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Abstract. Aerosols play an important role in Europe and the 1:7Wm 2 at the surface and1:4 Wm 2 at the top of the
Mediterranean area where different sources of natural anétmosphere (TOA) in all sky conditions over Europe, with
anthropogenic particles are present. Among them ammoniumegional maxima located at the surface over the Po Valley
and nitrate (A&N) aerosols may have a growing impact on( 5Wm 2). Finally, the dimming effect of A&N aerosols
regional climate. In this study, their representation in coarsds responsible for a cooling of about0:2 C over Europe
and ne modes has been introduced in the prognostic aerosglsummer), with a maximum of 0:4 C over the Po Val-
scheme of the ALADIN-Climate regional model. This new ley. Concerning precipitation, no signi cant impact of A&N
aerosol scheme is evaluated over Europe and the Meditemerosols has been found.

ranean Sea, using two twin simulations over the period 1979—
2016 with and without A&N aerosols. This evaluation is per-
formed at local and regional scales, using surface stations ang |ntroduction

satellite measurements. Despite an overestimate of the sur-

face nitrate concentration, the model is able to reproduce it#\erosols are known to have an important role in the regional
spatial pattern including local maxima (Benelux, Po Valley). and global climate system because they affect cloud proper-
Concerning the simulated aerosol optical depth (AOD), theties, the radiative balance and the hydrological cycle (Forster
inclusion of A&N aerosols signi cantly reduces the model et al., 2007; Tang et al., 2018). They modify the radiative
bias compared to both AERONET stations and satellite databudget of the Earth through different effects, which are the
Our results indicate that A&N aerosols can contribute up todirect, semi-direct and indirect effects. The direct radiative
40 % of the total AORsg over Europe, with an average of effect corresponds to the absorption and scattering of the
0.07 (550 nm) over the period 2001-2016. Sensitivity stud-solar incident radiation (Mitchell, 1971; Coakley Jr. et al.,
ies suggest that biases still present are related to uncertaintid®983) that generally produce a cooling effect both at the
associated with the annual cycle of A&N aerosol precursorssurface and at the top of the atmosphere (TOA). The con-
(ammonia and nitric acid). The decrease in sulfate aerososequences of the direct radiative effect on the atmospheric
production over Europe since 1980 produces more free ameynamics is de ned as the semi-direct effect (Hansen et al.,
monia in the atmosphere leading to an increase in A&N con-1997; Allen and Sherwood, 2010). Finally, the indirect effect
centrations over the studied period. Analyses of the differentepresents the modi cation of the microphysical cloud prop-
aerosol trends have shown for the rst time to our knowl- erties, which has conseguences on cloud albedo and lifetime
edge that, since 2005 over Europe, A&N Agpand A&N in particular (Twomey, 1977; Albrecht, 1989; Lohmann and
shortwave (SW) direct radiative forcing (DRF) are found to Feichter, 2005).

be higher than sulfate and organics, making these the species Over Europe, among the different anthropogenic aerosol
with the highest AOD and the highest DRF. On average overspecies, atmospheric nitrate particles represent approxima-
the period 1979-2016, the A&N DRF is found to be about tively 10%-20% of the total dry aerosol mass at the end

Published by Copernicus Publications on behalf of the European Geosciences Union.



3708 T. Drugé et al.: Regional climate model simulation of A&N aerosols

of the 20th century (Putaud et al., 2004; Schaap et al.dustand sea salt. Indeed, concerning dust, recent studies indi-
2004). Ammonium and nitrate (A&N) aerosols (YNO3) cate that the tropospheric burden of nitrate aerosol increases
are mainly formed by reactions in the atmosphere from am-by 44 % when interactions of nitrate with mineral dust are
monia (NHs) and nitric acid (HNQ@), a photochemical prod- considered (Karydis et al., 2017). Finally, the different global
uct of nitric oxide (NQ) oxidation (Hauglustaine et al., climate models account for impacts on nitrate formation of
2014). The most important sources of ammonia are agriculdust and sea salt very differently (Bian et al., 2017).

tural excreta from domestic and wild animals, as well as syn- By the end of the twenty- rst century, some climate sce-
thetic fertilizers (Bouwman et al., 1997; Paulot et al., 2014). narios project an increase in Nimissions (O'Neill et al.,
Nitric acid has anthropogenic and natural sources that com@016) that could offset some of the decline in ;Sénd
mainly from fossil fuel combustion (40 %), land use prac- NOyx emissions for the anthropogenic aerosol radiative forc-
tices (15 %) and soil emissions (10 %) (Olivier et al., 1998). ing (Hauglustaine et al., 2014). With the reduction in,SO
The NHg, present in the troposphere is the main neutralizingemissions, less atmospheric dltis required to neutralize
agent for the sulfuric acid $$04) and nitric acid (HNQ) the strong acid bISO,. The excess of NElwill form A&N
(Hauglustaine et al., 2014). Firstly, the NHwvill react in- aerosols so that their importance is likely to increase over this
stantaneously and irreversibly withpHO, to produce am-  century. Several global models predict an overall increase
monium sulfate (NH4/HSOy) (Hauglustaine et al., 2014). in atmospheric nitrate burden during this century based on
The less abundant of the two species is the only limitation.current available emission inventories (Bauer et al., 2007,
This reaction takes priority over ammonium nitrate forma- 2016; Hauglustaine et al., 2014; Li et al., 2014). Finally,
tion due to the low vapour pressure of sulfuric acid. Sec-NH4NO3 will probably become the largest contributor to an-
ondly, if all NHz is consumed by the previous reactions with thropogenic AOD by the end of this century (Hauglustaine
H>SOy, no ammonium nitrate is formed. If there is still some et al., 2014). Nevertheless, the predicted trend in surface ni-
NHas, it will neutralize the HNQ@ to create NHNOs3. Af- trate concentration is mixed. Indeed, despite a global increase
ter the small particles reach equilibrium, coarse particles ofin surface nitrate concentration, some studies estimate a de-
NH4NOj3 are produced by heterogeneous uptake of HH®  crease over some regional urban areas, as in North America
calcite (part of mineral dust) and sea-salt particles (Zhuangr in the Mediterranean region, due to the decline inyNO

et al., 1999; Jacobson, 1999; Jordan et al., 2003; Hauglusemissions (Bauer et al., 2016; Hauglustaine et al., 2014; Trail
taine et al., 2014). etal., 2014).

Because of the dif culty to quantify the A&N effects and The Mediterranean region, with an alternating climate be-
the high variability of these aerosols, it is dif cult to simu- tween hot and dry summers and mild and wet winters, is
late their climatic effects (Bian et al., 2017). Several global very sensitive to climate change (Nabat et al., 2016). Fur-
climate models (GCMs) have now implemented the forma-thermore, this region is a crossroads of air masses carrying
tion of A&N aerosols (Bian et al., 2017) to quantify theirim- natural (dust, sea salt, etc.) and anthropogenic (black carbon,
pact on the present-day climate. In that context, eight globakulfate, nitrate, etc.) particles. Indeed, these aerosols come
climate models from the AeroCom (Aerosol Comparisonsfrom different sources such as the Sahara desert, industries,
between Observations and Models) phase |l project havécuropean cities, forest res and even the Mediterranean Sea
quanti ed a present-day direct radiative forcing of nitrate itself (Lelieveld et al., 2002; Nabat et al., 2013). This region
aerosols, at the TOA, ranging from0:12 to  0:02Wm 2 is therefore very interesting to study the role of the differ-
with a mean of 0:08 0:04Wm 2 (Myhre et al., 2013).  ent aerosols on the climate. However, the issue of the aerosol
In parallel, the different climate models involved in the At- representation in regional climate models (RCMs) has only
mospheric Chemistry and Climate Model Intercomparisonrarely been discussed, particularly in this region, although
Project (ACCMIP) indicate a present-day direct radiative this scale is the most adapted to the spatio-temporal vari-
forcing ranging from 0:03to 0:41Wm 2 with amean of  ability of these aerosols (Nabat et al., 2015a). In addition,

0:19 0:18Wm 2 (Shindell et al., 2013). Concerning the the majority of regional climate simulations carried out at
nitrate-related aerosol optical depth (AOD), several studiegshe Mediterranean basin scale used a very simpli ed repre-
have shown a global annual estimation ranging from 0.0023entation of aerosols, not taking A&N aerosols into account
to 0.025 at 550nm (Bellouin et al., 2011; Shindell et al., (Nabat et al., 2016).

2013; Myhre et al., 2013; Hauglustaine et al., 2014). Many The objective of this study is to present the implementa-
reasons could explain the signi cant diversity in the global tion and the evaluation of a simpli ed A&N module in the
simulations of nitrate concentrations among climate mod-TACTIC aerosol scheme (Michou et al., 2015; Nabat et al.,
els. First, nitrate aerosols are involved in a very complicated2015a) used in the ALADIN regional climate model and to
chemistry and the system sometimes cannot even be solveaksess the direct radiative effect and climatic impact of the
using the thermodynamic equilibrium approach when coarseA&N aerosols over the Euro-Mediterranean region. Note that
mode, from dust and sea-salt particles, is present. Furthethe ALADIN-Climate model is not very suitable for study-
more, nitrate simulation also depends on temperature, relaing the impact of aerosols on particulate air quality (bulk ap-
tive humidity and on various precursors such agNHNOg, proach for anthropogenic aerosols). After a description of the
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new aerosol scheme in Sects. 2 and 3, an evaluation of thi WW
scheme will be presented in Sect. 4. The radiative and cli-

matic effects of A&N aerosols are studied in Sect. 5 beforeswsn
the concluding remarks in Sect. 6.

AQ° NAQ® N

0°NBO° N Y

2 Model description

PAS VAN

2.1 The ALADIN-Climate regional climate model

T 20°N20° W
ALADIN-Climate is a regional climate model developed ;;5\
at CNRM used in the present study over the Euro-—°
Mediterranean region. It includes an interactive aeroso
scheme described thereafter, and the SURFEX land surfac
module (Masson et al., 2013) with the ISBA scheme (Noil- \Kg“\.z $
han and Mahfouf, 1996). Land surface hydrology and rivers 261 8o 1610 14101810 2261028010 Be-!

ow are simulated by the TRIP model (Decharme et al., Figure 1. NH3 emissions (CMIP6) over the period 1979-2016. The

2010). i ) o . o inner model domain represents 10153 points (without the bi-
ALADIN-Climate is used here in its version 6.2 similar to periodization and the relaxation zone). The different zones stud-

in Daniel et al. (2018). Itis a bi-spectral, hydrostatic limited- jed (Europe, Mediterranean) are represented in red. The observation
area regional climate model with a semi-Lagrangian advecdata are symholized by a black dot (EMEP stations) and by a black
tion and a semi-implicit scheme. ALADIN-Climate has a triangle (AERONET stations). The projection type used here is the
50 km horizontal resolution and 91 vertical levels. As the re-Lambert conformal projection.
gional domain is not periodic, an extension zone used only
for Fourier transforms has been added in order to achieve the, . . .
bi-periodization. ALADIN-Climate uses the FMR shortwave simulations, aerosols are not included in the lateral boundary
(SW) radiation scheme (Fouquart and Bonnel, 1980; Mor_for_cing because the domain is supposed to_ be large en_ough
crette et al., 2008) with six spectral bands, and a Iongwavéo include a_lll the sources of aerosols affecting the Mediter-
radiation scheme (RRTM, Rapid Radiative Transfer Model) fanéan region. . . _
presented in Mlawer et al. (1997). . The aerosol scheme includes 12 tracers, including 11 par-
The Euro-Mediterranean domain used for this study isficulate tracers and sulfate gaseous precursors)(Skpr
presented in Fig. 1. It includes the of cial Med-CORDEX aerosol particles, 3 size bins are used for sea salt (0.03to 0.5,
domain and has been extended to take into account th@-> 15 and 5 to 20 um) and for dust (0.01t0 1.0, 1.0 t0 2.5
main aerosol sources potentially transported over the Euro@nd 2.5 to 20um), 2 bins (hydrophilic and hydrophobic par-
Mediterranean region. Indeed, the area is large enough t§cles) for organics and for black carbon, and 1 size bin for
integrate the two main sources of dust, which are the SaSulfate particles and for sulfate precursors £@l these
hara (more precisely the Bodélé and the area covering easflerosols are tran§ported in the atmosphere qnd submitted to
ern Mauritania, western Mali and southern Algeria) and the dry and wet (in and below clouds) deposition. TACTIC
the largest part of the Arabian Peninsula (Moulin et a|_,takes into account their interactions with radiation (direct ef-

1998; Prospero et al., 2002). The domain represents 128 fect for all species) and the cloud albedo ( rstindirect effect

180 points including 11 points (north and east) for a bi- for sulfate, organic matter and sea salt). Aerosols do notinter-

periodization zone and 8 points (on each side) for the relax&Ct with cloud microphysics (no second indirect effect). The

ation zone. Two regions have been de ned in Fig. 1 (Europerad!atlve properties _of _each species, and notably thos_e u_sed

and the Mediterranean Sea) for the needs of this study. as input for the radiative transfer scheme (mass extinction
In the ALADIN-Climate model, a prognostic aerosol ef cienci.es, single scattering albedq and the asymmetry f_ac—

scheme named TACTIC (Tropospheric Aerosols for ClimaTetor) at different wavelengths and d|fferent relative humidity

In CNRM-CM) has been included as presented in Michou?a'® Set for leqch aerosol typ.e'followmg Nabat et al. (2013).

et al. (2015) and Nabat et al. (2015a). This aerosol scheméVloreover, it is worth underlining that the TACTIC aerosol

originally adapted from the GEMS/MACC aerosol scheme s_cheme has been designed tp perform multi-decadal simula-

(Morcrette et al., 2009), includes up to now ve aerosol types tions at reasonable computation cost.

(desert dust, sea salt, black carbon, organic matter and sul-

fate). These aerosols can be interactively emitted from the

surface (dust, sea salt) or from external emission datasets

(black carbon, organic matter and sulfate precursors from an-

thropogenic and/or biomass burning emission). In the present

ASTNAS® N

AQ°NAQ® N

AS*\WN Q° AS°E N
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2.2 Implementation of the ammonium and nitrate R XA
module in TACTIC

bl \\¥

P KAV

An A&N module has been recently implemented in TAC-
TIC. This scheme was adapted from the one implemented in
the INCA (Interaction with Chemistry and Aerosols) global
model (Hauglustaine et al., 2014). Ammonium (Ntnd ni-
trate (NQ) particles are formed through gas-to-particle reac-
tions involving the gaseous precursors sulfuric acigg8y),
ammonia (NH) and nitric acid (HNQ). A sulfate—nitrate—
ammonium thermodynamic equilibrium seems to be a rea-
sonable assumption for a regional climate model. Nitrate par-
ticles can also be formed by heterogeneous uptake of nitric
acid over calcite particles (CaGQOcomponent of dust) and

3040

200"
sea salt (NaCl). A&N particles will therefore depend on their AS OND JE WM OR WY
precursors but also on sulfates, dusts and sea salt as described L
below Figure 2. 1979-2016 monthly means of NH emissions

L . kgm 2s 1) over Europe as dened in Fig. 1, used for NIT
Two size bins for nitrates ( ne and coarse modes) and one( g ) P g

. . . ) (red, based on MACCity) and NIT_2 (blue, from CMIP6) sim-
size bin for ammonium partlples were gdded to the TA(.:Tlculations. The annual total is equal in the two versions (4
aerosol scheme. The chemical formation of A&N particles 19 10kgm 25 1,
by gas-to-particle reactions goes into the accumulation mode
(ne mode, 0.03 to 0.9um). Particles from heterogeneous

chemistry correspond to the coarse mode (0.9 to 2.0 um). Forhe HNQ; dataset is assumed constant, without change from
the moment, Only the direct effect is taken into account foryear to year in its annual Cyc|e over the period 1979-2016.
A&N aerOSC)lS; the indirect effect will be taken into account Furthermore1 there is not a day_r"ght Cyc|e, which can in u-
in a future version. The aerosol scheme also contains a NeWnces the HN@ content because of a Speci c tropospheric
passive tracer for Ngl These new species are subject to the chemistry during the night (Dimitroulopoulou and Marsh,
same transport and mixing processes as the other tracers i997), in the HN@ climatology used.
the ALADIN-Climate model. ~ The NH used in this work is taken from CMIP6 data
It has to be noted that organic nitrates, which mlght Slgnlf- and its annual Cyc|e was de ned using the MACC|ty emis-
icantly contribute to the ne nitrate aerosol (Kiend|er-SChaI’r sions dataset. MACC|ty emissions have been provided in the

etal., 2016), are not included in the model. frame of two projects (MACC and CityZen) funded by the
- European Commission. To apply the annual cycle of MAC-
2.2.1 HNGOs; and NH3 auxiliary data City data to the NH emissions dataset, we calculated the

annual average of N¢ffor each year over the period 1979—
As no full chemistry module is available in ALADIN for 2016, then we applied to it the new annual cycle, month by
reasons of numeric cost, the climatology of HNGsed in  month for each year and at each grid point, proportionally
this study is taken from the CAMS Reanalysis (Flemming to the monthly averages of MACCity. The NHnnual cycle
et al., 2017). A monthly climatology was built over the pe- ysed in this work is presented in Fig. 2 (red line). Contrary
riod 2003-2007 and the annual CyCle is taken from the nitricto the HNQ, the NH; dataset has a year-to-year Variabi“ty
acid climatology of Kasper and Puxbaum (1998), based onthroughout the 1979—2016 period.
observations, in order to represent the annual cycle as well as pifferent sensitivity studies (presented in Sect. 3.2),
possible. The study of Kasper and Puxbaum (1998) started ifnhostly focused on changes in Nidmissions (NIT_2, with a
November 1991 and covers two annual cycles until Novem-gifferent NHz annual cycle) and HN@climatology (NIT_3,

ber 1993. It is assumed that the nitric acid annual cycle rewith a at HNO3 annual cycle), will be used in this work.
ported in this study is representative of the study area as it

was conducted at the Sonnblick Observatory (SBO), which2.2.2 Gas-to-particle reactions

is a high-alpine site in the centre of Europe, and hence rel-

atively distant from pollution sources. To apply the annual A speci ¢ routine presented here aims at equilibrating the
cycle of Kasper and Puxbaum (1998) to the H\sDmatol- gaseous and particle forms of the nitrate and ammonium
ogy, we calculated the annual average of HN@mM CAMS species. The following equations are based on the study of
over the period 2003-2007; then we applied to it the new anMozurkewich (1993). More details about this dependence
nual cycle, month by month, proportionally to the monthly can also be found in Seinfeld et al. (1998).

averages of Kasper and Puxbaum (1998). The El@ual Firstly, the NH present in the troposphere will react with
cycle used in this work is presented in Fig. 3 (solid line). H,SOy to produce ammonium sulfateNH4/HSOy). Am-
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the available sulfate:
T,DTa OTs: (9)

With sulfate stat® D 1 in very sulfate-rich conditions, 1.5 in
sulfate rich conditions and 2 in ammonia rich conditions. If
TnT, > K p, the A&N concentration (kg m?) is calculated
by the following:

TNH4NO3U D
1 q
5 TaCTn  TACTw/2 4TNT, Kpl : (10)

If TNT, Kp, A&N dissociate and [NENOs3] D 0. The
concentration of NB (kgm 3) at equilibrium can also
be computed with this formula. The NMHconcentration
(kgm 3) is calculated by the following:

monium sulfate aerosols are not affected by ammonium ni- c

trate production because the formation of ammonium sul-NH;UDTA T NH3U (11)
fate takes priority over ammonium nitrate formation due to
the low vapour pressure of sulfuric acid (Hauglustaine et al.,
2014). The reaction for the ammonium sulfate formation will
depend on the relative ammonia and sulfate concentration
(Metzger et al., 2002). The total ammonig{, total sulfate
(Ts) and total nitrate Ty) concentrations (kg n¥) are de-
ned as follows:

Figure 3. 2003-2007 monthly mean of HNGsurface concentra-
tion over Europe (as de ned in Fig. 1).

The formation of the accumulation mode, by gas-to-particle
reactions, is faster than the coarse mode because the equilib-
gum is reached faster by small particles.

This equilibrium leads to the formation of nitrate and am-
monium aerosols. Note that this routine is run twice in the
TACTIC scheme. Indeed, the rst call can be seen as the way
to remove the quantity of HN@used to form nitrate and

Ta D INH3U CNHEU (1) ammonium particles in the previous time step, and the sec-

TsD TSOfl U @) onq c_all is the method to form them in the present time step.
_ This is coherent with the fact that the HY©omes from the

Tn DTHNOsUCWO, U 3 cawms reanalysis which has no nitrate particles.

Ammonium sulfate formation reactions will be different )
in very sulfate-rich Ts > T a), sulfate-rich Ts<Ta < 2Ts)  2-2.3 Heterogeneous chemistry
and ammonia-riciia > 2Ts) conditions.

Secondly, if all NH is consumed by the ammonium sul-
fate formation, no A&N aerosols are formed but if there is
still some NH, it will neutralize the HNQ. K, the equi-
librium constant of the reaction of A&N formation, is very
dependent of relative humidity (RH) and temperature as de
tailed below. Its formulation is given by the following rela-

After the small particles are in equilibrium, the formation of
coarse particles by reaction of HNQvith calcite (part of
mineral dust) and sea-salt particles occurs.

A standard rst-order reactive uptake parametrization is
used to represent the uptake of nitric acid on dust and sea-salt
particles and therefore the formation of coarse nitrate parti-
tions: cles (Dentener and Crutzen, 1993; Bauer et al., 2004; Fairlie

( expTLIBE7 24 084T 6025InT/U if RH < DRH et al., 2010). The Ioss.of HN§from the gas phase is rep-
KpD explLl887 24084T 6025nT/U ifRH DRH (4) resented by the following rate constdntalculated by the

p1l p2RH; Cp3RH/RHES; following:
whereT is the air temperature (K), and DRH is the deliques- MMD 2 MMD 4 1
cence relative humidity (DRH, %) calculated by kD4 > N 5 C . (12)
DRH D exp.7237=T C 1:6954: (5) g

N is the number density of dust or sea-salt particles of ra-

with RH; D 1 RH=100 andb1, p2 andps3 provided by dius [r, r Cdr], MMD is the mass median diameteDg

plD expl 13594C8763=TC 1912InT/U (6) is the molecular diffusion coef cient that is pressure- and
p2D expl 12265C 996%=T C 16:22In.T/U (7)  temperature-dependerit, corresponds to the mean molec-
p3D expl 18261C 13875-T C 24:46In.T/U ) ular speed that is also temperature-dependent aigthe

reactive uptake coef cient.
The ammonia available to neutralize the HN® de ned as One of the limitations of this scheme is the lack of de-
the total ammonia minus the ammonia required to neutralizependence of the uptake coef cient on the aerosol chemical

www.atmos-chem-phys.net/19/3707/2019/ Atmos. Chem. Phys., 19, 3707-3731, 2019
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composition, which is not available in ALADIN-Climate. and ammonium have an ef ciency for in-cloud scavenging of
To compensate for that, a &alimitation for the uptake of  0.8.

HNOj3 on dust is introduced. Based on dust source maps pub-

lished by Claquin et al. (1999), we make the assumption that

C& represents 5% of total dust mass. Another limitation3  Methodology

is the dust parametrization. Indeed, the ALADIN-Climate

model only uses three dust bins (0.01t0 1.0,1.0to 2.5and 2.8.1 Observations

to 20 um) to keep a relatively low computational cost. Foret

et al. (2006) suggests that dust size should range from 0.09 tn this study, different datasets have been used to evaluate
63 um with at least eight size bins for a good representatiorthe ability of the ALADIN-Climate model at reproducing

of dust. This limitation must be kept in mind when studying the A&N concentrations at the surface as well as the total
the results. No alkalinity limitation is taken into account for AOD, before investigating the radiative and climatic impacts
sea-salt particles. in present-day conditions. In that context, two monthly satel-
lite datasets have been used to provide a regional estimate of
the total AODBss.

Firstly, the MODerate resolution Imaging Spectrora-
diometer (MODIS, collection 6.1, Iresolution; Tanré et al.,
The optical properties used as input for SW radiative trans-1997; Sayer et al., 2014) is used. MODIS is a 36-band polar
fer calculations of A&N particles (0.18-4.0 um) have been orbiting radiometer aboard both EOS Aqua and Terra (both
computed using a Mie code (Toon and Ackerman, 1981).separately used in this work), with equatorial crossing times
As such aerosols are known to be hydrophilic (Tang, 1979),0f about 10:30 and 13:30UTC, respectively. The MODIS
their sizes, density and optical properties are dependent oaerosol products are generated from different well-known al-
ambient (grid-box mean) relative humidity (Hauglustaine gorithms, including the Dark Target (DT) algorithms over
et al., 2014). In the ALADIN-Climate model, values of the both the oceans and land and the Deep Blue (DB) algorithm
mass extinction ef ciencies, asymmetry parameter and sin-over only land (Kaufman et al., 1997). In this work, the com-
gle scattering albedo are tabulated for 12 values of relabined DT and DB aerosol product is used. The DT algo-
tive humidities: from 0% to 80 % (10% increments) and rithm has an uncertainty in AOD at 550 nm of approximately
from 80% to 100% (5% increments). The values of hy- 0:05 overland an€0:04= 0:02 over ocean. The DB algo-
groscopic growth factor and optical properties for the ne rithm has an uncertainty of approximately:03 (Georgou-
mode of nitrates are the same as those used in GLOMARias et al., 2016). MODIS Terra covers the 2001-2016 period
(Manktelow et al., 2010). For coarse-mode nitrate, the op-and MODIS Aqua the 2003-2016 period.
tical properties are taken from Moffet et al. (2008) and the Secondly, the Multiangle Imaging SpectroRadiometer
hygroscopic growth from Gibson et al. (2006). For ammo- (MISR, Level 3, 1 resolution; Kahn and Gaitley, 2015) has
nium aerosols, optical properties used for sulfate are adaptedieen used to provide a regional estimate of the total A§9D
using a different molar mass (NHagainst NH.SQy/2 for MISR is a polar orbiting instrument aboard EOS Terra. The
sulfate). For computations of A&N particles of AQE) to MISR aerosol product provides aerosol distributions over
be compared with remote sensing data, we use mass extintoth land and oceans. The MISR dayside equator crossing
tion ef ciencies (m? g 1) as a function of the relative humid- is at about 10:30a.m. local time. It has an uncertainty in
ity in each model layer. Values for ammonium aerosols areAOD at 550 nm of approximately 0:05 (Kahn et al., 2010).
comprised of between 4.3%g ! (dry state)and34.9%g 1  MISR dataset covers the 2001-2016 period. Both satellites
(with RHD 95 %). For ne (coarse) nitrates, values are com- (MODIS and MISR) are available at the NASA Earthdata
prised between 4.7#y 1 (dry state) and 34.2fg 1 (with  portal.

RHD 95 %) (between 0.19 and 0.91). In parallel, the measurements obtained from the AErosol
For the ne mode of A&N, a deposition velocity of RObotic NETwork (AERONET) network provide local
0.15cms?, close to the sulfate deposition velocity already column-integrated aerosol properties like the total AOD at
used in the model, is set over all surfaces (ocean, sea icalifferent wavelengths (Holben et al., 2001). Six stations
land and land ice) for the dry deposition. For the coarse mod€Fig. 1, black triangles) with a long series of data (at least
of nitrate, the dry deposition is xed at 1.5 cm’ which is 5 years) were chosen to best represent the domain used:
close to the values used for coarse dust and sea salt in thtéree in the north of Europe in Cabauw, Hamburg and Belsk
model. Sulfate, dust and sea-salt deposition values are dgNetherlands, Germany and Poland), one in the south in
tailed in Michou et al. (2015). In ALADIN-Climate, N§I  Barcelona (Spain), one in the east in Sevastopol (Crimea)
has the same dry deposition velocity value as sulfur diox-and one in northern Africa in Blida (Algeria). These sta-
ide (between 0.1 and 1.5 cm’saccording to the surfaces). tions are detailed in Table 1. These sun-photometer obser-
The sedimentation is also applied for the coarse-mode nitratgations provide high-quality data. Version 2, Level 2 AOD
(0.13cms1). In terms of scavenging, the two bins of nitrate data have been downloaded from the AERONET website

2.2.4 Aerosol properties for A&N
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Table 1. Station name, location, altitude and number of months available over the observation period (2003-2012) of the six AERONET
stations.

Station Location Altitude (m) Number of months available over
the observation period (2003-2012)
Cabauw (Netherlands) 51.9714.927 1 89
Hamburg (Germany) 53.5689.973 120 77
Barcelona (Spain) 41.3892.112 125 88
Sevastopol (Crimea) 44.61633.517 80 82
Blida (Algeria) 36.508, 2.881 230 85
Belsk (Poland) 51.83720.792 190 105

(https://aeronet.gsfc.nasa.gov, last access: 19 March 2019nodule. Both of them cover the same period from 1979
For comparison to our model results, all AOD data haveto 2016. These two simulations are driven by the ERA-
been calculated at 550 nm using the Angstrém coef cient be-Interim reanalysis, both for the lateral boundary conditions
tween the closest available upper and lower wavelengths, andnd inside the domain, using the spectral nudging method
we made monthly averaging of original AERONET surface described in Radu et al. (2008). This method allows us to bet-
observations. The AOD uncertainty in version 2 (Level 2) terimpose the large scales from the boundary forcing dataset
AERONET data is 0:01 in the visible (Eck et al., 1999). and therefore better follow the true natural climate variabil-
Satellite and AERONET AOD data were obtained during ity. The wind vorticity and divergence, the surface pressure,
daytime only (even at a given hour for satellites). On thethe temperature and the speci ¢ humidity are nudged. A con-
other hand, our AOD averages from our simulations were ob-stant rate above 700 hPa and a decreasing rate between 700
tained over the whole day (night plus day), which is thereforeand 850 hPa are imposed, while the levels below 850 hPa are
a source of uncertainty to take into account. free. The spatial wavelengths are similarly nudged beyond
Concerning the evaluation of the A&N surface concentra-400 km, with a transition zone between 200 and 400 km. Fi-
tion, the ground-based station network EMEP (The Europeamally, this method gives the model enough freedom to gener-
Monitoring and Evaluation Programme), using standardizedate the aerosols at the surface while keeping the ERA-Interim
monitoring methods and analytical techniques over Europelarge-scale conditions that are required to simulate the true
has been used (Tgrseth et al., 2012). Such surface in situ olzhronology.
servations are very useful to evaluate regional climate models Additional simulations have been performed for differ-
as the EMEP stations are located in remote areas representimggt sensitivity studies, mostly focused on changes irg NH
a larger region, avoiding in uences and contamination from emissions and HN@climatology. Firstly, the impact of Ngi
local sources (Bian et al., 2017). Contrary to AOD, which emissions has been investigated using the NIT_2 simulation,
is related to the total aerosol column load, they enable us tavhich covers the 1979-2016 period. This additional run is
evaluate the A&N aerosols only with the surface concentra-similar to the NIT simulation and differs only in the annual
tion of the nitrate and ammonium aerosols (total suspendeaycle used for NH emissions. In that sense, NIT_2 usesg\H
particulate). EMEP data are monthly data. The EMEP sta-emissions which are taken from CMIP6 data (as in the NIT
tions do not have continuous data over the period 1994—-2014imulation) but without the annual cycle of NHMACCity
and we selected those with a minimum of 5 years of data foremissions. The annual cycle of Niemissions used for both
each month. Finally, 33 stations were selected for nitrate angimulations is shown in Fig. 2. NfHemissions of the NIT
35 for ammonium, symbolized by black dots in Fig. 1. Thesesimulation (MACCity annual cycle) present an earlier max-
stations are detailed in Table 2. For comparison to our modelmum (March) than the one observed for the NIT_2 simu-
results, we made monthly averaging of original EMEP sur-lation (CMIP6 raw data), which have a maximum in May.

face observations. In a second case, we intend to estimate the impact of the
seasonality of the HN@®climatology. Indeed, the HN&of
3.2 Simulations the NIT simulation presents a relatively strong peak in April

and a second weaker peak in July—August (Fig. 3). In order
Two main con gurations have been used for the ALADIN- to evaluate the impact of this annual cycle, the simulation
Climate simulations in the present work: one including or NIT_3 has been realized using a at annual cycle of HNO
one not including A&N aerosols. The simulation de ned All the ALADIN-Climate simulations are summarized in Ta-
as the reference for this study is called REF. It used theble 3.
ALADIN-climate model described previously including all
aerosols except A&N. The second simulation, called NIT,
is the same simulation but including the new A&N aerosol
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Table 2. Station name, location, altitude and number of months available over the observation period (1994—-2014) of the 40 EMEP stations.

Station Location Altitude  Number of months available
(m) over the observation
period (2003-2012)
Nitrate Ammonium
Austria llimitz 47.460, 16.460 117 97 97
Czech Republic  Svratouch 49.4416.300 737 84 84
KoSetice 49.350, 15.500 534 84 84
Denmark Tange 56.2109.360 13 72
Anholt 56.430, 11.310 40 72
Ulborg 56.170, 8.260 10 72
Great Britain Cough Navar 54.263 7.521 126 108 108
Yarner Wood 50.354 3.424 119 109 109
High Muf es 54.204, 0.482 267 130 131
Glen Saugh 56.542 2.333 85 76 80
Hungary K-Puszta 46.58019.350 125 190 215
Ireland Oak Park 52.527 6.552 59 93 93
Malin Head 55.223, 7.203 20 96 96
Carnsore Point  52.116 6.228 9 103 91
Italy Montelibretti 42.600, 12.380 48 192 165
Ispra 45.480, 8.380 29 96 96
Latvia Rucava 56.94321.102 18 202 190
Zoseni 57.870, 25.542 188 182 181
The Netherlands  Kollumerwaard 53.205.163 1 180 180
Vredepeel 51.3225.511 28 192 204
De Zilk 52.180, 4.300 4 216 216
Norway Birkenes 58.2308.150 190 188 193
Skreadolen 58.4906.430 475 123 123
Poland Jarczew 51.49021.590 180 215 214
Sniezka 50.44Q 15.440 1603 216 216
Leba 54.450, 17.320 2 216 216
Russia Danki 54.54(0 37.480 150 149 149
Slovakia Chopok 48.56019.350 2008 214
Stara Lesna 49.90020.170 808 134
Liesek 49.220, 19.410 892 141
Starina 49.300 22.160 345 226 78
Topolniky 47.573,17.513 113 72
Spain San Pablo 39.325 4.205 917 78
Roquetas 40.4910.292 44 78
Logrofio 42.272, 2.301 445 84
Noia 42.434, 8.552 683 75
Switzerland Jungfraujoch 46.3257.596 3578 151 153
Payerne 46.484 6.564 489 61 61
Rigi 47.430, 8.275 1031 61
Turkey Cubuk Il 40.300, 33.000 1169 121 121
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Table 3.Con guration of the different simulations in this study. Annual cycles ofd\thd HNG; of the different simulations are presented
in Figs. 2 and 3.

Simulation REF NIT NIT_ 2 NIT_3
Ammonium and nitrate aerosols No Yes Yes Yes
Annual cycle of NH; / MACCity CMIP6 MACCity
Annual cycle of HNGQ / Yes Yes No ( at)
Period 1979-2016

4 Evaluation of the new aerosol scheme and analysis of strong concentrations of nitric acid in the CAMS climatol-

the spatio-temporal variability and trends of A&N ogy.
aerosols Concerning the ammonium concentration, the model is
found to be generally close to in situ EMEP observations
4.1 Surface concentration with a spatial correlation of 0.86. However, underestimates

) . ] _are detected over northern Europe and Benelux. The regional
The A&N aerosol concentrations of the NIT simulation, Sim- hagern of the surface ammonium concentrations is found to

ulated at the surface by ALADIN-Climate, are evaluated inpe in agreement with results shown by Hauglustaine et al.
this section against observations obtained at EMEP station§(14) (2-3 ug m in northern Europe) and also with results
over the period 1994-2014. Figure 4 presents comparisongresented by Schaap et al. (2004), who show an annual aver-
of A&N concentrations simulated by the model with the con- age ammonium concentration (for the year 1995) of around
ceqtratio_ns measured at EMEP §tations. The nitrate concerny_g g m 3 over the Po Valley. To summarize, the analyses
tration simulated by ALADIN-Climate corresponds to the f comparisons with the EMEP dataset demonstrate the abil-
cumulated concentration of the accumulation and the coarsgy of the model to reasonably reproduce the ammonium con-
mode. _ _ centrations at the surface over the European—Mediterranean
First, it should be mentioned that the model is able to re-region, notably their spatial distribution. However, some re-
produce some areas with high concentrations of nitrate partigions such as eastern Europe or ltaly are concerned with a
cles (Benelux and Po Valley), with values of about 6 ugm positive bias in nitrate concentrations.
for Benelux and 10 g n? for the Po Valley. Then, the spa-
tial correlation calculated between the model and the EMEP4.2  AOD at local scale (AERONET)
stations is found to be about 0.82 for nitrate concentration.
The patterns of the simulated surface nitrate concentrationtn addition to surface concentrations, comparisons have also
are in general agreement with different global model re-been realized at local scale using different AERONET sta-
sults (Myhre et al., 2006; Bauer et al., 2007) and also withtions. These stations, with at least 5 years of data, were cho-
the chemistry-transport model LOTOS (Schaap et al., 2004)sen to cover the domain used and include different contrasted
which show annual average nitrate concentration (year 19953erosol regimes. These stations are represented in Fig. 1 by
between 5 and 8 ug n? over Benelux. Schaap et al. (2004) black triangles. Figure 5 reports comparisons of the average
also report elevated concentrations over the Po Valley, wherannual cycle of the total AOD measured at AERONET sta-
the annual averaged concentrations exceed 4 [y fRur- tions and by different satellites (MISR, MODIS Aqua and
thermore, Hauglustaine et al. (2014) showed maximum conMODIS Terra) with the one simulated by ALADIN-Climate,
centrations of the same order of magnitude as the ALADIN-including the contribution of each aerosol type. AOD data
Climate model of around 4-5 ug i over northern Europe. presented here have been calculated at 550 nm over the pe-
Figure 4 also indicates that the concentrations calculatediod 2003-2012. Certain areas like around Cabauw, repre-
over regions near the source areas (Benelux and Po Vakented by one AERONET station (Cabauw) and two EMEP
ley) are generally overestimated by the model, especiallystations (De Zilk and Vredepeel; 60 and 100 km respec-
in Italy and eastern Europe. For example, the Montelibrettitively), show a good consistency between the total AOD and
station (near Rome) is characterized by nitrate concentrathe surface A&N concentration, which are well reproduced
tions of about 4 ug m3 while the model simulates a surface by the model.
concentration of about 8 pg r. Other stations, particularly It is important to note that the total nitrate AOD is pri-
in Italy, would be needed to con rm this overestimation by marily in uenced by the rst nitrate bin, which has much
ALADIN-Climate. Furthermore, outside of Europe and more higher extinction per mass (5-3¢m ! at 550 nm depend-
speci cally over the western Mediterranean where surfaceing on RH) than the second bin (0.20-0.99gn?). Previous
A&N concentrations simulated by ALADIN-Climate are rel- studies have already shown the predominance of nitrates in
atively high, there are no available stations for evaluatingthe ne fraction of aerosols (Schaap et al., 2002). First, the
the simulations. These high concentrations might be due t®AOD measured by AERONET stations, such as Sevastopol,
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Figure 4. Nitrate (a) and ammoniungb) surface concentration (ug rﬁ) simulated by the ALADIN-Climate model (1994-2014) and mea-
sured at EMEP stations (coloured dots) using the same colour palette.

Cabauw or Hamburg, is often included between satellitesTable 4. Mean seasonal A&N AOBxg simulated by the model
On the other hand, in Barcelona the AOD measured by théNIT simulation) at three AERONET stations (Cabauw, Barcelona
AERONET station is underestimated compared to the dif-and Sevastopol) over the period 2003-2012.

ferent satellites. In addition, at Belsk and Hamburg stations,

the AOD measured by the MODIS satellite (both Aqua and A&N Cabauw  Barcelona Sevastopol
Terra) in summer (May, June and July) is considerably higher AO©Dss0

than that measured by the AERONET station and MISR. pjf Q05 0:01 G007 002 001 004 101
A second important point is that the A&N contribution to  pmAM 0:17 0:03 @15 0:03 005 0:01
the total AOD;s0 is found to be signi cant, especially near JIA Q11 0:02 009 0:03 003 001
source areas (Benelux, Po Valley) such as Cabauw, Belsk SON Q07 0:01 009 0:03 002 001

and the Hamburg stations. For example, for Cabauw, Belsk
or Hamburg, A&N represents more than half of the total

AODsso during spring and summer, with values comprised of A&N AOD s5qimproves the average AOD annual cycle, such
between 0.10 and 0.25. The maxima in A&N A@Jdis gen- s for Sevastopol, Cabauw or Barcelona AERONET sta-
erally observed during spring (March, April, May) with val- tions. This result highlights that A&N aerosols are impor-
ues reaching 0.25 at the Cabauw or Hamburg AERONET statant to take into account for correctly simulating the spa-
tions. Indeed, the seasonal cycle of A&N A@jgfollows the  tjal and temporal variability of the total AQfgo over the
same seasonal cycle of Nldnd HNQ emissions, which are  Eyro-Mediterranean region. Nevertheless, some biases are
characterized by the highest values during spring. In paralleligenti ed and the total AORsg simulated by the ALADIN-
stations far from the emission sources (Blida, Sevastopol) arglimate model is sometimes too weak in summer, such as for
characterized by low A&N AOBsp of 0.02 throughout the  the Cabauw station. This lack of aerosols in summer can be
year, with a maximum in March (0.10). For all the stations, also explained by the absence of anthropogenic secondary or-
the minimum of A&N AODssg is obtained in winter and the  ganics aerosols (SOA) in the ALADIN-Climate model, since
maximum in spring, as reported in Table 4 which presents theynly the natural SOA are considered through the climatol-
average seasonal values of the A&N Agxpsimulated by  ogy of Dentener et al. (2006). It can be also explained by the
the model (N|T simulation) at three stations: Cabauw (north-absence of organic nitrates, which m|ght Signi Cant|y con-
ern Europe), Barcelona and Sevastopol (eastern Europe; fafibute to the ne nitrate aerosol (34 % to 44 % of submicron
from the sources). Table 4 indicates clearly that the highesherosol nitrate) in regions with high nitrate concentrations
values occur in spring, with 0.17 for Cabauw (close from (Kiendler-Scharr et al., 2016). Furthermore, such local com-
the sources) and 0.05 for Sevastopol (far from the sourcesparisons between the model (with an horizontal resolution
The minimum values are obtained in winter, with 0.05 for of 50 km) and AERONET data are related to uncertainties
Cabauw and 0.01 for Sevastopol. Barcelona is characterizeglye to the representativeness of sun-photometer observations
by intermediate values of 0.15 in spring and 0.07 in winter. when compared to the model grid point mean.

In the majority of cases, as shown in Fig. 5, the ALADIN-
Climate simulations demonstrate that the contribution of

Atmos. Chem. Phys., 19, 3707-3731, 2019 www.atmos-chem-phys.net/19/3707/2019/



T. Drugé et al.: Regional climate model simulation of A&N aerosols 3717

Figure 5. Comparison of the average annual cycle (2003—2012) of aerosol optical depth (at 550 nm) simulated by the ALADIN-Climate
model (bars), with measurements at six selected AERONET stations (black line) and measurements by MISR (light blue dotted line), MODIS
Aqua (grey dotted line) and MODIS Terra (black dotted line). The model contribution of each aerosol type is indicated using different colour
bars.

4.3 AOD at regional scale Concerning the total AOE}o over the Mediterranean Sea,
satellite data (MODIS and MISR) indicate values between
N . 0.20 and 0.22. In this case, the NIT simulation shows a mean
In addition to local comparisons at EMEP and AERONET yajye of 0.22, producing a slight improvement compared to
stations, we have extended our analyses to the regional AOkhe REF simulation (mean of 0.19). All the results are sum-
spatial distribution using different satellite products (MODIS marized in Table 5 for the different ALADIN-Climate sim-
and MISR). The average total AGE for the REF (without  jation and satellite data. Both domains (Europe and the
A&N particles), the NIT simulation (including A&N) and the  vediterranean Sea) are represented in Fig. 1. Compared to
satellite observations over the period 2001-2016 (2003-201@her modelling studies including A&N aerosols over the
for MODIS Aqua) are summarized in Fig. 6. Euro-Mediterranean region, the simulated A&N Ag¥pby
First, Fig. 6 indicates that the regional spatial pattern ofihe Al ADIN-Climate model are found to be consistent with
AODss simulated by the ALADIN-Climate model is im-  y5se reported by Hauglustaine et al. (2014) with values com-
proved over Europe in the NIT simulation relatively to the prised between 0.15 and 0.25 over Europe. More Speci -
REF simulation when compared to sa.tellite data (MODIS cally, Fig. 7 indicates highest values of A&N AQE) over
and MISR). As A&N aerosol concentrations are found t0 be genejux (0.07) and the Po Valley (0.09) which are a little bit
less important over the Mediterranean Sea and Africa, thergigher than Hauglustaine et al. (2014), who report a max-
are logically few differences between the NIT and REF Sim-jmum about 0.05 in northern Europe. Figure 7 also shows
ulations in these regions. Over Europe, Fig. 7 shows that thgjgnj cant values over the Red Sea (near 0.1), which are cer-
additional AODyso due to A&N aerosols can explain part of 5inly due to high HN@ concentration over this region. It
the negative bias in the REF simulation, especially concerngpoyid be noted that Ammonium AGE) presents the same
ing Benelux and the Po Valley. The REF simulation presentsspatia| distribution as nitrates over Europe, with maxima over
AODsso equal to 0.09 (at 550 nm) on average over Europegenelyx and the Po Valley but lower in magnitude than ni-

while the NIT simulation presents higher values (0.16 atyates. Indeed, ammonium AGE reaches up to 0.06 over
550nm) in a better agreement with satellite data, rangingnpe po Valley and 0.04 over Benelux.

from 0.13t0 0.19. It should be noted, however, that the differ-
ent satellite data show large differences between themselves.
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Figure 6. Total aerosol optical depth (at 550 nm) simulated by the ALADIN-Climate model for the NIT and REF simulations and measured
from MODIS and MISR, averaged over the period 2001-2016 (2003-2016 for MODIS Aqua).

4.4 AOD annual cycle at regional scale gion. Unlike to REF, A&N AODy50 over Europe in the NIT
simulation is found to be of the same order of magnitude

The annual cycle of the total aerosol A (2001-2016) @S satellite_ob_servations. Over Europe, t_he _NIT simulation in
simulated by ALADIN-Climate and measured by satellite F|g.§aI50|nd|cates that A&N aerosols signi cantly improve
instruments (MODIS and MISR) over the two different do- the simulated total AOBso annual cycle compared to satel-
mains considered (Europe and the Mediterranean Sea; séie observations. Indeed, the increase in Afggirom winter
Fig. 1) is presented in Fig. 8. The model results indicate thaf® SPring is now more importantin NIT (0.11 to 0.21) than in
the A&N AODsso represent 40 % of the total AOD over Eu- REF (0.08100.10), which is in better agreement with the dif-
rope with an average of 0.07, demonstrating the importancderent satel_hte df::ttasets, ranging from 0.08-0.11 in winter to
of A&N particles in terms of radiative budget over this re- 0.15-0.21 in spring. Moreover, the NIT simulation presents
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Figure 7. Optical depth of nitrat€a) and ammonium(b) at 550 nm simulated by ALADIN-Climate over the period 2001-2016 (NIT
simulation).

Table 5. Seasonal averages and annual mean total &gBimulated by ALADIN-Climate for NIT and REF con gurations and measured
by MODIS and MISR over the period 2001-2016 (2003-2016 for MODIS Aqua).

AREA Period REF NIT NIT_2 NIT_3 MISR MODIS Agua MODIS Terra

Europe DJF M8 001 011 001 011 001 012 002 €08 0:01 008 0:01 011 0:.01
MAM 0:10 002 021 001 G20 001 019 001 015 0:03 018 0:04 021 0:04
JJA Q10 003 018 002 019 003 018 002 016 0:03 021 0:02 024 0:04

SON Q09 002 €14 002 015 002 @15 002 011 0:03 012 0:03 015 0:04
Overall Q09 002 (@16 001 016 001 016 001 013 0:02 016 0:02 019 0:03

Mediterranean Sea DJF ® 005 (@17 005 (017 005 017 005 015 0:.03 015 0:.02 015 0:.02
MAM 0:29 0:.08 034 008 (034 008 034 008 022 0:03 025 0:.03 027 0:.03
JIA Q16 003 (@19 003 020 003 @19 003 024 005 023 0:.03 025 0:.04
SON Q15 003 (@17 003 (@18 003 (@17 003 019 003 018 0:.03 020 0:.03

Overall Q19 003 022 002 022 002 022 002 020 003 020 0:02 022 0:02

two peaks in April and in August as in MISR data. How- 4.5 Sensitivity tests
ever, the annual cycle of MODIS (Terra and Aqua) is found
to be signi cantly different from MISR, with a single max- The different biases discussed previously can be due to nu-
imum during the summer period. The NIT simulation also merous uncertainties, such as the dry or wet deposition, the
presents a positive bias in spring (February, March and April)hygroscopic and optical properties, and especially the precur-
and a negative bias in summer (May, June and July) comsor species of A&N aerosols (Nfemissions or HN@ con-
pared to MODIS data. Over the Mediterranean Sea, 869D centrations). For this last reason, two sensitivity tests were
is overestimated during spring (March, April and May) in carried out over Europe. The rst concerns the annual cycle
both REF and NIT simulations, and underestimated duringof NH3 emissions and the second the annual cycle of INO
summer, probably due to discrepancies in the annual cycle of Figure 9 shows the impact of the change in Nemis-
dust aerosols. This overestimate during spring and underesions (NIT_2 simulation) and HN§concentration (NIT_3
timate during summer can be seen in Fig. 5 with the Blidasimulation) at four EMEP stations. The con dence interval
station located in northern Algeria near the Mediterraneanassociated with observations (light blue spread) has been cal-
Sea. culated using the number of years available for each station

Despite this bias, the peak present in MODIS datasets irwith a signi cance level of 95 %. The different stations, with
April is well reproduced by ALADIN, and highlighted inthe continuous data over 16 years, are located in the Nether-
NIT simulation. Nevertheless there is no clear improvementlands, Italy, Turkey and Russia to represent different aerosol
in AODssg over the Mediterranean Sea when adding nitrateregimes. At these stations, the nitrate concentration estimated
aerosols. from the EMEP network is fairly stable during the year with

6 ugm 2 at the beginning of the year and about 3—4 pgém
at the end at De Zilk where the amplitude is maximum. In
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Figure 8. Average total aerosol AOE3g annual cycle simulated by ALADIN-Climate, over the period 2001-2016 (2003-2016 for MODIS
Aqua), with (NIT) and without (REF) A&N and measured by two satellite instruments (MODIS and MISR) over Haj@rel the Mediter-
ranean Seéb).

the eastern part of the domain (Cubuk and Danki stations)Barcelona, the model shows an overestimate during spring
the nitrate concentrations observed are very low and com{peak of 0.29 for NIT and NIT_3 and in May (maxima of
prised between 0 and 1 pg mthroughout the year. The re- 0.36 for NIT_2 simulation). For these periods, AERONET
sults indicate that the NIT simulation, as well as the two data indicate AOD of about 0.16.
sensitivity tests (NIT_2 and NIT_3), are quite different from  In addition, Fig. 8 presents the total aerosol A§9gsimu-
the observations at these four stations. Indeed, the ALADIN-lated by NIT (red), NIT_2 (blue) and NIT_3 (green) simula-
Climate model presents an overestimate of the nitrate surfacBons compared to satellite products (grey dots) over Europe
concentration especially with a high peak during the spring(2001-2016). The three simulations are found to be close but
(March, April, May). Except at the De Zilk station, the NIT NIT_2 simulation presents a higher and later peak of around
simulation presents an earlier peak in the spring than thé.26 in May than the NIT simulation, which reaches maxi-
NIT_2 simulation due to its annual cycle of NH_3 emissions mum (0.24) in March—April over the Europe domain. Dur-
(Fig. 2). At the De Zilk station, the NIT_3 simulation with ing the May to July period, the NIT simulation shows lower
a at annual cycle of HN@ shows nitrate concentrations at values. The NIT_3 simulation shows a weaker peak in April
the surface closer to EMEP observations, with relatively con-(0.20) than the NIT simulation (0.24). For the rest of the year,
stant values ranging from 5 to 8 ug rh For other stations, NIT and NIT_3 simulations are very close. Table 6 presents
this simulation reveals overestimates of nitrate surface conthe temporal correlation between mean annual cycles from
centrations compared to EMEP data. Several parameters maiifferent simulations (NIT, NIT_2 and NIT_3) and satellite
explain this overestimate of the simulated nitrate concentraproducts (MISR, MODIS Aqua and MODIS Terra). Table 6
tion as excessive emissions of ammonia or too-high nitricindicates that NIT simulation, with a peak in April, is closer
acid concentration in the climatology used in the ALADIN- to MISR than NIT_2 simulation. NIT and NIT_2 simulations
Climate model. Indeed, Bian et al. (2017) have shown that gresent a positive bias (0.04) compared to MISR dataset.
good nitrate simulation depends on good simulations of predn parallel, the NIT_2 simulation is found to be closer to
cursors, such as NHand HNG. MODIS Aqua and MODIS Terra than the NIT simulation.
Concerning the AOD, Fig. 10 presents the annual cycle ofThese simulations also present a positive bias (0.02 for NIT
total AODssp for NIT, NIT_2 and NIT_3 simulations com- and 0.01 for NIT_2) compared to MODIS Aqua and a neg-
pared at four AERONET sites with continuous data overative bias compared to MODIS Terra §:02). The annual
10 years (Netherlands, Spain, Crimea, Poland). Like beforegycle of the NH emissions has therefore a signi cant im-
the con dence interval with a signi cant level of 95% is in- pact on the total aerosol AGjgy, especially during the spring
dicated for observations by the light blue spread. DifferenceqMarch, April and May). Concerning NIT_3, as shown in
between NIT, NIT_2 and NIT_3 simulations are therefore the Table 6, this simulation presents high temporal corre-
due to A&N AODs5g differences. Contrary to surface ni- lation compared to MISR (0.95), associated with a bias of
trate concentrations, the A&N AQ{gy is found to be closed 0.03. This run also shows better correlations with MODIS
to AERONET observations, especially for the NIT simula- Aqua (0.82) and MODIS Terra (0.85) than the NIT simula-
tion at the Cabauw or at the Belsk stations. Moreover, attion (0.75 and 0.77 respectively).
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Figure 9. Monthly means of the surface nitrate concentration (ug)rat the De Zilk, Montelibretti, Cubuk and Danki EMEP stations, for
NIT (red), NIT_2 (blue) and NIT_3 (green) simulations. Observations are in black and the standard deviation associated with observations
is in light blue.

Table 6. Temporal correlation (and bias), over Europe, between4.6 Aerosol trends
mean annual cycles as plotted in Fig. 6 from simulations (NIT,

NIT_2 and NIT_3) and sate_llite products (MISR, MODIS Aqua and Figure 11 presents the total AQE evolution over Europe
MODIS Terra) over the period 2001-2016 (2003-2016 for MODIS 54 the Mediterranean Sea for REF and NIT simulations.

Aqua). NAB2013 is an aerosol climatology developed by Nabat
AOD VISR MODIS A MODIS T et al. (2013), which is based on MODIS data for total AOD
550 qua erra over the period 2003-2009, and model data for the distinc-
NIT 0.90 (0.04) 0.75(0.02) 0.77 (0:02) tion in the contribution of the different aerosol types. Before
NIT_2  0.85(0.04) 0.88(0.01) 0.89 0:02) 2003, this climatology is extended up to 1979 using the sul-
NIT_3  0.95(0.03) 0.82(0.01)  0.85(:02) fate AOD trend coming from the LMDz-INCA model (which

does not have AN aerosols), in agreement with the other
ACCMIP models. Figure 11 indicates an important decrease
Finally, it is shown here that the annual cycles of nitrate over Europe of the total AOgo from 1979 to 2016 in the
precursors, such as ammonia and nitric acid, have signi -REF ( 0:047 decade!) and NIT ( 0:035decade!) sim-
cant impacts on the A&N AOBso and therefore on the total ulations and also from NAB2013 (0:045 decade'). Fig-
AOD, especially in spring. Hence, a poor representation ofure 11 shows also a less pronounced decrease in the to-
the annual cycle of nitrate precursors may therefore be on¢al AODssg over the Mediterranean Sea. Such decreases
of the possible causes of the AOD bias observed in springare mainly due to the decline of sulfate particles over Eu-
compared to satellite data (Fig. 8). Further studies related t@ope during this period. The different trends obtained for
the representation of the ammonia emissions and nitric acidhe NIT simulation (Total, sulfate and A&N trends) and
annual cycle seem necessary to improve the simulated A&NNAB2013_sulfate (sulfate trend) for the period 1979-2016
concentrations and optical depth over Europe. are summarized in Table 7. First, NAB2013_sulfate that does
not take into account A&N particles is very close to the sul-
fate trend of NIT simulation over Europe 0:046 for NIT
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Figure 10. Comparison of the monthly means (2003—-2012) of aerosol optical depth (at 550 nm) simulated by the ALADIN-Climate model,
with measurements at four AERONET stations for NIT (red), NIT_2 (blue) and NIT_3 (green) simulations. Observations are in black and
the standard deviation associated with observations is in light blue.

Table 7. NIT simulation AODs5q trend per decade compared to  In Fig. 11, satellite data (MODIS and MISR), highlighted

NAB2013 (Nabat et al., 2013) over the period 1979-2016. by the shaded area, also indicate a decrease in total AOD
between 2003 and 2015, when averaged over Europe. Trends
AODssp trend per decade NIT | NAB2013 obtained for the different simulations and from satellite prod-
(1979-2016) Total| AGN | Sulfate ucts, over the period.2003—2015, are alsq presented in Ta-
Europe 010l 0211 0046 0045 ble 8. This d_ecrease in total aerosol AOD is also dL_Je to the
Mediterranean Sea 0.1£ 0.21 ‘ 0:046 0:045 strong drop in sulfate aerosols. Over Europe, unlike REF

simulation, NIT simulation is of the same order of magni-
tude as the satellite products. On the other hand, it is shown
that over Europe but also over the Mediterranean Sea the

and 0:045 for NAB2013) and the Mediterranean @022 trend of the NIT simulation is weaker than the REF simu-
for NIT.and 0:021 for NAB2013). On the other hana over lation and all satellite data. The difference between NIT and
the period 19792016, the NAB2013_sulfate trend is foundREF is due to the positive trend of nitrate and ammonium
to be about 30 % stronger than the NIT total run over EuropelC-013 decade’ over Europe and 0.011 decadeover the
and about 50 % stronger over the Mediterranean Sea, notabyiediterranean Sea). Differences between NIT and satellite
because of the positive A&N trend of 0.012 decatlever roductg may be due to l\g-.Enyss.mn |nven'tor.|es or due to
Europe (and 0.008 decade over the Mediterranean Sea). HNOg climatology (uncertainties in Nglemission invento-
For comparisons, the nitrate trend obtained from the GIsd€S and HN@ annual cycle averaged over 5 years). Further-

global model (Shindell et al., 2013) for the period 1980—2015More, the AOD quanti cation by satellite products is dif cult
is found to be relatively similar to the NIT simulation, with because the aerosol contribution to the re ectance is mixed

lower values like 0.008 decad&over Europe (0.012 for the with that of clouds and the surface (Bréon etal,, 20,11) and
nitrate trend of the NIT simulation) and 0.005 decaliever @S0 because they do not take into account all the pixels (es-

the Mediterranean (0.008 for the nitrate trend of the NIT sim- PeCially with MISR).
ulation).
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Figure 11. Yearly means of AOBsg over Europga) and the Mediterranean S@a) as de ned in Fig. 1 for the NIT simulation (solid black

line), the REF simulation (dotted black line), the NAB2013 climatology (dotted dashed black line) and for each aerosol species in NIT (solid
colour lines) over the period 1979-2016 compared to satellite products (grey area from 2001 on). Dust in brown, sea salt in blue, black
carbon in gold, organic carbon in green, sulfate in red, ammonium in cyan and nitrate in sea green.

Table 8. NIT simulation AOD;50 trend per decade compared to NAB2013 (Nabat et al., 2013) and total AOD trend from different satellite
products (MISR, MODIS Aqua and MODIS Terra) over the period 2003—-2015.

AODssg trend per decade NIT \ NAB2013 MISR MODISA MODIST
(2003-2015) Total| A&N |  Dust | Sulfate

Europe 0:006 | 0.013 0.002 0:022 0:015 0:022 0:029 0:019
Mediterranean Sea 0:010 | 0.011 0:002 0:018 0:011 0:035 0:029 0:028

The lower trend obtained for the NIT simulation compared the most important species in terms of Agjpover Europe
to the REF run in Fig. 11 is therefore due to the continu- from 2005 on.
ous increase in nitrate aerosol concentrations between 1979
and 2016, from 0.025 (1979) to 0.06 (2016) over Europe and
from 0.01 (1979) to 0.03 (2016) over the Mediterranean Seag
This increase in nitrate concentrations then partially compen-
sates the sulfate concentration decrease. An interesting point
is that the nitrate AOBo rise is not due to anincrease inits 5 1 Dpirect SW radiative forcing
precursors (ammonia and nitric acid). Indeed, the nitric acid
used in this study is constant over the years and ammonighjs nal section aims at analysing the impact of A&N
emissions are also constant or even slightly lower since 197Qerosols on the European—Mediterranean radiative budget
over Europe, as shown in Fig. 12. This drop in anthropogenicand its climate, notably in terms of surface temperature. First,
emissions is re ected by the decline in tropospheric NO Fig. 13 presents the impact of A&N aerosols on the solar ra-
over the western part of the Euro-Mediterranean domaingjiation at the surface and at the TOA for the period 1979—
shown by Hilboll et al. (2013) and Georgoulias et al. (2018). 2016 for clear-sky and all sky conditions. Figure 13 indi-
Figure 12 also shows that the decrease in sulfate aerosols oBxtes a3 moderate effect of A&N aerosols on the surface SW
served over Europe is due to the decline of one of its precuragiation over central Europe, of about W m 2 in clear-
sors (sulfur dioxide). This decrease in sulfate aerosol producsky and 2Wm 2 in all sky conditions, respectively. This
tion thus leaves more free ammonia in the lower atmospheregjrect radiative forcing (DRF) is consistent with the A&N
allowing an increase in A&N aerosols over Europe but alsopoopgs, (0.1-0.15) simulated over this region. Ammonium
over the Mediterranean. Figure 11 shows the relative imporyepresents about 35 % of the nitrate AOD over Europe and
tance of the A&N AODRso over Europe, which is higherthan  the Mediterranean Sea, their optical properties being rela-
sulfate AOD since 2005 in our NIT simulation. To our knowl- tyely close, and we can estimate that ammonium represents
edge, thisis the rstreportin which A&N aerosols appear as apout a third of the direct radiative forcing shown over the

Impact of ammonium and nitrate aerosols on the
radiative budget and regional climate
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Table 9. Aerosol SW DRF averages (W ) in all sky conditions
at the surface and at TOA for different datasets over the Mediter-
ranean basin (2%0 46.5, 10.5 to38.5).

SWDRF REF NIT| CNRM-RCSM4|  MODIS
(Wm 2) This work Nabatetal.| Papadimas
(2015b) | etal. (2012)
Surface 7:6 8.7 199 165
TOA 1.5 2:4 7:8 2:4

versions of the atmospheric model (ALADIN-Climate). In
addition, the CNRM-RCSM4 model did not use an interac-
tive aerosol scheme but the Nabat et al. (2013) aerosol cli-
matology. Table 9 also reveals that the NIT simulation im-
proves the DRF estimates, compared to MODIS data. The
Figure 12. Yearly means of anthropogenic emissions over Europeaerosol DRF evolution over Europe and the Mediterranean
as dened in Fig. 1 for black carbon (yellow), organic carbon Sea is presented in Fig. 14 in all sky and clear-sky condi-
(green), sulfur dioxide (red) and ammonia (blue-grey) over the pe-tions, at the surface and at the TOA, over the period 1979—
riod 1979-2016. 2016. Despite an increase in the A&N DRF, the total sur-
face DRF is found to decrease over Europe frof® Wm 2
in 1979 to 8Wm 2 in 2016 in clear-sky conditions and
Euro-Mediterranean region. The most marked season is sunfrom 8Wm 2 (1979)to 5Wm 2 (2016) in all sky con-
mer (June, July and August), shown at the top of Fig. 15, withditions. This trend is mainly due to the decrease in sulfate
values upto 5Wm 2 over central Europe and10Wm 2 and organic DRF, which is not fully offset by the increase
in the Po Valley at the surface in all sky conditions. in A&N DRF (from 1:5Wm 2in 1979to 4Wm 2in
When averaged over Europe, A&N aerosols cause a sur2016 over Europe in clear-sky conditions). An important re-
face DRF of around 1:7Wm 2 (all sky conditions). Fig-  sult here concerns the relative importance of the A&N DRF
ure 13 also reveals local maxima in the surface forcingexerted over Europe, both at the surface and at TOA, which
( 5Wm 2) over Europe (all sky conditions), especially in is found to be higher than sulfate and organic DRF since
the Po Valley and Benelux, certainly because of the presencg005. Hence, our simulations indicate, for the rst time to
of industrial pollution particles. Over the Po Valley, the A&N our knowledge, that since this specic year (2005), A&N
surface DRF represents 33 % (all sky conditions) of the totalaerosols appear as the most important species in terms of
surface DRF. Finally, it should be noted that the maxima of DRF over Europe. Paulot et al. (2018) have estimated the
DRF exerted by A&N aerosols is found to occur during sum- DRF of these different aerosol from 2001 to 2015 using the
mer. GFDL chemistry-climate model AM3 driven by CMIP6 his-
Figure 13 also shows that A&N aerosols cause a meanorical emissions. They have also shown a decrease in total
TOA DRF over Europe of around1:4Wm 2. Bauer etal.  aerosol DRF over western Europe driven by the decrease in
(2007) and Hauglustaine et al. (2014) also indicate a signif-sulfate associated with the decrease in sulfur dioxide emis-
icant nitrate TOA DRF over Europe L Wm 2) consistent  sjons. On the other hand, they did not show an increase in
with the one estimated in this study. This forcing over Eu- A&N aerosols over Europe. In their study, sulfate aerosols
rope is 1 order of magnitude larger than the global averagealways have a stronger AOD and a stronger DRF than ni-
for present conditions (0:11Wm 2; Bauer etal., 2007). At trate aerosols. In parallel, Fig. 14 shows a moderate decrease
the TOA, local maxima (5Wm 2) are detected over the Po in the total aerosol DRF over the Mediterranean (both at the
Valley and Fig. 13 indicates important TOA DRF of around surface and TOA), mainly due to the decrease in sulfate and
2Wm 2 over Benelux (all sky conditions). organic DRF. The A&N DRF is also found to increase in this
Table 9 summarizes the calculated annual-mean SW DRRrea from 1Wm 2in1979to 2Wm 2in 2016, with an
exerted at the surface and at TOA for the REF and NIT simu-equivalent DRF to sulfate and organic aerosols in 2016.
lations over the period 2000—2009, compared with those ob-
tained by Nabat et al. (2015b) CNRM-RCSM4 simulations 5.2  Effects on the regional climate
(period 2000-2009) and by Papadimas et al. (2012) using
MODIS (period 2000—2007). We investigate here the consequences of the direct radiative
First, it should be mentioned that differences between RERorcing of A&N aerosols on near-surface air temperature at
and CNRM-RCSM4 simulations are mainly due to different 2 m and precipitation over the model domain.
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Figure 13.Clear-sky(a, b) and all sky(c, d) SW direct radiative forcing (W m2) due to A&N aerosols at the surfae, c)and at the top of
the atmosphere, TOf, d), estimated over the period 1979-2016 by difference between the REF and NIT simulations.

Figure 15 presents the differences (averaged over the pesociated with the anthropogenic aerosols (carbonaceous par-
riod 1979-2016) between the NIT and REF simulations forticles and sulfates), during the summer of 2000 throughout
2m temperature and surface DRF SW (all sky conditions)the European domain. Anthropogenic aerosols cause a tem-
during summer (June, July and August).tAest has been perature decrease at the lower troposphere of up toClL.2
applied to the Fig. 15 using the 38 years of the simulationover southeastern Europe and the Balkan Peninsula, about
with a signi cant level of 95 %. Furthermore, areas with high 3 times more than summer A&N impact on 2m tempera-
temperature differences are areas with high A&N AOD soture. More recently, Zanis et al. (2012) have shown, over the
the model's internal variability does not seem to be caus-period 1996-2007, a limited direct shortwave effect of an-
ing these differences. Figure 15 shows a moderate tempethropogenic aerosols (carbonaceous particles and sulfate) on
ature impact due to A&N surface dimming of aboud:2 C the European climate with the greatest negative temperature
over Europe, due to the radiation dropd(7Wm 2 on av- difference of 0:2 C over the Balkan Peninsula.
erage over Europe). A larger decline takes placé.4 C) Finally, no signi cant difference has been found regarding
in regions with large A&N AORsp associated with a signi - precipitation between REF and NIT simulations (not shown).
cant DRF (Benelux, Po Valley). For other seasons, no signif-
icant drop in temperature has been found. As a comparison, _

Nabat et al. (2015b) reported that 2 m temperature could b& Conclusions

reduced by 0.4C on average over Europe 0:2 C in win- . .

terand 0:4 C for each other seasons) because of the presl—n this work, we have deve_loped a hew con guration of the
ence of different aerosols (sea salt, desert dust, sulfate, bla&erosol scheme TACTIC in ALADIN-Climate model, no-

and organic carbon) over the period 2003-2009. Thereforetably by adding ammonium and nitrate (A&N) aerosols. The

only for the summer, the A&N impact on 2 m temperature is bbjective is to present the implementation and the evaluation

about half as strong as the effect of all other aerosols. Zani f this simpli ed A&N module and to assess the direct ra-

. L . diative effect and climatic impact of A&N aerosols over the
(2009) has also shown a negative surface radiative forcing asEuro—Mediterranean region fgr past—present conditions. Two
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Figure 14. Yearly means of aerosol DRF over Eurofze c) and the Mediterranean Sél, d) for nitrate and ammonium (cyan), sulfate
and organics (red), black carbon (yellow), dust (brown), sea salt (blue), and total (black) in all sky (solid lines) and clear-sky (dotted lines)
conditions over the period 1979-2016.

main parallel simulations have been realized: the REF simuor organic nitrates is also possible in the model. Over Eu-
lation which includes all aerosols except A&N (dust, sea salt,rope, the ALADIN-Climate simulation indicates that A&N
black carbon, organic carbon and sulfate), and the NIT simu-aerosols are characterized by a positive trend over the period
lation also including A&N particles. Our results indicate that 1979-2015 (0.012) due to the increase in A&N aerosol pro-
A&N surface concentrations are relatively well representedduction. This could be caused by more “free” ammonia in
(maxima over Benelux and the Po Valley) but some impor-the lower troposphere due to the decrease in sulfate aerosols
tant differences are detected with EMEP data (overestimatesver the 38 years. The addition of A&N aerosols has allowed
over ltaly and eastern Europe notably). For total Q)  us to estimate the impact of A&N aerosols on SW radiations
A&N aerosols are shown to reduce the model low bias partic-and surface temperatures. At the surface and for all sky con-
ularly over Europe, notably with the improvement of the an- ditions, A&N patrticles are found to represent about 26 % of
nual cycle of total aerosol AOf3g (especially in some areas the total aerosol DRF over Europe, yielding a decrease in
like Benelux). However, some biases have been identi ed asurface. The presence of A&N aerosols is shown to cause
an overestimate during spring of total A@4 over Europe  a decrease in surface SW radiations of 5Wnin all sky

and the Mediterranean and an underestimate during summeonditions in the Po Valley over the period 1979-2016. The
over the Mediterranean. Sensitivity studies suggest that suchnalysis of the different aerosol trends over the period 1979—
biases are related to uncertainties associated with the annuaD16 indicates that since 2005, the DRF due to A&N parti-
cycle of A&N aerosol precursors (ammonia and nitric acid). cles over Europe has become more important than those ex-
A lack of other aerosols such as secondary organic aerosoksrted by sulfate and organic particles. Finally, our model re-
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EMEP data are available at EMEP: http://ebas.nilu.no/ (last access:
28 November 2018). Model outputs are available upon request from
the authors (thomas.druge@meteo.fr). The HNOmes from the
CAMS Reanalysis (Flemming et al., 2017) and its annual cycle
comes from Kasper and Puxbaum (1998). ;\étata come from
CMIP6 data at https://esgf-node.lInl.gov/search/cmip6/ (last access:
19 March 2019) and its annual cycle was de ned using the MACC-
ity emissions dataset at http://eccad.aeris-data.fr\T 1\textbackslash#
DatasetPlace: (last access: 19 March 2019).
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