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Abstract. We examine the formation of nitrate and ammo- of aerosols (Intergovernmental Panel on Climate Change
nium on five types of externally mixed pre-existing aerosols(IPCC), 1994; van Dorland et al., 1997; Adams et al., 1999).
using the hybrid dynamic method in a global chemistry trans-A limited number of global models have been used to pre-
port model. The model developed here predicts a similar spadict nitrate and ammonium aerosol concentrations (Adams
tial pattern of total aerosol nitrate and ammonium to that ofet al., 1999; Metzger et al., 2002; Liao et al., 2003; Ro-
several pioneering studies, but separates the effects of nitraddriguez and Dabdub, 2004; Bauer et al., 2007; Feng and
and ammonium on pure sulfate, biomass burning, fossil fuelPenner, 2007; Pringle et al., 2010) and their direct radia-
dust and sea salt aerosols. Nitrate and ammonium boost théve effects (van Dorland et al., 1997; Adams et al., 2001;
scattering efficiency of sulfate and organic matter but lowerJacobson, 2001; Liao et al., 2004; Liao and Seinfeld 2005;
the extinction of sea salt particles since the hygroscopicityBauer et al., 2007; Myhre et al., 2009), but no one has eval-
of a mixed nitrate-ammonium-sea salt particle is less tharuated their indirect forcing. Most global aerosol models in-
that of pure sea salt. The direct anthropogenic forcing of parcluded in the AeroCom exercise exclude ammonium and ni-
ticulate nitrate and ammonium at the top of the atmospherdrate aerosols (Schulz et al., 2006; Textor et al., 2006; Kinne
(TOA) is estimated to be-0.12 W nt2. Nitrate, ammonium  etal., 2006), and, of those that do, most treat these aerosols in
and nitric acid gas also affect aerosol activation and the rethermodynamic equilibrium, which, for global average con-
flectivity of clouds. The first aerosol indirect forcing by an- ditions, overestimates the portion in coarse aerosols (Feng
thropogenic nitrate (gas plus aerosol) and ammonium is estiand Penner, 2007). Major nitrate salts (e.g. ammonium ni-
mated to be-0.09 W nT2 at the TOA, almost all of whichis  trate, sodium nitrate) have lower deliquescence relative hu-
due to condensation of nitric acid gas onto growing dropletsmidity (DRH) than their corresponding sulfate salts (e.g.
(—0.08 WnT2). ammonium sulfate, sodium sulfate) and are highly hygro-
scopic. This normally would be expected to increase aerosol
scattering properties and increase both their direct and in-
direct radiative forcing. The Fourth Assessment Report (i.e.
1 Introduction AR4) from the IPCC (Forster et al., 2007) estimates the di-
rect radiative forcing for nitrate to be0.10+0.10 W m? at

Aerosols, especially those from anthropogenic sources, playye top of atmosphere (TOA). However, the relatively small
animportant role in changing the Earth’s climate. Substantialyymber of studies is not sufficient to accurately character-
progress has been made towards understanding how aerosojge the magnitude and the uncertainties in the direct radiative
such as sulfate, carbonaceous particles, mineral dust and s@gcing associated with aerosol nitrate (Forster et al., 2007).
salt, can impact the Earth’s climate (Penner et al., 2001; Texsiydies (Adams et al., 2001; Liao et al., 2006; Liao and Sein-
tor et al., 2006; Forster et al., 2007). However, little has beeryg|q, 2005) using global models have also suggested that the
done to quantify the direct and indirect effects of aerosol ni-gecreased radiative forcing of sulfate aerosols due to their

trate and ammonium in spite of the fact that nitrate and amyedyced emissions in the future could be partially offset by
monium are known to be significant anthropogenic sources
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increases in the radiative forcing of nitrate aerosols. Reducmodynamic equilibrium between the gas and aerosol phase
tion of sulfate in aerosols results in an increase oglhitHhe is not likely to be valid for coarse particles, such as sea salt
atmosphere, which allows a larger formation of ammoniumand mineral dust because it takes from several hours to up to
nitrate. a week to reach equilibrium (Meng and Seinfeld, 1996; Se-
As noted above, none of the existing studies has estimatethfeld and Pandis, 1998) and this time is longer than the time
the indirect forcing by ammonium and nitrate aerosols. Fur-step typically used in chemical transport models (e.g. about
thermore, a number of studies (Kulmala et al., 1993, 1998;1 h). Observations also show that gas phase concentrations
Goodman et al., 2000) show that the condensation of nitricand coarse aerosol particles are not in equilibrium (John et
acid onto growing cloud droplets contributes soluble materialal., 1989). A more accurate representation of the partitioning
to the droplet and enhances their water uptake and growthpf semi-volatile species called the “dynamic method” (here-
leading to increased droplet number concentrations. Thereafter referred to as DYN) has been developed (Meng and Se-
fore, a full consideration of both HN§Dg) and aerosol am- infeld, 1996; Meng et al., 1998; Jacobson et al., 1996; Ja-
monium and nitrate is needed to properly estimate indirectcobson, 1997a, b; Sun and Wexler, 1998a, b; Pilinis et al.,
forcing by aerosols and HN§jas. 2000). In this approach, a fully dynamic mass transfer cal-
The formation of nitrate aerosols strongly depends on theculation is applied to each aerosol size bin. Although the
availability of its precursor gases and on the ambient condi-dynamic method is most accurate, its use in large-scale air
tions. Nitrate aerosols form if sulfate aerosols are irreversiblyquality models as well as global chemical transport models
neutralized and atmospheric ammonia is in excess. Nitrate ifas been limited due to its high computation cost. The hy-
predominantly present in the submicron mode at continentabrid dynamic method (hereafter referred to as HDYN) was
sites (ten Brink et al., 1997; Heintzenberg et al., 1998; Putaugroposed by Capaldo et al. (2000). In this method, the equi-
et al., 2003) in the form of ammonium nitrate (YNO3). librium method is employed to determine the composition of
Nitrate aerosols have been found to be at least as imporaerosol particles with diameters less than a threshold diam-
tant as sulfate in some regions of Europe (ten Brink et al.,eter (around 1 um) while the dynamic method developed by
1996; Schaap et al., 2004) and some urban areas (Malm et aRjlinis et al. (2000) is used to calculate the mass transfer-
2004). Nitrate is internally mixed with sulfate, ammonium, limited concentrations in larger particles.
elemental and organic carbon in western Europe (DallOsto Here, we apply the hybrid dynamic method, first applied in
et al., 2009) and in the Amazon basin (Trebs et al., 2005)a global model by Feng and Penner (2007, hereafter referred
However, aerosol nitrate is not just associated with ammo-+o as FP07), which follows the methods outlined in Capaldo
nium in the accumulation mode. Coarse mode aerosol nitratet al. (2000) to calculate the burden of nitrate and ammonium
can be produced by adsorption of nitric acid on sea salt parin aerosols. FP07 presented the differences between the pre-
ticles (Savoie and Prospero, 1982) and soil particles (Wolff,dicted nitrate and ammonium in aerosols using the HDYN
1984). Lefer and Talbot (2001) found that 86 % of nitrate method and several other methods. Most importantly, they
mass was associated with water-soluble super-micron soilfound that the thermodynamic equilibrium assumption un-
derived C&" in an acid environment. Other metal species derestimates the fine-mode nitrate aerosol burden by 25 %.
like Mg?*t, Nat and Kt can also be associated with nitrate. Nitrate and ammonium can also be approximated using a
In addition, aerosol nitrate is formed through heterogeneoudirst-order removal approximation based on uptake coeffi-
reactions of nitrogen radicals such as gaseoug,NNQOs cients. FPO7 found that this method overestimates both fine
and HNG dissolved into wet aerosol (Ehhalt and Drum- and coarse mode nitrate aerosols, while a simplified form
mond, 1982; Parrish et al., 1986; Li et al., 1993). Ammonium of HDYN (Liao et al., 2003, 2004) overestimates the coarse
helps to retain nitrate in the aerosol phase by neutralizingnode nitrate. These differences would be expected to lead to
the aerosol acidity during heterogeneous formation processesignificant differences in the predicted forcing from nitrate
(Adams et al., 1999). Liao and Seinfeld (2005) demonstrateand ammonium.
that the heterogeneous chemistry reactions on particles can We updated the FP07 global simulation of nitrate and am-
increase the direct radiative forcing due to nitrate by 25 %. monium aerosols based on the HDYN method but also ac-
The partitioning of nitrate and ammonium between the gascount for the dynamics of sulfate aerosol and its interaction
and aerosol phases has been done using three different apith non-sulfate aerosol components (Herzog et al., 2004;
proaches. The first approach assumes instantaneous chemidal et al., 2005; Wang et al., 2009). FP07 only simulated
and thermodynamic equilibrium (Pilinis and Seinfeld, 1987; aerosol mass and so did not account for the nucleation of
Russell et al., 1988; Binkowski and Shankar, 1995; Lurmannnew sulfate aerosols and their growth as well as the coating
et al., 1997) between the gas and aerosol phase (hereafter rgy sulfate on other aerosol types. Since aerosol nitrate is only
ferred to as EQ). Instantaneous thermodynamic equilibriumallowed to form after sulfate is fully neutralized, an accurate
may be assumed for the fine mode aerosols (particle diameteepresentation of sulfate is key to determining the amount of
less than 1 um) since small particles achieve equilibrium withaerosol nitrate that can form.
the gas phase within a few minutes (Wexler and Seinfeld, The three-dimensional global aerosol and chemistry trans-
1990; Dassios and Pandis, 1999). However, assuming theport model used in this study is described in the Sect. 2.
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Section 3 presents the present-day global distribution of preTable 1. Size distribution parameters for non-sulfate aerosols.
dicted sulfate, nitric acid and nitrate, ammonia and ammo-

nium. In addition, the global budgets of gaseous nitric acid Aerosol Component NZ  rj,pm o
and nitrate as well as ammonia and ammonium are discussed. posgil fuel OM/BE 0428571 0005 15
The comparisons of aerosol concentrations (i.e. sulfate, ni- 0.571428 0.08 1.7
trate and ammonium) with ground-based observations are 1.x10°6 25 1.65
also mc_luded in this section. The calculated gerosol opt|_cal Biomass OM/BC and natural OM 0.9987 00774 1.402
properties are presented in Sect. 4, and estimates of direct 1.306<10~3 0.3360 1.383
and indirect radiative forcing of nitrate and ammonium as 2.830«<1073  0.9577 1.425
well as their anthropo_gemc contribution are in Sect. 5. The ", ot 0965 0035 1.92
summary and conclusions are presented in Sect. 6. 0.035 041  1.70
Dusf 0.854240  0.05 1.65
0.145687  0.27  2.67

2 Model description 7.3x10°° 40 240

. aN; is normalized fraction by total number concentration in a given size range and is
2.1 Global aerosol and chemistry transport model Jiadialin Y g 9

Penner et al. (1998). Note although the size distribution of OM/BC for pollution is

We used the version of the IMPACT global aerosol and 2cpied fom anobseriation rom & Hardiman orst e (Racke ot o, 1066 e
chemistry model that treats the microphysics of sulfate gOAlsd Hm) bytSclhvvlag;:tal-(2010)-
aerosol (i.e. nucleation, condensation of gas phase sulfate; g s catan (1098,
and coagulation) and its interaction with non-sulfate aerosols® d'Aimeida et al. (1991).
(Liu et al.,, 2005; Wang et al., 2009). Similar to FPO7,
modeled transport was driven by assimilated meteorologi-
cal fields from the NASA Goddard Data Assimilation Of- with a specified size distribution to mimic the effects of
fice (DAO) general circulation model (GCM) for the year sub-grid scale processes leading to aerosol nucleation. The
1997 with a 6-h time interval. The DAO meteorological fields hydrophilic and hydrophobic properties and corresponding
were interpolated to a 1-h time interval for the tracer ad- scavenging efficiency of non-sulfate aerosols are determined
vection time step in IMPACT. The spatial resolution of the by the amount of sulfate coating that is produced through
model was 2 latitude by 2.5 longitude in the horizontal coagulation and condensation and the amount of nitrate and
with 26 vertical layers ranging from the surface to 2.5 hPa.ammonium on each aerosol type. Condensational growth is
The model uses the flux form semi-Lagrangian (FFSL) ad-kinetically limited by the diffusion of sulfuric acid gas to the
vection scheme (Lin and Rood, 1996) while vertical diffu- particle surface. Coagulation is allowed to occur between sul-
sion is based on an implicit scheme described in Walton efate particles of the same size and between particles of dif-
al. (1988) using vertical diffusion coefficients provided by ferent sizes as well as with non-sulfate particles. Sulfate pro-
the DAO meteorological fields. duced within cloud droplets is equally distributed among the

We used two modes to treat the mass and number ohygroscopic aerosol particles that are larger than 0.05 um in
sulfate aerosol and its microphysical interactions (Herzogradius.
et al.,, 2004; Liu et al., 2005): a nucleation/Aitken mode Dry deposition rates for gaseous species are calculated
(r <0.05 um) and an accumulation moaex0.05 um). Non-  based on the work of Jacob and Wofsy (1990), Wesely (1989)
sulfate aerosols are assumed to follow prescribed backgrounand Walcek et al. (1996). Dry deposition of aerosol parti-
size distributions based on observations (Table 1). Carbonacles uses a resistance-in-series parameterization following
ceous aerosols (OM and BC) are represented by a single sulZhang et al. (2001). Gravitational settling is also taken into
micron size bin but separate tracers are carried for biomasaccount. Wet deposition is calculated by using the wet scav-
burning, natural and fossil fuel particles based on their sourceenging model described in Mari et al. (2000) and Liu et
origins. Sea salt and mineral dust aerosols are representead. (2001). Two types of scavenging are included: (1) scav-
in four bins with radii varying from 0.05-0.63 um, 0.63— enging in wet convective updrafts, and (2) first-order rainout
1.26 ym, 1.26-2.5 um, and 2.5-10 um to account for varyingand washout in precipitating columns. For scavenging in con-
removal rates and thermodynamics. These size distributiongective updrafts, the fraction of tracer scavenged depends on
are also used for the radiative properties of the separate sizhe rate constant for conversion of cloud condensate to pre-
bins as well as the varying cloud condensation nuclei activa<ipitation (assumed to be 0.005' as well as the fraction
tion spectrum. of tracer present in the condensgfe(i.e. the scavenging

Binary homogeneous nucleation ob&0, (gas) is used efficiency). The fraction of highly soluble gaseous species
to determine the nucleation of sulfate aerosols (Vetiddm such as HN@Q) and BSO4(g) in the cloud condensate
et al., 2002). In addition, 2% of the anthropogenic sulfur phase is assumed to be 100 % while scavenging efficiencies
emissions are assumed to be emitted as primary aerosotd less soluble gaseous species are calculated based on their
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Henry’'s law coefficients. Scavenging efficiencies of aerosolTable 2. Global annual emission for pre-industrial and present-day
species are either prescribed to be constant for pure sulfatecenarios.

aerosol and sea salt with = 1 or (for BC/OM and mineral
dust) are calculated based on the amount of sulfate, ammo-
nium and nitrate associated with the particles<(g; < 1). Species Pre-industrial ~ Present-Day

Scenario

For the latter effects, we updated the scavenging efficiencies 1850 2000
for sulfate-coated aerosols described in Liu et al. (2005), to NHz, TgNyr*
account for the amount of coverage by internally mixed sul- Domesticated animals - 21.6
fate, ammonium and nitrate molecules. Thus, the fractional Synthetic fertilizers - 9.0
area coverage of a single non-sulfate-ammonium-nitrate par- 91 8.2 8.2
X i K . . Biomass burning - 5.9
ticle surface by internally mixed sulfate, ammonium and ni-  crops _ 3.6
trate molecules (e.g. for carbonaceous aerosols) was calcu-Humans - 2.6
lated from \?\zﬂf ;n?:jne;rl :atural vegetation o 5.4 o 5.4
2 N Others - 0.3
SO4+NO3z+NH4 _ "avg/Vavg (1) TotaP 10.7 53.6
*BC+OM T A )2
BC+OM avg) NOx, TgNyr~1
wherergcowm is the mass-weighted average radius for car- :;g‘;f;;‘i';‘lfrmies’Foss” fuel combustion 4%0 2;-;
bonaceous particlesag is the average radius of internally ¢ processes 9 obg 5
mixed sulfate, ammonium and nitrate molecules; &gy Lightning 3¢ 3.0
is the total number of molecules of internally mixed sulfate, Aircraft - 0.5
ammonium and nitrate on the particle surface. Following Liu _T0®@ 1.7 41.0
S04+NO3+NH . 1
et al. (2005), wherfgc om _ 4=10 (Iayers),. thg parti- SO, TgSyr
cle becomes fully hygroscopic so that= 1 and is linearly Anthropogenic emission 15 60.1
interpolated between 0 and 1 for less than 10 monolayers. In Volcanic emission 4.8 4.8
addition, wet scavenging efficiencies for accumulation mode gﬁgiisidgﬁirgr']”g . 245
sulfate and sea salt mixed with nitrate and ammonium are as- 1ot 40.9 995
sumed to be 1.0 while the nucleation/Aitken mode aerosols DMS, Tg S yr-L
are only scavenged as a result of their Brownian coagulation -
with cloud droplets. Oceanic source 26.1 26.1
Table 2 summarizes the emissions used for present day oM, Tgyr!
(PD) and pre-industrial (PI) scenarios. Ammonia emissions Fossil fuel emission 51 15.8
for the present-day were taken from the global inventory of Biomass burning emission 17.8 47.4
Bouwman et al. (1997). The total ammonia source specified Photochemistry from terpenes A 14.5
. .. . . Total 374 77.6
in this inventory is estimated to be 53.6 TgN per year and -
Table 2 lists the contributions of each source type to the total B T9yr
emission. Among nine sources, domestic animals contribute Fossil/biofuel fuel emission 0.8 5.8
the largest fraction, 34 %, followed by synthetic fertiliz- _‘?(')‘t’gl‘ass burning emission 251)-7 10 ;‘-7

ers, oceans, biomass burning, soils under natural vegetation,
wild animals and other sources. The ammonia emissions fog Bouwman et al. (1997}, From van Aardenne et al. (200£)From Ito et al. (2007);
pre-industrial conditions include the emission sources from "'o™ o étal (2009).
oceans, soils under vegetation and wild animals. We assume

that all other sources have anthropogenic origins and were

near zero in the year 1850. The total ammonia emission inyear which is dominated by biomass burning and lightning
the Pl scenario is 10.7 Tg N per year. sources.

The emissions of N@from industrial activities, fossil fuel Anthropogenic sulfur emission as well as volcanic,SO
combustion as well as soil process are from van Aardenne e¢mission, marine DMS fluxes, OM and BC fluxes are same
al. (2001) for 1990, while those from biomass burning andas that used in Wang et al. (2009). Sea salt emissions in
lightning are based on the year 1990 (Ito et al., 2007, 2009)the model were estimated off-line and provided by Gong et
The largest fraction of NQemissions are associated with al. (1997). The algorithm of Monahan et al. (1986) was used
industrial activity and fossil fuel combustion, 22.7 Tg N per in order to interpolate the total mass flux into our 4 size bins
year, out of a total NQemission 41.0 Tg N per year. The next (0.05-0.63 pm, 0.63-1.26 um, 1.26—2.5 um, and 2.5-10 ym).
largest sources are biomass burning, soil processes, lightninghe total sea salt emissions are 3768 Tg'yhe dust emis-
and aircraft emissions, in that order. The total,Ngnission  sion fluxes at each 6 h interval were from Ginoux et al. (2001)
for PI conditions, representative of 1890, is 11.7 TgN perbased on observed 10 m wind speed and soil wetness. The
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Table 3. Constituent composition simulated for each aerosol type.

Constituent composition Size bin(s) applied
Pure sulfate with N@, NH;" and HO(aq) Bin 1 (0 <1.25pm)
FF OM/BC and associated %(()) NO3, NHI and BhO(aq) Bin1l (O <1.25um)
BB OM/BC and associated 0, NO3 , NH;lF and HO(aq) Binl (O <1.25um)
Dust and associated %O, NO3_, NHI and BO(aq) Bin1,2,3,4

Sea salt and associated?ONO_, NHZ,'r and H0O(aq) Binl,2 3,4

dust emissions fluxes are represented by the same 4 size biternally mixed aerosols as in FP07. We apply thermodynamic
as the sea salt aerosols and are described in detail in Liu etquilibrium (Jacobson, 1999) for the five aerosols types con-
al. (2005). Similar to biomass burning aerosols, mineral dustsecutively (i.e. pure sulfate, carbonaceous aerosols from fos-
emissions are uniformly injected in the boundary layer. sil fuel, carbonaceous aerosols from biomass burning, dust
The simple nitrogen chemistry treatment described byand sea salt) in size bin 1, followed by solving the mass trans-
Feng and Penner (2007) was adopted. This treatment calcder equations for nitrate and ammonium in the 3 larger size
lates the gas phase concentrations of NOpN@D3, N2Osg bins (D > 1.25 um) for dust and sea salt. Sulfate is first neu-
and HNG. In the simple chemistry, the three dimensional tralized by ammonia and then nitric acid is allowed to re-
concentration fields of OH andgCare fixed monthly aver- act with ammonia and the other aerosol particles. Changing
ages, taken from a 1-yr simulation of the chemistry transportthe reaction order that we used for dust and sea salt changes
model GRANTOUR using the climate model CCM1 mete- the nitrate and ammonium concentrations by less than 10 %
orological fields (Penner et al., 1994). The diurnal cycle of for high concentrations of both dust and sea salt. In order
OH and HG is approximated by scaling the monthly av- to eliminate differences introduced by the reaction sequence,
erage fields using the cosine of the solar zenith angle. Theve switched the order of the reactions (i.e. by solving the re-
model was run for four different months (i.e. January, April, actions with dust first at odd time steps and with sea salt first
July and October) with a 1 month spin-up for each month toat even time steps). While we thought the introduction of

obtain an annual average aerosol concentration field. externally mixed populations might make an important dif-
ference to the burden of nitrate and ammonium, the global
2.2 Treatment of nitrate and ammonium average results from this model are similar to those in FP07.

Nevertheless, we present the burdens associated with each

Following FPO7, we used the EQUISOLYV Il thermodynamic aerosol field below, since this is the first model that has sep-
equilibrium model (Jacobson, 1999) to calculate the nitratearately calculated these effects. The disinterested reader can
and ammonium within aerosols with diameters less thanskip to Sect. 4.
1.25um (i.e. bin 1, hereafter referred to as the fine mode) and
solved the mass transfer equations for particles with aerosol L
diameters larger than 1.25 um (i.e. the 3 larger size bins, here3 Present-day global aerosol concentration fields
after referred to as the coarse mode). The equilibrium 853 1 gulfate
sumption is well justified for fine mode aerosols in our global
aerosol transport model since a transport time step of on&;jmylated results for the sulfur model used in this work
hour is used. Accommodation coefficients of 0.193, 0.092¢re presented and compared with observations in Liu et
and 0.1 were used for HNONHz and NOs (Feng and Pen- 5 (2005). Results presented here are only shown in order
ner, 2007) when solving mass transfer equations. ~ to understand the behavior of the other aerosol components.

Although aerosol particles are often found as partially Figyre 1 shows the predicted annual averaged mixing ratios
or completely internally mixed with multiple components (ynt) of pure sulfate and sulfate coated on other aerosol par-
(Zhang et al., 2003), particles near their sources are geneticles at the surface (i.e. the first model level) for the PD
ally externally mixed. Therefore, the assumption of & com-gcenario. The highest pure sulfate concentrations are mainly
plete internal mixture can distort the predicted particle chem-qcated in the industrialized regions of the Northern Hemi-
ical composition (Kleeman et al., 1997), as well as possiblysphere where they typically exceed 1 ppbv (1 U@SQZ( _
radiative effects. Whereas FPO7 made this assumption of neygg pptv at 298 K and 1000 mb). The sulfate associated with

cessity, here nitric acid and ammonia interact with each of theiner aerosol types is highest near the source regions of the
other pre-existing externally mixed aerosol populations for corresponding pre-existing aerosols.

total of 11 populations, i.e. pure sulfate, sulfate-associated
with carbonaceous particles, sea salt and dust (see Table 3),
which provides a more realistic representation than fully in-

www.atmos-chem-phys.net/12/9479/2012/ Atmos. Chem. Phys., 12, 94884 2012
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Fig. 1. Predicted annual average mixing ratios (pptv) of pure sulfate and coated sulfate as well as the total sulfate aerosols (bottom right) in
the surface layer. The pressure level of the surface layer together with the average mixing ratio for that layer is indicated above each panel.
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Fig. 2. Predicted annual average mixing ratios (pptv) of gaseous £(\&ft) and NH; (right) in the surface layer. The pressure level of the
surface layer together with the average mixing ratio for that layer is indicated above each panel.

3.2 Nitric acid and nitrate gen chemistry mechanism. Comparing the nitric acid mix-

ing ratio near surface with two other global model studies

The predicted annual average gas-phase klatGhe surface

is given in Fig. 2 (left panel). In general, the HN@ixing
ratios in the Northern Hemisphere are higher in January tha
in July because the loss of HN®y photolysis and its reac-
tion with OH is comparably smaller in winter (see FP07) due

(Adams et al., 1999, hereafter A99; Liao et al., 2003, here-
after LO3), the nitric acid gas in the present study shares a

similar spatial pattern as these two studies though the global

annual average nitric acid gas is about 60 % and 36 % lower

than A99 and LO3, respectively. In addition, the annual av-

to weaker sunlight. The winter-summer contrast also applie€r@9¢ tropospheric burden of nitric acid (0.30 TgN, see Ta-

to its accompanying aerosol component, aerosol nitrate. Th
predicted HN@ mixing ratio, generally exceeds 1 ppbv in
the industrialized areas of Europe, central and eastern Asi

North America as well as over open biomass burning regions . >\l
aerosols formed on the five types of pre-existing aerosols and

in the tropics. The simulated nitric acid is close to that in

the previous study (Feng and Penner, 2007) since simila}

dle 4) is about a factor of 3 and 2 smaller than that in Bauer et

al. (2007) (0.86 Tg N) and Pringle et al. (2010) (0.55TgN),
Jespectively.

The predicted present day mixing ratios (pptv) of nitrate

otal nitrate aerosols at the surface are shown in Fig. 3. The

NOy emissions were used as well as the same simple nitrolocations of the peaks in the aerosol nitrate mixing ratio are

Atmos. Chem. Phys., 12, 9479504 2012
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Table 4.Global annual budgets of HN{Qg) and nitrate (NQ) for present-day and pre-industrial scenarios.

Scenario

Present-Day

Pre-industrial

HNO3(9)

Sources (Tg N yrl) 42.30 14.72
NO>+OH 24.38 11.20
N2>Os+ aerosol 17.92 3.52

Loss (Tg Nyr1 42.30 14.72
HNO3+OH and HNG+hv 431 3.39
Loss to nitrate 15.92 4.68
Dry deposition 7.79 2.08
Wet deposition 14.48 4.67

Burden (Tg N§ 0.30 0.15
Above 5 km (%) 80.46 91.57
In polar (%) 1.91 2.06

Lifetime 4.76 4.80

Removal rate (dayl) 0.21 0.13
Wet 0.13 0.09
Dry 0.07 0.04
Wet (%) 65.00 69.11

NO;

Sources (Tg N yr1) 15.92 4.68
Gas-to-aerosollf <1.25 ym)  8.76 2.49
Gas-to-aerosolp > 1.25um) 7.16 2.19

Loss (Tg Nyr1 15.92 4.48
Dry deposition 3.96 0.72
Wet deposition 11.96 3.96

Burden (Tg N) 0.17 0.08
On pure sulfate (%) 23.17 19.96
On carbonaceous aerosols (%) 2.10 2.18

On dust bins 1-4 (%)
On sea salt bins 1-4 (%)

12.28, 15.96, 27.09, 2.52

14.73,1.14,0.84,0.16

24.72,15.93, 23.70, 1.29
11.24,0.53, 0.40, 0.05

Fine-mode D <1.25 um) 52.29 58.10
Coarse-modelf > 1.25 pum) 47.71 41.90
Above 5 km (%) 24.43 38.37
In polar (%) 1.25 1.92
Lifetime 3.92 6.26
Removal rate (dayl) 0.25 0.16
Wet 0.19 0.13
Dry 0.06 0.03
Wet (%) 75.37 84.39

2 The tropospheric HN@burden was calculated by the summation of H\N®ncentrations over the model levels

below 200 hPa in this work.
b South of 80° S and north of 80° S.

consistent with those from previous studies (Feng and Penaerosols is highest over major burning regions. The location
ner, 2007; Liao et al., 2003; Adams et al., 1999). Note thatof the peak in the aerosol nitrate predicted on dust and sea
lugnrs NO; = 400 pptv at 298 K and 1000 mb. The nitrate salt aerosols occurs over the Sahara desert for dust and over
mixing ratios condensed on pure sulfate generally exceedoastal regions close to the continents for sea salt. Most con-
1 ppbv over eastern United States, Europe, India, and eastetinental areas in the Northern Hemisphere have nitrate mix-
Asia. The nitrate associated with fossil fuel/biofuel OM/BC ing ratios exceeding 300 pptv. In the Southern Hemisphere,
maximizes in eastern Asia with an average value of about value as large as this only occurs in highly localized areas
100 to 300 pptv while that associated with biomass burningsuch as part of South America, South Africa and Australia.
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Fig. 3. Predicted annual average mixing ratios (pptv) of nitrate associated with each aerosol type and for total nitrate in aerosols (bottom
right) in the surface layer. The pressure level of the surface layer together with the average mixing ratio for that layer is indicated above each
panel.

INH,1,/[S0,*], Marine mixing ratios of nitrate aerosols are generally in the

) range of 1-100 pptv except in coastal regions. Zonal average
mixing ratios are very similar to those shown by FP07, so are
not discussed here.

As noted earlier, the formation of nitrate depends on the
abundance of ammonia. The molar ratio of total ammo-
nium to total sulfate (shown in Fig. 4, top panel) is gen-
erally larger than 2 over continents and less than 2 over
oceans, indicating that the excess ammonia over continents
is available to react with nitrate while ammonia is limit-
ing in most ocean areas. Figure 4 (bottom panel) shows
annual average gas ratio (Ansari and Pandis, 1998) near
the surface. The gas ratio is defined as the free ammonia

([NH3] +[NHS1—2x [sof;]) divided by the total nitrate

20 (IHNOs] 4+ [NO3 1) expressed in molar concentration units.
10 The gas ratio is useful for indicating which reactant, ammo-
nia or nitric acid, limits the formation of ammonium nitrate.
If the gas ratio is greater than 1, it indicates that nitric acid is
limiting. A gas ratio with the value between 0 and 1 indicates
— P that ammonia is limiting even though some ammonia is avail-
MR able for reaction with nitric acid. If the gas ratio is less than O,
180 150W 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180 |t Indlcates that that ammonla |S Slgnlflcantly Ilmlted. Then
Fig. 4. Annual average molar ratio of total ammonium to total sul- n_o free_ ammon'a 1S av:_;ulable and the formation of amm‘?'
fate (top) and gas ratio (bottom) in the the surface layer. See text fof'lum nitrate is not possible because all of the ammonia will
the definition of the gas ratio. preferentially react with sulfate. On an annual average basis,
free ammonia exists in most populated areas of the globe. A
high gas ratio is also found in Brazil, Patagonia, India as well
as the southern Atlantic and Indian oceans. The high gas ratio
over oceans is expected in accordance with the ocean sources
of ammonia and the absence of Hjl€burces. On the other

e SR
180 150 120W 90W 60W 30W 0 30E 60E 90E 120E 150E 180
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hand, ammonia is limited in remote continental and marineitate the comparison of ammonium and nitrate aerosol since

areas. the simulated sulfate concentrations most closely match with
reported observations. In general, modeled aerosol concen-
3.3 Ammonia and ammonium trations for sulfate, ammonium and nitrate agree well with

the observed values, similar to the comparison conducted in

The present day annual average mixing ratios of gas phaseP07 and A99. A detailed discussion may be found in FP0O7
ammonia at the surface are shown in Fig. 2 (right panel).and is not repeated here. The comparison results are pre-
The highest surface mixing ratios, in excess of 1 ppbv withsented in Appendix A. We note that as in FP07 and A99,
some peaks more than 10 ppbv (1 puge:= 1457 pptv NH nitrate over North America is overpredicted in the model in
at 298K and 1000 mb), are found in China, India, Europe,comparison with measurements, possibly as a result of evap-
eastern United States, Brazil and South Africa. Continentalration from the filter packs resulting in values that are bi-
mixing ratios exceed 300 pptv everywhere except the Arctic,ased low in the measurements (Adams et al., 1999; Pakkanen
Sahara, and southwestern Australia. Marine mixing ratios ofet al., 1999), although neglect of the formation of organic ni-
gas phase ammonia are highest near the equator and over ttrates in our simple treatment of gas phase nitrogen chemistry
Southern ocean as a result of high ammonia emissions in thahay also play a role (up to 50 % in some areas according to
part of the ocean; otherwise, they are less than 100 pptv. Amthe model of Lin et al., 2012).
monia mixing ratios are negligibly small (less than 1 pptv)
over most of Antarctica. Ammonia surface mixing ratios are 3.5 Global budgets
mainly determined by both the emissions of ammonia and its
uptake by sulfate and nitrate. Tables 4 and 5 summarize the global budgets of gas phase

The annual average mixing ratios of ammonium aerosolsitric acid and aerosol nitrate as well as gas phase ammonia
on each aerosol type as well as the total at the surface arand aerosol ammonium for the PD and Pl scenarios calcu-
shown in Fig. 5. The total ammonium concentrations pre-lated by the hybrid dynamic method on the five externally
dicted here are similar to those of Adams et al. (1999) andmixed pre-existing aerosol types. Here we chose a character-
Feng and Penner (2007), including locations and magnitudesstic height of 5km following Textor et al. (2006) and dis-
of the peaks. Because ammonium is preferentially associateduss the mass fraction above this height as an indicator of
with sulfate, the peaks in the ammonium mixing ratios arevertical transport. Stronger vertical transport corresponds to
closely tied with those of sulfate. As expected, ammonium onslower wet removal rate coefficients in the models (Textor et
pure sulfate is the largest among the five aerosol types. Thal., 2006). We also calculate the mass fraction in polar re-
highest total ammonium mixing ratios exceed 3 ppbv and arggions which serves as an indicator of horizontal transport.
found in industrialized regions, (1 ugm= 1377 pptv NI—I In general, long-range transport is most significant for small
at 298K and 1000 mb). Continental mixing ratios exceedparticles, which have longer lifetimes.
300 pptv almost everywhere while marine mixing ratios of The total chemical production of gas phase HN®
ammonium are in the range of 100-300 pptv except for re-42.3 TgN per year with 24.4 TgN per year from reaction of
mote oceans. The alkaline compounds (i.#'C&lat, K+, NO, with OH and 17.9 Tg N per year through the heteroge-
Mg?t) in dust and the cation Natied to sea salt make it dif- neous conversion of D5 on aerosols, respectively. 38 % of
ficult for ammonia to partition into dust and sea salt particles.the gaseous HNremoval is due to the formation of par-
The anion (e.g. Cl) in sea salt may be associated with am- ticulate nitrate including 8.8 Tg N per year in the fine-mode
monium when both sulfate and nitrate are in poor abundanceand 7.2 Tg N per year in the coarse-mode while 10 % of the
Zonal average mixing ratios are very similar to those showngas-phase HN®loss (i.e. 4.3 TgN per year) is through the

by FPO7, so are not discussed here. photolysis of HN@ and its reaction with OH. The gaseous
HNO3 burden in the troposphere (i.e. for the model layers

3.4 Comparisons of aerosol concentrations with below 200 hPa) is calculated to be 0.3 TgN with a lifetime
ground-based measurements of 4.8 days. In contrast, the estimated lifetime of aerosol ni-

trate is about 4 days. The average rate coefficient for wet
Aerosol concentrations (sulfate, ammonium and nitrate) argemoval of nitric acid is about 0.21 per day and this pro-
compared with two ground-based measurement data setsess contributes 65 % of the total removal. As shown in Ta-
EMEFS and EMEP, representing polluted continental con-ble 4, about 81 % of the nitric acid burden is above 5km. The
ditions. We adopted the EMEFS (Eulerian Model Evaluation mass fraction of gaseous nitric acid at the poles is 2 %, close
Field Study) data set presented in A99, which includes an+to that predicted for sulfate aerosol as reported in Wang et
nual average sulfate, ammonium and nitrate concentrational. (2009). Our predicted total nitrate burden, 0.17 TgN, is
for 75 sites spread throughout eastern North America. Theclose to the 0.19 Tg N predicted using the internal mixture
EMEP (European Monitoring and Evaluation Programme)approach in FPO7. However, in this model 23 % of the ni-
reported annual averages from 1986 to 2009 in Europe. Foltrate mass is associated with pure sulfate with the remaining
lowing A99 and FP07, the year of 1995 data is taken to facil-nitrate mass associated with sulfate-coated aerosols (2% on
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Fig. 5. Predicted annual average mixing ratios (pptv) of ammonium associated with each aerosol type and for the total ammonium aerosols
(bottom right) in the surface layer. The pressure level of the surface layer together with the average mixing ratio for that layer is indicated at

each panel.

carbonaceous aerosols, 58 % on dust and 17 % on sea saltjario is 0.01 TgN and 0.03 TgN, which is equivalent to a

About 24 % of nitrate mass is above 5km while 1% of ni- reduction by a factor of seven and eight, respectively, from

trate mass are predicted at poles. The total removal rate cathe PD scenario.

culated in this work is 0.25 per day with 75 % through wet The current model predicts a burden of nitrate and am-

deposition. For the PI scenario, the total burden of nitric acidmonium that is 10% and 4% lower, than those in FPO7,

and aerosol nitrate is 0.15TgN and 0.08 Tg N, respectivelyrespectively. Our study has higher total sources and sinks,

which are nearly half as large as the values for the PD sceand, therefore, shorter lifetimes by 25 % and 18 % for aerosol

nario. nitrate and ammonium (Xu, 2012). These differences are
Table 5 presents the global and annual average budgets f@aused by the different treatments for the interaction between

gas-phase ammonia and particulate ammonium in the troponitric acid and ammonia and pre-existing aerosols as well as

sphere (i.e. for the model layers below 200 hPa). Nearly halby different deposition schemes (since our scheme assumes

of the total ammonia emissions (i.e. 53.6 Tg N per year) areexternal mixtures and FPO7 do not).

partitioned into the aerosol phase. As a result, the deposition

of gas phase ammonia is close to that of particulate ammo- . )

nium. However, 57 % of the gas-phase ammonia is removed A€rosol optical properties

from the atmosphere through dry deposition while 85 % of

ammonium is removed by wet deposition. This is similar to

the percentages reported in FPO7 and A99. The lifetime o

Here, we use an off-line radiative transfer model to com-
]pute the aerosol optical properties and the resulting radia-

ammonium aerosols. 3.2 davs. is much longer than that o ive forcing (Chen and Penner, 2005; Wang and Penner,
u A ys, 1S mu 9 : 009). As in the global transport model, we assume that the
gas phase ammonia, 0.46 day. As a result, there is nearly

four times as much particulate ammonium. 0.26 Ta N. as aswe types of aerosol populations (i.e. pure sulfate, carbona-
. P T gN.asg ceous aerosols from fossil fuel, carbonaceous aerosols from
phase ammonia, 0.07 Tg N, on an annual average basis. T

: . . . n)eiomass burning, dust and sea salt) are externally mixed,
mass fraction of gaseous ammonia at the poles is negligiz K . o

. . but that all aerosol components are internally mixed within
ble. The model predicts 79 % of the total ammonium mass A
is associated with pure sulfate with the remainin ammo_each aerosol type. The refractive indices of sulfate (1.53—
nium coated on nonrisulfate aerosols (17 % on carlg]onaceoulso_7i at 550nm), dust (1.53-0.0014i at 550nm) and sea
aerosols. 1% on dust and 3% on sea sa?t) The mass fraCs_alt (1.38-5.8 x 10’i at 550 nm) and their densities are the
. 708 . 2 ) . Same as those used in Liu et al. (2007). The refractive in-
tion of ammonium predicted in fine-mode aerosols is 97 %

: ) ex and density of fossil fuel BC (1.85-0.71i at 550 nm
because of the close tie between ammonium aerosol and suJ-

3 .
fate. About 13 % of the total ammonium mass is above 5 km and 1800kgm™) are taken from Bond et al. (2006) while

The total burden of ammonia and ammonium for the PI sceLthose of biomass burning BC (1.75-0.46i at 550nm and
1000 kg nT3) are those used by Zhang et al. (2005). The
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Table 5. Global Annual budgets of N{g) and ammonium (NﬁH) for present-day and pre-industrial scenarios.

Scenario
Present-Day Pre-industrial

NH3(9)
Emission (Tg N yr1) 53.60 10.71
Loss (Tg Nyr1) 53.60 10.71

Loss to ammonium 30.52 5.87

Dry deposition 12.71 2.33

Wet deposition 9.63 2.36

Burden (Tg N) 0.07 0.01
Above 5 km (%) 0.76 0.51
In polar (%) 0.003 0.05

Lifetime 0.46 0.73

Removal rate (dayl) 0.90 1.37
Wet 0.39 0.69
Dry 0.51 0.68
Wet (%) 43.04 50.28

NH;

Sources (Tg N yrl) 30.52 5.87
Gas-to-aerosollf < 1.25um) 27.46 5.32
Gas-to-aerosolp > 1.25um) 3.06 0.55

Loss (Tg Nyr1 30.44 5.93
Dry deposition 451 0.74
Wet deposition 25.93 5.19

Burden (Tg N) 0.26 0.03
On pure sulfate (%) 79.12 80.95
On carbonaceous aerosols (%) 17.05 14.53
On dust bins 1-4 (%) 0.07,0.88,0.18,0.03 0.01, 0.14, 0.04, 0.05
On sea salt bins 1-4 (%) 1.03,1.00,0.55,0.09 1.09,2.01,1.02,0.17
Fine-mode D <1.25 um) 97.26 96.57
Coarse-model} > 1.25 pum) 2.74 3.43
Above 5 km (%) 13.00 11.32

In polar (%) 0.54 0.54
Lifetime 3.23 2.19
Removal rate (dayl) 0.31 0.46

Wet 0.26 0.40

Dry 0.05 0.07

Wet (%) 85.14 87.48

refractive index of organic matter (OM) in biomass burning by volume-weighting the refractive indices of each individ-
was that of Kirchstetter et al. (2004) (1.53-0.03i at 550 nm),ual aerosol species including its associated water.

while 50% of organic matter originating from fossil fuel  The nitrate and ammonium for each aerosol type (Table 3)
combustion also used this refractive index, to account for thas output for use in the off-line radiation model, but these
fact that some of this material is absorbing. The rest of thecomponents must be distributed within each size bin and
organic matter used the same refractive index as that of antype in order to accurately calculate the radiative properties.
monium sulfate throughout the spectrum. Refractive indicesTherefore, we calculate the size distribution of pure sulfate
of ammonium sulfate are used for ammonium. Refractive in-using the predicted mass and number and the assumed geo-
dices of nitrate at the 19 wavelengths used for the radiativanetric standard deviation (i.e. 1.514 and 1.776, respectively,
forcing calculation are taken from the Global Aerosol Clima- for the nuclei and accumulation modes) for a log-normal dis-
tology Project databaséttp:/gacp.giss.nasa.gov/datats. tribution at each grid (Liu et al., 2005) while the other four

The refractive indices of each internal mixture are calculatedypes of aerosols use the prescribed size distributions given
in Table 1. We assumed that two ammonium cations are first
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Fig. 6. Global annual mean distribution (left) and scatter plot (right) of modeled aerosol optical depth and observational data from AERONET
at 550 nm. Observational data were provided by S. Kinne and included all available level 2 data from 1996 to 2010. The geometric mean
ratio (GMR) between modeled and observed values is given.

associated with one sulfate anion to form ammonium sulfatg2012) and the results were within 5% for the direct effect
before they are allowed to be associated with nitrate to formand 10 % for the indirect effect. The relative humidity data
ammonium nitrate. This assumption is valid over most con-used the 4-hourly meteorology field that was used to drive
tinental areas since the gas ratio is generally higher than the off-line radiation transfer model described in Wang and
(Fig. 4, bottom panel). For pure sulfate, nitrate is allocated toPenner (2009).

each sulfate size bin in the accumulation mode according to Predicted annual average aerosol optical depth is com-
the surface area fraction of that size bin to the total surfacepared with the annual averaged observational data derived
area. For the other four aerosol types, sulfate, ammoniunirom the AERONET provided by S. Kinne (Max Planck
and nitrate are distributed into each size bin proportional tolnstitute for Meteorology) in Fig. 6. The modeled highest
the surface area of that type. We usehier theory together AODs are found over Europe, eastern Asia and over the Sa-
with the soluble fraction present on each type of aerosols tdhara desert and range from 0.4 to 0.6. The highest AODs
predict the amount of water on each aerosol type. The hyin Eastern North America are around 0.1 to 0.3. In general,
groscopicity or Kappa value of nitrate is assumed to be 0.6the modeled AOD is within a factor of 2 of the observed
(Petters and Kreidenweis, 2007), higher than that for ammodata from the AERONET. However, the geometric mean ra-
nium sulfate, 0.51. The hygroscopicity of the other aerosolstio between modeled and observed AOD is 0.71 indicating
is 1.16, 0.14, 0.14, and:6 10~/ for sea salt, organic matter, that the model underestimates AOD. The modeled AOD over
dust and black carbon, respectively (see Ghan et al., 2001}he ocean can be lower than that observed if sea salt emis-
The organic value we use here, 0.14, is somewhat higher thasions are too low. Over continents, the modeled AOD cap-
the average Kappa value reported in Jimenez et al. (2009%ures the general spatial pattern of AOD although the magni-
but seems reasonable for the more oxidized compounds thatde is smaller than the observations, especially over South
represent the organics in aerosols at longer time scales (Lil\merica. Low values in these regions may be due to low
et al., 2012). Note that sea salt is the most hygroscopic obiomass burning emissions. Modeled optical depths in the
all the aerosols. The hygroscopicity of the internal mixture Arabian Sea (0.1-0.4) and Indian Ocean (0.1-0.2) are within
within each aerosol type is calculated by volume-weightingthe range of values observed during the Indian Ocean Experi-
the hygroscopicity of each of the individual aerosol speciesment (INDOEX) by Jayaraman et al. (1998) (i.e. 0.2—0.4 and
Aerosol optical depth (AOD) was calculated using a threeabout 0.1, respectively).

dimensional lookup table that included the optical properties Figure 7 shows a comparison between the modeled annual
from a Mie scattering calculation, whose independent vari-mean global distribution of single scattering albedo (SSA)
ables were the real and imaginary refractive indices and thet 550 nm and observation sites from the AERONET. The
size parameterx(=27r/A, wherer and A are the aerosol modeled SSA over the North America generally ranges from
radius and wavelength, respectively), so that arbitrary inter0.75 to 0.96. The simulated SSA ranges from 0.9 to 0.96
nal mixtures and sizes of aerosols could be included. In theover Eastern Europe and 0.85-0.9 in Western Europe. The
present study, we used monthly averaged aerosol concentr&SA over regions with biomass burning aerosols and mineral
tions in the radiative transfer model. Sensitivity tests usingdust are generally lower than 0.9 and 0.93, respectively. The
daily and hourly aerosol concentrations were examined in Xumodeled SSA generally agrees with the observations from
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Fig. 8. Annual mean distribution of the simulated radiative effects of nitrate and ammonium at the top of atmosphere (TOA) for the all-sky
condition for the PD simulation (left) and global annual mean distribution of the difference in aerosol optical depth at 2680B) (
between the simulations with and without ammonium and nitrate aerosols for the PD scenario (right).

AERONET with a geometric mean ratio between modeledforcing is assessed based on the average of the four-month
and observed values of 1.01 although we slightly underessimulated results (i.e. January, April, July and October).
timate the SSA over biomass burning regions (e.g. South

America). . _ . .
5.1 Direct forcing of nitrate and ammonium

Figure 8 (left panel) shows the annual mean distribution of
5 Radiative forcing of nitrate and ammonium the simulated direct radiative effect of nitrate and ammonium

at the top of atmosphere (TOA) for all-sky conditions for the
The direct and indirect radiative effects of nitrate and am-PD simulation. The inclusion of nitrate and ammonium con-
monium aerosols were calculated for both present-day andributes to cooling of up te-3 W m~2 over continents but a
preindustrial emissions. Note that the same meteorology fieldlight warming (0.2 W m?2) over the oceans in regions with
(i.e. cloud fields, relative humidity) is used for both Pl and high sea salt concentrations. The warming effect over ocean
PD simulations. The radiative effect, here, is defined as thas expected since nitrate and ammonium lowers the ability
difference in the net incoming radiative flux with and without of sea salt aerosols to take up water, which then decreases
both nitrate and ammonium aerosols for both the PD and theéhe extinction characteristics of sea salt aerosols shown in
PI scenarios. As in IPCC, the total direct or indirect anthro- Fig. 8 (right panel). Figure 8 (right panel) shows global an-
pogenic forcing by nitrate and ammonium aerosols is definechual mean distribution of the difference in aerosol optical
as the difference in the net radiative flux between the PD andiepth at 550 nm between the simulations with and without
Pl scenarios due to the change in anthropogenic emissions @mmonium and nitrate aerosols for the PD simulation. A de-
nitrate and ammonium precursors. The global annual meagrease in the aerosol optical depth at 550 nm including nitrate
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Table 6. Comparison of direct radiative effect and anthropogenic forcing (V\?)'m)f nitrate and ammonium in this work with other studies.

Direct effect (PD) | Direct effect (PI) | Anthropogenic forcing| Total direct effect

TOA Surface| TOA Surface| TOA Surface |
Thiswork —0.14 —-0.18 | —0.02 —0.02 -0.12 —-0.16 | —0.3(-0.1~-0.9)
M092 —0.023
BO7® -0.11 —0.05 —0.06
L04C -0.14 -0.17
Losd —-0.22 —-0.21 | -0.06 —0.06 -0.16 —-0.15
Jo® —-0.07 -0.07
Ao1f —-0.30 ~0.11 —~0.19

aMyhre et al. (2009)? Bauer et al. (2007Y; Liao et al. (2004)5j Liao and Seinfeld (2005}, Jacobson et al. (2001f)'Adams etal.
(2001);9 the value outside and inside of the parentheses represent the total direct whole sky forcing from all aerosol components and
the total aerosol direct effect summarized in AR4, respectively.

and ammonium is found over the Southern Oceans and pa

of North Pacific Ocean. -
Table 6 shows a comparison of direct effect and anthro- o T2~ 5

pogenic forcing of nitrate and ammonium estimated in this s

work with other studies. The direct effect of nitrate and am- ]

monium at TOA for the present-day in this work is estimated

to be —0.14 W nT2. Other models have estimated signifi-

cantly lower forcing ¢0.07 W n1?2 estimated by Jacobson s 1 e T ]

etal., 2001) and higher forcing-0.30 W2 by Adams et oo s o o

al., 2001). As noted by FP07, the equilibrium treatment of Ja- 160 1507 120W 90 GOW 30W 0 30K 60K 90K L20K 150K 180

CF’bSO”, etal. (2001) would b? expected to have far too muc'ﬁg. 9. Annual mean direct anthropogenic forcing of nitrate and am-

nitrate in larger aerosols, while that by Adams et al. (2001)monium from the P to PD scenario for all-sky conditions.

might have higher forcing, because the formation of nitrate

and ammonium on dust and sea salt particles was neglected

entirely. The direct effect of nitrate and ammonium at the sur- -

face estimated in this work;0.18 WnT2, is comparable to  the TOA for all-sky conditions (left panel) and for clear-

that by Liao et al. (2004). sky conditions (right panel). At the top of atmosphere, the

Figure 9 shows annual average direct anthropogenic forctotal global annual anthropogenic forcing for all-sky con-

ing of nitrate and ammonium at TOA for all-sky condi- ditions is estimated to be 0.3 W n12, which is within the
2

tions. The nitrate and ammonium forcing is estimated to be'@nge of~0.1~—0.9Wn1= reported by AR4 (Forster et
—0.12 W nT2, much larger than the value 6f0.023 W 2 al., 2007) and, somewhat by accident, close to the sug-
in M09 and somewhat smaller than the.19Wnr2in A01,  9ested global annual mean radiative forcing-f.3 W nr 2
Again, AO1 neglected the effects of dust and sea salt, buPY Myhre (2009) (since our nitrate/ammonium forcing is so
it is not clear why the results in M09 are so much smaller. different). The all-sky direct forcing shows a strong cooling
There is a cooling of up te-3Wm~2 over Eastern Asia, ©OVe€r industrial regions with moderate heating occurring over
North America and Europe, which is consistent with the ar-Piomass burning regions. The total cooling by anthropogenic
eas where nitrate and ammonium aerosols are highest. THEr0s0ls would be significantly larger, but it is masked by
anthropogenic nitrate and ammonium direct forcing at theth® shortwazve cloud forcing (i.e. the clear sky forcing is
surface given in Table 6 is-0.16 W nT2, which is compa- —0.91 W nt < at the top of atmosphere while the all-sky forc-
rable to the—0.15 W nT2 estimated by Liao et al. (2005). N9 is —0.3Wnt?). For clear-sky conditions, aerosols gen-
Note that this work predicts a smaller nitrate burden for both€rally exert negative forcing at TOA with a strong cooling of

) .
PD and PI simulation compared with the values reported!P 10 —10Wm™= over East Asia, Europe and North Amer-
in Liao et al. (2005) but the change of the nitrate burden!ca N which anthropogenic aerosols are highest. Note that the

from the Pl scenario to the PD scenario (i.e. roughly an in-inclusion of absorbing aerosols (BC and/or OM) in biomass
crease of a factor of 2) is close between these two studiedUrning regions can cause heating when the aerosol is above
which results in a similar anthropogenic forcing of nitrate & cloud or above a reflecting surface (Haywood and Shine,
and ammonium. Figure 10 shows the annual average totat999). In clear skies, aerosols would only heat if the surface

direct anthropogenic forcing of all aerosol components gtalbedo is large and the proportion of absorbing material is
large enough. Although we use a refractive index for OM in
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Fig. 10. Annual mean total direct anthropogenic forcing of all aerosols at the top of atmosphere from the Pl to PD scenario for all-sky
conditions (left) and for clear-sky conditions (right).

biomass aerosols that represents the absorption seen in mdarcing developed by Wang and Penner (2009). Thus, we ac-
surements (Kirchstetter et al., 2004), we do not find that thiscount for the influence of both gaseous Hjénd aerosol
absorption leads to a positive forcing in clear skies (whereasitrate and ammonium on the estimated cloud droplet num-
Chuang et al. (2012) do find a positive forcing). The contri- ber concentrations. In order to calculate these effects, first,
bution of aerosol nitrate and ammonium to the global averageve calculated the cloud droplet number from the five indi-
total clear sky direct anthropogenic forcing is approximately vidual aerosol typesNg, ;, wherej is aerosol type) and the

13 %. . > :
total cloud droplet number (i.&Vqg = ) Ng, ;) without con-

. . . . j=1

5.2 Indirect forcing of nitrate and ammonium sidering the effect of nitric acid gas. Thus, we only consider
) ) o ) the influence of particulate phase nitrate and ammonium on

Here, we investigate the aerosol indirect effect of nitrate and,5,q droplet activation in this step. Then, we distribute the

ammonium and its accompanying gaseous HNOthe at- 355 of nitric acid gas to each aerosol type in the fine mode
mosphere. The treatment for gas phase YN©Obased on ;¢ size bin 1) proportional to the fraction of cloud droplets
the substitution method proposed in a previous study (Chef‘formed on this aerosol type (i.¢; = Nq,;/Na). Last, we up-

2006). Chen (2005) used a cIoUd_ parcel model to investi-yataq the cloud droplet number with this new nitrate aerosol
gate the use of different assumptions for the treatment ofjistribution.

nitrate in the gas phase and aerosol phase to calculate the Generally speaking, HN® gas and aerosol ni-

cloud droplet number concentrations for different represeny, ie/ammonium have two counteracting effects in modifying
tative sites on the Earth. In keeping with the results of Kul- co,q droplet number concentrations. First, the addition of
mala et al. (1993), he found that both nitrate in the aerosolqi4 nitrate (gas plus aerosol) and ammonium increases
phase and HN®In gas phase can have an effect on aerosole gjze and the solute concentration in the aerosol par-
activation. Kulmala et al. (1993) showed that in the Presenceicies, which increases the hygroscopicity and leads to a
of HNOgs gas, the supersaturation needed to activate aerosQlacrease in the critical supersaturatici) (due to Raoult
particles is suppressed. As a result, smaller particles can bggrect (or “solute effect”). This solute effect is closely tied
activated more easily at high concentrations of N8Ince  \ith the soluble fraction in pre-existing aerosols. If the
the droplet number is mainly determined by the fine-modey, ¢ _existing aerosol is soluble, the effect of aerosol-phase
aerosol number, Chen _(2006) proposed to re-distribute the,\monium and nitrate and gas-phase nitric acid may not
gas-phase HN®Io the fine-mode aerosol phase and 10 usepg of great importance. If the pre-existing aerosol is mainly
this together with the Abdul-Razzak and Ghan (2002) pa-on_soluble, the addition of soluble aerosol and gas species
rameterization scheme to approximate the effect of gaseoug,p, increase the uptake of water, thereby causing an increase
HNO3 on cloud droplet number concentrations in global i, the number of cloud droplets. Second, the effect of total
models. Chen (2006) used an adiabatic parcel model andiirate on cloud droplets is also related to the total mass of
showed that the substitution method used in a parcel modeliirate and HNQ gas. An increase in the total mass of the
captures the increase of cloud droplets due to the condensag,ogo| particle population due to the presence of nitrate
tion of nitric acid gas to within a root-mean-square (RMS) of 5,4 ammonium aerosols and Hy@as tends to decrease
5%. The Abdul-Razzak and Ghan (2002) scheme, howevere ambient maximum supersaturaticfingo. In this case,

has additional approximations that cause additional errorgitate |owers the saturation water vapor associated with
(RMS difference of 20 %) between the parcel model and theirygroso| particles, leading to a decrease in the size of particles

parameterization with the substitution method. In this work, ynot activate at a given supersaturation. Based on the theory
we implemented this treatment in the off-line calculation of
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Table 7. Descriptions of experiments for the radiative calculations
of the first aerosol indirect forcing.

CDN (NIT) 152.10 (

Case Description

PN The calculation with all aerosols including particulate
NO3 and NH] .

TN The calculation including particulate NOand
NH; and gaseous HN®

NN The calculation without N@ and NHf but including
sulfate, carbonaceous aerosols from both fossil fuel and
biomass burning, dust and sea salt.

of activation, aerosol particles with; < Smax are activated
to become cloud droplets and will grow spontaneously if the
ambient supersaturation remains at or above the respective
critical value. Hence, the number of droplets depends on .
the competition between the increasing effect of the lower
critical supersaturations and the decreasing effect of the
lower ambient maximum supersaturations within the parcel.
In addition, the number of cloud droplets that form is related
to how the soluble gases are distributed among the particles
with different sizes. If small particles collect comparably
more gases than larger particles, this favors the increasing
aerosol activation while the number of cloud drops may
decrease if larger particles take up gases more easily. L Ty oy e e o by oo or oo toor 1h

Table 7 outlines the experiment designs for the radiative
calculations of the first aerosol indirect forcing. We ran two Fig. 11. Present day annual average cloud top droplet number
radiative calculations for the three cases listed in Table 7(CDN) concentration for the NN, PN, and TN cases near 930 mb
one with the PD aerosol concentrations and one with the P[the third model layer).
aerosol concentrations. The difference in the radiative flux
between the total nitrate case (TN) and particulate nitrate
(PN) cases (i.e. TN-PN) is the net effect of Hhl@as while  global studies (e.g. Merikanto et al., 2010; Karydis et al.,
the difference between TN and NN (no nitrate) is the total2011). However, the CDN are slightly lower over the pol-
nitrate (NG; + HNOgz gas) and ammonium effect. luted regions (less than 500 ¢ than those in Merikanto

Figure 11 shows the present day annual average cloud topt al. (2010) and Karydis et al. (2011). Differences in pre-
droplet number (CDN) concentration for the three cases. Adlicted CDN can arise if the assumed in-cloud updraft ve-
expected, the influence of nitrate and ammonium aerosols otocities differ. This study used the updraft velocities chosen
the cloud droplet activation mainly occurs over the North-in Wang and Penner (2010) which are less than 0.3'ms
ern Hemisphere since the major aerosol nitrate and ammosver the land whereas Merikanto et al. (2010) and Kary-
nium occurs in the Northern Hemisphere. Because nitratadis et al. (2011) used values of 0.4 mfsand 0.3 ms?, re-
and ammonium decrease rapidly with altitude (not shown),spectively. Figure 12 shows the absolute difference of present
the largest effects of adding these aerosols are seen close ttay annual average cloud droplet number near 930 mb (the
the surface. There is some modification of cloud droplets bethird model level, near the top of the boundary layer) between
tween 0-30S in the Southern Hemisphere with the addi- the PN and NN cases for each aerosol type. The addition of
tion of nitric acid gas (i.e. the TN case) due to higher gasaerosol nitrate and ammonium increases the number of to-
phase HN@ mixing ratios over these areas. The addition of tal cloud droplets almost everywhere except for some areas
nitrate and ammonium aerosols increases the cloud droplaiver oceans. The activated pure sulfate is inhibited with addi-
number concentration by about 3% on a global average bational nitrate and ammonium except for sulfate concentration
sis. With the further addition of nitric acid gas, the increase peak regions. The reduction of activated pure sulfate results
in cloud droplets is more than 10 %. Local enhancements arérom the increase in the activation of carbonaceous aerosols
even larger. The spatial pattern of the modeled CDN con-and dust due to the significant enhancement of their capabil-
centration in this study is similar to that predicted in other ity to uptake water by more soluble coatings of nitrate and
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Fig. 12. The absolute difference of present day annual average cloud droplet number concentration activated from each aerosol type and the
total cloud droplet number near 930 mb (the third model layer) between the case PN and NN. The mean value is given above each panel.

ammonium besides sulfate. Ghan et al. (1998) showed thabetween the TN case and the NN case. The additional HiNO
the competition between sulfate and sea salt can decreagms in the TN case further enhances the activation of sulfate
the influence of sulfate on cloud droplet number concentra-and carbonaceous aerosols but it does not change the activa-
tions for typical marine cloud conditions. They found that tion of dust and sea salt by a significant amount. This is prob-
the additional sea salt increases the total number of activatedbly because HN®gas is small in regions with abundant
cloud drops for low sulfate concentrations while the numberdust and sea salt so that the additional H\f@s effect is not

of activated droplets decreases significantly with the addi-pronounced on these two types of aerosols. We also see some
tional sea salt for high sulfate concentrations. They explainedareas over remote oceans with decreases in cloud drops when
that the presence of large cloud condensation nuclei (CCNHNO3 gas and nitrate and ammonium particles are added,
with larger surface area will enhance condensation, reducevhich again might be due to the competition between differ-
the maximum supersaturation and hence prevent the activaent aerosol types discussed above (and in Ghan et al., 1998).
tion of enough of smaller CCN, eventually resulting in the The negative response of sulfate in Northern America is also
decrease of the total number of activated drops. This exampldue to the dynamic competition for water vapor in the com-
demonstrates the non-linear dynamical effects that exist in g@lex multi-component system, which is partly a result of the
simple two-component aerosol system (i.e. the effect of in-positive response of fossil fuel and biomass burning aerosols
creasing the availability of aerosol populations does not necto the additional HN@gas (compare Figs. 12 and 13). Over-
essarily causes an increase in cloud droplet concentrationgll, the addition of nitrate aerosols increases the number of
Here, the decrease in drop numbers formed on sulfate is dueloud droplets in eastern Asia while the further addition of
to the competition for water vapor in the multi-component nitric acid increases the cloud droplets even more over east-
system. Figure 13 shows a similar figure for the differenceern Asia, Europe, eastern United Sates, South America and
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Fig. 13.The absolute difference of present day annual average cloud droplet number concentration activated from each aerosol type and the
total cloud droplet number near 930 mb (the third model layer) between the case TN and NN. The mean value is given above each panel.

S T T R R R South Africa. The added mass of soluble gases facilitates
»® 1 ‘ ‘ ‘ the activation of smaller particles by causing a lower critical
@ 40 ] super-saturation and a higher hygroscopicity. Figure 14 sum-
v ] marizes the percentage change in zonal annual-average cloud
& 20 3 droplet number for the PN and TN cases with respect to the
S ] NN case near 930 mb. There is a large peak in the change
T . ] of cloud droplets near SN and 60 N corresponding to the

o ] locations of the highest nitrate aerosol and nitric acid con-
: 104 centrations.

o Figure 15 shows the spatial distribution of the change in
v 01 droplet effect radius and the first aerosol indirect forcing
g ] for the TN case. The aerosol indirect forcing in this case
S o1 | I N N N is —1.48 W nT 2. The spatial distribution of the first indirect

forcing is not only determined by the change in the cloud top
effective radius but also by the cloud distribution. The maxi-

Fig. 14. The percentage change in zonal annual-average cloudm i the first aerosol indirect forcing occurs in the storm

droplet number for the case PN and the case TN compared to thB'aCk region over the north Pacific. This is Consister_1t with
NN case near 930 mb (the third model layer). the pattern shown in Wang and Penner (2009). This peak

is caused by both the strong decrease in the cloud droplet

90S  60S 308 0 30N 60N 90N
Latitude
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Fig. 15. The spatial distribution of the change in droplet effect radius (left) and the first aerosol indirect forcing between the PD and PI
simulations (right) for the TN case.

Table 8. Global annual-average cloud droplet number concentration at cloud top in the PD (PI) simulation, cloud top effective radius in
the PD (PI) simulation, cloud optical thickness in the PD (PI) simul&tiabsolute (percentaﬁ}echange in cloud top droplet number
concentration, cloud top effective radius and cloud optical thickness from anthropogenic emission, and 1st AIE for all three cases and the
difference of the case NN and TN at the top of atmosphere.

Case Ny (#lcnd) Re (Um) 7c Change inVg (#/cmP)  Change inRe (Um)  Change ine  1st AIE (W m2)
NN  112.47 (74.03) 10.44(11.32) 29.85 (27.34) 38.44 (51.92%)0.88 (-7.77%) 2.51 (9.18%) ~1.39
PN 115.11(71.29) 10.43(11.31) 29.89 (27.36) 43.82 (61.47%)-0.88 (-7.78%)  2.53 (9.25%) ~1.40
TN  125.38(74.75) 10.31(11.23) 30.15 (27.51) 50.63 (67.73%)—0.92 (-8.19%)  2.64 (9.60 %) —1.48
Net ~0.09 (-0.08)

@ The values outside and inside the parenthesis in column 2—4 represent the results from the PD and PI scenario.

b The percentage values inside the parenthesis in column 5-7 is calculated as the difference from the Pl to the PD divided by the values in the Pl scenario.

¢ “net” represents the first aerosol indirect forcing of anthropogenic bibi@ nitrate and ammonium aerosol and the forcing due to anthropogenig B&&bnly (i.e., value
insidethe parenthesis).

effective radius and the large cloud forcing over this region.that there is factor of two or larger variation in the calculation
Figure 16 shows the first aerosol indirect effect of total ni- of tropospheric N@ column densities for different regions
trate (gas plus aerosol) and ammonium (TN case minus NNi.e. Eastern US, Europe, East Asia, Africa, South America)
case) for the PD (top), Pl (middle) simulation and the PD- (van Noije et al., 2006), although HNQOvariations might

Pl anthropogenic indirect forcing of total nitrate and ammo- be smaller or larger than those for NCBince the study of
nium (bottom) at the TOA. The indirect effect of total nitrate Makkonen et al. (2012) did not provide a global budget and
and ammonium for the PD and PI simulations is estimatedourden of nitric acid gas, we can not precisely understand the
to be —0.23Wn12 and —0.15W nT2, which results in an  cause of the differences at this stage.

anthropogenic indirect forcing 6£0.09 W nT2, equivalent Table 8 gives a summary of global annual-average cloud
to a 6 % enhancement compared to the total first aerosol indroplet number concentration at the cloud top as deduced
direct forcing without nitrate and ammonium. The local ef- using the ISCCP cloud simulator similar as Wang and Pen-
fects of total nitrate and ammonium for the PD simulation ner (2009), cloud top effective radius, cloud optical thickness
is even larger, up te-1.5~ —2 W m~2 over Europe, eastern in the PD and Pl (i.e. values in parentheses) simulations, and
Asia, eastern United States and the coastal area close to cetite absolute change and relative percentage change (i.e. val
tral Africa. Our present-day indirect effect of total nitrate and ues in parentheses) in cloud top droplet number concentra-
ammonium is only half that estimated for the present-day in-tion, cloud top effective radius and cloud optical thickness
direct effect of nitric acid gas by Makkonen et al. (2012) (i.e. from anthropogenic emissions (i.e. PD-PI values). The last
—0.23Wn1?2vs.—0.32 Wn1?). This large difference could  column provides the PD-PI 1st AIE for the NN, PN, and
result from the different parameterizations of the effect of ni- TN cases at the top of atmosphere. In general, the cloud top
tric acid gas on aerosol activation (i.e. we used the substidroplet number and cloud optical thickness increase from the
tution method of Chen, 2006 while Makkonen et al., 2012 NN case to the TN case for both the PD and Pl scenarios
used the parameterization of Romakkaniemi et al., 2005)while the cloud top effective radius decreases. The cloud top
But the simulated nitric acid mass concentrations betweerdroplet number concentration for the NN, PN and TN cases
these two studies might also differ. It has been documentedncreases by 52 %, 61 % and 68 %, respectively, between the
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Fig. 17.The first aerosol indirect anthropogenic forcing at the top of
atmosphere over five areas for the three cases (AER: PN-NN; GAS:
TN-PN; TOT: TN-NN). GLB, NH, SH, LND and OCN stand for
the global average, average over the Northern and Southern Hemi-
sphere, average over the land and ocean, respectively.

5 areas to differentiate the forcing from HNY@as and par-
ticulate nitrate and ammonium. Anthropogenic total nitrate
(gas plus aerosol) and ammonium aerosols have a higher in-
fluence on clouds in the Northern Hemisphere than in the
Southern Hemisphere and higher effects over land than over
the ocean. The aerosol nitrate and ammonium exert a higher
influence over land than over the oceans, which is consistent
with their larger concentrations over continents. In contrast,
nitric acid gas exerts a higher influence over the ocean than
over land, which is consistent with the significant effect of
nitric acid gas in modifying clouds over the coastal regions

close to continents (see Fig. 16). The large anthropogenic in-
direct forcing of nitric acid gas over the coastal regions is due
to the amount of clouds seen in these regions together with
the increase in the number of cloud droplets associated with
Fig. 16. The first aerosol indirect effect of total nitrate (gas plus Sulfate, fossil fuel carbonaceous aerosols, and biomass burn-
aerosol) and ammonium for the PD (top), PI (middle) simulation iNg aerosols when nitric acid gas is added (compare Figs. 12
and the PD — PI anthropogenic aerosol indirect forcing (bottom) atand 13).

the top of atmosphere (TOA). The mean forcing value is indicated

in each panel.
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6 Summary and discussion

This work presents a global modeling study that simulates
PD and PI simulations. The relative changes in cloud top efthe heterogeneous formation of nitrate and ammonium by
fective radius and cloud optical depth are smaller, only aboutupdating the previous model framework presented in Feng
8-10%. The addition of total nitrate and ammonium con-and Penner (2007). In this work, the University of Michigan
tributes to the increase of cloud droplet number concentraversion of the IMPACT aerosol model which includes sulfur
tion by 16 % (comparing the NN case and the TN case indynamics (Liu et al., 2005) is used to generate the chemical-
the 5th column) while it only decreases the cloud top ef-and size-resolved aerosol global distribution. We account for
fective radius by 0.04 um (comparing the NN case and thethe interaction between nitric acid and ammonia with all
TN case in the 6th column), equivalent to a 0.4 % in the rel-five types of pre-existing aerosols (i.e. sulfate, carbonaceous
ative change consistent with the latter only scaling as theaerosols from fossil fuel combustion, carbonaceous aerosols
inverse of droplet number to the/3 power. The total (gas from biomass burning, dust and sea salt) which differs from
plus aerosol) first aerosol indirect forcing of anthropogenicthe study by Feng and Penner (2007) who assumed that all
nitrate and ammonium is dominated by the nitric acid gasaerosol components were internally mixed in each size bin.
effect, which is—0.08 W nT2 out of total—0.09 W nT2 on Our major goal was to explore the aerosol direct and indirect
a global average basis. Figure 17 shows the first aerosol inradiative forcing induced by HN§gas as well as aerosol am-
direct forcing of anthropogenic nitrate and ammonium overmonium and nitrate. For this purpose, two global simulations
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Fig. A1. Modeled and observed annual average concentrations for sulfate, ammonium and nitrate aerosols from the EMEFS (North
America) network.
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Fig. A2. Modeled and observed annual average concentrations for sulfate, ammonium and nitrate aerosols from the EMEP (Europe)
network.

using the hybrid dynamic method with present day (PD) andThe inclusion of ammonium and nitrate can boost the scat-
preindustrial (PI) emissions were conducted. An offline- ra-tering efficiency of scattering aerosols such as sulfate and
diation transfer model was then used to assess both the direbiomass burning organic matter since ammonium nitrate is
and indirect forcing of HN@, nitrate and ammonium using generally more hygroscopic than ammonium sulfate and or-
the PD and PI concentration fields. ganic matter in terms of the Kappa parameter (Petters and
The model developed here predicts a similar spatial disKreidenweis, 2007) and this increases their size and hence
tribution for total nitrate and ammonium as the pioneeringtheir cooling effect. Additionally, nitrate and ammonium
studies (Feng and Penner, 2007; Liao et al., 2003; Adamsowers the ability of sea salt aerosols to take up water due
et al., 1999) for the PD scenario. The predicted aerosol opto the lower hygroscopicity of nitrate and ammonium than
tical depth in the present day captures the general spatiahat of sea salt. The direct effect of nitrate and ammonium at
pattern of AERONET-observed AOD (e.g. peaks in easterrthe TOA for the present-day is estimated to-b@14 W nT2,
Asia, Europe and the Sahara) but with smaller magnitudewithin the range published for other models, but the more ac-
The modeled AOD is underestimated, especially over thecurate methods used here place our result in contrast with
South America biomass burning region, which possibly in-these models. Smaller forcing is estimated for the Pl sce-
dicates that the biomass burning emissions in this region ar@ario due to the smaller burden of ammonium and nitrate.
too low. The modeled single scattering albedo at 550 nm is inThe direct anthropogenic (PD-PI) forcing of nitrate and am-
general agreement with observations but shows some undemonium is estimated to be-0.12Wn12 at the TOA and
estimation over South America. —0.16 W nT 2 at the surface. The total global annual average
Nitrate and ammonium are found to exhibit two counter- direct anthropogenic forcing from all aerosol components is
acting effects with respect to the direct effect of the pre-estimated to be-0.3 W nm2, which is within the range of
existing (non nitrate and ammonium) aerosols in this work.—0.1~ —0.9 W ni 2 reported in AR4 (Forster et al., 2007).
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The contribution of aerosol nitrate and ammonium to the to-Bond, T. C., Habib, G., and Bergstrom, R. W.: Limitations in the

tal clear sky direct anthropogenic forcing is approximately
13 % on a global basis, indicating that the nitrate and ammo-
nium should not be ignored in the future assessment.

The indirect effect induced by total nitrate (gas and par-

ticle phase) and ammonium was also examined based on

the parameterization proposed by Chen (2006). The firs
aerosol indirect effect of total nitrate and ammonium for
the PD and PI simulation is estimated to 56.23 W n12

enhancement of visible light absorption due to mixing state, J.
Geophys. Res., 111, D2021dgi:10.1029/2006JD007318006.

Bouwman, A. F,, Lee, D. S., Asman, W. A. H., Dentener, F. J., Van

Der Hoek, K. W., and Olivier, J. G. J.: A global high-resolution
emission inventory for ammonia, Global Biogeochem. Cy., 11,
561-588, 1997.

tCapaIdo, K., Pilinis, C., and Pandis, S. N.: A computationally ef-

ficient hybrid approach for dynamic gas/aerosol transfer in air
quality models, Atmos. Environ., 34, 3617-3627, 2000.

and —0.15Wn12 at TOA, leading to a first aerosol indi- chen, Y.: Aerosol indirect effects on clouds and global climate,

rect anthropogenic forcing 6£0.09 W n2 at TOA induced
by anthropogenic HN®gas, nitrate and ammonium. This

PhD, Department of Atmospheric, Oceanic, and Space Sciences,
University of Michigan, Ann Arbor, MI, 218 pp., 2006.

is mainly determined by the nitric acid gas effect, which Chen, Y. and Penner, J. E.: Uncertainty analysis for estimates of the

is —0.08 Wn12 on a global basis with higher effects over
oceans. This is the first estimate that we know of for the an-
thropogenic nitric acid gas indirect effect.
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