflli mpreasgsdtr:e Eerosol op-
and larger aerosol particles (e.g. Wexler and Seinfeld, 1990 ical depths (Kach et al, 9: A. Lacis web data base a

As a consequence, some anthropogenic air pollutants mapttp:gacp.glss.nasa.gov/daiats/lams/database.htl)nl

not be confined to the fine aerosol mode but rather interact The uptake of nitrate or nitric acid into sea salt particles Is

with larger particles which might be of natural origin such as S?Ev(\:/gnssilzdeeg?r?slrt];r;s igzlnatt's:é ZZICta:Sr%gglrssilsz?oriic:?st:eopo
sea salt and mineral dust aerosol. P

calculate an appropriate estimate of the available surface area
of sea salt aerosols.iao et al.(2003 had to expand her sea
3 Model description salt bins into 11 bins to get an reasonable estimate. We are
aware that neglecting this surface reaction might underesti-
The Goddard Institute for Space Studies (GISS) generamate nitrate in the coarse fraction of our simulations. How-
circulation model (GCM) version modelES¢hmidt et al.  ever, mineral cations that originate form sea salt and mineral
2006 Hansen et a).2009 is employed for this study, with  dust (i.e. N&, C&*, Mg, K*) influence nitrate formation
fully interactive tropospheric chemistry and aerosol modules.(Metzger et al.2006).
We use 23 vertical layers (model top in the mesosphere at
0.01 mb) and 2x5° horizontal resolution. The tropospheric
gas-phase mechanis@Hindell et al.2003 represents back-
ground H@-NOx-Ox- CO-CH, chemistry as well as perox-
yacetylnitrates, hydrocarbon families, and isoprene based on
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burning emissions are included in the EDGAR inventory and
the A1B projection are given b$treets et al2004). Natural

OM emissions are assumed to be derived from terpene emis-
sions Guenther et a]. 1995, with a 10% production rate.

Table 1. Anthropogenic and natural trace gas emissions.

2000 2030 A [%]

NOx[Tg N/yr]

natural 16.3 165 41 3.1.1 Emission distributions

anthropogenic  29.9 53.5 +79

NHs [TgN/yr] Anthropogenic emission fluxes are expected to be signif-
natural 14.4 14.4 -

icantly altered within the next 30 years. Projected emis-

anthropogenic  39.7  58.1 +46 sion increases for Ni§ NOy, SO, VOCs, CO, and de-
SQ; [Tg Shyr]
natural 118 119 +1 creases fo.r BC and OC between the. pr_ese_nt and 2Q30 are
anthropogenic 721 96.0 +33 presented in Tabléand the horizontal distributions are given
CO [Tglyr] in Fig. 1. The pattern for each individual precursor species
846.0 10315 +22 can look very different, because different activities are asso-
BC [Talyr] ciated with individual sources, for example, transportation,
industrial 4.5 3.6 —-19 biomass burning, agriculture, etc., which are expected to
biomass 3.7 3.4 -9 evolve differently in different countries. For example ammo-
OC [Tg/yr] nia (NHg) emissions and biomass burning emissions have an-
industrial 114 73 36 thropogenic and natural contributions. The natural contribu-
biomass 306 278 -9 tions from oceanic, and untreated land sources are assumed
terpene 16.6 16.6 -

to stay unchanged, whereas emissions related to industry, hu-
mans, fertilizers, crops, domestic animals, fossil fuel and bio
fuel change between 2000 and 2030. The largest source of
NH3 emissions is associated with livestock husbandry and
the agricultural use of fertilizers. The largest increase ikNH
sources is predicted to occur in India and Asia. The only
area where small decreases are expected is Northern Europe.

For present day conditions, the trace gas emissions are baségSimilar pattern in the predicted change of NGO, and

on the anthropogenic emissions for 1995 from the Emissions’©C$ can be found in Figl, because these emissions are
Database for Global Atmospheric Research (EDGAR3.2)m°_Sﬂy assomate_zd with energy_consumptlon that can _be spllt
(Olivier and Berdowski200). The 2030 future scenario UP in sources, Ilke_ transpprtatlon, power plants, residential
is based on the A1B projection of the IPCC SRES model@"d biomass burning. This may lead to a general decrease
(Nakicenovic et a.2000. The ALB scenario features rapid ©Of €missions in Europe, Japan, Australia and most of North
economic growth with a balance between fossil fuel inten-AMerica, except Mexico. Largest increases are expected for
sive and renewable energy sources. The EDGAR3.2 andndia, Asia, Coastal Afrlca'an.d South and Middle Amerlca.
the future projection provide emissions for carbon-monoxide The carbonaceous emissions, black and organic carbon
(CO), Nitrogen Oxides (N, non-methane volatile or- glso may shift. Technology|mplementat!0n_ and_fuel SW|tc_h-
ganic compounds (NMVOC), methane (gksulfur dioxide ~ iNg may lead to less carbonaceous emissions in the United
(SO2) and ammonia (\&) (Bouwman et al.1997). Black States of Amerlca_, Europe, Indla and Asia (Streets Qt _al.,
(BC) and organic carbon (OC) emissions for present day_2004)- Reduced bllomass burning may lead to less emissions
conditions areéBond et al.(2004 with the A1B future from N Sub-Sahara Africa.

3.1 Emissions

Anthropogenic emissions

Streets et a(2004). Table 1 gives the global annual emission fluxes for the
years 2000 and 2030 and the percentage change between
Natural emission those years. Although there are large decreases in cur-

rent industrial countries, the annual trace gas emissions are
The emissions of the natural aerosols, sea salt and mineralxpected to increase globally (see Tallefor all non-
dust, as well as dimethylsulfide (DMS) are calculated inter-carbonaceous species. The largest percent increase is as-
actively in the model, depending on the wind speed and thesumed to be NQemissions, which increase by 79% in our
surface conditions. In the current simulation 1748 Tg mineralinventory. Carbonaceous emissions are the only emissions
dust and 1859 Tg sea salt are emitted under present climatgat are expected to decrease globally.
conditions, with negligible change for future climate condi-
tions. Gaseous emissions of dimethylsulfide (DMS) and iso-3.2 Model experimental setup
prene are parameterized aftéych et al.(20070) andGuen-
ther et al.(1999. Natural NG, emissions from lightning are The model simulation duration is 6 years and the average
parameterized as describedRnice et al.(1997). Biomass over the last 5 years are presented in this paper. Present

Atmos. Chem. Phys., 7, 50430659 2007 www.atmos-chem-phys.net/7/5043/2007/
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NH3 [2000] NH3 [2030-2000] NOXx [2000] NOXx [2030-2000]
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Fig. 1. Annual mean emission flux [g/?’/yr] for the year 2000 and the difference between the year 2030 and 2000, HfNMBy, SOy,
VOC, black carbon, and organic carbon.

day and future climate conditions are driven by sea surfacel Current aerosol evalulation
temperature and sea ice conditions from a transient model
run using the coupled atmosphere-ocean nfedssell et al.  Evaluating a coarse GCM simulation of nitrate aerosols with
(2000. That simulation assumes an 0.5% increase op CO observations is a fairly difficult task, because the complex
concentrations and leads to an increase in global mean seshemistry and the short lifetime of nitrate aerosols can lead
surface temperature of 0.78 and to a slightly more humid to large gradients in concentrations in small areas, that can-
environment. The model configuration in this study, exceptnot be represented within a coarse resolution model, where
for the part involving nitrate and dust aerosols, is similar asone single grid box covers the domain of 4D0 km. Nev-
in Unger et al (2006, where the physical climate change is ertheless, to demonstrate that our model is able to represent
discussed in greater detail. the general characteristics of present day ammonium-nitrate
Two experiments are carried out under current climateconcentrations, the following data sets are used for evalu-
conditions: A baseline experiment (CTR-00) using currentation: Surface measurements of the European EMEP, the
emission levels and an experiment using current climate buNorth American IMPROVE and the global ProspeRrds-
future emissions (E30-00). In order to understand future ni-perq 1995 network, and vertical profiles from various mea-
trate concentrations, a series of sensitivity studies is carriedurement campaigns around the world, carried out between
out where either the climate or only one emission species i9994 until 2004.
altered. Several experiments are run for future climate con- Figure2 presents the models annual mean surface nitrate
ditions: A baseline experiment, using the appropriate futuremass overlaid by the observations from the EMEP and IM-
emissions (CTR-30), three experiments where one of the folPROVE networks and from D. Savoie and J. Prospero (per-
lowing emissions, SO2 (SO2-00), N@NO«-00) or NH3  sonal communication, November 1999). If not otherwise no-
(NH3-00) was set respectively to its 2000 values, and oneiced, the total nitrate aerosol mass, thus the sum of ammo-
experiment where no heterogeneous interactions on minerafjum nitrate and nitrate aerosol is compared to the bulk ni-
dust surfaces took place (HET-30). trate mass observations. In F@it is clearly visible, that
the model underestimates nitrate especially in the remote ar-
eas when heterogeneous dust chemistry is not included in the

www.atmos-chem-phys.net/7/5043/2007/ Atmos. Chem. Phys., 7, 5083-2007
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e ——
00 02 03 04 06 07 09 1.0 1.2 14

Fig. 2. Annual mean surface concentrations of total nitrate aerosol mass. The filled circles show measurements as observed by the EMEP,
IMPROVE and the Prospero network. The upper panel shows fine mode ammonium-nitrate aerosol only, the middle panel the sum of fine
and coarse mode nitrate, and the lower panel shows fine and coarse mode nitrate, but excluding the observations. Uritsnard.in [

model simulation. Overall the simulation matches the obser-evaluate East Asian air pollution. The model shows a pollu-
vations on the global scale, but the model underestimates thgon plume over North East China, but much smaller concen-
observations in certain regions. Unfortunately, we only hadtrations downwind of this area, therefore we conclude that
two surface observations off the coast of China available, tahe entire East Asian nitrate mass is underestimated in the

Atmos. Chem. Phys., 7, 50430659 2007 www.atmos-chem-phys.net/7/5043/2007/
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Fig. 3. Monthly mean total nitrate concentrations (red line), mod- Fig. 4. Monthly mean total nitrate concentrations (red line), mod-

elled fine mode nitrate only (dashed line) and observations from theelled fine mode nitrate only (dashed line) and observations from the

EMEP network (black dashed line), shown for a selection of repre-IMPROVE network (black dashed line), shown for a selection of

sentative stations. Values are shown for the year zoongmr3]. representativeSIMPROVE stations. Values are shown for the year
2000 in ugm™—=].

model. This conclusion is confirmed by the comparison with

aircraft data (see Fid) from the ACE ASIA Huebertetal.  Some high pollution measurements that exceegi g/ on
2003 measurement campaign, where the model underestian annual average.

mates the observed values by an order of magnitude in the Figures4 and3 show the annual cycle of measured and
planetary boundary layer. These very large differences beebserved nitrate mass. The tendency to underestimate North
tween measurement and simulations can only be explainedmerican nitrate mass, as seen in Flggseems to be caused
by dramatic underestimation of the emission data in Easin the winter. The model shows at several European stations
Asia. Similar results were seen by a multi-model compar-too high nitrate concentrations in the winter month, caused
ison to CO observationsshindell et al. 200§. Hence we by corse mode nitrate. Possibly, too much Saharan dust is
suggest that there may be a general bias in Asian emissiortsansported in the model to Europe in that season.

spanning over multiple species. Figure5 presents aircraft campaign data, compared to the
A much smaller difference of about Qu&/m?® appears model average for the month the campaign took place. Over-
over the South Pacific. We speculate that in this region,all the model follows nicely the vertical distribution of nitrate
surface reactions between nitrate and sea salt particles aie the atmosphere. Including heterogeneous dust chemistry
of importance, a reaction that is missing in this model run.improves the performance of the model, although it leads
The dense European network shows large gradients in nitrateccasionally to overprediction of nitrate between 3-8 km
mass that the model has difficulties to represent, but overalheight. It is interesting to note how strongly nitrate aerosols
the model represents European nitrate mass very well, excepire effected by these heterogeneous reactions, especially in

www.atmos-chem-phys.net/7/5043/2007/ Atmos. Chem. Phys., 7, 5083-2007
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Table 2. Annual mean aerosol and trace gas burden.

SO, SOs  SOyqusry NOx HNO3z NHz NHz NO3 NOzqusy
[TgSyr] [TgNyr™]
1990
Control CTR-00 0.48 0.34 0.22 0.53 3.88 0.17 027 0.11 041
2030
Control CTR-30 0.51 0.47 0.27 0.53 3.97 0.19 0.38 0.14 0.53
2000 Climate E30-00 0.49 0.48 0.28 0.54 3.99 0.18 041 0.15 0.56
2000 NH NH3-30 0.51 0.47 0.27 0.53 3.98 0.13 035 0.10 0.56
2000 SGQ S02-30 0.48 0.34 0.20 0.53 3.95 0.22 032 0.15 0.53
2000 NG& NOx-30 0.53 0.42 0.30 0.52 3.86 0.21 0.36 0.13 0.52
Dust Surface Reac. HET-30 0.72 0.68 - 0.53 4.41 0.13 047 011 -

the regions of the PEM tropics campaign (South Pacific) andsions (Fig.1l). The changes in ambient near surface ammonia
ACE ASIA (East Asia). concentrations are more complex. Increaseds NHChina

and India, and smaller increases in Europe, USA and Aus-

tralia, colocate with the changes in its emissions. However
5 Current and future atmospheric composition NH3 decreases, occurring in Arabia, Central and East Africa

and South America, collocate with increased,®missions,
Future nitrate aerosol concentrations are influenced by cliwhich in turn leads to enhanced sulphate formation, whereby
mate and emission changes. The climate change due 20 CGnore ammonia is removed from the ambient air. The changes
increases as simulated in the GISS model between the yeafs the near surface nitrate aerosol concentrations generally
2000 and 2030 is described in detail bypger et al(2009,  reflect the discussed changes in ambient ammonia and NO
which used with the same model version as employed in thisoncentrations. This causes a large increase in near surface
study. In summary, the 2030 atmosphere is warmer and morgijtrate aerosols in China ofi3g m~3, a moderate increase of
humid, with an increase of 0.78 in global annual mean sur- 1ug m=3in Europe and India, and a slight decrease in Cen-
face air temperature. A large surface air temperature warmtral U.S. The atmospheric load of fine mode nitrate aerosols
ing exceeding 2C occurs over the South and North Polar has similar horizontal distributions in 2000 and 2030, al-

regions, central North America and central Asia. though the concentrations in the already most polluted re-
) N gions increase even more. The most dramatic increase in the
5.1 Atmospheric composition column burden of nitrate aerosols is projected to take place

_ _ ) ) o in East China. The global mean load of fine mode nitrate
As discussed in Sec? sulfuric acid competes with nitrate  j,creases from 0.11 to 0.14 [Tg N, and the mass of ni-
for ammonia. Therefore we discuss the change in future suly aie that is attached on mineral dust from 0.41 to 0.53 [Ty
phate first before referring to nitrate. Figlgehows maps of  \ yr-1). Overall this would be an increase of 22% of nitrate
the difference between 2000 and 2030 in near surface conyaterial in our atmosphere within a time period of 30 years.
centrations. The changes in near surface 8@hcentrations
follow closely the changes in SQemissions (see Fidl),
and carry forward into the changes seen in the near surface Sensitivity studies
ammonium and sulphate distributions. Sulphate concentra-
tions decrease in Europe and the United States and increage series of sensitivity studies are carried out, as described
elsewhere. The changes between 2000 and 2030 in columim Sect.3. The results are summarized in FRywhere the
burden of fine mode sulphate and sulphate that has formegercentage changes in tropospheric burdens of SN Os,
on dust surfaces (see Fig). shows a similar pattern as pre- NOy, PAN (peroxyacytyl nitrate), tropospheric ozone, NH
sented for the near surface concentrations. The global meaand NH,, pure sulphate, pure nitrate, dust, sulphate on dust
fine mode sulphate burden increases from 0.34 to 0.47 [Tdnamed SO4 D), nitrate on dust (NO3 D), total nitrate (NO3
S yr1], between 2000 and 2030 and sulphate on dust fromT) and total sulphate (SO4 T), are displayed compared to the
0.22 to 0.27 [Tg S yr'] (see Table2). This will lead to an  base experiment CTR-30.
overall increase of 24% in total sulphate mass present in the Present day simulation (CTR-00): Here we compare
atmosphere. the two base-line experiments for the years 2000 and 2030.

The changes in near surface concentrations @jigf am-  These are the same two experiments as already described in

bient NG and nitric acid, reflect the changes in N@mis- detail in Sectb. Generally, all trace gas and aerosol burdens
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Fig. 5. Vertical profiles of nitrate concentrations in [pps ob-
served during various field campaigns by the DC8 air plane (black
line), compared to the models total (fine and coarse mode) nitratd=ig. 6. Difference between the years 2030 and 2000 in near surface
(red line) and its fine mode fraction (black dotted line) only. The ti- concentrations, ingjg/m?], of SO, NOx, HNO3, NH4, NH3 and
tle shows the name and the year or the campaign, and the subtitle thftnhe mode nitrate.
month. INTEX-A covers Eastern USingh et al.2006§, TRACE-P
the North Hemispheric Western Pacifita¢ob et a).2003, PEM-
WEST-B the Western Pacifitipell et al, 1997, PEM-Tropics the  the other sensitivity experiments, this case shows the lowest
Southern PacificRaper et al.2001) and ACE-ASIA East Asiaand impact on the atmospheric composition. The global mean
the Northern Pacificquebert et al.2003. The model date are in-  nitrate aerosol burden is increased by 6% compared to the
terpolated to the flight tracks and then the monthly mean verticalcTR-2030 experiment. This is caused by a slight increase
profiles are calculated. in ammonium oxidation, due to enhanced OH as humidity
is increased. However, the overall signal is small and the
largest percentage change is seen in nitrate aerosol concen-
show smaller amounts under present day condition comparetfations, which especially increase in Europe, North America
to the future. However, the percentage change in airborn@nd China.
NOy and ozone are rather small and near surface ozone con- Future simulation with 2000 Semissions (SO2)n this
centrations are reduced by 10%. The only tracer with largeexperiment the future climate, 2030, was simulated as in the
amount is mineral dust. This is because our simulated dus€TR-30 experiment, but the S@missions of the year 2000
solubility depends on pollution coating on its surface. In aare used, instead of its future projection. This experiment
less polluted atmosphere, solubility will be smaller and there-has a large impact on sulphate formation. Sulphates get re-
fore the overall dust burden larger. Changes in ammoniumduced by roughly 30%, which leads to an overall increase in
sulphate and nitrate are substantial, between 20-30%. nitrate aerosol of about 8%, because relatively smaller sul-
Future emissions, present day climate (CLINf)this ex- phate concentrations leads to favorable reaction of ammonia
periment the model was run under physical climate condi-W'th nitric acid to form ammonium nitrate instead of reaction

tions of the year 2000 but using the anthropogenic gas anéfv'th sulphate.
aerosol emissions for the year 2030. In comparison to all
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Sulphate Surface Conc. in 2000

S

Sulphate Surface Conc. in 2030 leads logically to less ambient NHNH4 and consequently
=5 to less ammonium-nitrate aerosol, which is reduced by 30%
relative to the CTR-30.

Excluding heterogeneous reactions on mineral dust sur-
faces (HET):All simulations, baseline experiments and the
other sensitivity experiments, include the heterogeneous for-
mation of nitrate and sulphate coatings on mineral dust
surfaces. This reaction pathway impacts the formation of
ammonium-sulfate and ammonium-nitrate aerosols, as well
as the solubility of mineral dusB@uer et al. 2007 Bauer
and Koch 2005 Bauer et al.2004). In the sensitivity ex-
periment HET no such heterogeneous reactions took place.
The experiment emissions and physical climate are identi-
cal to the baseline experiment CTR-30. Neglecting the ox-
idation of SGQ on dust, leads to larger ambient 5(30%),
ammonium-sulphate (45%) and mineral dust (25%) burden.
Nitric acid is an important precursor gas for nitrate formation
but also reacts with the mineral dust surfaces. Globally it is

000 002 004 010 030 050 070 090 120 200 increased by 10% between CTR-30 and HET, but locally in
the Northern African and Arabic regions the increase is much
larger (up to 60% over India). Therefore the induced amounts

Fig. 7. Annual mean near surface concentrations of fine mode sul-pf nitric acid in HET simulation would lead to increased
phate (upper panel) aerosols and nitrate (lower panel) for the yeagmmonjum nitrate aerosol formation. However, externally
2000, and 2030. Units are ipy/m®]. mixed ammonium nitrate mass is reduced in HET, especially
in the Northern Hemisphere background atmosphere. This
] ] ) o is caused by increased externally mixed sulphate concentra-

Future simulation with 2000 NPemissions (NQ): Here  ong in HET. Sulphate can be neutralized by ammonia, the
the future was simulated but with the N@missions fixed  regjgual amount of ammonia might neutralize nitric acid to
to present day emission levels. The year 2000N@is-  t5rm ammonium nitrate. In HET the higher sulphate con-
sions are 33% smaller than the predicted\gmnissions of  centration leads to less free ammonigB0%) and therefore
the year 2030. Employing the lower N@missions in this 5 reqyced nitrate production. This phenomenon was already
sensitivity test leads consequently to smaller ambienk NO iscussed irBauer et al(2007) for current climate condi-
(—=2%), HNG; (=3%), N2Os (—8%) and PAN (9%) con-  {ions. Due to the increase of S@nd NQ, sources (see
centrations. Near surface ozone concentration is decreasqqg' 1) at the coasts of Africa, China and the Arabian region,
by —5%, but the overall ozone burden is just slightly re- ;, girect vicinity of desert regions, this effect is much more

duced, as most of the ozone mass is located in the upper tr(b'ronounced in the more polluted, future atmosphere.
posphere. The overall impact on fine mode nitrate aerosol is

a decrease of about 7% of its burden, and the nitrate material
that is mixed with mineral dust particles is reduced by 23%.
Most likely the reduced amount of nitrogen containing gases,/ Radiative forcings
especially the reduced ambient concentrations of nitric acid
over the Sahara and the Arabian and Chinese deserts (whichhe global mean top of the atmosphere instantaneous radia-
reflects the NQ emission changes as displayed in Fi. tive forcing (hereafter RF) is shown in Figj0 for ozone and
leads to this strong effect on the development of nitrate coatfor sulphate, nitrate, black and organic carbon and dust as
ings on mineral dust particles. However, the formation of sul-a result of their individual contribution as external mixtures.
phate coatings is enhanced in this simulation, which might beThe impact of sulphate and nitrate coatings on the optical
caused by more free reactive mineral dust surfaces, due to theroperties of the coated dust particles is negligible as usually
reduced amount of nitrate coatings. More sulphate coatingthe shell thickness of the coating nitrate or sulphate material
in turn leads to more oxidation of $@nd reduced concen- s too thin to significantly change the optical properties of the
trations of externally mixed ammonium-sulphate. core dust particleRauer et al.2007). RF are calculated as
Future simulation with 2000 Nilemissions (NH3)This the sum of the individual short wave and long wave contribu-
time the future was simulated but neglecting the expectedions, however only ozone and mineral dust have significant
changes in ammonia emissions. Ammonia emissions havéorcing in the long-wave spectrum. Figut® shows maps of
hardly any impact on the sulphate and the ozone cycle, buthe forcings for the year 2000 and the changes between 2030
impact significantly nitrate production. Less Mdmissions  and 2000.
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EM Sulfate Load 2030 [mg/m2] 2030-2000: EM Sulfate [mg/m2] Sulfate on Dust Load 2030 [mg/m2]
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Fig. 8. Annual mean total column load for sulphate and nitrate aerosols of the year 2000, and the differences between 2030-2000. The first
two maps show the externally mixed (EM), fine mode, sulphate contribution and the following two maps the coarse mode sulphate mass that
is mixed with mineral dust. The second row shows the same maps but for nitrate aerosol. Units al?e}.[mg/m

Table 3. Radiative forcings in different eras [WAh

1750 2000 2030 \ A2000-1750 A2030-2000
Sulphate —-0.26 -045 -0.62| —0.19 -0.17
Nitrate —-0.05 -0.11 -0.14| -0.06 —0.03
Black carbon +0.04 +0.33 +0.28 +0.29 —0.05
Organic carbon —0.04 -0.17 -0.14| -0.13 +0.03
Ozone —-0.67 -0.40 -0.27 | +0.27 +0.13
Dust —0.60 -0.57 -0.52 | +0.03 +0.05
All -162 -137 -1.41]| +0.25 —0.04

Nitrate aerosols, like sulphate, have a single scatteringhe United States and Europe, sulphate forcing decreases in
albedo close to unity and therefore mainly scatter solar rathese regions. The future emission scenario we employed
diation, which leads to a cooling of the atmosphere. Ni-in this simulation predicts strong reductions in carbonaceous
trate aerosols lead to forcing signals in areas of high ni-aerosols Koch et al, 20078, which leads to a reduction in
trate burden. This forcing is enhanced for large RH as theabsorbing black and scattering organic carbon. The positive
particles take up water. Figud shows that nitrate has a radiative forcing of black carbon gets reduced mostly all over
stronger negative forcing signal in the Northern Hemispherethe Northern Hemisphere and the African biomass burning
with local maximum values over China and Europe of up toregion. The reduction in organic carbon leads to a reduced
—1W/mP. Further increase of the negative forcing is pre- negative forcing. The forcing signal of ozone is more ho-
dicted to happen in the next 30 years. All changes appeamogeneous because of its longer lifetime, and the increase
in the Northern Hemisphere, with again largest contributionsof the global ozone concentration leads to a positive forc-
over Europe and Asia. Locally the radiative forcing due toing. Ozone RF increases by 0.03W/im the short wave
nitrate aerosols will be of the order ef4 W/m? over China.  length and 0.1 W/rhin the long wave length. The changes
Sulphate aerosol predicted changes for the next 30 yearwe see in the mineral dust RF signal is mainly caused by
show an increase in the tropical regions, especially over Indiasolubility changes of the dust particles. In these simulations
(locally up to—3 W/n). Due to SQ emission reductions in  pure dust is assumed to be insoluble and nitrate or sulphate
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plays a smaller role, but it's contribution has nearly tripled
since pre-industrial times. In the near future nitrate will have
a RF that is comparable to the RF of organic carbon.

40

20

8 Conclusions

TTT4r

O HET B NH3
W S02
B NOx H CLIM

The GISS climate model is used to study the role of nitrate
aerosols in the changing atmosphere. Future emission pro-
jection along the SRES A1B scenario were used to simulate
the year 2030. This paper concentrates on the year 2030, the
2 "\logl‘OXNZOEF_)’AN o3 NH3NH4SOg 04534,'10210%% 3D¥ST near future, _becguse emissic_)n pre<_jicti_on are highly uncertain
- - and uncertainty increases with projection length.
The evaluation of the present day nitrate concentration

Fig. 9. Percentage change in gas and aerosol burdens of the cTRS difficult, because of the limited number of observational
00, E30-00 (CLIM), SO2-00, NOx-00, NH3-00 and HET-30 exper- data and the coarse nature of our model. Surface observa-
iment, compared to CTR-30. The global annual mean percentagéons are available from the IMPROVE, EMEP and Prospero
changes are presented for gaseousy, 3NO3, NOy, PAN (per- networks, and vertical profiles from various aircraft cam-
oxyacytyl nitrate), tropospheric ozone, NiEind NHy; and aerosols:  paigns from around the world. The overall agreement be-
fine mode sulphate, coarse mode sulphate (SO4 D), total sulphatgveen model and data sets is good, but the model tends to
(SO4 T), fine mode nitrate (NO3), coarse mode nitrate (NO3 D), ynderestimates nitrate mass by an order of magnitude in East
total nitrate (NO3 T) and mineral dust. Asia. We conclude that the ammonia emissiBo@wman

et al, 1997 and the EDGAR inventory needs updating in

that region. The comparison at remote stations showed the
coatings influence its solubility, which leads to more wet de‘importance of the formation of nitrate on mineral dust parti-
position of dust in a more nitrate- and sulphate-polluted f“'cles, because when only comparing the simulated fine mode
ture atmosphere. Mineral dust scatters and absorbs solar rg4ction the measurements highly underestimate at the re-
diation. Scattering dominates in the short wave spectra angqie sites. Unfortunately, the measurement are bulk mass

therefore mineral dust changes have a negative short-wavgpservations and don’t contain information on which mixing
RF of —0.08 W/n?, which is partly counterbalanced by its state the nitrate was observed.

long wave contribution of 0.04 for RF. Fine mode aerosol particles are dangerous air pollutants
The last map in Figl0 shows the net aerosol and ozone that have the ability to travel deep into the lungs and lead to
forcing. The overall change in RF has a negative sign, withserious health problems. The near surface concentrations of
strongest negative RFs over India and China. In these refine mode sulphate and nitrate particles show in our present
gions, the predicted sulphate and nitrate increases and bla%y simulation maximum concentrations of aboutdgsm?
carbon decreases, all contribute to this large negative forcingin the most polluted areas like East China and Europe. In
Overall negative RF changes dominate over land whereas thghe year 2030 simulation, the fine sulphate and nitrate con-
RF change is positive over oceans (mostly caused by the consentration climb as high as;dg/m? in sulphate and ag/m?
tribution of ozone RF), except the North Pacific where thejn nitrate concentrations. As nitrate pollution was already
Asian pollution plume contributes to a negative forcing. In strongly underestimated in the present day simulation, we
the Arctic the forcing between present-day and pre-industriabssume that the future numbers are underestimated as well.
(P1) is positive (Koch et al., 2007b), however it is projected Note that these numbers reflect annual mean concentrations,

-20

- .

-40

SO

to decline in the future (Koch et al., 2007a). and actual seasonal and daily maximum concentrations will
The magnitude of the global mean aerosol and ozone topeach much higher concentration levels.
of the atmosphere RFs are given in TaBler pre-industrial Future nitrate concentrations result from changes in the

conditions (e.g. 1750), present day (year 2000) and the negshysical and chemical state of the future atmosphere. To be
future (2030). The pre-industrial numbers are derived from agble to understand which of the expected changes are most
run where all anthropogenic emissions where excluded. Th@nportant for nitrate formation, we performed a series of
run is discussed in detail Bauer et al(2007). sensitivity studies where one of the future predicted changes
Before industrialization began, ozone and aerosols mostlyvere kept at its current day conditions. Through these ex-
contribute to cooling of this planet, and the largest contribu-periments we learned that the physical climate change, e.g.
tion came from the ozone molecules. According to our sim-temperature and humidity rise, have only a very small im-
ulation, under present day conditions sulphate particles playact on future nitrate concentrations. Studying the impact of
the leading role in cooling the atmosphere and this role will single emitted gas precursors showed that future nitrate de-
be even more pronounced in the near future. Nitrate aerosgbends most strongly on the emission strength of ammonia.
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Fig. 10. Top of the atmosphere radiative forcings [WAnof each individual aerosol species (fine mode sulphate;}$@d nitrate (NQ),
black (BC) and organic (OC) carbon, mineral dust (DU) and ozong. (The maps entitled “ALL” shows the sum of all aerosols and gases,
the net forcing. The forcings are shown for the year 2000 and the differences between 2030 and 2000.

Other changes in emitted gases like N&hd SG, only play = aged for some time and were released or produced in areas
a minor role. In one of the sensitivity experiments the het-where a mix of particles is already present in the air. For ex-
erogeneous reactions involving mineral dust particles are neample in China, where urban pollution frequently mixes with
glected. That experiment had a very strong impact on futuredust particles.

nitrate concentration. And even beyond nitrate, this sensi- Future emission inventories predict a |arge increase of p0|_
tivity experiment changed dramatically the concentrations ofjytion precursors around the Northern coasts of Africa and
SQ,, sulphate, MOs, NHs, NHg and dust. In our simulation  throughout Arabia. This pollution is very likely to mix with
most of the aerosols are treated as external mixtures, only nigesert dust, as it's sources are very close to the desert regions,
trate and sulphates can mix with mineral dust, therefore thigherefore mixing between aerosol species might be getting
is only one step towards the representation of truly mixed antbven more pronounced in the future atmosphere.

Coat‘?d aerosol partlcleg. Ne\_/ertheles_s Itis interesting to see |, summary, we conclude from our sensitivity studies, that
how important the consideration of mixtures might be, espe-

iallv f ies lik lohat d nitrates that mainlv { for understanding future ammonium-nitrate concentrations it
clally for species fike sulphates and nitrates that mainly formg important to have good estimates of ammonia emissions

) _ . . Lhd to have measurement data regarding the mixing state of
are very likely to condense on existing particles in the atmo-, . osols

sphere and therefore are likely to exist as aerosol mixtures

or coatings, especially if the particles have been airborne and ' @ddition to the role aerosols play as dangerous air pollu-
tants, they also interact with the climate system by interacting
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with the Earths radiation budget and cloud microphysics.—1.37 W nt2 under current climate and1.41 W/n¥ for the

The latter point is not studied in this paper and possibly mightyear 2030.

have a greater impact on the Earth climate than direct radia-
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