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Abstract

The ammonia cycle and nitrate particle formation have been introduced in the LMDz-
INCA global model. Both fine nitrate particles formation in the accumulation mode
and coarse nitrate forming on existing dust and sea-salt particles are considered. The
model simulates distributions of nitrates and related species in agreement with previ-
ous studies and observations. The calculated present-day total nitrate direct radiative
forcing since the pre-industrial is ~0.056 Wm™. This forcing has the same magnitude
than the forcing associated with organic carbon particles and represents 18 % of the
sulfate forcing. Fine particles largely dominate the nitrate forcing representing close
to 90 % of this value. The model has been used to investigate the future changes in
nitrates and direct radiative forcing of climate based on snapshot simulations for the
four Representative Concentration Pathway (RCP) scenarios and for the 2030, 2050
and 2100 time horizons. Due to a decrease in fossil fuel emissions in the future, the
concentrations of most of the species involved in the nitrate-ammonium-sulfate system
drop by 2100 except for ammonia which originates from agricultural practices and for
which emissions significantly increase in the future. Despite the decrease of nitrate sur-
face levels in Europe and Northern America, the global burden of accumulation mode
nitrates increases by up to a factor of 2.6 in 2100. This increase in nitrate in the future
arises despite decreasing NO, emissions due to increased availability of ammonia to
form ammonium nitrate. The total aerosol direct forcing decreases from its present-day
value of —0.234Wm™ to a range of —0.070 to —0.130Wm™2 in 2100 based on the
considered scenario. The direct forcing decreases for all aerosols except for nitrates
for which the direct negative forcing increases to a range of —0.060 to -0.1 15Wm™
in 2100. Including nitrates in the radiative forcing calculations increases the total di-
rect forcing of aerosols by a factor of 1.3 in 2000, by a factor of 1.7-2.6 in 2030, by
1.9-4.8 in 2050 and by 6.4—-8.6 in 2100. These results show that agricultural emissions
of ammonia will play a key role in the future mitigation of climate change with nitrates
becoming the dominant contributor to the anthropogenic aerosol optical depth during
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the second half of the XXlst century and significantly increasing the calculated aerosol
direct forcing. This significant increase in the influence that nitrate exert on climate in
the future will at the same time affect regional air quality and nitrogen deposition to the
ecosystems.

1 Introduction

The formation of ammonium nitrate particles in the atmosphere is a secondary process
initiated by the oxidation of NO, to nitric acid (HNO3) and by its further reaction with am-
monia (NH3). HNO; can also be absorbed on existing particulate matter to form coarse
nitrate aerosols (Li and Shao, 2009). Nitrogen oxides emissions are mostly associated
with fossil fuel combustion (40 %), land use practices (15 %) and soils emissions (10 %)
(Olivier et al., 1998). In contrast, global ammonia emissions into the atmosphere are
dominated by agricultural practices (Bouwman et al., 1997). In western Europe and
in the United States as much as 90-100 % of NH; emissions results from animal and
crop agriculture (Sutton et al., 2000; Hertel et al., 2011). In the atmosphere, NH; reacts
not only with HNOg but also with other acid gases such as H,SO, to form ammonium
(NH:{) containing particles. Atmospheric nitrate particles have an adverse impact on
health. In Europe, for instance, these particles account today for about 10-20 % of the
total dry aerosol mass (Putaud et al., 2004a; Schaap et al., 2004). These particles also
contribute to the deposition of nitrogen to the surface with a cascade of advert effects
on terrestrial and aquatic ecosystems and possible consequences for the global car-
bon cycle (Gruber and Galloway, 2008). Moreover, nitrate particles have the potential
to directly affect the Earth’s radiation budget by reflecting solar radiation and climate
through their effect on cloud formation and precipitation (Forster et al., 2007).

Several global models have been used to simulate the nitrate-ammonium-sulfate
aerosol system and their impact on the present-day climate (e.g., van Dorland et al.,
1997; Adams et al., 2001; Jacobson, 2001; Martin et al., 2004; Liao and Seinfeld,
2005; Myhre et al., 2006; Bauer et al., 2007; Bellouin et al., 2011; Xu and Pen-
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ner, 2012). These earlier studies have reported forcings ranging from ~0.02Wm™2

to —0.19Wm™2. The uncertainty on the nitrate particle radiative forcing of climate re-
mains high. Recently, Myhre et al. (2013) compiled the nitrate forcings calculated in
the framework of AeroCom phase Il by 8 global models and derived a present-day di-
rect radiative forcing for the most recent model versions ranging from ~0.03Wm™2 to
-0.17Wm™ and a mean of —0.10+0.04 Wm™2. For the ACCMIP historical simulations,
Shindell et al. (2013) derived a direct forcing for nitrates ranging from ~0.03Wm™2 to
-0.41 Wm‘z, with a mean of —0.19+0.18 Wm 2. Fewer studies have assessed the fu-
ture radiative forcing of nitrate particles. Adams et al. (2001), Liao and Seinfeld (2005),
and Liao et al. (2009) investigated the future evolution of nitrates under the emission
scenario SRES A2 and derived a direct anthropogenic radiative forcing reaching —0.95
to —1.28Wm™2 in 2100. Bauer et al. (2007) also investigated the evolution of nitrates
in 2030 following the SRES A1B emission scenario. All these studies pointed out the
steady increase of nitrate aerosols since industrialization and associated direct radia-
tive forcing of climate. They also suggest that the decreased radiative forcing from
sulfates particles in the future associated with reduced emissions of SO, could be
partially offset by the increased nitrate forcing since the formation of ammonium ni-
trates is favored at lower sulfate loadings. More recently Bellouin et al. (2011) included
nitrate aerosols in their future CMIP5 simulations driven by the RCP scenarios and in-
dicated that nitrates could become an important aerosol species in the future making
the aerosol radiative forcing 2—4 times stronger by 2100.

In this paper, the atmospheric ammonia cycle and nitrate particle formation are in-
troduced in the LMDz-INCA global three-dimensional climate-chemistry model. Numer-
ous detailed models have been developed in order to treat the partitioning of nitrate and
ammonium between the gas phase and the aerosol phase assuming thermodynami-
cal equilibrium between phases (e.g., Pilinis and Seinfeld, 1987; Zhang et al., 2000;
Metzger et al., 2002a, 2006) or treating the dynamical mass transfer between each
aerosol size bin explicitly (e.g., Pilinis et al., 2000; Jacobson et al., 1999; Jacobson,
1999; Sun and Wexler, 1998; Lauer et al., 2005). In order to apply these computa-
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tionally expensive models at the global scale, several authors have chosen to apply
parameterizations for the relationships between activity coefficients and the relative
humidity (Metzger et al., 2002a, b; Myhre et al., 2006; Bauer et al., 2007; Pringle et al.,
2010) or to use an hybrid dynamic method (Feng and Penner, 2007; Xu and Penner,
2012). In this study, since the LMDz-INCA general circulation model is designed for
long term simulations, we also use a simplified approach, and the phase equilibrium
of the ammonium-sulfate-nitrate aerosol system is introduced for fine particles based
on the simple thermodynamical formulation used initially in regional acid deposition
chemical transport models (Hov et al., 1988; Ackermann et al., 1995), in global chem-
ical transport models (Tie et al., 2005), and more recently in an Earth system model
(Bellouin et al., 2011). In addition to this formation of fine nitrate particles in the accu-
mulation mode, the role of nitric acid uptake on mineral dust and sea-salt particles to
form coated coarse nitrate particles can also play an important role in the total nitrate
and nitric acid budget in the atmosphere and hence on the radiative forcing (e.g., Liao
and Seinfeld, 2005; Myhre et al., 2006; Bauer et al., 2007; Feng and Penner, 2007; Xu
and Penner, 2012). The formation of coarse nitrate particles on dust and on sea-salt
particles is also introduced in LMDz-INCA adopting a first—order removal. This method
is computationally efficient and has often been used in global models (e.g., Dentener
and Crutzen, 1993; Bauer et al., 2004, 2007; Evans et al., 2005; Fairlie et al., 2010)
despite the fact that limitations for this formulation exist (Feng and Penner, 2007). An
evaluation of the simulated aerosol distributions calculated with the LMDz-INCA model,
of the optical depth and surface nitrate and sulfate depositions are performed. Based
on the recent RCP CMIP5 emission scenarios we then use the model to calculate the
present-day and future anthropogenic direct radiative forcing of fine and coarse nitrate
particules and to assess the relative contribution of nitrates to the aerosol optical depth
and radiative forcing.

The three-dimensional global model used in this study and the extension of the
chemical and aerosol scheme to include ammonia and nitrate particles are described
in Sect. 2. Section 3 presents the present-day global distributions of aerosols, the eval-
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uation of the model results and the direct radiative forcing of aerosols. The results of the
future simulations in terms of atmospheric composition, surface deposition and direct
radiative forcing of climate are presented in Sect. 4. Finally, Sect. 5 gives the summary
and conclusions.

2 Model description
2.1 The LMDz-INCA model

We use the LMDz-INCA global chemistry-aerosol-climate model coupling on-line the
LMDz (Laboratoire de Météorologie Dynamique, version 4) General Circulation Model
(Hourdin et al., 2006) and the INCA (INteraction with Chemistry and Aerosols, ver-
sion 3) model (Hauglustaine et al., 2004). The interaction between the atmosphere
and the land surface is ensured through the coupling of LMDz with the ORCHIDEE
(ORganizing Carbon and Hydrology In Dynamic Ecosystems, version 9) dynamical
vegetation model (Krinner et al., 2005). In the present configuration, the model includes
19 hybrid vertical levels extending up to 4 hPa, and a horizontal resolution of 1.9° in lati-
tude and 3.75° in longitude. The primitive equations in the GCM are solved with a 3 min
time-step, large-scale transport of tracers is carried out every 15 min, and physical and
chemical processes are calculated at a 30 min time interval. For a more detailed de-
scription and an extended evaluation of the GCM we refer to Hourdin et al. (2006).
The large-scale advection of tracers is calculated based on a monotonic finite-volume
second-order scheme (Van Leer, 1977; Hourdin and Armengaud, 1999). Deep convec-
tion is parameterized according to the scheme of Emanuel (1991). The turbulent mixing
in the planetary boundary layer is based on a local second-order closure formalism.
INCA includes a state-of-the-art CH,;-NO,-CO-NMHC-O; tropospheric photochem-
istry (Hauglustaine et al., 2004; Folberth et al., 2006). The tropospheric photochem-
istry and aerosols scheme used in this model version is described through a total of
123 tracers including 22 tracers to represent aerosols. The model includes 234 homo-
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geneous chemical reactions, 43 photolytic reactions and 30 heterogeneous reactions.
The gas-phase version of the model has been extensively compared to observations
in the lower-troposphere (e.g., Hauglustaine et al., 2004; Folberth et al., 2006; Fiore
et al., 2009; Reidmiller et al., 2009), and in the upper-troposphere (e.g., Brunner et al.,
2003; Dufour et al., 2007). For aerosols, the INCA model simulates the distribution of
anthropogenic aerosols such as sulfates, black carbon, particulate organic matter, as
well as natural aerosols such as sea-salt and dust. The aerosol model keeps track of
both the number and the mass of aerosols using a modal approach to treat the size
distribution, which is described by a superposition of 5 log-normal modes (Schulz et al.,
1998; Schulz, 2007), each with fixed spread. To treat the optically relevant aerosol size
diversity, particle modes exist for three ranges: sub-micronic (diameter < 1 um) corre-
sponding to the accumulation mode, micronic (diameter between 1 and 10 um) cor-
responding to coarse particles, and super-micronic or super coarse particles (diame-
ter > 10 um). This treatment in modes is computationally much more efficient compared
to a bin-scheme (Schulz et al., 1998). Furthermore, to account for the diversity in chem-
ical composition, hygroscopicity, and mixing state, we distinguish between soluble and
insoluble modes. In both sub-micron and micron size, soluble and insoluble aerosols
are treated separately. Sea-salt, SO, and methane sulfonic acid (MSA) are treated as
soluble components of the aerosol, dust is treated as insoluble, whereas black carbon
(BC) and particulate organic matter (POM) appear both in the soluble and insoluble
fractions. The ageing of primary insoluble carbonaceous particles transfers insoluble
aerosol number and mass to soluble with a half-life of 1.1 days (Cooke and Wilson,
1996; Chung et al., 2002).

The uptake and loss of water from aerosol particles is generally fast and depends on
the chemical composition, size and surface properties of the aerosol particle. Aerosol
water is responsible for about 50 % of the global aerosol column load. This water up-
take modifies the aerosol optical properties. The optical depth, 7, can be expressed as
a function of the effective radius of the aerosol:

7 =3QM/4pr, (1)
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where Q is the extinction coefficient (dimensionless) computed using Mie theory, M, is
the aerosol burden per unit area (kg m’z), 0 is the particle density (kg m'3), and r,, the
effective radius (m). As relative humidity increases, this equation has to be modified
to account for the presence of water. The density is then recomputed as the mass-
weighted sum of the dry density of the aerosol and the density of water. The refractive
index, hence the extinction, is also changed to account for water. We use a formulation
first implemented by Chin et al. (2002) to rewrite (1) as a function of the aerosol dry
burden My (kg m'2):

T =My (2)
where @, the specific extinction (m2 kg'1 ), is computed as follows:
B =3QM/4pr My (3)

The optical properties and hygroscopic growth of sea-salt were taken from Irshad
et al. (2005). For sulfates, we followed the relationships published for ammonium sul-
fate by Martin et al. (2003). In the case of black carbon and organics carbon we took
the same dependence of hygroscopic growth on relative humidity as Chin et al. (2002).
The aerosol scheme is thoroughly explained in Schulz (2007) and Balkanski (2011).
Characteristic global aerosol properties of the INCA model have been described and
compared in all AeroCom publications, as for instant recently in Myhre et al. (2013)
and Koffi et al. (2012). We also refer to Szopa et al. (2012) for a simulation of the
global aerosol components (excluding nitrates) and tropospheric ozone distributions
and their associated radiative forcings between 1850 and 2100 following a recent his-
torical emission dataset (Lamarque et al., 2010) and under the representative concen-
tration pathways (RCP) (Lamarque et al., 2011) for the future with the same version of
the model.
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2.2 Ammonia and nitrate particles

The LMDz-INCA chemical scheme has been extended in order to include the ammonia
cycle and the nitrate particle formation. The various NH; emissions have been intro-
duced in the model as described in the next section. Ammonia undergoes several gas
phase reactions which have been introduced in the model chemical mechanism but
with minor contribution to the overall NH5 cycle and impact on gas phase chemistry:

NH; + OH — NH, + H,0 (R1)

NH; + O'D — NH, + OH (R2)
NH, + NO, — N,O + H,0O (R3)
NH, + HO, — NH3 + O, (R4)
NH, + NO — N, + H,0O (R5)
NH, + O3 — NH,0 + O, (R6)
NH, + O, — NO + H,0 (R7)
NH,O0 + O3 — NH, + 20, (R8)
NH,0 + NO — NH, + NO, (R9)

The rate constants for these reactions are taken from Sander et al. (2011).

The most abundant acids in the troposphere are sulfuric acid (H,SO,) and nitric acid
(HNO3). Ammonia acts as the main neutralizing agent for these two species. There-
fore, formulating the respective aerosol particle formation scheme as a purely sulfate-
nitrate-ammonia system seems to be a reasonable assumption for a global chemistry-
aerosol-climate model. However, we also remove nitric acid through reaction with sea
salt and dust, as described below. As a first step, ammonium sulfate is formed instanta-
neously and irreversibly from NH5 and H,SO,, only limited by the availability of the less
abundant of the two species. The concentration of NH; and SO, are depleted upon
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formation of ammonium sulfate which takes priority over ammonium nitrate formation:

NH; + H,SO, — (NH,)HSO, (R10a)
3NH; + 2H,S0, — (NH,)3H(SO,), (R10b)

As in Metzger et al. (2002), three domains are considered to characterize the neutral-
ization state of the ammonium sulfate ion formed, depending on the relative ammonia
and sulfate concentrations. The total nitrate (7)), total ammonia (7,), and total sulfate
(Ts) concentrations are defined as:

Ty = [HNOg] + [NO;] (@)
Ta = INHg] + [NH;] (5)
Ts = [S0427] (6)

If T, > 2Tg, ammonia rich condition (sulfate state [' = 2.0), the reaction pathway is pro-
vided by the chemical Reaction (R10c); if T5 < 2Tg, sulfate rich condition (sulfate state
I = 1.5), Reaction (R10b) is considered; and if T, < Tg, sulfate very rich condition (sul-
fate state I' = 1.0), the reaction occurs through Reaction (R10a).

In a second step, if all free ammonia is consumed by the sulfate forming reaction, no
ammonium nitrate is formed. If free ammonia persists, it is used for the neutralization
of nitric acid to ammonium nitrate aerosol following the equilibrium reaction:

HNOj + NH5 < NH,NOj4 (R11)

The equilibrium constant (K;) of Reaction (R11) strongly depends on relative hu-
midity and temperature. The parameterization used for this dependence is based on
Mozurkewich (1993). First, the deliquescence relative humidity (DRH, %) is calculated

based on Seinfeld and Pandis (1998):

DRH = exp(723.7/T + 1.6954) 7)
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where T is the air temperature (K). For relative humidities lower than DRH, K, = K4
and is calculated with:

K

o = exp[118.87 — 24084 /T - 6.025In(T)] (8)

For relative humidities higher than DRH, K, = K,, and depends on both temperature
and relative humidity (RH) and is calculated based on:

K

on = Kog(P1 = PoRHy + psRHZ)RH]" ©)

With RH; defined as (1 - RH/100) and p4, p,, and p5 provided by:

py = exp[-135.94 + 8763/T +19.12In(T)]
P, = exp[-122.65 + 9969 /T + 16.22In(T)]
ps = exp[-182.61 + 13875/T + 24.46In(T)]

(10)

(11)
(12)

The equilibrium concentration of ammonium nitrate is calculated based on Seinfeld and
Pandis (1998). The free ammonia in the system is defined as the total ammonia minus

the ammonia required to neutralize the available sulfate:
T:=Th—TTg (13)

If TNT,: > Kp, the ammonium nitrate concentration is calculated according to:

[INH,NO,] = % [T,:+TN— \/(T;+TN)2_4(TNT;—KD)J (14)

Elsewhere, ammonium nitrate dissociates and [NH,NOg3] = 0. The concentration of NH,
and HNOg3 are depleted or replenished to account for ammonium nitrate formation
or dissociation, respectively. The chemical formation of ammonium sulfate particles
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according to Reaction (R10) and of ammonium nitrate particles according to Reac-
tion (R11) goes into the accumulation mode. The formation of nitrates through Reac-
tion (R11) is also associated with a corresponding increase in the number of particles
in the accumulation mode reflecting the formation of new ammonium nitrate particles.

Gaseous HNO; can condense on both accumulation mode and coarse particles.
As in Myhre et al. (2006), first photochemistry and accumulation mode aerosol forma-
tion are solved because the smaller particles reach equilibrium faster than the larger
ones. After the small particles are in equilibrium, the concentration of gaseous HNOj is

updated for the condensation on coarse particles. We account for the heterogeneous
reaction of HNO3 with dust and sea-salt particles:

HNO; + NaCl — NaNO; + HCI (R12)
2HNO; + CaCO5; — Ca(NO3), + H,CO4 (R13)

We use a standard first-order reactive uptake parameterisation to represent the up-
take of HNO3 on pre-existing dust and sea-salt particles in the model and formation of
coarse nitrate particles (Dentener and Crutzen, 1993; Bauer et al., 2004; Fairlie et al.,
2010). The rate constants k¢, and k5 of Reactions (R12) and (R13), which describe
the loss of HNO; from the gas phase, are calculated from (Schwartz, 1986):

i

-1
Kip1s = /47rr2N(r) <DL + uiy> dr

I 9

(15)

where N is the number density of dust or sea-salt particles of radius [r, r +dr], Dy
is the calculated, pressure and temperature dependent, molecular diffusion coefficient
(cm2 3'1), 0 the calculated, temperature dependent, mean molecular speed (cm s'1),
and y the reactive uptake coefficient. Equation (15) is integrated from r; = 0.01 to r; =
30 um. For the reaction on dust particles, we use the RH dependent uptake coefficient
proposed by Fairlie et al. (2010). Based on this RH-dependence, y increases from
1x 107 for RH lower than 10 % up to 1.05 x 1072 for RH larger than 80 %. As in Fairlie
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et al. (2010), we introduce a Ca* limitation for the uptake of HNO3 on dust through
Reaction (R13). Based on dust source maps (Claquin et al., 1999), it is assumed than
Ca®* constitutes 5% of the dust mass. Dust alkalinity is then consumed by the uptake
of HNO3. Once the alkalinity is titrated by the formation of nitrates, the uptake of HNO4
through Reaction (R13) ceases. For sea-salt particles, the same dependence is used
for the y increase with RH. The values are scaled to the accommodation coefficients
compiled by Sander et al. (2011) and y increases from 1 x 1073 for RH lower than 10 %
up to 1 x 107" for RH larger than 80 %. No alkalinity limitation is considered for sea-salt
particles.

These new gaseous species and particles introduced in the model to represent the
ammonia cycle, the formation of ammonium sulfate, ammonium nitrate and coarse
nitrates on dust and sea-salt are subject to the same transport and mixing processes
as the other tracers in the model. The dry and wet deposition of NH; is introduced
as described by Hauglustaine et al. (2004) with an Henry’s law coefficient taken from
Sander et al. (2011). Ammonium nitrate and ammonium sulfate are subject to the same
dry and wet deposition processes as sulfate particles already in the model and coarse
nitrates on dust and sea-salt are deposited as the corresponding dust and sea-salt
components, respectively.

The hygroscopic growth of ammonium nitrate has been characterized in the labora-
tory by measuring droplet growth for different conditions of relative humidity by Tang
(1996). The optical properties of nitrate particles in the accumulation and coarse modes
where obtained through Mie calculation using the refractive indices for two overlapping
spectral intervals. Gosse et al. (1997) measured the refractive index of ammonium ni-
trate from 0.7 to 2.6 um, whereas Jarzembski et al. (2003) covered the far visible to
the infrared wavelengths from 2.0 to 20 um. Values of specific extinction, asymmetry
parameter and single scattering albedo were tabulated for eleven values of relative hu-
midities: from 0 to 90 % with 10 % increments and finally for the 95 % value. For a given
relative humidity, we interpolate between the two closest values, if relative humidity
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exceeds 95 % then we take for optical parameters the values deduced from the Mie
theory at 95 % relative humidity.

2.3 Model set-up

For the simulation of “present” (2000) and “pre-industrial” (1850) conditions, the an-
thropogenic emissions compiled by Lamarque et al. (2010), are added to the natu-
ral fluxes used in the INCA model. All natural emissions are kept at their present-
day levels. For organic aerosols, the secondary organic matter formed from biogenic
emissions is equal to that provided by the AEROCOM emission dataset (Dentener
et al., 2006a). The ORCHIDEE vegetation model has been used to calculate off-line
the biogenic surface fluxes of isoprene, terpenes, acetone and methanol as well as
NO soil emissions as described by Lathiére et al. (2006). NH; emissions from natural
soils and ocean are taken from Bouwman et al. (1997). Natural emissions of dust and
sea salt are computed using the 10 m wind components from the the European Cen-
ter for Medium-Range Weather Forecasts (ECMWF) reanalysis for 2006 and, conse-
quently, have seasonal cycles but no inter-annual variability. For the future simulations
(2030, 2050, 2100), the four Representative Concentration Pathways (RCP) anthro-
pogenic and biomass burning emissions provided by Lamarque et al. (2011) are used.
Methodological elements used to build these projections can be found in Lamarque
et al. (2011). Natural emissions for both gaseous species and particles are kept to
their present-day level as described above. Table 1 gives the list of simulations per-
formed and the corresponding total and global emissions of key species discussed in
this paper. In all RCP scenarios, fossil fuel driven emissions, NO,, SO,, BC and OC,
decrease in 2100 compared to 2000 emissions. It is however interesting to note that
NH; emissions, driven by agriculture, increase in all scenarios from 50 TgN in 2000
to 54-79TgN in 2100 depending on to the considered scenario. As will be discussed
in the next sections, this feature will have major implications in terms of nitrate future
radiative forcing of climate.
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In this study, meteorological data from the ECMWF reanalysis have been used. The
relaxation of the GCM winds towards ECMWF meteorology is performed by applying at
each time step a correction term to the GCM v and v wind components with a relaxation
time of 2.5 h (Hourdin and Issartel, 2000; Hauglustaine et al., 2004). The ECMWF fields
are provided every 6 h and interpolated onto the LMDz grid. We focus this work on the
distribution of nitrate particles, its evolution under future anthropogenic emissions, and
its direct radiative forcing of climate. In order to isolate the impact of anthropogenic
emission scenarios, all snapshot simulations are performed under present-day climate
conditions and run for a period of two years. Therefore ECMWF meteorological data
for 2005-2006 are used. Results for 2006 conditions are presented. The impact of
climate change on particles and chemistry is therefore not included in the results. The
role played by climate change and the impact of nitrate on the indirect aerosol radiative
forcing of climate will be investigated in a forthcoming study.

3 Present-day distributions
3.1 Simulated aerosol distributions

In this section we present the distributions of gaseous species and aerosols involved
in the formation of nitrate particles. Figure 1 shows the present-day annual mean sur-
face concentration of sulfates (SOi‘), ammonium (NHy) and total (fine + coarse) ni-
trates (NO;) aerosols. Maximum sulfate concentrations are calculated over regions

of high SO, emissions with marked maxima reaching 4-5ug m~ over the Eastern
United States, Southern and Eastern Europe and China. The concentration of ammo-
nium (associated both with ammonium sulfate and ammonium nitrate) is localized over
continental regions and reaches maxima of 1-2 ug m~2 over the central and eastern
United States, 2-3 ug m~ in northern Europe and 4-5 g m~2 in northern China. These
regions combine both high concentrations of sulfates, nitric acid but also high agricul-
tural emissions of NH3. The distribution of surface nitrates (fine mode + coarse mode)
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shows very strong concentrations in regions of high ammonia and nitric acid concen-
trations (see below). This is in particular the case over northern Europe and China with
concentrations reaching 4-5 ug m~2. The surface distributions of these three aerosol
components are in general agreement with the recent global model results presented
by Pringle et al. (2010) and Xu and Penner (2012) and with the nitrate distributions
calculated by Myhre et al. (2006) and Bauer et al. (2007).

Figure 2 decomposes the total surface nitrate concentration shown in Fig. 1 into
its three components: accumulation mode, coarse mode on dust particles and coarse
mode on sea-salt particles. The conditions for fine mode nitrate particle formation (ex-
pressed by Eq. 14) are met over the continents and maximum concentrations are cal-
culated, as already seen in Fig. 1, over regions of high agricultural emissions of NH;
or high HNO3; concentrations. Coarse nitrate on dust follow the distribution of dust
particles in the model (Bauer et al., 2004). High concentrations reaching more than
0.5pug m~2, and locally up to 1-3 pg m~2, are calculated over the Sahara desert and the
Saudi Arabian peninsula and extend to the Mediterranean sea and southern Europe;
over the western United States and over China. In contrast, coarse nitrate on sea-salt
reaches concentrations of 0.5-1 g m~2 in coastal areas where high concentrations of
sea-salt and nitric acid are met. These two coarse nitrate components add up for a to-
tal of about 0.1-0.2 ug m~2 over the ocean. Over the continents, anthropogenic nitrates
significantly dominate over source regions. However, in coastal regions or in southern
Europe all components mix and coarse nitrates can contribute to 30—40 % to the to-
tal concentration in these specific areas. The calculated distribution of coarse nitrates
on dust and sea-salt is in fairly good agreement with the results presented by Myhre
et al. (2006), Bauer et al. (2007), and by Xu and Penner (2012).

In order to evaluate the model results, Fig. 3 compares the simulated and the mea-
sured surface concentrations of SOi', NHZ, and NO; from the EBAS database at
NILU. EBAS holds data from EMEP (emep.int), from the US National Atmospheric De-
position Program/National Trend Network (NADP/NTN; http://nadp.sws.uiuc.edu/NTN),
from the US Interagency Monitoring of Protected Visual Environments (IMPROVE;
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http://vista.cira.colostate.edu/IMPROVE), from the Clean Air Status and Trends Net-
work (CASTNET; http://java.epa.gov/castnet) and the EANET, Data on the Acid Depo-
sition in the East Asian Region (http://www.eanet.cc/). These comparisons have been
prepared using the AEROCOM evaluation tools (Schulz et al., 2006). The aerosols
measurements are mostly from the CASTNET/IMPROVE network over Northern Amer-
ica, from the EMEP network in Europe. This evaluation is performed for the year 2006
based on matching daily mean data, averaged to monthly means. On Fig. 3 we illus-
trate the correlation plots prepared for Europe and North America. Similar plots are
also available for the world and other regions and for each month via the AeroCom
web interface. For SOi', the Normalized Mean Bias (difference between the arith-
metic mean of the model minus the arithmetic mean of the measurements relative
to the mean measurements) is +20 % for Europe (with a correlation coefficient R be-
tween the two datasets of 0.58) and +21 % (R = 0.68) for Northern America. Worldwide
the NMB is +20% (R = 0.66). For ammonium concentrations, the evaluation shows
that NHZ is overestimated worldwide with a NMB of +47 % (R = 0.52). Over Europe,
the NMB is +62% (R = 0.43) and, in contrast, NH} is slightly underestimated over
Northern America with a NMB of —16 % (R = 0.77). For nitrate concentrations, a world-
wide overestimate is obtained with a NMB of +68 % (R = 0.59). The comparison with
the measurements are more contrasted over the two regions, with smaller bias but
smaller correlation over Europe (NMB = +64 %, R = 0.43) than over Northern America
(NMB = +115%, R = 0.54). For NOj, the bias is mainly driven by an overestimate of
observed concentrations in summer (NMB = +143 % worldwide) compared to winter
(NMB = +22 %). These comparisons are fairly good considering the difficulty to rep-
resent station measurements with a large scale atmospheric model. The comparison
made for a specific year (2006) using an emission inventory representative of the year
2000 as in our case is a source of bias, which we estimate to be of the order of 10-30 %
for European and American sites (Schulz et al., 2013). These results are generally in
line with the comparisons obtained with more detailed aerosol models (Adams et al.,
1999; Park et al., 2004; Pringle et al., 2010; Xu et al., 2012; Zhang et al., 2012; Heald
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et al., 2012) or with a model of the same complexity (Bellouin et al., 2011). In particu-
lar, these studies showed the difficulty to represent nitrates particles which is currently
overestimated by a factor of two at the surface by the global models.

Figure 4 shows the column burden of SOZ’, NHZ, and total NO;. The sulfates column

reaches more than 3mg m~2 over the continents in the Northern Hemisphere. In the
Eastern US, Northern and Central Europe, the column reaches more than 5mg m~2.
The maximum column of more than 10 mg m~2 is reached over China. These values
are slightly higher than the column of 1-2mg m~2 calculated over the continents by
Pringle et al. (2010) with a more complex aerosol microphysics and partitioning model.
The global mean column burden for SOi‘ is 2.5mg m~2, on the upper range of the
recent model intercomparison by Myhre et al. (2013), who reported a mean burden
of 1.9+ 0.5mg m~2. The evaluation of the aerosol optical depth will be important in
order to evaluate those results (see below). The column burden of NHZ reaches 1—

3mg m~2 over source regions in the Northern Hemisphere. Maximum values reaching
5-10mg m~2 are calculated over Northern China. This distribution is very close to the
burden calculated by Pringle et al. (2010) but exhibits somewhat lower maximum val-
ues. The global mean burden for NHZ is 0.54 mg m~2. The total (coarse + fine) nitrate

aerosol column shows strong maximum of 5-10 mg m~2 over Northern and Southern
Europe, over India and China and over Africa. A secondary maximum of 3—-4 mg m~2
is also calculated over the central US. This distribution is in agreement with the burden
illustrated by Myhre et al. (2006) and Pringle et al. (2010). The global mean total nitrate
burdenis 1.56 mg m~2. Figure 5 shows the three components of this total nitrate column
and shows the fine mode, coarse mode on dust and coarse mode on sea-salt sepa-
rately. This figure clearly shows that fine nitrate particles associated with anthropogenic
emissions contribute to a large extent to the maximum calculated in the central US, in
Northern Europe and over the Po Valley, in Northern India and in China. Over Africa,
Saudi Arabia, Central Europe and in Northern China, nitrates on dust contribute for
more than 4-10mg m™~2 to the nitrate column. Over the Mediterranean and in Southern
Europe, the contribution of coarse nitrates on dust represents about 50 % of the calcu-
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lated total nitrate column, a proportion in agreement with the measurements by Putaud
et al. (2004b). These results are in line with the fine and coarse particles plumes cal-
culated by Fairlie et al. (2010) off the coast of China. The contribution of nitrates on
sea-salt is lower and generally close to 0.5 mg m™~2 over the continents. It only reaches
1mg m~2 in localized areas, in particular off the coast of the Eastern US, or over the
Mediterranean where both pollution and sea-salt particle are present. This is some-
what in contrast with Myhre et al. (2006) who calculated a larger and more localized
contribution of sea-salt to the total nitrate column over Northern Europe reaching more
than 1-1.5mg m~2. The global mean burden of fine mode nitrate is 0.44mg m~2. Ni-
trates on dust and on sea-salt contribute respectively for 0.65 mg m~2 and 0.48 mg m~2
to the coarse nitrate global burden. This corresponds to a relative contribution of nitrate
on pure sulfates of 28 % of the total nitrate burden in this model, to be compared to the
21 % calculated by Bauer et al. (2007) and to the 23 % calculated by Xu and Penner
(2012).

As discussed in Sect. 2, the formation of fine nitrate particles depends on both the
ammonia and nitric acid concentrations. Figure 6 shows the annual mean surface con-
centration of NH; and HNO3. The concentration of ammonia reaches more than 1-—
2ugm_3 where agricultural emissions are high, in particular over Northern Europe,
in the central United States, in the Ganges valley and in Northern China. In North-
ern Europe, India, and China, the concentration reaches more than 5 g m~3. Biomass
burning also contributes to higher concentrations in Indonesia, Africa, and South Amer-
ica. This distribution is very much in line with the column density measured by the IASI
instrument (Clarisse et al., 2009) and a more detailed and quantitative evaluation of the
NH; results with the remote sensing data will be presented in forthcoming studies. Ni-
tric acid shows high concentrations of 3-5 g m~2in regions of high anthropogenic NO,
emissions. This is in particular the case over the Eastern United States and to a lesser
extent in California. In Europe, the concentration reaches 1-2 ug m~> with a marked
maximum over the Mediterranean sea where pollution accumulates. A more detailed
evaluation of nitric acid has been provided elsewhere (Hauglustaine et al., 2004; Fol-
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berth et al., 2006), although in a model version without a particle formation loss term,
which we estimate in budget calculations to be approximately one third, see below.
These distributions are in very good agreement with the results shown for instance by
Xu and Penner (2012). These calculated surface concentrations of nitrate precursors
explain the distribution of fine nitrate particles illustrated in Fig. 1 and the region of
formation where both NH; and HNO; concentrations are high. As illustrated by Xu et
Penner (2012), Fig. 7 shows the free ammonia 7, to total nitrate Ty ratio. Regions with
a negative ratio represent the regions where no excess ammonia is present either due
to very low ammonia concentrations or high sulfates concentrations. In these regions
all the ammonia is used to neutralize the sulfates and form ammonium sulfate. At the
surface these regions are mostly encountered over the ocean or over the deserts and
remote continental areas. Due to the short lifetime of ammonia (less than 1 day), these
regions expand as altitude increases. In the middle troposphere, only small fine nitrate
formation regions persist in convective and biomass burning areas subject to rapid up-
ward transport of emissions. A ratio larger than 1 corresponds to regions where ammo-
nia is abundant and hence the formation of nitrate is limited by the amount of nitric acid
available. This condition is mostly met at the surface over regions with high ammonia
concentrations, in Northern Europe, the central US, India, China and biomass burning
regions. This is also the case over the ocean where natural oceanic NH3; emissions
are present in a low NO, environment. In other regions (0 < ratio < 1), the formation of
nitrate is limited by the amount of ammonia available. These results are in agreement
with the findings of Xu and Penner (2012).

Table 2 gives the global budget of nitric acid and nitrate particles for both the
“present-day” (2000) and “pre-industrial” (1850) conditions. A similar budget has been
presented by Xu and Penner (2012) and we refer to their study for sake of comparison
with our results. For the present, we calculate a total source of HNO3 of 48.5Tg Nyr'1
mostly arising (44.6 TgNyr‘1) from the gas phase reaction of NO, with OH. The het-
erogeneous formation of HNO3; from the reaction of N,Og with sulfate aerosols con-
tributes only 3.9TgNyr'1 (or 8%) nitric acid. This is in contrast to Xu and Penner
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(2012) who calculated a larger contribution of heterogeneous chemistry of 42 %. The
reason for this disagreement is unclear. The total loss totals 49.5 TgNyr'1. The small
unbalance between source and loss arises from the stratospheric input of nitric acid
into the considered domain for this budget (up to 200 hPa). Dry and wet deposition
contribute about equally (respectively 14.7 and 17.0TgNyr‘1) to the total nitric acid
deposition loss representing more than 60 % of the total HNOg loss. The total loss
through nitrate formation totals 14.4 TgNyr‘1. Nitric acid photolysis and reaction with
OH contribute for 3.4 Tg Nyr'1. These terms are in line with Xu and Penner (2012) with
a larger contribution of dry deposition in LMDz-INCA. The HNO; tropospheric burden
is 0.3TgN, a value similar to Xu and Penner (2012) and the burden lifetime (burden
divided by total loss rate) is 2.25 days in this model to be compared to a burden lifetime
of 2.59 days derived from their budget. The source of nitrates (14.4 TgNyr‘1) is con-
stituted as 22 % from the fine mode ammonium nitrate formation and the rest from the
formation of coarse nitrates on dust and sea-salt. Most of the nitrate loss is ensured
by wet deposition (12.7 Tg Nyr'1). We calculate a total nitrate burden of 0.18 TgN with
28 % corresponding to the fine mode and the rest as coarse particles on dust and sea-
salt. The corresponding lifetime is 4.61 days. The burden of NO; in the troposphere
has doubled since the pre-industrial and its lifetime has decreased from 6.75 days in
the pre-industrial to its present-day value, reflecting the more efficient scavenging of
accumulation mode nitrate particules.

Table 3 summarizes the global budget of ammonia and ammonium. The only source
of NHj3 into the atmosphere is the surface emission totalizing 50.5TgNyr'1 for the
present-day. The deposition of ammonia arises from dry (11.0 TgNyr‘1) and wet de-
position (21.3TgNyr'1). The formation of ammonium sulfate and ammonium nitrate
contributes for 17.5 TgNyr‘1 (35%) to the total loss of NH;. The gas phase chem-
istry oxidation of NH5 contributes for a negligible amount to its loss. The burden of
NH; has increased from 0.05TgN in the pre-industrial to 0.09 TgN for the present-
day. The corresponding present-day lifetime of ammonia in the atmosphere is 0.63
days. The only source of NHZ is the ammonium sulfate and ammonium nitrate forma-
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tion (17.5TgNyr‘1). The loss arises mostly from wet deposition (14.9 TgNyr‘1) and
to a lesser extent from surface dry deposition (2.5TgNyr'1). The burden of NHj is
0.22 TgN with a lifetime of 4.52 days in the atmosphere.

3.2 Surface deposition

In Fig. 8 we present the total (dry + wet) annual deposition of SO, (=SO, + SOi’),
NH, (=NH;+NH;), and NO, (=NO +NO, + NO3z + HNO, + HNO3 + HNO,4 + 2N,05
+ PAN + organic nitrates + particulate NO;). The three plots show similar patterns with
high deposition over Northern America, Europe, India and China. The total SO, de-
position is 107 Tg Syr'1 with wet deposition contributing for 75 % to this total. The
maximum sulfur deposition reaches SgSm'2 yr'1 in Northern China. Over Northern
America a maximum deposition reaching 1—2gSm'2 yr'1 is calculated over the East-
ern United States. In Western Europe, the deposition ranges from 500 mgSm_2 yr_1 in
the South to about 2gSm'2 yr'1 in the North, value reached over the UK. A maximum
deposition reaching ZgSm‘2 yr‘1 is calculated in central Europe. The global NH, de-
position is close to 50 Tg Nyr'1 with wet and dry deposition contributing each for 50 %
to this total (see Table 3). The total ammonia deposition reaches maximum values of
2-3gN m~2 yr'1 over Northern Europe, Northern India and more than 5gN m~2 yr'1 in
China. Over Northern America, a maximum deposition reaching 800 mgNm_zyr‘1 is
calculated over the central United States. The total oxidized nitrogen deposition totals
50 TgNyr‘1 with wet deposition contributing for 60 % to this term. Interestingly, total
NH, and total NO, contribute for the same amount to the global nitrogen deposition to
the surface ecosystems. The total NO, deposition shows a slightly different pattern from

the other deposition terms with a maximum reaching 1.59Nm'2 yr'1 over the Eastern
United States, Northern India and China. In Europe the NO, deposition reaches 800—

900 mgN m™2 yr’1. These distributions are in good agreement with the total deposition
illustrated by Dentener et al. (2006b) and resulting from the ensemble mean of 23 at-
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mospheric models and with the distributions illustrated by Lamarque et al. (2013) for
the ACCMIP simulations.

Figure 9 compares the wet deposition of these three terms calculated by the model
with the measurements from the EMEP network over Europe, from the NADP net-
work over Northern America and from the EANET network over Eastern Asia. These
comparisons were prepared using the AEROCOM evaluation tools. The sulfate depo-
sition is slightly underestimated by the model with a Normalized Mean Bias (NMB) of
—27 % in Europe and —20 % in Northern America. In Eastern Asia, a higher underes-
timation is obtained (NMB = —60 %). A similar disagreement in Eastern Asia was also
obtained by Dentener et al. (2006b) and by Lamarque et al. (2013) and tentatively
attributed to unaccounted sources of SO, from coal burning in China. The wet depo-
sition of NH, is well represented in Europe (NMB = —-4.5%) and to a lesser extent in
Northern America (NMB = —-32 %). We note however that the deposition term is again
significantly underestimated in Eastern Asia (NMB = —-60 %). The wet deposition of oxi-
dized nitrogen from HNO; + NO; is relatively well represented in Europe (r = 0.49) but
underestimated by —28 %. Over Northern America, a better comparison is obtained
(NMB = -13%, r =0.73). Again, in Eastern Asia, a significant underestimate of the
wet deposition is obtained (NMB = —-54 %). Work is underway in order to better under-
stand the reason of the significant underestimate of the deposition terms in Eastern
Asia and in particular in China based on new emission inventories generated for this
region (Wang et al., 2012).

3.3 Aerosol optical properties and radiative forcings

The aerosol optical depth and direct radiative forcings of the various aerosol compo-
nents are calculated on-line by the General Circulation Model. The solar radiation code
in the LMDz GCM consists of an improved version of the parameterizations of Fouquart
and Bonnel (1980). The shortwave spectrum is divided into two intervals: 0.25—0.68 pm
and 0.68—4.00 pm. The model accounts for the diurnal cycle of solar radiation and al-
lows fractional cloudiness to form in a grid box. The radiative fluxes are computed every
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2h, at the top of the atmosphere and at the surface, with and without the presence of
clouds. The clear-sky and all-sky radiative forcings of the various aerosol components
are finally obtained by subtracting the 1850 radiative fluxes from the considered simu-
lation.

Figure 10 shows the calculated total aerosol optical depth at 550 nm and the optical
depth associated with fine and coarse nitrate particles. The total aerosol optical depth
(AOD) exhibits values of 0.15-0.25 over the Eastern United States and Europe asso-
ciated mostly with pollution aerosols. Maximum values reaching more than 0.5 and as-
sociated with dust aerosols are calculated over Northern Africa, Arabia, and China. In
China, both natural and pollution aerosols contribute to the high aerosol optical depth.
Distributions very similar to these results have also been presented in other studies
(e.g., Kinne et al., 2006; Bellouin et al., 2011; Xu and Penner, 2012; Shindell et al.,
2013). The global mean and total AOD is 0.059. As expected from the burden shown
in Fig. 2, nitrates exhibit higher optical depth over source regions: values of 0.02—0.03
over the central United States, and maximum optical depth of 0.05 in northern Eu-
rope and more than 0.1 in Northern China. The contribution of nitrates formed from
biomass burning emissions is also visible in South America, Africa, and Indonesia with
values reaching 0.1 in the later region. The nitrate optical depth is in good agreement
with the results presented by Myhre et al. (2006) regarding both the general patterns
of the distribution and the calculated values. The global mean and total nitrate opti-
cal depth is 0.0053. Fine nitrate particles contribute for 0.0048 to this total number.
Figures 11 and 12 present an evaluation of the calculated total AOD by comparing
with the measurements from the AERONET network (Holben et al., 2001; Kinne et al.,
2006). Matching daily data from the model and Aeronet were aggregated to monthly
averages. Worldwide (Fig. 11), the measured and modeled AOD show a relatively good
correlation (R = 0.57). The arithmetic mean for the measurements of 0.226 is however
underestimated by the modeled values of 0.202 with a Normalized Mean Bias (NMB) of
—11%. Figure 12, shows the evaluation with the AERONET measurements for various
regions. A good agreement with the AERONET measurements is obtained over North-
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ern America. Over this region the model slightly underestimates the measurements
(NMB = -5%, R =0.77). Over Africa, higher AOD associated with dust aerosols are
calculated. A fairly good correlation is reached (R = 0.66) with also a light underesti-
mate by the model of —10 %. Over Eastern Asia, the model underestimate the AOD
(NMB = -39 %). Over Europe, a similar correlation between model and measurement
is obtained (R = 0.58). However, over this region, the model overestimates the mea-
surements (NMB = +6 %).

Figure 13 shows the zonal nitrate column and the corresponding optical depth at
550 nm. These figures show both the fine and coarse mode components for the two
variables. The total zonal mean nitrate aerosol column peaks in the Northern Hemi-
sphere around 25-40° as shown already in Fig. 2. Coarse particles dominate the nitrate
burden and reach 2.5mg m~2. These particles are also responsible for a background
column of 0.5-0.8 mg m~2 in remote areas, associated mainly with coarse nitrate par-
ticles on sea-salt. Fine particles associated with pollution present a maximum of about
1mg m~2 at 40°N and a secondary maximum of about 0.5mg m~? associated with
biomass burning emissions around the equator. The zonal mean nitrate optical depth
shows the opposite behavior since coarse particles contribute less efficiently to the Mie
scattering. The total zonal mean nitrate optical depth reaches more than 1.2 around
40° N. This optical depth is largely associated with fine particles with coarse nitrates
contributing for a maximum optical depth of about 0.2.

Figure 14 gives the direct radiative forcings of aerosols since pre-industrial times
calculated at the top of the atmosphere for all-sky conditions. The forcings are calcu-
lated as the difference between the present-day and pre-industrial aerosol distributions.
The sulfate radiative forcing is ~0.315Wm~2 in global mean. A value in agreement
with the recent intercomparison of models provided in the framework of AEROCOM
by Myhre et al. (2013) indicating a mean forcing of —-0.32 £ 0.11 Wm™2 and with the
most probable range of —0.18 to ~0.44Wm™2 provided by Shindell et al. (2013). The
forcing shows values of —2Wm™2 over regions of high sulfate load over the Eastern
United States, Southern Europe and Eastern Asia. The radiative forcing associated
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with Black Carbon (BC) particles including both the fossil fuel, biofuel and biomass
burning components is equal to 0.199Wm~2 in global mean. Over the Southeastern
United states and the UK, the negative forcing indicates that BC emissions have de-
creased in these regions since the reference year of 1850 already included emissions
from biofuel and to a lesser extent coal burning. The Organic Carbon (OC) forcing is
-0.056 Wm™2. The forcing is negative except in regions where emissions have de-
creased as mentioned for BC. Myhre et al. (2013) reported a radiative forcing arisin%
from fossil fuel and biofuel BC of +0.18 + 0.07Wm'2, a forcing of —0.03 +£0.01 Wm~™
for OC, and a combined BC + OC forcing from biomass burning of —0.00+0.05 Wm™2.
The calculated forcings for BC and OC with this model are in agreement with this
compilation and with Shindell et al. (2013). The calculated global mean forcing for ni-
trate particles is ~0.056 Wm™2. Fine nitrate particules contribute for ~0.049Wm~ to
this forcing and anthropogenic coarse nitrate particulate matter for only -0.006 Wm™2.
The total nitrate forcing reaches —2.6Wm™2 over China, ~1.0Wm™2 over North-
ern Europe and ~0.5Wm™2 over the central United States. The nitrate forcing also
reaches more than —1.0 Wm™ over biomass burning regions. For this forcing, Myhre
et al. (2013) reported a global value of ~0.08 +0.04 Wm™2 and Shindell et al. (2013)
a value of —0.19+£0.18 Wm™2. There is a significant spread in the calculated ni-
trate forcings from the various model ranging from a value of ~0.02Wm™2 with the
OsloCTM2 to —0.12 Wm™2 with the GEOS-CHEM model (Myhre et al., 2013) and even
to —0.41 Wm™2 with the GISS model (Shindell et al., 2013). The value calculated with
this model is in the range provided by this previous work. Additional work is required to
understand the reason of the spread in the various model estimates.

4 Future evolution

In this section, we present the future evolution of nitrate aerosols under the various
RCP scenarios for the 2030, 2050 and 2100 periods. The associated direct radiative
forcings are presented and the nitrate forcing compared to the forcing of the other parti-
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cles in order to investigate their relative contribution in the future. Snapshot simulations
have been performed for these various cases as described in Sect. 2.3 and the global
emissions for key species related to nitrate formation have been presented in Table 1.
In order to better understand the contribution of NH3, NO,, and SO, emissions to the
future nitrate levels, sensitivity simulations have been performed in the particular case
of the RCP4.5 scenario for the year 2100.

4.1 Atmospheric composition

The four RCP scenarios have been simulated with the model but, as far as nitrate par-
ticles and their radiative forcing are concerned, and as visible from the total emissions
presented in Table 1, two particular scenarios are interesting to compare. In all scenar-
ios, SO, and BC emissions decrease from their present day value to their 2100 level.
Despite significant differences in 2030 and 2050 (in particular in the case of SO, emis-
sions), the level reached in 2100 for the four emission scenarios are often close to each
other for these species. This is not the case for two important precursors of nitrate par-
ticles: ammonia and nitrogen oxides. For NH; and NO,, RCP4.5 and RCP8.5 represent
the extremes for emissions in 2100 and are expected to lead to very different nitrate
levels in the future. This is in particular the case for NH; emissions, which remain
close to their present-day level (51 TgN) in 2100 for the RCP4.5 scenario (54 TgN),
but increase by 50 % in 2100 for RCP8.5 (78 Tg N). For NO,, emissions decrease from
46 Tg N for the present-day to 24 TgN in 2100 for RCP4.5 but decrease only to 31 TgN
in 2100 for RCP8.5.

As a consequence of these changes in emissions, the concentration of NH; varies
quite significantly in the future between these two extreme scenarios. Figure 15 shows
the change in NH; surface concentration from the present-day levels in 2030 and
2100 for both RCP4.5 and RCP8.5 (see Fig. 6 for the reference level). For RCP8.5
a significant increase is calculated everywhere in 2030 and 2100 except in Indonesia
where biomass burning emissions are reduced. In the central United States, North-
ern and central Europe, India and China, NH; increases by up to 2ugcm'3 in 2100.
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For the RCP4.5 scenario, a significant increase is still predicted in India and in China
where emissions are still predicted to rise. However, concentrations are significantly
reduced in Western and Eastern Europe by up to 1ugcm'3 and a lesser increase
of 0.5-1 ugcm'3 is calculated in the central US. Figure 16 shows the corresponding
change in HNO; surface concentrations. Due to a reduction in NO, emissions, HNO4
has already significantly decreased in 2030 in Northern America and Europe in both
scenarios. In contrast, a strong increase is calculated in India and in China reaching
more than 2 ugcm'3 in 2030. In 2100, the HNO4 reduction is almost generalized over
the continents with the exception of biomass burning regions in Africa and India in the
case of RCP8.5. Figure 17 shows the change in SOi' surface concentration in 2030
and 2100 for RCP8.5. The concentration increases in India and Southeast Asia by
more than 2 pug cm™ in 2030. As expected from the sharp decrease in SO, emissions,
at the end of the XXIlst century, a general decrease of the surface concentration is
calculated, reaching more than 2 ug cm™~2 in Northern America, Europe, and China.
As a result of these changes in nitrate precursor surface concentrations, nitrate par-
ticles are expected to undergo significant variations in the future. Figure 18, shows the
evolution of nitrate particles surface concentrations for the various simulations per-
formed and averaged over several regions of the world. As shown earlier (Fig. 1),
present-day nitrate concentrations are higher in Europe (1.4 pug cm'3) than in Northern
America (0.35 ug cm‘3). Due to the decrease in precursors, the concentrations in these
two regions decrease for all scenarios during the XXlst century. By 2100, the mean sur-
face concentration in Europe is in the range 0.14-0.43 ug cm~2 and in the range 0.03—
0.15ugcm'3 in northern America. In northern and southern Asia, the concentration
increases significantly in 2030 and 2050 in scenarios RCP6.0 and RCP8.5 reaching
3.6 ug cm™>. By 2100, the surface concentration is in the range 0.38—-0.78 pg cm™ and
0.01-0.51 g cm™2 in northern and southern Asia, respectively. In India, the surface ni-
trate concentration increases until 2050 in most scenarios, reaching 1.45 g cm™ on
average. The concentration then decreases and is in the range 0.27-0.65 g cm™2 in
2100. The concentration of nitrates in other regions (Africa, South America, Australia)
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show little variation from their present-day value (not shown). The global nitrate con-
centration increases from 0.38 pgcm’3 for the present to 0.58 ugcm'3 in 2030 and
decreases to 0.10-0.21 ug cm™in 2100.

Figure 19 shows the free ammonia (T,) to total nitrate ratio (7y) for the year 2100
and scenario RCP8.5. There is a significant increase in this ratio at the surface and
in the free troposphere compared to the reference simulation (Fig. 7). At the surface,
negative ratios indicating the formation of ammonium sulfate instead of ammonium
nitrate have vanished over the continents due to a significant and general reduction
in SOi‘ concentrations. The ratio has also increased over the continents to values
generally larger than 1, indicating an increased excess of ammonia over nitric acid,
and a stronger limitation of particle formation by HNO3; concentrations. This is a direct
consequence of lower HNO5; and higher NH5 concentrations in 2100. Interestingly, in
the free troposphere, the T, /Ty ratio becomes positive in the Northern Hemisphere
due to the decreased sulfate concentrations. As a consequence nitrate particles will
form at higher altitudes, mostly limited by the amount of NH; present at these altitudes.

Figure 20, shows the change from the present-day (Fig. 4) of the nitrate column in
2030 and 2100 for the two extremes scenarios RCP4.5 and RCP8.5. As discussed
above, the change in nitrate precursors is responsible for a strong increase of the ni-
trate column in the Northern Hemisphere of 1-2 mg m~2 on average and reaching up 2—
5mg m~2 in the case of RCP8.5, in 2100. In the case of RCP4.5, the column increases
by 0.4-0.8 mg m~2 in the Northern Hemisphere with a maximum of 1-2mg m~2 over
India. In all cases and in both 2030 and 2100, a strong increase in the nitrate column
is calculated over India. In both scenarios, the strong decrease in nitrate surface con-
centrations calculated over Europe and China in 2030 and 2100 (Fig. 18) dominates
the change in the column which decreases by up to 2mg m~2 over these regions. In
the case of RCP4.5, this is also the case over the central US with a decrease reaching
0.4mg m~2. For scenario RCP8.5, in 2100, it is interesting to note that the nitrate col-
umn also increases in the Southern Hemisphere by 0.1-0.4 mg m~2 mostly associated
with transport from source regions in Africa and South America.
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Figure 21 and Table 4 present the evolution in the global burden of nitrate parti-
cles and its main precursors for the various scenarios and time-slice experiments. In
all scenarios, the burden of fine nitrate particles increases in the atmosphere from
a present-day value of 0.05 TgN to 0.13TgN for RCP8.5 and 0.07 Tg N for RCP4.5. As
expected, these two extreme values are mainly driven by the change in NH; emissions
and burden. The burden of NH; increases from its present-day value of 0.09 TgN to
a maximum value of 0.23TgN in 2100 in the case of RCP8.5 and to a minimum value
of 0.14TgN for RCP4.5. The formation of coarse nitrate on dust and sea-salt is a re-
sult of HNO3 heterogeneous uptake on these particles. Since no change in climate
is considered in these simulations, the burden of dust and sea-salt particles is similar
in all simulations. Therefore, the evolution of the coarse nitrate particle burden follows
the evolution of the nitric acid in the atmosphere, and decreases from 0.13TgN to
0.09-0.12TgN in 2100. Overall, the burden of total nitrate particles increases from
0.181 TgN to 0.183 TgN in 2100 in the case of RCP4.5 and to 0.247 TgN in the case
of RCP8.5. The relative contribution of fine particles to this total is however modified
and increased from a present-day value 28 % to 40 % in 2100 for RCP4.5 and to 51 %
for RCP8.5. Since fine particles contribute the most to the nitrate optical depth and
radiative forcing this feature will have consequences on the climate impact of these
particles. The future decrease in sulfates leading less ammonium sulfate formation is
partially compensated by an increase in ammonia and formation of ammonium nitrate.
As a consequence, the NHI global burden remains fairly constant in time and varies
from a present-day value of 0.21 TgN to 0.17-0.24 TgN in 2100.

4.2 Sensitivity to NH3, NOy, and SO, emissions

As discussed earlier, as a direct consequence of future changes in nitrate precursors,
scenarios RCP8.5 and RCP4.5 represent the two extremes as far as future nitrates
concentrations are concerned. Indeed, SO, emissions are close in both scenarios but
NO, and to a larger extent NH5 emissions are significantly different and at the extremes
of their future evolution. Three sensitivity experiments have been performed in order to
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investigate the relative importance of these emissions on the future nitrate levels. These
sensitivity studies have been derived from scenario RCP4.5 for 2100 in order to better
understand the role played by SO,, NO, and NH; emissions on the differences ob-
tained between RCP4.5 and RCP8.5 (see Table 1). Simulation 2100 RCP4.5-NO, has
the same emissions as scenario RCP4.5 except that the NO, emissions are replaced
by 2100 RCP8.5 emissions. Similarly in simulation 2100 RCP4.5-NH; all emissions
are similar to RCP4.5 except that the NH; emissions are replaced by 2100 RCP8.5
emissions. Finally, in simulation 2100 RCP4.5-SO, all emissions are similar to RCP4.5
except that SO, emissions are replaced by 2000 emissions. The latter are chosen to
come not from the rather similar RCP8.5, and to isolate the impact of sulfates.

Figure 21 and Table 4 summarize the impact of these sensitivity simulations on the
global burden of nitrates and related species in 2100. When NH; emissions are in-
creased to their RCP8.5 level (RCP4.5-NH;) the burden of NH3 increases to 0.24 TgN,
a value even larger than in scenario RCP8.5. In this case, the fine nitrate burden in-
creases to 0.12 Tg N, showing that more than 80 % of the difference in fine nitrates be-
tween RCP4.5 and RCP8.5 can be explained by the higher NH; emissions in scenario
RCP8.5. In this case, more ammonium nitrate is formed, and the NH:{ burden increases
to 0.22TgN, a value slightly below the RCP8.5 scenario. This can be explained by the
fact that less nitric acid is present in RCP4.5 compared to RCP8.5 and hence less am-
monium nitrate is formed since HNOj is the limiting species as seen in Fig. 19. Since
ammonium sulfates form on preexisting SOi' particles, changing the NH; emissions
has no effect on the sulfates themselves in this sensitivity simulation. The impact of
somewhat higher NO, emissions (simulation RCP4.5-NO,), increases the nitric acid
burden to a value close to their RCP8.5 level. As a result, the fine nitrate burden in-
creases by 0.01 TgN, explaining the remaining difference obtained between RCP4.5
and RCP8.5 scenarios. These sensitivity simulations show that the strong difference
calculated in fine nitrate particle levels in 2100 between scenario RCP4.5 and RCP8.5
can be explained mostly (80 %) by the higher NH; emissions in the case of RCP8.5
and the remaining explained by the higher NO, emissions. Finally, we illustrate the
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impact of higher SO, emissions in the system (simulation RCP4.5-S0O,). In this case,
since 2000 emissions have been used, as expected the SOi‘ burden increases to the
present-day value. As a consequence, more NH; is used to neutralize the sulfates and
form ammonium sulfates in priority, and the fine nitrate burden decreases by 0.02 Tg N.

4.3 Surface deposition

Figure 22 shows the evolution of the total nitrogen deposition averaged over vari-
ous regions of the world. The total NO, + NH, (wet+dry) deposition is presented.
In Europe and Northern America, the total N deposition slightly decreases or re-
mains close to its present-day value in the case of scenario RCP8.5. In these re-
gions, the NO, deposition significantly decreases in the future due to reduced NO,

emissions (from 360 mgNm‘zyr'1 to 88-150 mgNm'zyr'1 in Europe in 2100 and
from 265 mgNm’Zyr’1 to 60-108 mgNm’Zyr’1 in Northern America). However, this
decrease is largely compensated by an increase in NH, deposition. In Europe for in-
stance, this term increases from 426 mgNm'zyr’1 to 672 mgNm’Zyr'1 in 2100 for
RCP8.5. As a consequence, the fraction of N deposited as NH, increases from about
50 % for the present-day to 70-80 % in 2100 in these two regions (Fig. 23). In Asia
and India, the NO, deposition generally increases in 2030 or 2050 due to higher
NO, emissions in these regions before decreasing at the end of the XXlst century.
In addition, the NH, deposition generally increases during the course of the cen-
tury to reach maximum values in 2100. As a result, the total N deposition gener-
ally reaches a maximum in 2030—2050 and further increases or remains stable until
2100. In Northern Asia (mostly China) for instance, the total deposition increases from
965mgNm~2yr~" for the present to up to 1443mgNm~2yr~" in 2050 before decreas-
ing to 880-1251 mgNm'zyr‘1 in 2100. In India, the deposition increases during the
century from a present-day value of 780mgNm™2yr~' to 1100-1700mgNm~2yr~" in
2100. As seen in other regions, this increase in total N deposition is also associated
with a new balance between NOy and NH, deposition. As seen from Fig. 23, the frac-
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tion of N deposited as NH, increases from about 60 % to 80 % in these regions. The
same tendency is found over oceanic regions and globally. The total N deposited re-
mains fairly stable or slightly decreases in these regions during the XXlst century but
the fraction of N deposited as NH, increases from 45 % to 55-70 % over the ocean
and from 55 % to 70-80 % globally. This feature has possible strong consequences
for terrestrial or oceanic ecosystems because as nitric acid, which dissociates read-
ily in water causing a significant drop in pH, deposition in the form of NH, in contrast
increases the water alkalinity (Doney et al., 2007).

4.4 Anthropogenic aerosol optical depths and radiative forcings

Table 5 gives the anthropogenic aerosol optical depth at 550 nm for the various aerosol
components and for the different performed simulations. As in Bellouin et al. (2011),
we define the anthropogenic optical depth by substracting the optical depth calculated
in 1850 to the calculated value. The total anthropogenic optical depth decreases in all
scenarios from a present-day value of 0.027 to a range of 0.009 for RCP4.5 to 0.016
for RCP6.0 and RCP8.5 in 2100. The anthropogenic optical depth of all aerosols de-
creases from 2000 to 2100 for all scenarios except for nitrates for which the optical
depth increases in all RCP storylines. The nitrate optical depth increases from 0.004 in
2000 to a range in 2100 of 0.005 for RCP4.5 to 0.009 for RCP8.5. Figure 24 summa-
rizes the contributions of the various aerosol components to this total anthropogenic
optical depth. For the present-day, sulfates have the largest contribution of 64 %. OC
and BC contribute respectively for 19 % and 5% to the anthropogenic optical depth.
Nitrates have a contribution of 13 %. In the future, the contribution of sulfate decreases
for all scenarios to a range of 16 % in the case of RCP2.6 to 36 % for RCP4.5 in 2100.
The contribution of BC in 2100 ranges from 3 % for RCP2.6 to 5% in RCP6.0 and the
contribution of OC from 3% in RCP4.5 to 30 % in RCP6.0. In all scenarios, we calcu-
late an increasing contribution of nitrates to the anthropogenic aerosol optical depth,
and in 2100, nitrates become the dominant contributors to the anthropogenic optical
depth. This contribution in 2100 ranges from 46 % for RCP6.0 to 64 % in RCP2.6.
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Table 6 gives the all-sky direct radiative forcings since 1850 at the Top Of the Atmo-
sphere (TOA) of the various aerosol components calculated for the different scenarios
and time periods. The total forcing decreases from a present-value of ~0.23Wm~2 to
-0.11, -0.07, -0.11 and -0.13 for scenarios RCP2.6, 4.5, 6.0 and 8.5, respectively.
The geographical distribution of the total direct forcing for scenario RCP8.5 is shown in
Fig. 25. In 2000, the forcing is strongly dominated by the negative sulfate forcing in the
Northern Hemisphere with negative values over the continents reaching —6Wm™2 in
China. The positive forcing associated with BC dominates in several areas, in particu-
lar in the tropics, in biomass burning regions, or over regions with high surface albedo
(see also Fig. 14 for the individual aerosol forcings in 2000). In 2100, the negative
total forcing decreases but remains negative over most of the Northern Hemisphere.
The maximum negative forcings are calculated over the central US where the nitrate
forcing is high, over India and China. In these regions, the negative forcing reaches
-1.6Wm™2. The positive forcing also decreases, except over the southeastern United
States due to decreasing emissions of OC since 1850.

Figure 26 shows the evolution of the radiative forcings associated with the vari-
ous aerosol components for the different RCP scenarios. As discussed above, the
total aerosol forcing decreases from 2000 to 2100 for all scenarios. The negative
forcing associated with sulfates decreases from —0.31 Wm™ in 2000 to a range of
~0.03Wm™2in RCP 2.6 to —-0.08 Wm™2 for RCP8.5. Similarly, the forcing arising from
OC decreases from —0.06 Wm™ in 2000 to —0.03Wm™2 in 2100 for RCP4.5 and to
—0.05Wm™2 for RCP6.0. In addition, the positive forcing associated with BC decreases
from 0.19Wm™2 in 2000 to 0.04-0.10 Wm™2 in 2100. In contrast, to the other aerosol
components, the nitrate negative forcing increases in all scenarios from a present-
day value of ~0.05Wm~2 to a value ranging in 2100 from ~0.06 Wm™2 for RCP4.5 to
~0.11Wm™ for RCP8.5.

Finally, Fig. 27 summarizes the impact of nitrates on the future evolution of the an-
thropogenic AOD at 550 nm and on the direct radiative forcing of aerosols at the top
of the atmosphere. This figure can be compared to the results shown by Bellouin
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et al. (2011). As indicated before, the anthropogenic aerosol optical depth generally
decreases for all scenarios. Nitrates have an increasing contribution to this AOD and
their contribution increases the AOD in 2100 from a factor of 1.8 for RCP6.0 to a factor
of 2.8 for RCP2.6. These results are similar to Bellouin et al. (2011) who calculated
a ratio for the AOD with and without nitrates of 2 in the case of RCP6.0 and 3.3 in the
case of RCP2.6. The total aerosol forcing significantly decreases for all scenarios as
a consequence of emission reduction for the main aerosols and aerosol precursors.
In contrast, we have seen that the negative nitrate forcing increases in the future for
all scenarios due to higher emissions of NH5 from agriculture. Including nitrates in the
radiative forcing calculations significantly increases the total direct forcing of aerosols
by a factor of 1.3 in 2000, by a factor of 1.7-2.6 in 2030, by 1.9—4.8 in 2050, and by
6.4-8.6 in 2100. These ratios are larger than Bellouin et al. (2011) who included the
first indirect effect in the aerosol forcing. These results show that due to increasing
NH3; emissions from agriculture in the future, nitrates have the potential to maintain
the aerosol forcing at significantly higher values than those expected without including
them in the climate simulations and become the main agent contributing to this forcing.

5 Conclusion

In this paper, the ammonia cycle and nitrate particle heterogeneous formation have
been introduced in the LMDz-INCA global model. The model treats ammonia and ni-
trates interactively with the full tropospheric chemistry and the other types of aerosols.
We consider both fine nitrate particles formation in the accumulation mode from nitric
acid and ammonia reaction and coarse nitrate particles forming on existing dust and
sea-salt particles. The model developed in this work reproduces distributions of nitrates
and related species in agreement with previous pioneering studies. The present-day
surface concentrations of sulfates, nitrates, and ammonium have been evaluated by
comparison against network measurements from the EBAS database. In Europe and
Northern America, the model captures the sulfates measurements with a mean bias
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of about 20 %. As obtained with other models, ammonium and nitrates particles are
more difficult to reproduce and higher biases are obtained, reaching, for nitrates, 50 %
and 100 % over Europe and Northern America, respectively. The model total sulfate,
ammonia, and nitrate deposition have also been compared to network measurements.
This evaluation shows a reasonable agreement over Europe and Northern America
for these three terms, with mean biases of about 20—-30 % or better. This is not the
case in Eastern Asia where systematically underestimated depositions are calculated.
This points to the need to further improve the emission inventories in this region and in
China in particular. The calculated total aerosol optical depth distribution is generally
well reproduced by the model with a mean bias against the AERONET observations of
30 %.

The main objective of this work is to investigate the direct radiative forcing of cli-
mate of fine and coarse nitrate particles for both present-day and future conditions and
investigate their relative contribution to the total aerosol forcing. Fine nitrate particles
represent less than 30 % of the total nitrate burden. Nitrates contribute for 13 % to the
anthropogenic AOD since the pre-industrial (1850). The calculated present-day total
nitrate direct radiative forcing since the pre-industrial at the top of the atmosphere is
-0.056 Wm™. Despite their small contribution to the total nitrate burden, fine parti-
cles largely dominate the nitrate forcing representing close to 90 % of this forcing. The
present-day nitrate direct radiative forcing has the same magnitude than the forcing
associated with organic carbon particles and represent 18 % of the sulfate forcing. The
nitrate forcing is subject to a significant spread in the previous model estimates. The
forcing calculated with this model is within the range of —0.03 to ~0.17Wm™ reported
by Myhre et al. (2013) but in the lower range of this multi-model estimate.

The model has been used to investigate the future changes in nitrate concentra-
tion and direct radiative forcing of climate based on the four RCP scenarios and for
the 2030, 2050 and 2100 time horizons. Due to a decrease in fossil fuel emissions in
the future, the concentration of most of the species involved in the nitrate-ammonium-
sulfate system drop by 2100 under the different scenarios. This is not the case for
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ammonia which originates from agricultural practices and for which emissions signifi-
cantly increase in the future. As a consequence, NH; future concentrations significantly
increase in India, in Eastern Asia, and in Northern America for the four scenarios, but
also in Europe for the most extreme scenario RCP8.5. Despite this increase in NH;
surface levels, the surface concentration of nitrates decreases in Europe and Northern
America due a significant reduction in NO, and hence HNO3 concentration at the sur-
face. In other regions (India, Asia), the nitrate surface concentration generally increases
until 2030—2050 due to increasing NO, and NH; and then decrease until 2100. Due
to the significant reduction in SOi’ levels in the future and concomitant increase in
NHs, large regions of the atmosphere, not only at the surface but also in the free tro-
posphere, shift from an ammonium sulfate to an ammonium nitrate formation regime.
As a consequence, despite the decrease of nitrates at the surface level in several re-
gions, the global burden of accumulation mode nitrates in the atmosphere increases
by a factor of 1.4-2.6 in 2100 depending on the scenario. This range is associated
for 80 % to the range in future NH5 emissions among the various scenarios with NO,
emissions contributing to the remaining variability between the different scenarios. The
total nitrogen (NH, + NO, ) deposition generally increases or remains fairly stable in the
future for the different scenarios. However this feature is mostly associated with a de-
crease in NO, deposition and an increase in NH, deposition. As a consequence the
fraction of nitrogen deposited as NH, increases from about 50 % for the present-day to
70-80 % by 2100. This feature has possible strong consequences for the environment
because as nitric acid causes a significant drop in pH, NH, in contrast, increases the
water alkalinity.

The total anthropogenic AOD decreases in all scenarios from a present-day value of
0.027 to a range of 0.009 for RCP4.5 to 0.016 for RCP6.0 and RCP8.5 in 2100. Since
all aerosols concentrations decrease in the future except for nitrates, they become
the dominant contributors to the anthropogenic AOD. Their contribution increases from
13 % for the present-day to 46—64 % in 2100 depending on the considered scenario.

The total aerosol direct forcing decreases from its present-day value of —0.23 Wm™2to
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~0.07 to —0.13Wm™2 in 2100 based on the considered scenario. As expected from the
changes in the AOD, the direct forcing decreases for all aerosols in the future except
for nitrates for which the direct negative forcing increases from ~0.056 Wm™2 in 2000
to a range of —0.060 to -0.1 15Wm™2 in 2100. Including nitrates in the radiative forcing
calculations significantly increases the total direct forcing of aerosols by a factor of 1.3
in 2000, by a factor of 1.7-2.6 in 2030, by 1.9—4.8 in 2050 and by 6.4-8.6 in 2100.
These results indicate and confirm that, due to increasing NH; agricultural emissions
in the future according to the RCP emission scenarios, nitrates become the dominant
contributor to the anthropogenic aerosol optical depth during the second half of the
XXlst century and significantly increase the calculated aerosol direct forcing.
Agricultural emissions of ammonia are found to play a key role in the future mitigation
of climate change. It is found in this study that ammonium nitrate particles become the
dominant contributor to the future direct forcing of aerosols. In addition, in terms of re-
gional air quality, we have shown that nitrate levels at the surface are also significantly
affected by future emissions of nitrate precursors with consequences on Particulate
Matter levels in Northern America, Europe and Asia, and hence health impact. The fu-
ture ammonia emissions also affect the total nitrogen deposited at the surface with pos-
sible consequences on land and ocean ecosystems. We note however that significant
uncertainties remain in our simulations of future nitrate levels. The ammonium-nitrate-
sulfate chemistry module used in this study has been designed for long-term coupled
climate-chemistry simulations and remains relatively simple compared to the work of
Metzger et al. (2002) and Xu and Penner (2012). This module could be improved in
a future version of the model. We note however, the agreement with previous studies
in terms of simulated distributions or in terms of comparison with measurements. No
particular biases were obtained compared to these previous calculations. Another im-
portant limitation arises from the fact that in this study we analyze the role of future
emissions acting separately on atmospheric composition. The impact of future climate
change on nitrate formation or on dynamical regimes, on future levels of oxidants, on
future biogenic emissions has not been considered. This will be investigated in forth-
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coming studies along with the impact of nitrate particles on the aerosol indirect effect.
It should also be noted that this study is based on the RCP scenarios for the future
evolution of surface emissions of pollutants. All RCP scenarios assume aggressive air
pollution abatement measures and this assumption is a major caveat in the projections
of future nitrate precursor emissions. In addition, the small range of possible air pollu-
tant emission trajectories across the RCPs may not necessarily be representative of
the true regional air quality legislation and hence emission pathways. This type of study
needs to be investigated with more realistic emission scenarios for air pollutants when
they become available.

As stressed in this work and previous studies before, nitrate is an increasingly im-
portant aerosol component which impacts climate, air quality, and ecosystems through
nitrogen deposition. Nevertheless, despite this importance for future climate and air
quality projections, and unlike other aerosol components, the simulation of nitrate par-
ticles from global models and their impact on climate has not yet been extensively eval-
uated. Such an evaluation in the framework of the AeroCom community effort (Schulz
et al., 2006; Myhre et al., 2013) will be of great interest to reduce the uncertainty on
this aerosol component.
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Table 1. Total (anthropogenic + natural) and global emissions of NO, and NH; (Tg Nyr‘1), SO,
(TgSyr'1), Black Carbon (BC) and Organic Carbon (OC) (Tgyr'1) for the various simulations

performed in this study.

Scenario NO, NH; SO, BC OC
1850 10 21 10 3 22
2000 46 50 59 8 36
2030 RCP2.6 39 62 35 7 36
2050 RCP2.6 36 67 22 5 30
2100 RCP2.6 24 79 14 3 25
2030 RCP4.5 42 56 49 7 29
2050 RCP4.5 36 57 32 6 27
2100 RCP4.5 24 54 18 4 19
2030 RCP6.0 40 57 45 7 36
2050 RCP6.0 37 64 43 7 36
2100 RCP6.0 23 72 17 4 32
2030 RCP8.5 48 63 48 7 33
2050 RCP8.5 40 69 32 6 30
2100 RCP8.5 31 78 20 4 24
Sensitivity simulations

2100 RCP4.5-NO,, 31 54 18 4 19
2100 RCP4.5-NH; 24 78 18 4 19
2100 RCP4.5-S0, 24 54 59 4 19
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Table 2. Troposheric budget of nitric acid (HNO;) and nitrate particles (NO;) for the “pre-
industrial” (1850) and “present-day” (2000) simulations. The budget terms for HNO; are in-

tegrated up to 200 hPa.

1850 2000
HNO4
Sources (TgN yr'1) 14.09 48.51
Gas phase 14.04 44.59
Aerosols 0.05 3.92
Loss (TgNyr™) 14.80 49.46
Gas phase 155 3.42
Fine nitrates 0.28 3.19
Dust nitrates 296 6.26
Sea-salt nitrates 1.57 4.92
Dry deposition 3.42 14.66
Wet deposition 5.02 17.02
Burden (TgN) 0.14  0.30
Lifetime (days) 3.57 225
NO;
Sources (TgNyr™")  4.81 14.37
Fine 0.28 3.19
Dust 296 6.26
Sea-salt 1.57 4.92
Loss (TgNyr™) 480 14.33
Dry deposition 0.32 1.66
Wet deposition 449 12.67
Burden (TgN) 0.09 0.18
Fine 0.01 0.05
Dust 0.04 0.07
Sea-salt 0.03 0.06
Lifetime (days) 6.75 4.61
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Table 3. Troposheric budget of ammonia (NH;) and ammonium particles (NH,) for the “pre-

industrial” (1850) and “present-day” (2000) simulations.

1850 2000
NH;
Sources: emissions (Tg Nyr‘1) 20.99 50.51
Loss (TgNyr™") 20.98 50.47
Gas phase 0.28 0.63
Ammonium formation 5.14 17.46
Dry deposition 9.67 21.33
Wet deposition 589 11.05
Burden (TgN) 0.05 0.09
Lifetime (days) 0.81 0.63
NH;
Sources: ammonia conversion (TgN yr'1) 5.14 17.46
Loss (TgNyr™) 513 17.42
Dry deposition 0.32 250
Wet deposition 481 14.91
Burden (TgN) 0.08 0.22
Lifetime (days) 539 452
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ous simulations performed in this study. Units: TgN, except SOi‘ (TgS).
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Table 5. Aerosol Optical Depth (AOD) at 550 nm (X 1000) for 1850 and 2000 and anthropogenic
AOD (X 1000) for the various simulations performed in this study. The anthropogenic AOD is

calculated by substracting the 1850 AOD to the considered scenario.

Scenario NO; SOi_ oC BC Total
Aerosol Optical Depth

1850 1.70 14.70 13.67 1.14 31.18
2000 527 32.18 18.77 2.45 58.67
Anthropogenic Aerosol Optical Depth

2000 3.57 17.51 5.09 1.31 27.49
2030 RCP2.6 7.41 9.92 542 1.49 24.23
2050 RCP2.6 8.19 5.15 3.55 0.87 17.76
2100 RCP2.6 8.02 2.03 2.10 0.35 12.49
2030 RCP4.5 5.55 14.59 2.93 1.51 24.58
2050 RCP4.5 6.20 8.42 252 1.23 18.38
2100 RCP4.5 5.26 3.36 0.31 0.43 9.36
2030 RCP6.0 5.77 13.08 496 1.53 25.35
2050 RCP6.0 7.00 12.40 5.34 1.46 26.20
2100 RCP6.0 7.57 3.15 484 0.79 16.35
2030 RCP8.5 7.39 1457 448 1.46 27.89
2050 RCP8.5 8.63 8.94 3.31 1.11 21.99
2100 RCP8.5 9.57 4.20 1.75 0.66 16.17

6916

Jaded uoissnosiq

Jaded uoissnosiq

L

Jladed uoissnasiq | Jaded uoissnosiq

il

ACPD
14, 6863-6949, 2014

A global model
simulation of present
and future nitrate
aerosols

D. A. Hauglustaine et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/6863/2014/acpd-14-6863-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/6863/2014/acpd-14-6863-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
14, 6863-6949, 2014

Jaded uoissnosiq

A global model
simulation of present
and future nitrate
aerosols

Table 6. All-sky direct radiative forcing at the Top of the Atmosphere (TOA) of the various
aerosol components since the 1850 period and future evolution under the different scenarios
considered in this study (mWm™).

Scenario NO; SOi_ OC BC Total
2000 -56 -315 -56 194 -234

D. A. Hauglustaine et al.

2030 RCP26 -95 -118 -60 182 -153
2050 RCP2.6 102 -94 -39 107 -130
2100 RCP26 -96 -33 -25 40 -113

2030 RCP45 -76 -270 -29 187 -189
2050 RCP45 -78 -159 -25 152 -110
2100 RCP45 -60 -60 -3 53 -70

2030 RCP6.0 -79 -235 -57 187 -184
2050 RCP6.0 -94 -225 -59 180 -198
2100 RCP6.0  -91 -58 -55 98 -106

2030 RCP8.5 -101 -273 -49 181 -241
2050 RCP8.5 -108 -173 -40 138 -184
2100 RCP85 -115 -79 -18 82 -130
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Fig. 1. Annual mean surface concentration of (top) sulfate aerosols, (middle) ammonium
aerosols, and (bottom) total nitrate aerosols simulated for present-day conditions (ug m’3).
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Fig. 2. Annual mean surface concentration of (top) fine mode nitrate aerosols, (middle) coarse
mode nitrates on dust, and (bottom) coarse mode nitrates on sea-salt simulated for present-day

conditions (ug m'a).
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Fig. 3. Simulated surface concentration of sulfates (uS m'3), ammonium (uN m'3), and nitrates

(UNm™3) for the year 2006 compared to EBAS data over Europe (left) and Northern America
(right). Dashed lines indicate 1:2 and 2: 1 ratios.
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Fig. 4. Annual mean tropospheric column of (top) sulfate aerosols, (middle) ammonium
aerosols, and (bottom) total nitrate aerosols simulated for present-day conditions (mg m'2).
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LMDz INCA - Fine nitrate column - 2000 - Annual Mean
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Fig. 5. Annual mean tropospheric column of (top) fine mode nitrate aerosols, (middle) coarse
mode nitrates on dust, and (bottom) coarse mode nitrates on sea-salt simulated for present-day

conditions (mg m'z).
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Fig. 8. Annual mean SO, (mgSm™~?yr™"), NH,, and NO, (mgNm~?yr™") total surface deposition
calculated for present-day conditions.
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(right). Dashed lines indicate 1:2 and 2: 1 ratios.
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Fig. 12. Simulated total aerosol optical depth at 550 nm for the year 2006 compared to
AERONET data for Northern America, Northern Africa, Eastern Asia, and Europe. Dashed
lines indicate 1:2 and 2: 1 ratios.
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Fig. 13. (a) zonal and annual mean total (solid line), coarse mode (dashed line) and fine mode
(dotted line) nitrate particles column (mg m'2); (b) corresponding total, coarse, and fine nitrate
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Fig. 15. Changes in ammonia surface concentration (ug m~2) relative to the present-day dis-
tribution for scenario RCP8.5 (top) and RCP4.5 (bottom) calculated for 2030 (left) and 2100

(right).
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Fig. 16. Changes in nitric acid surface concentration (ug m‘3) relative to the present-day dis-
tribution for scenario RCP8.5 (top) and RCP4.5 (bottom) calculated for 2030 (left) and 2100

(right).
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Fig. 17. Changes in sulfates surface concentration (ug m_3) relative to the present-day distribu-
tion for scenario RCP8.5 calculated for 2030 (left) and 2100 (right).
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Fig. 20. Changes in nitrate column (mgm™?) relative to the present-day distribution for scenario
RCP8.5 (top) and RCP4.5 (bottom) calculated for 2030 (left) and 2100 (right).
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sky top of the atmosphere direct radiative forcing (W m_z) for the four RCP scenarios and from
present-day to 2100; RCP8.5 (red), RCP6.0 (yellow), RCP4.5 (green) and RCP2.6 (blue) Solids
lines: nitrates included; dashed lines: nitrates excluded. Corresponding fractional contribution
of nitrates to the (C) anthropogenic aerosol optical depth and (D) direct radiative forcing.
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