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Abstract. We examine the formation of nitrate and ammo-
nium on five types of externally mixed pre-existing aerosols
using the hybrid dynamic method in a global chemistry trans-
port model. The model developed here predicts a similar spa-
tial pattern of total aerosol nitrate and ammonium to that of
several pioneering studies, but separates the effects of nitrate
and ammonium on pure sulfate, biomass burning, fossil fuel,
dust and sea salt aerosols. Nitrate and ammonium boost the
scattering efficiency of sulfate and organic matter but lower
the extinction of sea salt particles since the hygroscopicity
of a mixed nitrate-ammonium-sea salt particle is less than
that of pure sea salt. The direct anthropogenic forcing of par-
ticulate nitrate and ammonium at the top of the atmosphere
(TOA) is estimated to be−0.12 W m−2. Nitrate, ammonium
and nitric acid gas also affect aerosol activation and the re-
flectivity of clouds. The first aerosol indirect forcing by an-
thropogenic nitrate (gas plus aerosol) and ammonium is esti-
mated to be−0.09 W m−2 at the TOA, almost all of which is
due to condensation of nitric acid gas onto growing droplets
(−0.08 W m−2).

1 Introduction

Aerosols, especially those from anthropogenic sources, play
an important role in changing the Earth’s climate. Substantial
progress has been made towards understanding how aerosols,
such as sulfate, carbonaceous particles, mineral dust and sea
salt, can impact the Earth’s climate (Penner et al., 2001; Tex-
tor et al., 2006; Forster et al., 2007). However, little has been
done to quantify the direct and indirect effects of aerosol ni-
trate and ammonium in spite of the fact that nitrate and am-
monium are known to be significant anthropogenic sources

of aerosols (Intergovernmental Panel on Climate Change
(IPCC), 1994; van Dorland et al., 1997; Adams et al., 1999).
A limited number of global models have been used to pre-
dict nitrate and ammonium aerosol concentrations (Adams
et al., 1999; Metzger et al., 2002; Liao et al., 2003; Ro-
driguez and Dabdub, 2004; Bauer et al., 2007; Feng and
Penner, 2007; Pringle et al., 2010) and their direct radia-
tive effects (van Dorland et al., 1997; Adams et al., 2001;
Jacobson, 2001; Liao et al., 2004; Liao and Seinfeld 2005;
Bauer et al., 2007; Myhre et al., 2009), but no one has eval-
uated their indirect forcing. Most global aerosol models in-
cluded in the AeroCom exercise exclude ammonium and ni-
trate aerosols (Schulz et al., 2006; Textor et al., 2006; Kinne
et al., 2006), and, of those that do, most treat these aerosols in
thermodynamic equilibrium, which, for global average con-
ditions, overestimates the portion in coarse aerosols (Feng
and Penner, 2007). Major nitrate salts (e.g. ammonium ni-
trate, sodium nitrate) have lower deliquescence relative hu-
midity (DRH) than their corresponding sulfate salts (e.g.
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.
AR4) from the IPCC (Forster et al., 2007) estimates the di-
rect radiative forcing for nitrate to be−0.10 ± 0.10 W m−2 at
the top of atmosphere (TOA). However, the relatively small
number of studies is not sufficient to accurately character-
ize the magnitude and the uncertainties in the direct radiative
forcing associated with aerosol nitrate (Forster et al., 2007).
Studies (Adams et al., 2001; Liao et al., 2006; Liao and Sein-
feld, 2005) using global models have also suggested that the
decreased radiative forcing of sulfate aerosols due to their
reduced emissions in the future could be partially offset by
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increases in the radiative forcing of nitrate aerosols. Reduc-
tion of sulfate in aerosols results in an increase of NH3 in the
atmosphere, which allows a larger formation of ammonium
nitrate.

As noted above, none of the existing studies has estimated
the indirect forcing by ammonium and nitrate aerosols. Fur-
thermore, a number of studies (Kulmala et al., 1993, 1998;
Goodman et al., 2000) show that the condensation of nitric
acid onto growing cloud droplets contributes soluble material
to the droplet and enhances their water uptake and growth,
leading to increased droplet number concentrations. There-
fore, a full consideration of both HNO3(g) and aerosol am-
monium and nitrate is needed to properly estimate indirect
forcing by aerosols and HNO3 gas.

The formation of nitrate aerosols strongly depends on the
availability of its precursor gases and on the ambient condi-
tions. Nitrate aerosols form if sulfate aerosols are irreversibly
neutralized and atmospheric ammonia is in excess. Nitrate is
predominantly present in the submicron mode at continental
sites (ten Brink et al., 1997; Heintzenberg et al., 1998; Putaud
et al., 2003) in the form of ammonium nitrate (NH4NO3).
Nitrate aerosols have been found to be at least as impor-
tant as sulfate in some regions of Europe (ten Brink et al.,
1996; Schaap et al., 2004) and some urban areas (Malm et al.,
2004). Nitrate is internally mixed with sulfate, ammonium,
elemental and organic carbon in western Europe (Dall’Osto
et al., 2009) and in the Amazon basin (Trebs et al., 2005).
However, aerosol nitrate is not just associated with ammo-
nium in the accumulation mode. Coarse mode aerosol nitrate
can be produced by adsorption of nitric acid on sea salt par-
ticles (Savoie and Prospero, 1982) and soil particles (Wolff,
1984). Lefer and Talbot (2001) found that 86 % of nitrate
mass was associated with water-soluble super-micron soil-
derived Ca2+ in an acid environment. Other metal species
like Mg2+, Na+ and K+ can also be associated with nitrate.
In addition, aerosol nitrate is formed through heterogeneous
reactions of nitrogen radicals such as gaseous NO3, N2O5
and HNO3 dissolved into wet aerosol (Ehhalt and Drum-
mond, 1982; Parrish et al., 1986; Li et al., 1993). Ammonium
helps to retain nitrate in the aerosol phase by neutralizing
the aerosol acidity during heterogeneous formation processes
(Adams et al., 1999). Liao and Seinfeld (2005) demonstrate
that the heterogeneous chemistry reactions on particles can
increase the direct radiative forcing due to nitrate by 25 %.

The partitioning of nitrate and ammonium between the gas
and aerosol phases has been done using three different ap-
proaches. The first approach assumes instantaneous chemical
and thermodynamic equilibrium (Pilinis and Seinfeld, 1987;
Russell et al., 1988; Binkowski and Shankar, 1995; Lurmann
et al., 1997) between the gas and aerosol phase (hereafter re-
ferred to as EQ). Instantaneous thermodynamic equilibrium
may be assumed for the fine mode aerosols (particle diameter
less than 1 µm) since small particles achieve equilibrium with
the gas phase within a few minutes (Wexler and Seinfeld,
1990; Dassios and Pandis, 1999). However, assuming ther-

modynamic equilibrium between the gas and aerosol phase
is not likely to be valid for coarse particles, such as sea salt
and mineral dust because it takes from several hours to up to
a week to reach equilibrium (Meng and Seinfeld, 1996; Se-
infeld and Pandis, 1998) and this time is longer than the time
step typically used in chemical transport models (e.g. about
1 h). Observations also show that gas phase concentrations
and coarse aerosol particles are not in equilibrium (John et
al., 1989). A more accurate representation of the partitioning
of semi-volatile species called the “dynamic method” (here-
after referred to as DYN) has been developed (Meng and Se-
infeld, 1996; Meng et al., 1998; Jacobson et al., 1996; Ja-
cobson, 1997a, b; Sun and Wexler, 1998a, b; Pilinis et al.,
2000). In this approach, a fully dynamic mass transfer cal-
culation is applied to each aerosol size bin. Although the
dynamic method is most accurate, its use in large-scale air
quality models as well as global chemical transport models
has been limited due to its high computation cost. The hy-
brid dynamic method (hereafter referred to as HDYN) was
proposed by Capaldo et al. (2000). In this method, the equi-
librium method is employed to determine the composition of
aerosol particles with diameters less than a threshold diam-
eter (around 1 µm) while the dynamic method developed by
Pilinis et al. (2000) is used to calculate the mass transfer-
limited concentrations in larger particles.

Here, we apply the hybrid dynamic method, first applied in
a global model by Feng and Penner (2007, hereafter referred
to as FP07), which follows the methods outlined in Capaldo
et al. (2000) to calculate the burden of nitrate and ammonium
in aerosols. FP07 presented the differences between the pre-
dicted nitrate and ammonium in aerosols using the HDYN
method and several other methods. Most importantly, they
found that the thermodynamic equilibrium assumption un-
derestimates the fine-mode nitrate aerosol burden by 25 %.
Nitrate and ammonium can also be approximated using a
first-order removal approximation based on uptake coeffi-
cients. FP07 found that this method overestimates both fine
and coarse mode nitrate aerosols, while a simplified form
of HDYN (Liao et al., 2003, 2004) overestimates the coarse
mode nitrate. These differences would be expected to lead to
significant differences in the predicted forcing from nitrate
and ammonium.

We updated the FP07 global simulation of nitrate and am-
monium aerosols based on the HDYN method but also ac-
count for the dynamics of sulfate aerosol and its interaction
with non-sulfate aerosol components (Herzog et al., 2004;
Liu et al., 2005; Wang et al., 2009). FP07 only simulated
aerosol mass and so did not account for the nucleation of
new sulfate aerosols and their growth as well as the coating
by sulfate on other aerosol types. Since aerosol nitrate is only
allowed to form after sulfate is fully neutralized, an accurate
representation of sulfate is key to determining the amount of
aerosol nitrate that can form.

The three-dimensional global aerosol and chemistry trans-
port model used in this study is described in the Sect. 2.
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Section 3 presents the present-day global distribution of pre-
dicted sulfate, nitric acid and nitrate, ammonia and ammo-
nium. In addition, the global budgets of gaseous nitric acid
and nitrate as well as ammonia and ammonium are discussed.
The comparisons of aerosol concentrations (i.e. sulfate, ni-
trate and ammonium) with ground-based observations are
also included in this section. The calculated aerosol optical
properties are presented in Sect. 4, and estimates of direct
and indirect radiative forcing of nitrate and ammonium as
well as their anthropogenic contribution are in Sect. 5. The
summary and conclusions are presented in Sect. 6.

2 Model description

2.1 Global aerosol and chemistry transport model

We used the version of the IMPACT global aerosol and
chemistry model that treats the microphysics of sulfate
aerosol (i.e. nucleation, condensation of gas phase sulfate,
and coagulation) and its interaction with non-sulfate aerosols
(Liu et al., 2005; Wang et al., 2009). Similar to FP07,
modeled transport was driven by assimilated meteorologi-
cal fields from the NASA Goddard Data Assimilation Of-
fice (DAO) general circulation model (GCM) for the year
1997 with a 6-h time interval. The DAO meteorological fields
were interpolated to a 1-h time interval for the tracer ad-
vection time step in IMPACT. The spatial resolution of the
model was 2◦ latitude by 2.5◦ longitude in the horizontal
with 26 vertical layers ranging from the surface to 2.5 hPa.
The model uses the flux form semi-Lagrangian (FFSL) ad-
vection scheme (Lin and Rood, 1996) while vertical diffu-
sion is based on an implicit scheme described in Walton et
al. (1988) using vertical diffusion coefficients provided by
the DAO meteorological fields.

We used two modes to treat the mass and number of
sulfate aerosol and its microphysical interactions (Herzog
et al., 2004; Liu et al., 2005): a nucleation/Aitken mode
(r <0.05 µm) and an accumulation mode (r >0.05 µm). Non-
sulfate aerosols are assumed to follow prescribed background
size distributions based on observations (Table 1). Carbona-
ceous aerosols (OM and BC) are represented by a single sub-
micron size bin but separate tracers are carried for biomass
burning, natural and fossil fuel particles based on their source
origins. Sea salt and mineral dust aerosols are represented
in four bins with radii varying from 0.05–0.63 µm, 0.63–
1.26 µm, 1.26–2.5 µm, and 2.5–10 µm to account for varying
removal rates and thermodynamics. These size distributions
are also used for the radiative properties of the separate size
bins as well as the varying cloud condensation nuclei activa-
tion spectrum.

Binary homogeneous nucleation of H2SO4 (gas) is used
to determine the nucleation of sulfate aerosols (Vehkamäki
et al., 2002). In addition, 2 % of the anthropogenic sulfur
emissions are assumed to be emitted as primary aerosols

Table 1.Size distribution parameters for non-sulfate aerosols.

Aerosol Component Na
i

ri , µm σi

Fossil fuel OM/BCb 0.428571 0.005 1.5
0.571428 0.08 1.7
1.×10−6 2.5 1.65

Biomass OM/BC and natural OMc 0.9987 0.0774 1.402
1.306×10−3 0.3360 1.383
2.830×10−3 0.9577 1.425

Sea saltd 0.965 0.035 1.92
0.035 0.41 1.70

Duste 0.854240 0.05 1.65
0.145687 0.27 2.67

7.3×10−5 4.0 2.40

a Ni is normalized fraction by total number concentration in a given size range and is
dimensionless.
b Penner et al. (1998). Note although the size distribution of OM/BC for pollution is
adopted from an observation from a Hardiman forest fire (Radke et al., 1988), the
median diameter of the mass distribution (i.e. 0.16 µm) is close to that measured
(0.18 µm) by Schwarz et al. (2010).
c Anderson et al. (1996).
d Quinn and Coffman (1998).
e d’Almeida et al. (1991).

with a specified size distribution to mimic the effects of
sub-grid scale processes leading to aerosol nucleation. The
hydrophilic and hydrophobic properties and corresponding
scavenging efficiency of non-sulfate aerosols are determined
by the amount of sulfate coating that is produced through
coagulation and condensation and the amount of nitrate and
ammonium on each aerosol type. Condensational growth is
kinetically limited by the diffusion of sulfuric acid gas to the
particle surface. Coagulation is allowed to occur between sul-
fate particles of the same size and between particles of dif-
ferent sizes as well as with non-sulfate particles. Sulfate pro-
duced within cloud droplets is equally distributed among the
hygroscopic aerosol particles that are larger than 0.05 µm in
radius.

Dry deposition rates for gaseous species are calculated
based on the work of Jacob and Wofsy (1990), Wesely (1989)
and Walcek et al. (1996). Dry deposition of aerosol parti-
cles uses a resistance-in-series parameterization following
Zhang et al. (2001). Gravitational settling is also taken into
account. Wet deposition is calculated by using the wet scav-
enging model described in Mari et al. (2000) and Liu et
al. (2001). Two types of scavenging are included: (1) scav-
enging in wet convective updrafts, and (2) first-order rainout
and washout in precipitating columns. For scavenging in con-
vective updrafts, the fraction of tracer scavenged depends on
the rate constant for conversion of cloud condensate to pre-
cipitation (assumed to be 0.005 s−1) as well as the fraction
of tracer present in the condensatefi (i.e. the scavenging
efficiency). The fraction of highly soluble gaseous species
such as HNO3(g) and H2SO4(g) in the cloud condensate
phase is assumed to be 100 % while scavenging efficiencies
of less soluble gaseous species are calculated based on their
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Henry’s law coefficients. Scavenging efficiencies of aerosol
species are either prescribed to be constant for pure sulfate
aerosol and sea salt withfi = 1 or (for BC/OM and mineral
dust) are calculated based on the amount of sulfate, ammo-
nium and nitrate associated with the particles (0< fi < 1).
For the latter effects, we updated the scavenging efficiencies
for sulfate-coated aerosols described in Liu et al. (2005), to
account for the amount of coverage by internally mixed sul-
fate, ammonium and nitrate molecules. Thus, the fractional
area coverage of a single non-sulfate-ammonium-nitrate par-
ticle surface by internally mixed sulfate, ammonium and ni-
trate molecules (e.g. for carbonaceous aerosols) was calcu-
lated from

x
SO4+NO3+NH4
BC+OM =

r2
avgNavg

4(rBC+OM + ravg)2
, (1)

whererBC+OM is the mass-weighted average radius for car-
bonaceous particles;ravg is the average radius of internally
mixed sulfate, ammonium and nitrate molecules; andNavg
is the total number of molecules of internally mixed sulfate,
ammonium and nitrate on the particle surface. Following Liu
et al. (2005), whenf SO4+NO3+NH4

BC+OM = 10 (layers), the parti-
cle becomes fully hygroscopic so thatfi = 1 and is linearly
interpolated between 0 and 1 for less than 10 monolayers. In
addition, wet scavenging efficiencies for accumulation mode
sulfate and sea salt mixed with nitrate and ammonium are as-
sumed to be 1.0 while the nucleation/Aitken mode aerosols
are only scavenged as a result of their Brownian coagulation
with cloud droplets.

Table 2 summarizes the emissions used for present day
(PD) and pre-industrial (PI) scenarios. Ammonia emissions
for the present-day were taken from the global inventory of
Bouwman et al. (1997). The total ammonia source specified
in this inventory is estimated to be 53.6 Tg N per year and
Table 2 lists the contributions of each source type to the total
emission. Among nine sources, domestic animals contribute
the largest fraction, 34 %, followed by synthetic fertiliz-
ers, oceans, biomass burning, soils under natural vegetation,
wild animals and other sources. The ammonia emissions for
pre-industrial conditions include the emission sources from
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 in
the PI scenario is 10.7 Tg N per year.

The emissions of NOx from industrial activities, fossil fuel
combustion as well as soil process are from van Aardenne et
al. (2001) for 1990, while those from biomass burning and
lightning are based on the year 1990 (Ito et al., 2007, 2009).
The largest fraction of NOx emissions are associated with
industrial activity and fossil fuel combustion, 22.7 Tg N per
year, out of a total NOx emission 41.0 Tg N per year. The next
largest sources are biomass burning, soil processes, lightning
and aircraft emissions, in that order. The total NOx emission
for PI conditions, representative of 1890, is 11.7 Tg N per

Table 2.Global annual emission for pre-industrial and present-day
scenarios.

Scenario

Species Pre-industrial Present-Day
1850 2000

NH3, Tg N yr−1

Domesticated animals – 21.6
Synthetic fertilizers – 9.0
Oceans 8.2 8.2
Biomass burning – 5.9
Crops – 3.6
Humans – 2.6
Soils under natural vegetation 2.4 2.4
Wild animals 0.1 0.1
Others – 0.3
Totala 10.7 53.6

NOx, Tg N yr−1

Industrial activities/Fossil fuel combustion 1.0b 22.7b

Biomass burning 4.8c 9.3c

Soil processes 2.9b 5.5b

Lightning 3.0d 3.0d

Aircraft – 0.5
Total 11.7 41.0

SO2, Tg S yr−1

Anthropogenic emission 1.5 60.1
Volcanic emission 4.8 4.8
Biomass burning – –
DMS oxidation 34.6 34.6
Total 40.9 99.5

DMS, Tg S yr−1

Oceanic source 26.1 26.1

OM, Tg yr−1

Fossil fuel emission 5.1 15.8
Biomass burning emission 17.8 47.4
Photochemistry from terpenes 14.5 14.5
Total 37.4 77.6

BC, Tg yr−1

Fossil/biofuel fuel emission 0.8 5.8
Biomass burning emission 1.7 4.7
Total 2.5 10.5

a Bouwman et al. (1997);b From van Aardenne et al. (2001);c From Ito et al. (2007);
d From Ito et al. (2009).

year which is dominated by biomass burning and lightning
sources.

Anthropogenic sulfur emission as well as volcanic SO2
emission, marine DMS fluxes, OM and BC fluxes are same
as that used in Wang et al. (2009). Sea salt emissions in
the model were estimated off-line and provided by Gong et
al. (1997). The algorithm of Monahan et al. (1986) was used
in order to interpolate the total mass flux into our 4 size bins
(0.05–0.63 µm, 0.63–1.26 µm, 1.26–2.5 µm, and 2.5–10 µm).
The total sea salt emissions are 3768 Tg yr−1. The dust emis-
sion fluxes at each 6 h interval were from Ginoux et al. (2001)
based 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 NO−3 , NH+

4 and H2O(aq) Bin 1 (D<1.25 µm)

FF OM/BC and associated SO2−

4 , NO−

3 , NH+

4 and H2O(aq) Bin 1 (D<1.25 µm)

BB OM/BC and associated SO2−

4 , NO−

3 , NH+

4 and H2O(aq) Bin 1 (D<1.25 µm)

Dust and associated SO2−

4 , NO−

3 , NH+

4 and H2O(aq) Bin 1, 2, 3, 4

Sea salt and associated SO2−

4 , NO−

3 , NH+

4 and H2O(aq) Bin 1, 2, 3, 4

dust emissions fluxes are represented by the same 4 size bins
as the sea salt aerosols and are described in detail in Liu et
al. (2005). Similar to biomass burning aerosols, mineral dust
emissions are uniformly injected in the boundary layer.

The simple nitrogen chemistry treatment described by
Feng and Penner (2007) was adopted. This treatment calcu-
lates the gas phase concentrations of NO, NO2, NO3, N2O5
and HNO3. In the simple chemistry, the three dimensional
concentration fields of OH and O3 are fixed monthly aver-
ages, taken from a 1-yr simulation of the chemistry transport
model GRANTOUR using the climate model CCM1 mete-
orological fields (Penner et al., 1994). The diurnal cycle of
OH and HO2 is approximated by scaling the monthly av-
erage fields using the cosine of the solar zenith angle. The
model was run for four different months (i.e. January, April,
July and October) with a 1 month spin-up for each month to
obtain an annual average aerosol concentration field.

2.2 Treatment of nitrate and ammonium

Following FP07, we used the EQUISOLV II thermodynamic
equilibrium model (Jacobson, 1999) to calculate the nitrate
and ammonium within aerosols with diameters less than
1.25 µm (i.e. bin 1, hereafter referred to as the fine mode) and
solved the mass transfer equations for particles with aerosol
diameters larger than 1.25 µm (i.e. the 3 larger size bins, here-
after referred to as the coarse mode). The equilibrium as-
sumption is well justified for fine mode aerosols in our global
aerosol transport model since a transport time step of one
hour is used. Accommodation coefficients of 0.193, 0.092
and 0.1 were used for HNO3, NH3 and N2O5 (Feng and Pen-
ner, 2007) when solving mass transfer equations.

Although aerosol particles are often found as partially
or completely internally mixed with multiple components
(Zhang et al., 2003), particles near their sources are gener-
ally externally mixed. Therefore, the assumption of a com-
plete internal mixture can distort the predicted particle chem-
ical composition (Kleeman et al., 1997), as well as possibly
radiative effects. Whereas FP07 made this assumption of ne-
cessity, here nitric acid and ammonia interact with each of the
other pre-existing externally mixed aerosol populations for a
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-

ternally mixed aerosols as in FP07. We apply thermodynamic
equilibrium (Jacobson, 1999) for the five aerosols types con-
secutively (i.e. pure sulfate, carbonaceous aerosols from fos-
sil fuel, carbonaceous aerosols from biomass burning, dust
and sea salt) in size bin 1, followed by solving the mass trans-
fer equations for nitrate and ammonium in the 3 larger size
bins (D>1.25 µm) for dust and sea salt. Sulfate is first neu-
tralized by ammonia and then nitric acid is allowed to re-
act with ammonia and the other aerosol particles. Changing
the reaction order that we used for dust and sea salt changes
the nitrate and ammonium concentrations by less than 10 %
for high concentrations of both dust and sea salt. In order
to eliminate differences introduced by the reaction sequence,
we switched the order of the reactions (i.e. by solving the re-
actions with dust first at odd time steps and with sea salt first
at even time steps). While we thought the introduction of
externally mixed populations might make an important dif-
ference to the burden of nitrate and ammonium, the global
average results from this model are similar to those in FP07.
Nevertheless, we present the burdens associated with each
aerosol field below, since this is the first model that has sep-
arately calculated these effects. The disinterested reader can
skip to Sect. 4.

3 Present-day global aerosol concentration fields

3.1 Sulfate

Simulated results for the sulfur model used in this work
were presented and compared with observations in Liu et
al. (2005). Results presented here are only shown in order
to understand the behavior of the other aerosol components.
Figure 1 shows the predicted annual averaged mixing ratios
(pptv) of pure sulfate and sulfate coated on other aerosol par-
ticles at the surface (i.e. the first model level) for the PD
scenario. The highest pure sulfate concentrations are mainly
located in the industrialized regions of the Northern Hemi-
sphere where they typically exceed 1 ppbv (1 µg m−3SO2−

4 =

258 pptv at 298 K and 1000 mb). The sulfate associated with
other aerosol types is highest near the source regions of the
corresponding pre-existing aerosols.

www.atmos-chem-phys.net/12/9479/2012/ Atmos. Chem. Phys., 12, 9479–9504, 2012
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Figure 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.  

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.

Figure 2: Predicted annual average mixing ratios (pptv) of gaseous HNO3 (left) and NH3 (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.  

Fig. 2. Predicted annual average mixing ratios (pptv) of gaseous HNO3 (left) and NH3 (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

The predicted annual average gas-phase HNO3 at the surface
is given in Fig. 2 (left panel). In general, the HNO3 mixing
ratios in the Northern Hemisphere are higher in January than
in July because the loss of HNO3 by photolysis and its reac-
tion with OH is comparably smaller in winter (see FP07) due
to weaker sunlight. The winter–summer contrast also applies
to its accompanying aerosol component, aerosol nitrate. The
predicted HNO3 mixing ratio, generally exceeds 1 ppbv in
the industrialized areas of Europe, central and eastern Asia,
North America as well as over open biomass burning regions
in the tropics. The simulated nitric acid is close to that in
the previous study (Feng and Penner, 2007) since similar
NOx emissions were used as well as the same simple nitro-

gen chemistry mechanism. Comparing the nitric acid mix-
ing ratio near surface with two other global model studies
(Adams et al., 1999, hereafter A99; Liao et al., 2003, here-
after L03), 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 L03, respectively. In addition, the annual av-
erage tropospheric burden of nitric acid (0.30 Tg N, see Ta-
ble 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) (0.55 Tg N),
respectively.

The predicted present day mixing ratios (pptv) of nitrate
aerosols formed on the five types of pre-existing aerosols and
total nitrate aerosols at the surface are shown in Fig. 3. The
locations of the peaks in the aerosol nitrate mixing ratio are

Atmos. Chem. Phys., 12, 9479–9504, 2012 www.atmos-chem-phys.net/12/9479/2012/
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Table 4.Global annual budgets of HNO3(g) and nitrate (NO−3 ) for present-day and pre-industrial scenarios.

Scenario

Present-Day Pre-industrial

HNO3(g)

Sources (Tg N yr−1) 42.30 14.72
NO2+OH 24.38 11.20
N2O5+ aerosol 17.92 3.52

Loss (Tg N yr−1) 42.30 14.72
HNO3+OH and HNO3+hν 4.31 3.39
Loss to nitrate 15.92 4.68
Dry deposition 7.79 2.08
Wet deposition 14.48 4.67

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

Lifetime 4.76 4.80
Removal rate (day−1) 0.21 0.13

Wet 0.13 0.09
Dry 0.07 0.04
Wet (%) 65.00 69.11

NO−

3

Sources (Tg N yr−1) 15.92 4.68
Gas-to-aerosol (D<1.25 µm) 8.76 2.49
Gas-to-aerosol (D>1.25µm) 7.16 2.19

Loss (Tg N yr−1) 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 (%) 12.28, 15.96, 27.09, 2.52 24.72, 15.93, 23.70, 1.29
On sea salt bins 1–4 (%) 14.73, 1.14, 0.84, 0.16 11.24, 0.53, 0.40, 0.05
Fine-mode (D<1.25 µm) 52.29 58.10
Coarse-mode (D>1.25 µm) 47.71 41.90
Above 5 km (%) 24.43 38.37
In polar (%) 1.25 1.92

Lifetime 3.92 6.26
Removal rate (day−1) 0.25 0.16

Wet 0.19 0.13
Dry 0.06 0.03
Wet (%) 75.37 84.39

a The tropospheric HNO3 burden was calculated by the summation of HNO3 concentrations 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 Pen-
ner, 2007; Liao et al., 2003; Adams et al., 1999). Note that
1 µg m−3 NO−

3 = 400 pptv at 298 K and 1000 mb. The nitrate
mixing ratios condensed on pure sulfate generally exceed
1 ppbv over eastern United States, Europe, India, and eastern
Asia. The nitrate associated with fossil fuel/biofuel OM/BC
maximizes in eastern Asia with an average value of about
100 to 300 pptv while that associated with biomass burning

aerosols is highest over major burning regions. The location
of the peak in the aerosol nitrate predicted on dust and sea
salt aerosols occurs over the Sahara desert for dust and over
coastal regions close to the continents for sea salt. Most con-
tinental areas in the Northern Hemisphere have nitrate mix-
ing ratios exceeding 300 pptv. In the Southern Hemisphere,
a value as large as this only occurs in highly localized areas
such as part of South America, South Africa and Australia.
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Figure 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.  

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.

Figure 4: Annual average molar ratio of total ammonium to total sulfate (top) and gas ratio 

(bottom) in the the surface layer. See text for the definition of the gas ratio. 

Fig. 4. Annual average molar ratio of total ammonium to total sul-
fate (top) and gas ratio (bottom) in the the surface layer. See text for
the definition of the gas ratio.

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] + [NH+

4 ] − 2× [SO2−

4 ]

)
divided by the total nitrate(

[HNO3] + [NO−

3 ]
)

expressed in molar concentration units.
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
that ammonia is limiting even though some ammonia is avail-
able for reaction with nitric acid. If the gas ratio is less than 0,
it indicates that that ammonia is significantly limited. Then
no free ammonia is available and the formation of ammo-
nium nitrate is not possible because all of the ammonia will
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 HNO3 sources. On the other
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hand, ammonia is limited in remote continental and marine
areas.

3.3 Ammonia and ammonium

The present day annual average mixing ratios of gas phase
ammonia at the surface are shown in Fig. 2 (right panel).
The highest surface mixing ratios, in excess of 1 ppbv with
some peaks more than 10 ppbv (1 µg m−3

= 1457 pptv NH3
at 298 K and 1000 mb), are found in China, India, Europe,
eastern United States, Brazil and South Africa. Continental
mixing ratios exceed 300 pptv everywhere except the Arctic,
Sahara, and southwestern Australia. Marine mixing ratios of
gas phase ammonia are highest near the equator and over the
Southern ocean as a result of high ammonia emissions in that
part of the ocean; otherwise, they are less than 100 pptv. Am-
monia mixing ratios are negligibly small (less than 1 pptv)
over most of Antarctica. Ammonia surface mixing ratios are
mainly determined by both the emissions of ammonia and its
uptake by sulfate and nitrate.

The annual average mixing ratios of ammonium aerosols
on each aerosol type as well as the total at the surface are
shown in Fig. 5. The total ammonium concentrations pre-
dicted here are similar to those of Adams et al. (1999) and
Feng and Penner (2007), including locations and magnitudes
of the peaks. Because ammonium is preferentially associated
with sulfate, the peaks in the ammonium mixing ratios are
closely tied with those of sulfate. As expected, ammonium on
pure sulfate is the largest among the five aerosol types. The
highest total ammonium mixing ratios exceed 3 ppbv and are
found in industrialized regions, (1 µg m−3

= 1377 pptv NH+4
at 298 K and 1000 mb). Continental mixing ratios exceed
300 pptv almost everywhere while marine mixing ratios of
ammonium are in the range of 100–300 pptv except for re-
mote oceans. The alkaline compounds (i.e. Ca2+, Na+, K+,
Mg2+) in dust and the cation Na+ tied to sea salt make it dif-
ficult for ammonia to partition into dust and sea salt particles.
The anion (e.g. Cl−) in sea salt may be associated with am-
monium when both sulfate and nitrate are in poor abundance.
Zonal average mixing ratios are very similar to those shown
by FP07, so are not discussed here.

3.4 Comparisons of aerosol concentrations with
ground-based measurements

Aerosol concentrations (sulfate, ammonium and nitrate) are
compared with two ground-based measurement data sets,
EMEFS and EMEP, representing polluted continental con-
ditions. We adopted the EMEFS (Eulerian Model Evaluation
Field Study) data set presented in A99, which includes an-
nual average sulfate, ammonium and nitrate concentrations
for 75 sites spread throughout eastern North America. The
EMEP (European Monitoring and Evaluation Programme)
reported annual averages from 1986 to 2009 in Europe. Fol-
lowing A99 and FP07, the year of 1995 data is taken to facil-

itate the comparison of ammonium and nitrate aerosol since
the simulated sulfate concentrations most closely match with
reported observations. In general, modeled aerosol concen-
trations for sulfate, ammonium and nitrate agree well with
the observed values, similar to the comparison conducted in
FP07 and A99. A detailed discussion may be found in FP07
and is not repeated here. The comparison results are pre-
sented in Appendix A. We note that as in FP07 and A99,
nitrate over North America is overpredicted in the model in
comparison with measurements, possibly as a result of evap-
oration from the filter packs resulting in values that are bi-
ased low in the measurements (Adams et al., 1999; Pakkanen
et al., 1999), although neglect of the formation of organic ni-
trates in our simple treatment of gas phase nitrogen chemistry
may also play a role (up to 50 % in some areas according to
the model of Lin et al., 2012).

3.5 Global budgets

Tables 4 and 5 summarize the global budgets of gas phase
nitric acid and aerosol nitrate as well as gas phase ammonia
and aerosol ammonium for the PD and PI scenarios calcu-
lated by the hybrid dynamic method on the five externally
mixed pre-existing aerosol types. Here we chose a character-
istic height of 5 km following Textor et al. (2006) and dis-
cuss the mass fraction above this height as an indicator of
vertical transport. Stronger vertical transport corresponds to
slower wet removal rate coefficients in the models (Textor et
al., 2006). We also calculate the mass fraction in polar re-
gions which serves as an indicator of horizontal transport.
In general, long-range transport is most significant for small
particles, which have longer lifetimes.

The total chemical production of gas phase HNO3 is
42.3 Tg N per year with 24.4 Tg N per year from reaction of
NO2 with OH and 17.9 Tg N per year through the heteroge-
neous conversion of N2O5 on aerosols, respectively. 38 % of
the gaseous HNO3 removal is due to the formation of par-
ticulate nitrate including 8.8 Tg N per year in the fine-mode
and 7.2 Tg N per year in the coarse-mode while 10 % of the
gas-phase HNO3 loss (i.e. 4.3 Tg N per year) is through the
photolysis of HNO3 and its reaction with OH. The gaseous
HNO3 burden in the troposphere (i.e. for the model layers
below 200 hPa) is calculated to be 0.3 Tg N with a lifetime
of 4.8 days. In contrast, the estimated lifetime of aerosol ni-
trate is about 4 days. The average rate coefficient for wet
removal of nitric acid is about 0.21 per day and this pro-
cess contributes 65 % of the total removal. As shown in Ta-
ble 4, about 81 % of the nitric acid burden is above 5 km. The
mass fraction of gaseous nitric acid at the poles is 2 %, close
to that predicted for sulfate aerosol as reported in Wang et
al. (2009). Our predicted total nitrate burden, 0.17 Tg N, is
close to the 0.19 Tg N predicted using the internal mixture
approach in FP07. However, in this model 23 % of the ni-
trate mass is associated with pure sulfate with the remaining
nitrate mass associated with sulfate-coated aerosols (2 % on
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Figure 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.  

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 salt).
About 24 % of nitrate mass is above 5 km while 1 % of ni-
trate mass are predicted at poles. The total removal rate cal-
culated in this work is 0.25 per day with 75 % through wet
deposition. For the PI scenario, the total burden of nitric acid
and aerosol nitrate is 0.15 Tg N and 0.08 Tg N, respectively,
which are nearly half as large as the values for the PD sce-
nario.

Table 5 presents the global and annual average budgets for
gas-phase ammonia and particulate ammonium in the tropo-
sphere (i.e. for the model layers below 200 hPa). Nearly half
of the total ammonia emissions (i.e. 53.6 Tg N per year) are
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
from the atmosphere through dry deposition while 85 % of
ammonium is removed by wet deposition. This is similar to
the percentages reported in FP07 and A99. The lifetime of
ammonium aerosols, 3.2 days, is much longer than that of
gas phase ammonia, 0.46 day. As a result, there is nearly
four times as much particulate ammonium, 0.26 Tg N, as gas
phase ammonia, 0.07 Tg N, on an annual average basis. The
mass fraction of gaseous ammonia at the poles is negligi-
ble. The model predicts 79 % of the total ammonium mass
is associated with pure sulfate with the remaining ammo-
nium coated on non-sulfate aerosols (17 % on carbonaceous
aerosols, 1 % on dust and 3 % on sea salt). The mass frac-
tion of ammonium predicted in fine-mode aerosols is 97 %
because of the close tie between ammonium aerosol and sul-
fate. About 13 % of the total ammonium mass is above 5 km.
The total burden of ammonia and ammonium for the PI sce-

nario is 0.01 Tg N and 0.03 Tg N, which is equivalent to a
reduction by a factor of seven and eight, respectively, from
the PD scenario.

The current model predicts a burden of nitrate and am-
monium that is 10 % and 4 % lower, than those in FP07,
respectively. Our study has higher total sources and sinks,
and, therefore, shorter lifetimes by 25 % and 18 % for aerosol
nitrate and ammonium (Xu, 2012). These differences are
caused by the different treatments for the interaction between
nitric acid and ammonia and pre-existing aerosols as well as
by different deposition schemes (since our scheme assumes
external mixtures and FP07 do not).

4 Aerosol optical properties

Here, we use an off-line radiative transfer model to com-
pute the aerosol optical properties and the resulting radia-
tive forcing (Chen and Penner, 2005; Wang and Penner,
2009). As in the global transport model, we assume that the
five types of aerosol populations (i.e. pure sulfate, carbona-
ceous aerosols from fossil fuel, carbonaceous aerosols from
biomass burning, dust and sea salt) are externally mixed,
but that all aerosol components are internally mixed within
each aerosol type. The refractive indices of sulfate (1.53–
10−7i at 550 nm), dust (1.53–0.0014i at 550 nm) and sea
salt (1.38–5.8 × 10−7i at 550 nm) and their densities are the
same as those used in Liu et al. (2007). The refractive in-
dex and density of fossil fuel BC (1.85–0.71i at 550 nm
and 1800 kg m−3) are taken from Bond et al. (2006) while
those of biomass burning BC (1.75–0.46i at 550 nm and
1000 kg m−3) are those used by Zhang et al. (2005). The
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Table 5.Global Annual budgets of NH3(g) and ammonium (NH+4 ) for present-day and pre-industrial scenarios.

Scenario

Present-Day Pre-industrial

NH3(g)

Emission (Tg N yr−1) 53.60 10.71
Loss (Tg N yr−1) 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 (day−1) 0.90 1.37

Wet 0.39 0.69
Dry 0.51 0.68
Wet (%) 43.04 50.28

NH+

4

Sources (Tg N yr−1) 30.52 5.87
Gas-to-aerosol (D<1.25µm) 27.46 5.32
Gas-to-aerosol (D>1.25µm) 3.06 0.55

Loss (Tg N yr−1) 30.44 5.93
Dry deposition 4.51 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 µm) 97.26 96.57
Coarse-mode (D>1.25 µm) 2.74 3.43
Above 5 km (%) 13.00 11.32
In polar (%) 0.54 0.54

Lifetime 3.23 2.19
Removal rate (day−1) 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
was that of Kirchstetter et al. (2004) (1.53–0.03i at 550 nm),
while 50 % of organic matter originating from fossil fuel
combustion also used this refractive index, to account for the
fact that some of this material is absorbing. The rest of the
organic matter used the same refractive index as that of am-
monium sulfate throughout the spectrum. Refractive indices
of ammonium sulfate are used for ammonium. Refractive in-
dices of nitrate at the 19 wavelengths used for the radiative
forcing calculation are taken from the Global Aerosol Clima-
tology Project database (http://gacp.giss.nasa.gov/datasets).
The refractive indices of each internal mixture are calculated

by volume-weighting the refractive indices of each individ-
ual aerosol species including its associated water.

The nitrate and ammonium for each aerosol type (Table 3)
is output for use in the off-line radiation model, but these
components must be distributed within each size bin and
type in order to accurately calculate the radiative properties.
Therefore, we calculate the size distribution of pure sulfate
using the predicted mass and number and the assumed geo-
metric standard deviation (i.e. 1.514 and 1.776, respectively,
for the nuclei and accumulation modes) for a log-normal dis-
tribution at each grid (Liu et al., 2005) while the other four
types of aerosols use the prescribed size distributions given
in Table 1. We assumed that two ammonium cations are first
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Figure 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) beteween modeled and observed values is given.  

 

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 sulfate
before they are allowed to be associated with nitrate to form
ammonium nitrate. This assumption is valid over most con-
tinental areas since the gas ratio is generally higher than 1
(Fig. 4, bottom panel). For pure sulfate, nitrate is allocated to
each sulfate size bin in the accumulation mode according to
the surface area fraction of that size bin to the total surface
area. For the other four aerosol types, sulfate, ammonium
and nitrate are distributed into each size bin proportional to
the surface area of that type. We use Köhler theory together
with the soluble fraction present on each type of aerosols to
predict the amount of water on each aerosol type. The hy-
groscopicity or Kappa value of nitrate is assumed to be 0.67
(Petters and Kreidenweis, 2007), higher than that for ammo-
nium sulfate, 0.51. The hygroscopicity of the other aerosols
is 1.16, 0.14, 0.14, and 5× 10−7 for sea salt, organic matter,
dust and black carbon, respectively (see Ghan et al., 2001).
The organic value we use here, 0.14, is somewhat higher than
the average Kappa value reported in Jimenez et al. (2009)
but seems reasonable for the more oxidized compounds that
represent the organics in aerosols at longer time scales (Lin
et al., 2012). Note that sea salt is the most hygroscopic of
all the aerosols. The hygroscopicity of the internal mixture
within each aerosol type is calculated by volume-weighting
the hygroscopicity of each of the individual aerosol species.
Aerosol optical depth (AOD) was calculated using a three
dimensional lookup table that included the optical properties
from a Mie scattering calculation, whose independent vari-
ables were the real and imaginary refractive indices and the
size parameter (x = 2πr/λ, wherer andλ are the aerosol
radius and wavelength, respectively), so that arbitrary inter-
nal mixtures and sizes of aerosols could be included. In the
present study, we used monthly averaged aerosol concentra-
tions in the radiative transfer model. Sensitivity tests using
daily and hourly aerosol concentrations were examined in Xu

(2012) and the results were within 5 % for the direct effect
and 10 % for the indirect effect. The relative humidity data
used the 4-hourly meteorology field that was used to drive
the off-line radiation transfer model described in Wang and
Penner (2009).

Predicted annual average aerosol optical depth is com-
pared with the annual averaged observational data derived
from the AERONET provided by S. Kinne (Max Planck
Institute for Meteorology) in Fig. 6. The modeled highest
AODs are found over Europe, eastern Asia and over the Sa-
hara desert and range from 0.4 to 0.6. The highest AODs
in Eastern North America are around 0.1 to 0.3. In general,
the modeled AOD is within a factor of 2 of the observed
data from the AERONET. However, the geometric mean ra-
tio between modeled and observed AOD is 0.71 indicating
that the model underestimates AOD. The modeled AOD over
the ocean can be lower than that observed if sea salt emis-
sions are too low. Over continents, the modeled AOD cap-
tures the general spatial pattern of AOD although the magni-
tude is smaller than the observations, especially over South
America. Low values in these regions may be due to low
biomass burning emissions. Modeled optical depths in the
Arabian Sea (0.1–0.4) and Indian Ocean (0.1–0.2) are within
the range of values observed during the Indian Ocean Experi-
ment (INDOEX) by Jayaraman et al. (1998) (i.e. 0.2–0.4 and
about 0.1, respectively).

Figure 7 shows a comparison between the modeled annual
mean global distribution of single scattering albedo (SSA)
at 550 nm and observation sites from the AERONET. The
modeled SSA over the North America generally ranges from
0.75 to 0.96. The simulated SSA ranges from 0.9 to 0.96
over Eastern Europe and 0.85–0.9 in Western Europe. The
SSA over regions with biomass burning aerosols and mineral
dust are generally lower than 0.9 and 0.93, respectively. The
modeled SSA generally agrees with the observations from
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Figure 7: Global annual mean distribution (left) and scatter plot (right) of modeled aerosol single 

scattering albedo and observational data from AERONET at 550 nm. The geometric 

mean ratio (GMR) beteween modeled and observed values is given. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.Global annual mean distribution (left) and scatter plot (right) of modeled aerosol single scattering albedo and observational data from
AERONET at 550 nm. The geometric mean ratio (GMR) beteween modeled and observed values is given.

Figure 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 550 nm 

( AOD) between the simulations with and without ammonium and nitrate aerosols for 

the PD scenario (right). 

 

 

 

 

 

 

 

 

 

 

 

 

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 550 nm (1AOD)
between the simulations with and without ammonium and nitrate aerosols for the PD scenario (right).

AERONET with a geometric mean ratio between modeled
and observed values of 1.01 although we slightly underes-
timate the SSA over biomass burning regions (e.g. South
America).

5 Radiative forcing of nitrate and ammonium

The direct and indirect radiative effects of nitrate and am-
monium aerosols were calculated for both present-day and
preindustrial emissions. Note that the same meteorology field
(i.e. cloud fields, relative humidity) is used for both PI and
PD simulations. The radiative effect, here, is defined as the
difference in the net incoming radiative flux with and without
both nitrate and ammonium aerosols for both the PD and the
PI scenarios. As in IPCC, the total direct or indirect anthro-
pogenic forcing by nitrate and ammonium aerosols is defined
as the difference in the net radiative flux between the PD and
PI scenarios due to the change in anthropogenic emissions of
nitrate and ammonium precursors. The global annual mean

forcing is assessed based on the average of the four-month
simulated results (i.e. January, April, July and October).

5.1 Direct forcing of nitrate and ammonium

Figure 8 (left panel) shows the annual mean distribution of
the simulated direct radiative effect of nitrate and ammonium
at the top of atmosphere (TOA) for all-sky conditions for the
PD simulation. The inclusion of nitrate and ammonium con-
tributes to cooling of up to−3 W m−2 over continents but a
slight warming (0.2 W m−2) over the oceans in regions with
high sea salt concentrations. The warming effect over ocean
is expected since nitrate and ammonium lowers the ability
of sea salt aerosols to take up water, which then decreases
the extinction characteristics of sea salt aerosols shown in
Fig. 8 (right panel). Figure 8 (right panel) shows global an-
nual mean distribution of the difference in aerosol optical
depth at 550 nm between the simulations with and without
ammonium and nitrate aerosols for the PD simulation. A de-
crease in the aerosol optical depth at 550 nm including nitrate
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Table 6.Comparison of direct radiative effect and anthropogenic forcing (W m−2) of nitrate and ammonium in this work with other studies.

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

TOA Surface TOA Surface TOA Surface

This work −0.14 −0.18 −0.02 −0.02 −0.12 −0.16 −0.3 (−0.1∼−0.9)
M09a

−0.023
B07b

−0.11 −0.05 −0.06
L04c

−0.14 −0.17
L05d

−0.22 −0.21 −0.06 −0.06 −0.16 −0.15
J01e −0.07 −0.07
A01f

−0.30 −0.11 −0.19

a Myhre et al. (2009);b Bauer et al. (2007);c Liao et al. (2004);d Liao and Seinfeld (2005);e Jacobson et al. (2001);f Adams et al.
(2001);g 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 part
of North Pacific Ocean.

Table 6 shows a comparison of direct effect and anthro-
pogenic forcing of nitrate and ammonium estimated in this
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 m−2. Other models have estimated signifi-
cantly lower forcing (−0.07 W m−2 estimated by Jacobson
et al., 2001) and higher forcing (−0.30 W m−2 by Adams et
al., 2001). As noted by FP07, the equilibrium treatment of Ja-
cobson et al. (2001) would be expected to have far too much
nitrate in larger aerosols, while that by Adams et al. (2001)
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 W m−2, is comparable to
that by Liao et al. (2004).

Figure 9 shows annual average direct anthropogenic forc-
ing of nitrate and ammonium at TOA for all-sky condi-
tions. The nitrate and ammonium forcing is estimated to be
−0.12 W m−2, much larger than the value of−0.023 W m−2

in M09 and somewhat smaller than the−0.19 W m−2 in A01.
Again, A01 neglected the effects of dust and sea salt, but
it is not clear why the results in M09 are so much smaller.
There is a cooling of up to−3 W m−2 over Eastern Asia,
North America and Europe, which is consistent with the ar-
eas where nitrate and ammonium aerosols are highest. The
anthropogenic nitrate and ammonium direct forcing at the
surface given in Table 6 is−0.16 W m−2, which is compa-
rable to the−0.15 W m−2 estimated by Liao et al. (2005).
Note that this work predicts a smaller nitrate burden for both
PD and PI simulation compared with the values reported
in Liao et al. (2005) but the change of the nitrate burden
from the PI scenario to the PD scenario (i.e. roughly an in-
crease of a factor of 2) is close between these two studies,
which results in a similar anthropogenic forcing of nitrate
and ammonium. Figure 10 shows the annual average total
direct anthropogenic forcing of all aerosol components at

Figure 9: Annual mean direct anthropogenic forcing of nitrate and ammonium from the PI to PD 

scenario for all-sky conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.Annual mean direct anthropogenic forcing of nitrate and am-
monium from the PI to PD scenario for all-sky conditions.

the TOA for all-sky conditions (left panel) and for clear-
sky conditions (right panel). At the top of atmosphere, the
total global annual anthropogenic forcing for all-sky con-
ditions is estimated to be−0.3 W m−2, which is within the
range of−0.1∼ −0.9 W m−2 reported by AR4 (Forster et
al., 2007) and, somewhat by accident, close to the sug-

gested global annual mean radiative forcing of−0.3 W m−2

by Myhre (2009) (since our nitrate/ammonium forcing is so
different). The all-sky direct forcing shows a strong cooling
over industrial regions with moderate heating occurring over
biomass burning regions. The total cooling by anthropogenic
aerosols would be significantly larger, but it is masked by
the shortwave cloud forcing (i.e. the clear sky forcing is
−0.91 W m−2 at the top of atmosphere while the all-sky forc-
ing is −0.3 W m−2). For clear-sky conditions, aerosols gen-
erally exert negative forcing at TOA with a strong cooling of
up to−10 W m−2 over East Asia, Europe and North Amer-
ica in which anthropogenic aerosols are highest. Note that the
inclusion of absorbing aerosols (BC and/or OM) in biomass
burning regions can cause heating when the aerosol is above
a cloud or above a reflecting surface (Haywood and Shine,
1995). In clear skies, aerosols would only heat if the surface
albedo is large and the proportion of absorbing material is
large enough. Although we use a refractive index for OM in
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Figure 10: Annual mean total direct anthropogenic forcing of all aerosols at the top of 

atmosphere from the PI to PD scenario for all-sky conditions (left) and for clear-sky 

conditions (right).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Annual mean total direct anthropogenic forcing of all aerosols at the top of atmosphere from the PI to PD scenario for all-sky
conditions (left) and for clear-sky conditions (right).

biomass aerosols that represents the absorption seen in mea-
surements (Kirchstetter et al., 2004), we do not find that this
absorption leads to a positive forcing in clear skies (whereas
Chuang et al. (2012) do find a positive forcing). The contri-
bution of aerosol nitrate and ammonium to the global average
total clear sky direct anthropogenic forcing is approximately
13 %.

5.2 Indirect forcing of nitrate and ammonium

Here, we investigate the aerosol indirect effect of nitrate and
ammonium and its accompanying gaseous HNO3 in the at-
mosphere. The treatment for gas phase HNO3 is based on
the substitution method proposed in a previous study (Chen,
2006). Chen (2006) used a cloud parcel model to investi-
gate the use of different assumptions for the treatment of
nitrate in the gas phase and aerosol phase to calculate the
cloud droplet number concentrations for different represen-
tative sites on the Earth. In keeping with the results of Kul-
mala et al. (1993), he found that both nitrate in the aerosol
phase and HNO3 in gas phase can have an effect on aerosol
activation. Kulmala et al. (1993) showed that in the presence
of HNO3 gas, the supersaturation needed to activate aerosol
particles is suppressed. As a result, smaller particles can be
activated more easily at high concentrations of HNO3. Since
the droplet number is mainly determined by the fine-mode
aerosol number, Chen (2006) proposed to re-distribute the
gas-phase HNO3 to the fine-mode aerosol phase and to use
this together with the Abdul-Razzak and Ghan (2002) pa-
rameterization scheme to approximate the effect of gaseous
HNO3 on cloud droplet number concentrations in global
models. Chen (2006) used an adiabatic parcel model and
showed that the substitution method used in a parcel model
captures the increase of cloud droplets due to the condensa-
tion of nitric acid gas to within a root-mean-square (RMS) of
5 %. The Abdul-Razzak and Ghan (2002) scheme, however,
has additional approximations that cause additional errors
(RMS difference of 20 %) between the parcel model and their
parameterization with the substitution method. In this work,
we implemented this treatment in the off-line calculation of

forcing developed by Wang and Penner (2009). Thus, we ac-
count for the influence of both gaseous HNO3 and aerosol
nitrate and ammonium on the estimated cloud droplet num-
ber concentrations. In order to calculate these effects, first,
we calculated the cloud droplet number from the five indi-
vidual aerosol types (Nd,j , wherej is aerosol type) and the

total cloud droplet number (i.e.Nd =

5∑
j=1

Nd,j ) without con-

sidering the effect of nitric acid gas. Thus, we only consider
the influence of particulate phase nitrate and ammonium on
cloud droplet activation in this step. Then, we distribute the
mass of nitric acid gas to each aerosol type in the fine mode
(i.e. size bin 1) proportional to the fraction of cloud droplets
formed on this aerosol type (i.e.fj = Nd,j/Nd). Last, we up-
dated the cloud droplet number with this new nitrate aerosol
distribution.

Generally speaking, HNO3 gas and aerosol ni-
trate/ammonium have two counteracting effects in modifying
cloud droplet number concentrations. First, the addition of
total nitrate (gas plus aerosol) and ammonium increases
the size and the solute concentration in the aerosol par-
ticles, which increases the hygroscopicity and leads to a
decrease in the critical supersaturation (Sc) due to Raoult
effect (or “solute effect”). This solute effect is closely tied
with the soluble fraction in pre-existing aerosols. If the
pre-existing aerosol is soluble, the effect of aerosol-phase
ammonium and nitrate and gas-phase nitric acid may not
be of great importance. If the pre-existing aerosol is mainly
non-soluble, the addition of soluble aerosol and gas species
can increase the uptake of water, thereby causing an increase
in the number of cloud droplets. Second, the effect of total
nitrate on cloud droplets is also related to the total mass of
nitrate and HNO3 gas. An increase in the total mass of the
aerosol particle population due to the presence of nitrate
and ammonium aerosols and HNO3 gas tends to decrease
the ambient maximum supersaturation (Smax). In this case,
nitrate lowers the saturation water vapor associated with
aerosol particles, leading to a decrease in the size of particles
that activate at a given supersaturation. Based on the theory
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Table 7. Descriptions of experiments for the radiative calculations
of the first aerosol indirect forcing.

Case Description

PN The calculation with all aerosols including particulate
NO−

3 and NH+

4 .

TN The calculation including particulate NO−3 and

NH+

4 and gaseous HNO3.

NN The calculation without NO−3 and NH+

4 but including
sulfate, carbonaceous aerosols from both fossil fuel and
biomass burning, dust and sea salt.

of activation, aerosol particles withSc<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.

Table 7 outlines the experiment designs for the radiative
calculations of the first aerosol indirect forcing. We ran two
radiative calculations for the three cases listed in Table 7:
one with the PD aerosol concentrations and one with the PI
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 HNO3 gas while
the difference between TN and NN (no nitrate) is the total
nitrate (NO−

3 + HNO3 gas) and ammonium effect.
Figure 11 shows the present day annual average cloud top

droplet number (CDN) concentration for the three cases. As
expected, the influence of nitrate and ammonium aerosols on
the cloud droplet activation mainly occurs over the North-
ern Hemisphere since the major aerosol nitrate and ammo-
nium occurs in the Northern Hemisphere. Because nitrate
and ammonium decrease rapidly with altitude (not shown),
the largest effects of adding these aerosols are seen close to
the surface. There is some modification of cloud droplets be-
tween 0–30◦ S in the Southern Hemisphere with the addi-
tion of nitric acid gas (i.e. the TN case) due to higher gas
phase HNO3 mixing ratios over these areas. The addition of
nitrate and ammonium aerosols increases the cloud droplet
number concentration by about 3 % on a global average ba-
sis. With the further addition of nitric acid gas, the increase
in cloud droplets is more than 10 %. Local enhancements are
even larger. The spatial pattern of the modeled CDN con-
centration in this study is similar to that predicted in other

Figure 11: Present day annual average cloud top droplet number (CDN) concentration for the 

NN, PN, and TN cases near 930 mb (the third model layer). 

 

Fig. 11. Present day annual average cloud top droplet number
(CDN) concentration for the NN, PN, and TN cases near 930 mb
(the third model layer).

global studies (e.g. Merikanto et al., 2010; Karydis et al.,
2011). However, the CDN are slightly lower over the pol-
luted regions (less than 500 cm−3) than those in Merikanto
et al. (2010) and Karydis et al. (2011). Differences in pre-
dicted CDN can arise if the assumed in-cloud updraft ve-
locities differ. This study used the updraft velocities chosen
in Wang and Penner (2010) which are less than 0.3 m s−1

over the land whereas Merikanto et al. (2010) and Kary-
dis et al. (2011) used values of 0.4 m s−1 and 0.3 m s−1, re-
spectively. Figure 12 shows the absolute difference of present
day annual average cloud droplet number near 930 mb (the
third model level, near the top of the boundary layer) between
the PN and NN cases for each aerosol type. The addition of
aerosol nitrate and ammonium increases the number of to-
tal cloud droplets almost everywhere except for some areas
over oceans. The activated pure sulfate is inhibited with addi-
tional nitrate and ammonium except for sulfate concentration
peak regions. The reduction of activated pure sulfate results
from the increase in the activation of carbonaceous aerosols
and dust due to the significant enhancement of their capabil-
ity to uptake water by more soluble coatings of nitrate and
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Figure 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. 

 

 

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 that
the competition between sulfate and sea salt can decrease
the influence of sulfate on cloud droplet number concentra-
tions for typical marine cloud conditions. They found that
the additional sea salt increases the total number of activated
cloud drops for low sulfate concentrations while the number
of activated droplets decreases significantly with the addi-
tional sea salt for high sulfate concentrations. They explained
that the presence of large cloud condensation nuclei (CCN)
with larger surface area will enhance condensation, reduce
the maximum supersaturation and hence prevent the activa-
tion of enough of smaller CCN, eventually resulting in the
decrease of the total number of activated drops. This example
demonstrates the non-linear dynamical effects that exist in a
simple two-component aerosol system (i.e. the effect of in-
creasing the availability of aerosol populations does not nec-
essarily causes an increase in cloud droplet concentration).
Here, the decrease in drop numbers formed on sulfate is due
to the competition for water vapor in the multi-component
system. Figure 13 shows a similar figure for the difference

between the TN case and the NN case. The additional HNO3
gas in the TN case further enhances the activation of sulfate
and carbonaceous aerosols but it does not change the activa-
tion of dust and sea salt by a significant amount. This is prob-
ably because HNO3 gas is small in regions with abundant
dust and sea salt so that the additional HNO3 gas effect is not
pronounced on these two types of aerosols. We also see some
areas over remote oceans with decreases in cloud drops when
HNO3 gas and nitrate and ammonium particles are added,
which again might be due to the competition between differ-
ent aerosol types discussed above (and in Ghan et al., 1998).
The negative response of sulfate in Northern America is also
due to the dynamic competition for water vapor in the com-
plex multi-component system, which is partly a result of the
positive response of fossil fuel and biomass burning aerosols
to the additional HNO3 gas (compare Figs. 12 and 13). Over-
all, the addition of nitrate aerosols increases the number of
cloud droplets in eastern Asia while the further addition of
nitric acid increases the cloud droplets even more over east-
ern Asia, Europe, eastern United Sates, South America and

www.atmos-chem-phys.net/12/9479/2012/ Atmos. Chem. Phys., 12, 9479–9504, 2012



9496 L. Xu and J. E. Penner: Global simulations of nitrate and ammonium aerosols

 

Figure 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. 

 

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.

 

Figure 14: The percentage change in zonal annual-average cloud droplet number for the case PN 

and the case TN compared to the NN case near 930 mb (the third model layer). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. The percentage change in zonal annual-average cloud
droplet number for the case PN and the case TN compared to the
NN case near 930 mb (the third model layer).

South Africa. The added mass of soluble gases facilitates
the activation of smaller particles by causing a lower critical
super-saturation and a higher hygroscopicity. Figure 14 sum-
marizes the percentage change in zonal annual-average cloud
droplet number for the PN and TN cases with respect to the
NN case near 930 mb. There is a large peak in the change
of cloud droplets near 30◦ N and 60◦ N corresponding to the
locations of the highest nitrate aerosol and nitric acid con-
centrations.

Figure 15 shows the spatial distribution of the change in
droplet effect radius and the first aerosol indirect forcing
for the TN case. The aerosol indirect forcing in this case
is −1.48 W m−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-
mum in the first aerosol indirect forcing occurs in the storm
track region over the north Pacific. This is consistent with
the pattern shown in Wang and Penner (2009). This peak
is caused by both the strong decrease in the cloud droplet
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Figure 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. 

 

 

 

 

 

 

 

 

 

 

 

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) simulationa, absolute (percentageb) change 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 Nd (#/cm3) Re (µm) τc Change inNd (#/cm3) Change inRe (µm) Change inτc 1st AIE (W m−2)

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
Netc −0.09 (−0.08)

a 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 PI to the PD divided by the values in the PI scenario.
c “net” represents the first aerosol indirect forcing of anthropogenic HNO3 and nitrate and ammonium aerosol and the forcing due to anthropogenic HNO3 gas only (i.e., value
insidethe parenthesis).

effective radius and the large cloud forcing over this region.
Figure 16 shows the first aerosol indirect effect of total ni-
trate (gas plus aerosol) and ammonium (TN case minus NN
case) for the PD (top), PI (middle) simulation and the PD-
PI anthropogenic indirect forcing of total nitrate and ammo-
nium (bottom) at the TOA. The indirect effect of total nitrate
and ammonium for the PD and PI simulations is estimated
to be−0.23 W m−2 and−0.15 W m−2, which results in an
anthropogenic indirect forcing of−0.09 W m−2, equivalent
to a 6 % enhancement compared to the total first aerosol in-
direct forcing without nitrate and ammonium. The local ef-
fects of total nitrate and ammonium for the PD simulation
is even larger, up to−1.5∼ −2 W m−2 over Europe, eastern
Asia, eastern United States and the coastal area close to cen-
tral Africa. Our present-day indirect effect of total nitrate and
ammonium is only half that estimated for the present-day in-
direct effect of nitric acid gas by Makkonen et al. (2012) (i.e.
−0.23 W m−2 vs.−0.32 W m−2). This large difference could
result from the different parameterizations of the effect of ni-
tric acid gas on aerosol activation (i.e. we used the substi-
tution method of Chen, 2006 while Makkonen et al., 2012
used the parameterization of Romakkaniemi et al., 2005).
But the simulated nitric acid mass concentrations between
these two studies might also differ. It has been documented

that there is factor of two or larger variation in the calculation
of tropospheric NO2 column densities for different regions
(i.e. Eastern US, Europe, East Asia, Africa, South America)
(van Noije et al., 2006), although HNO3 variations might
be smaller or larger than those for NO2. Since the study of
Makkonen et al. (2012) did not provide a global budget and
burden of nitric acid gas, we can not precisely understand the
cause of the differences at this stage.

Table 8 gives a summary of global annual-average cloud
droplet number concentration at the cloud top as deduced
using the ISCCP cloud simulator similar as Wang and Pen-
ner (2009), cloud top effective radius, cloud optical thickness
in the PD and PI (i.e. values in parentheses) simulations, and
the absolute change and relative percentage change (i.e. val-
ues in parentheses) in cloud top droplet number concentra-
tion, cloud top effective radius and cloud optical thickness
from anthropogenic emissions (i.e. PD-PI values). The last
column provides the PD-PI 1st AIE for the NN, PN, and
TN cases at the top of atmosphere. In general, the cloud top
droplet number and cloud optical thickness increase from the
NN case to the TN case for both the PD and PI scenarios
while the cloud top effective radius decreases. The cloud top
droplet number concentration for the NN, PN and TN cases
increases by 52 %, 61 % and 68 %, respectively, between the
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Figure 16: The first aerosol indirect effect of total nitrate (gas plus aerosol) and ammonium for 

the PD (top), PI (middle) simulation and the PD – PI anthropogenic aerosol indirect 

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

in each panel. 

 

 

Fig. 16. The first aerosol indirect effect of total nitrate (gas plus
aerosol) and ammonium for the PD (top), PI (middle) simulation
and the PD – PI anthropogenic aerosol indirect forcing (bottom) at
the top of atmosphere (TOA). The mean forcing value is indicated
in each panel.

PD and PI simulations. The relative changes in cloud top ef-
fective radius and cloud optical depth are smaller, only about
8–10 %. The addition of total nitrate and ammonium con-
tributes to the increase of cloud droplet number concentra-
tion by 16 % (comparing the NN case and the TN case in
the 5th column) while it only decreases the cloud top ef-
fective radius by 0.04 µm (comparing the NN case and the
TN case in the 6th column), equivalent to a 0.4 % in the rel-
ative change consistent with the latter only scaling as the
inverse of droplet number to the 1/3 power. The total (gas
plus aerosol) first aerosol indirect forcing of anthropogenic
nitrate and ammonium is dominated by the nitric acid gas
effect, which is−0.08 W m−2 out of total−0.09 W m−2 on
a global average basis. Figure 17 shows the first aerosol in-
direct forcing of anthropogenic nitrate and ammonium over

 

 

Figure 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 hemisphere, average over the land and ocean, respectively. 

 

 

 

 

 

 

 

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 HNO3 gas 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
sulfate, fossil fuel carbonaceous aerosols, and biomass burn-
ing aerosols when nitric acid gas is added (compare Figs. 12
and 13).

6 Summary and discussion

This work presents a global modeling study that simulates
the heterogeneous formation of nitrate and ammonium by
updating the previous model framework presented in Feng
and Penner (2007). In this work, the University of Michigan
version of the IMPACT aerosol model which includes sulfur
dynamics (Liu et al., 2005) is used to generate the chemical-
and size-resolved aerosol global distribution. We account for
the interaction between nitric acid and ammonia with all
five types of pre-existing aerosols (i.e. sulfate, carbonaceous
aerosols from fossil fuel combustion, carbonaceous aerosols
from biomass burning, dust and sea salt) which differs from
the study by Feng and Penner (2007) who assumed that all
aerosol components were internally mixed in each size bin.
Our major goal was to explore the aerosol direct and indirect
radiative forcing induced by HNO3 gas as well as aerosol am-
monium and nitrate. For this purpose, two global simulations
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effect of total nitrate and ammonium for the PD and PI simulation is estimated to be -0.23 W m
-2

 

and -0.15 W m
-2

 at TOA, leading to a first aerosol indirect anthropogenic forcing of -0.09 W m
-2

 

at TOA induced by anthropogenic HNO3 gas, nitrate and ammonium. This is mainly determined 

by the nitric acid gas effect, which is -0.08 W m
-2

 on a global basis with higher effects over 

oceans. This is the first estimate that we know of for the anthropogenic nitric acid gas indirect 

effect.  
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Figure A1: Modeled and observed annual average concentrations for sulfate, ammonium and 

nitrate aerosols from the EMEFS (North America) network. 

 

Figure A2: Modeled and observed annual average concentrations for sulfate, ammonium and 

nitrate aerosols from the EMEP (Europe) network. 
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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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nitrate aerosols from the EMEFS (North America) network. 

 

Figure A2: Modeled and observed annual average concentrations for sulfate, ammonium and 

nitrate aerosols from the EMEP (Europe) 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) and
preindustrial (PI) emissions were conducted. An offline- ra-
diation transfer model was then used to assess both the direct
and indirect forcing of HNO3, nitrate and ammonium using
the PD and PI concentration fields.

The model developed here predicts a similar spatial dis-
tribution for total nitrate and ammonium as the pioneering
studies (Feng and Penner, 2007; Liao et al., 2003; Adams
et al., 1999) for the PD scenario. The predicted aerosol op-
tical depth in the present day captures the general spatial
pattern of AERONET-observed AOD (e.g. peaks in eastern
Asia, Europe and the Sahara) but with smaller magnitude.
The modeled AOD is underestimated, especially over the
South America biomass burning region, which possibly in-
dicates that the biomass burning emissions in this region are
too low. The modeled single scattering albedo at 550 nm is in
general agreement with observations but shows some under-
estimation over South America.

Nitrate and ammonium are found to exhibit two counter-
acting effects with respect to the direct effect of the pre-
existing (non nitrate and ammonium) aerosols in this work.

The inclusion of ammonium and nitrate can boost the scat-
tering efficiency of scattering aerosols such as sulfate and
biomass burning organic matter since ammonium nitrate is
generally more hygroscopic than ammonium sulfate and or-
ganic matter in terms of the Kappa parameter (Petters and
Kreidenweis, 2007) and this increases their size and hence
their cooling effect. Additionally, nitrate and ammonium
lowers the ability of sea salt aerosols to take up water due
to the lower hygroscopicity of nitrate and ammonium than
that of sea salt. The direct effect of nitrate and ammonium at
the TOA for the present-day is estimated to be−0.14 W m−2,
within the range published for other models, but the more ac-
curate methods used here place our result in contrast with
these models. Smaller forcing is estimated for the PI sce-
nario due to the smaller burden of ammonium and nitrate.
The direct anthropogenic (PD-PI) forcing of nitrate and am-
monium is estimated to be−0.12 W m−2 at the TOA and
−0.16 W m−2 at the surface. The total global annual average
direct anthropogenic forcing from all aerosol components is
estimated to be−0.3 W m−2, which is within the range of
−0.1∼ −0.9 W m−2 reported in AR4 (Forster et al., 2007).
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The contribution of aerosol nitrate and ammonium to the to-
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 first
aerosol indirect effect of total nitrate and ammonium for
the PD and PI simulation is estimated to be−0.23 W m−2

and −0.15 W m−2 at TOA, leading to a first aerosol indi-
rect anthropogenic forcing of−0.09 W m−2 at TOA induced
by anthropogenic HNO3 gas, nitrate and ammonium. This
is mainly determined by the nitric acid gas effect, which
is −0.08 W m−2 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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