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Abstract

In the framework of the UNECE Task Force on Measwet and Modelling (TFMM) under the Convention on
Long-range Transboundary Air Pollution (LRTAP), tB&RODELTAIIl project is evaluating how well air
quality models are able to reproduce observed faoituair concentrations and deposition fluxes imopa. In
this paper the sulphur and nitrogen depositionmeds of six state-of-the-art regional models (CAMXx
CHIMERE, EMEP MSC-W, LOTOS-EUROS, MINNI and CMAQYeaevaluated and compared for four
intensive EMEP measurement periods (25 Feb - 2620@8; 17 Sep - 15 Oct 2008; 8 Jan — 4 Feb 2007.and
30 Jun 2006).

For sulphur, this study shows the importance ofuidiog sea salt sulphate emissions for obtainirttebenodel
results; CMAQ, the only model considering these ssions in its formulation, was the only model atie
reproduce the high measured values of wet deppsiticsulphur at coastal sites. MINNI and LOTOS-EURO
underestimate sulphate wet deposition for all piriand have low wet deposition efficiency for suiph

For reduced nitrogen, all the models underestirbata wet deposition and total air concentratiomar(enia

plus ammonium) in the summer campaign, highlightéimgptential lack of emissions (or incoming fluxesjhis

period. In the rest of campaigns there is a generdérestimation of wet deposition by all modeldNIMI and

CMAQ with the highest negative bias), with the gtoen of EMEP, which underestimates the least arehe
overestimates deposition in two campaigns. This ehdhs higher scavenging deposition efficiency tfoe

aerosol component, which seems to partly explardifferent behaviour of the models.

For oxidized nitrogen, CMAQ, CAMx and MINNI predithe lowest wet deposition and the highest total ai
concentrations (nitric acid plus nitrates). Comgami with observations indicates a general undenasittn of
wet oxidized nitrogen deposition by these modedswall as an overestimation of total air conceragrafor all

the campaigns, except for the 2006 campaign. Toiistpto a low efficiency in the wet depositionafidized
nitrogenfor these models, especially with regards to theverging of nitric acid, which is the main drivdr o
oxidized N deposition for all the model€HIMERE, LOTOS-EUROS and EMEP agree better with the
observations for both wet deposition and air cotre¢gion of oxidized nitrogen, although CHIMERE seetn
overestimate wet deposition in the summer periodis Tequires further investigation, as the gasigart
equilibrium seems to be biased towards the gasep(métsic acid) for this model.

In the case of MINNI, the frequent underestimatnwet deposition combined with an overestimatain
atmospheric concentrations for the three pollutamigcates a low efficiency of the wet depositiorogesses.
This can be due to several reasons, such as amestidetion of scavenging ratios, large verticaiaantration
gradients (resulting in small concentrations atidlbeight) or a poor parameterization of clouds.

Large differences between models were also foundh® estimates of dry deposition. However, thek lat
suitable measurements makes it impossible to asseds| performance for this process. These unceisi
should be addressed in future research, since epgsition contributes significantly to the totalpdsition for
the three deposited species, with values in theesamge as wet deposition for most of the modeid, with
even higher values for some of them, especiallydduced nitrogen.
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1 Introduction

Atmospheric deposition of air pollutants can leadat range of detrimental impacts to

terrestrial and aquatic ecosystems. Nitrogen (Njod#ion is currently considered a major

threat to European biodiversity, including sensitivabitats and species listed under the
European Commission Habitats Directive (92/43/EE8)tton et al.,, 2011; Ochoa et al.,

2014). N deposition can lead to the replacemefudaail plant communities of species adapted
to low-nutrient environments by nitrophilous specable to thrive under high-N conditions

(Stevens et al., 2004). On the other hand, anadilber of soil N and carbon storage could

contribute to either mitigate or reinforce the effeof climate change (Reich et al., 2006).
The deposition of both sulphur (S) and nitrogen ¢l lead to the acidification of soils as

well as freshwater and marine ecosystems (LonghL®8xl). Acidification makes forests and

other ecosystems more vulnerable to stress fastmfs as frost, drought and pests (Bouwman
et al., 2002, Heij and Schneider, 1991).

It is generally difficult and expensive to meastire components of atmospheric deposition,
especially dry deposition fluxes, and thus the ofedeposition estimates simulated by
chemical transport models (CTMs) has become a campractice. Nowadays modelled
deposition is commonly used to evaluate a rangeneironmental impacts. For example,
modelled deposition fluxes of nitrogen and sulpltan be used to evaluate potential
ecosystem damage by comparing annual depositi@s naith habitat-specific thresholds,
such as critical loads for acidification and nuitiaitrogen (Nilsson et al., 1988). Maps of the
exceedances of critical loads in Europe for lasades can be found in annual EMEP Status
Reports (http:// www.emep.int). A robust evaluatairmodel capabilities to correctly predict
atmospheric deposition rates is, therefore, necgssseyond the evident importance of

correctly calculating air pollutant concentrations.

Atmospheric deposition can occur through dry or mechanisms. Wet deposition refers to
the processes of scavenging of air pollutant byrdwyeteorsj.e. cloud and fog droplets, rain
or solid precipitation. One of these processesésdissolution into cloud-drops of soluble
gases such as NFHHNOsand SQ, present in the interstitial cloud air. A proportiof aerosol
particles (nitrates, sulphates) can also be remavitiin clouds by incorporation into the

liquid phase. Below clouds, pollutants can be scged by precipitation elements between
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the cloud base and the surface. Soluble gas spemmedissolve into falling raindrops during
rain, while airborne particles can be collecteddpndrops through collisions. Dry deposition
includes a downward transport and the subsequéakeipf the atmospheric pollutant species
by surfaces, in the absence of precipitation. M®dgnerally use an approach based on an
electrical resistance analogy, defining a “resis¢ério deposition, for the turbulent transport,
molecular diffusion and surface processes, addimgmtin the same way as electrical

resistances. Downward fluxes for particles can bsancreased by sedimentation.

The presence of NlHHNO; and BHSQO, in the atmosphere is the result of a combination o
processes. Whereas ammonia is directly emittedic réicid (HNQ) and sulphuric acid
(H2SOy) can be formed through the oxidation of nitrogéwxidle (NO,) and sulphur dioxide
(SO,). Anthropogenic S© emissions mainly come from the combustion of fofsels
(primarily coal and oil), whereas natural sourcésatmnospheric S include volcanoes and
marine algae, mainly in the form of dimethyl sulii(DMS). Nitric oxide (NO) and NO
emissions are mainly from fossil fuel combustiompniiass burning, and microbiological
emissions from soils (Lee et al.,, 1997). In Eurdyids mostly comes from agricultural
practices such as the volatilization from animalstgaand synthetic fertilizers with
contributions from other sources such as biomassity emissions from oceans and soils
under natural vegetation, emissions from wastestig processes and transport (Bouwman
et al., 1997). Ammonia is the only significant dika gas of significance in the atmosphere,
playing an important role in neutralizing acids.Igates, nitrates and ammonium can be
formed when HSO, and HNQ are neutralized by N forming ammonium sulphate
(NH4)2SO; and bisulphate (NPHSO, in the case of EBO,, and ammonium nitrate
(NH4NQO3) in the case of HN® The formation of ammonium sulphate is the favdure
reaction; i.e. nitrates are only formed once albisate is neutralized by NjJHAs ammonium
nitrate can evaporate easily, the formation ofatets is a reversible process, with the

formation reaction favoured by low temperatures laigth relative humidity.

CTMs include chemical mechanisms describing theoaptheric gas-phase chemistry, based
on various reaction schemes (e.g. CB05, MELCHIORPBC99, etc.). The way these
mechanisms parameterise the oxidation chemisty IO reacting to form N§ which then
goes on to form HNg) SG forming HSQO, via oxidation of OH or other reactions affecting
NO,, SG and other oxidant concentrations) has an effecthenformation of HN@ and

H.SO,. Once the concentrations of the gaseous aerosolipsors are calculated, the next step

4
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in the models is to simulate their condensatioro dhe aerosol phase and to estimate the
concentrations of aerosol species (nitrates, stdéghand ammonium, among others). In
general, CTMs assume that the atmospheric gasesnarghnic species (aqueous ions or
precipitated solids) are in thermodynamical equitlilm, using aerosol inorganic equilibrium
models such as ISORROPIA (Nenes et al., 1998) oREBABinkowski and Shankar, 1995)

models.

While a large number of studies have focused oretfaduation of air pollutant concentration
predictions in Europe, far fewer have looked at deposition of nitrate, ammonium and
sulphate. Estimates of total nitrogen depositiamoa be directly evaluated because of a lack
of measurements, especially of dry nitrogen defwsitFor gaseous nitrogen species,
estimates of dry deposition are usually based oasorements of concentrations combined
with estimates of the deposition velocity (Flechatdl., 2011). On the other hand, Simpson
et al. (2011) highlight some uncertainties linkedte evaluation of modelled wet deposition,
as a result of insufficient measurements of atmesphconcentrations of many key
compounds (e.g. HN§coarse-nitrate or N{por the limited availability of measurements of
gas and particle compounds at the same site, awitegs. Moreover, model performance
evaluation of wet deposition is strongly limited the quality of meteorological input data

(e.g. precipitation on complex topography) accaydimthe same authors.

In Europe, some studies to evaluate wet deposfredictions for individual models have
been carried out. The performance of the EMEP mddelwet deposition of oxidised
sulphate and oxidised and reduced nitrate has bealnated with EMEP observations for
several decades, and results can be found in EN#Elsgeports_(http://emep.int). In the most
recent report (for the year of 2014; Gauss et al. 0152
http://emep.int/publ/reports/2015/sup_Status_Refdo2015.pdf) the authors found some

overestimation of reduced nitrogen deposition, (128 small positive bias for oxidized
nitrogen (1%), and an underestimation of sulphur @eposition (-35%), considering annual
accumulated values. The EMEP model was also ewluatSimpson et al. (2006), in which
the authors mention a slight overestimate of wgiod#ion of sulphur when compared with
the measurements of the EMEP network. Aksoyoglal.ef2014) showed that the modelled
total nitrogen deposition for CAMx at various laoats in Switzerland for 2006 was in the
same range as the measured values. Neverthelegsadson of the modelled wet deposition

with measurements in the same study revealed aerestimation by a factor of two for

5
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oxidized nitrogenalthough model performance was better for the vegiodition of reduced
nitrogen (Aksoyoglu et al., pers. comm.). The LOFTEA3ROS model has been evaluated for
wet deposition by Schaap et al. (2004), who foumdiaderestimation by a factor of two or
more for all components, on average. In Spainci@a®omez et al. (2014) evaluated the wet
deposition of oxidized and reduced N estimated BYMERE for the period 2005-2008,
using measurement data from several networks, rasidding a comparison with the EMEP
model. The authors obtained reasonable resultsbédh models, with a slightly better
performance for CHIMERE in the case of oxidizedagen, and a worse performance for

reduced nitrogen (the model underestimated obsere¢deposition of reduced N).

With regards to model intercomparisons for wet d#tpmmn, several studies have been
published, some of them based on global model astsn(Lamarque et al., 2005, 2013;
Dentener et. al, 2006), mainly using a multi-maa@broach and on an annual basis. Solazzo
et al. (2012) compared the performance of some madeEU and USA in the context of
AQMEII, although the results are presented in a wlagt preserves model anonymity.
Emissions and boundary conditions were common fomadelling teams but meteorology
and/or grid definitions were not. The authors shibwarge differences between models
regarding wet deposition for oxidized nitrogenthe framework of the UNECE Task Force
on Measurements and Modelling (TFMM), under the \@mtion on Long-range
Transboundary Air Pollution (LRTAP), the EURODELT&D) project aims to assess how
well CTMs are currently able to reproduce obserngdlutant air concentrations and
depositions in Europe, as well as to explain tlfieinces between their predictions. The first
two phases of the ED project have also looked atebaluation and intercomparison of
models (van Loon et al., 2007; Vautard et al., 2@0®wing results for air concentration). In
the third phase of this project, ED3, a more homeges input dataset and model
configuration was used; common boundary conditiomsteorology, emissions and horizontal
grid. Bessagnet et al. (2016) show the performasfceix state-of-the art CTMs for air
concentrations of a range of pollutants for four EHMintensive measurement periods. Here,
we evaluate the wet deposition of S (WSOx), and tfaoxidized and reduced N wet
deposition (WNOx and WNHX, respectively), as wedl the air concentrations of the
deposited species. We also include the intercommarof dry deposition for oxidized and
reduced N (DNOx and DNHx) and S (DSOx).
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2 Materials and methods
2.1 Model set-up and configuration

Six CTMs were used to perform the simulations: CHI®HIMERE; version chim2013),
EMEP (rv 4.1.3), LOTO (LOTOS-EUROS, V1.8), CAMX (G4, v5.41 VBS), MINNI
(version 4.7) and CMAQ (V5.0.1). All models werenrfor the same domain and resolution
and with the same input data (anthropogenic enmissioneteorology, and boundary
conditions), with the exception of CMAQ, which used different meteorology and
geographical projection (Bessagnet et al., 20T#)e meteorological variables were based on
the calculations of ECMWF IFS (Integrated Forec@gdtem) at a spatial resolution of 0.2°.
CMAQ used meteorological variables from the COSM@del in CLimate Mode (COSMO-
CLM) version 4.8 clm 11. The boundary layer heigata used by CHIM, LOTO, and CAMX
were calculated by ECMWF, whereas EMEP, MINNI anMAT) used boundary layer
heights as described in Bessagnet et al. (2016).tHe boundary concentrations, MACC
reanalysis (Inness et al., 2013; Benedetti eRBD9) was used as input data fagg OO, NQ,
SO, HCHO, CQ, CH,, sulphates, dust and carbonaceous aerosols.

Anthropogenic emissions were calculated by INERNsmMerging several databases: 1) TNO
0.125° x 0.0625° for 2007 from MACC (Kuenen et 2D11), 2) EMEP 0.5° x 0.5° emission
inventory for 2009 (Vestreng et al., 2007) and Bjission data from the GAINS database

(http://gains.iiasa.ac.at/gains). Emissions weregridded by INERIS, as described in
Bessagnet et al. (2016).

Table 1 summarizes some relevant aspects of tHerafit models, such as chemical
mechanisms or other specifications for the differgmocesses. More details of the
parameterizations are provided by Bessagnet §2@l4; 2016). Here we summarize only
those most relevant to N and S deposition (Tahle 1)

* NO soil emissions: CHIM and MINNI used version 2di4MEGAN and CAMX used
version 2.1 of MEGAN. CMAQ used the BEIS (Biogegimission Inventory System)
module developed by the US EPA. EMEP calculatedetf@missions as described in
Simpson et al. (2012) and LOTO did not include tise of emissions.

e EMEP used the EmChem09 chemical scheme (Simpsah,e2012), CHIM used
MELCHIOR2 (Lattuati, 1997), CMAQ and CAMX used CB(¥arwood et al.,

7
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2005), LOTO used a modified version of CBM-IV (Sawuéet al., 2012), and MINNI
used SAPRC99 (Carter, 2000).

« CMAQ, CHIM and CAMX used ISORROPIA (Nenes et al999) and LOTO and
MINNI the ISORROPIA Il model (Fountoukis and Nen&€)07) to estimate the
formation of sulphate, nitrates and ammonium arer tthermodynamic equilibria.
EMEP used the equilibrium thermodynamic model MARBinkowski and
Shankar,1995). The system modelled by ISORROPIAides NH', Na', CI, NOs,
SQO,%, and HO, which are partitioned between gas, liquid arlidigthases, taking into
account the ambient relative humidity and tempeeat(Nenes et al., 1998).
ISORROPIA Il also includes the thermodynamics afstal species (G5 K*, Mg?").
MARS is another widely used model for the sulphdteate-ammonia-water system
(Saxena et al., 1986). ISORROPIA and, MARS accéoamthe T-dependence of the
equilibrium coefficients, although MARS uses adtivicoefficients calculated at
298.15 K.

e EMEP, LOTO and CMAQ consider the formation of niéinin the coarse fraction,
originating from sea salt (all three models) andtdonly EMEP). CHIM considers a
mass transfer from smaller particle sizes to lamgees, but nitrate is not directly
formed in the coarse fraction. CAMX and MINNI didtrconsider coarse nitrate.

« EMEP, CHIM, CMAQ, CAMX and MINNI consider both, ioloud and below-cloud
wet scavenging, whereas LOTO considers just beloudowet scavenging.

« EMEP and LOTO include a compensation point forsNkht takes into account an
equilibrium between NEINH," stored in plants and soil and BlEbncentrations in the
air (reference EMEP, Wichk Kruit et al., 2012)

« CMAQ also includes emissions of sea salt sulphadesesponding to a proportion of

7.76% of emitted sea salts split into the accuranaand coarse modes.

More specific information for each model regardimet and dry deposition is included in
Annex 1. For dry deposition, although many modeks a similar approach for simulating
dry deposition, differences can arise from the trgata required to estimate the different
resistances. For example, the resistance attribiostacdgetative surfaces has a stomatal
and non-stomatal component. For the estimatiorhefstomatal resistance, a minimum
resistance is used, modulated by several factams diepend on light, temperature,

radiation and other variables that alter this mimm resistance. These factors are

8
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calculated for each type of vegetation. Thereftmath the land use database and the
parameters involved in the computation of the stamaesistance (minimum and
modulating factors, assigned to each type of veéigela can be a source of differences

between model estimates.

2.2 Evaluation methodology

All models simulated the accumulated daily depositbf WSOx (wet deposition of oxidized
sulphur species), WNHx (wet deposition of reduciibgen species), WNOXx (wet deposition
of oxidized nitrogen species), DSOx (dry depositiboxidized sulphur species), DNHX, (dry
deposition of reduced nitrogen species) and DNQy (tkposition of oxidized nitrogen

species). Species included in each group are showable 2.

In order to evaluate model performance for WNOXx, Mi\and WSOX, a statistical analysis
was carried out, by comparing model outputs witeesbations. This comparison was also
done for air concentrations of TNO3 (the sum ofieiacid and nitrates), TNH4 (sum of NH

and ammonium) and TSO4 (sum of SMd sulphates).

A similar evaluation was not possible for dry ddapos of nitrates (DNOx), ammonium
(DNHXx) and sulphates (DSOx) due to lack of measeras



Table 1.Characteristics of model codes, for somegsses directly affecting wet deposition.

IC: in-cloud; BC below-cloud ; SC scavenging cagéfints ; ASC: Agueous S@hemistry

MODEL EMEP CHIM LOTO CMAQ MINNI CAMX

Wet Deposition: IC& BC SC IC& BC SC BC SC IC& BC SC IC& BC SC IC& BC SC

Gases (Simpson et al., | (Menut et al., 2013)| Scott (1979) Chang et al. (1987) (EMEP, 2003) (Seinfeld and Pandis, 1998)
2012)

Wet Deposition: IC& BC SC IC&BC SC BC SC IC& BC SC IC& BC SC IC& BC SC

Particles (Simpson et al. | (Menut et al.. 2013)| Scott (1979) Chang et al. (1987) EMEP (2003) (Seinfeld and Pandis, 1998)
2012)

Gas Phase EmChem09 MELCHIOR2 TNO-CBM-IV CBO05* (Yarwood et al., SAPRC99 CBO5 (Yarwood et al., 2005)

Chemistry 2005) (Carter, 2000)

(Simpson et al.,
2012)

(Lattuati, 1997)

(Sauter et al)

Cloud Chemistry:

Aqueous S@
chemistry

Yes

(Simpson et al.,
2012)

Yes and pH
dependent SO
chemistry

(Menut et al., 2013)

Yes

(Banzhaf et al.
2012)

Yes (Walcek and Taylor,
1986)

Yes (Seinfeld and
Pandis, 1998)

Yes
RADM-AQ (Chang et al., 1987)

Coar se Nitrate Yes No (**) Yes Yes No No

Ammonium MARS ISORROPIA ISORROPIA v.2 | ISORROPIAV1.7 ISORROPIA v1.7 | ISORROPIA (Nenes et al., 1998)
Nitrate (Binkowski and | (Nenes et al., 1999) . (Nenes et al.,

Equilibrium Shankar,1995) Fountoukis and (Nenes et al., 1998) 1998)

Nenes 2007

* with chlorine chemistry extensions

**reaction with Ca or Na but coarse might existshwtransfer from finer particles

10
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Table 2: Composition of wet and dry deposited sgeci

Deposition type Deposited species
W or DSOx SOs, SOF. H,SO,
W or DNOx HNOs;, NGOs;, NO, NQ (and minor species

like N,Os, PAN for some models) and HON(

|

W or DNHx NHz, NH,"

2.2.1 Observation datasets

For this study we used the available EMEP measuresmeade during four intensive periods:
1-30 June 2006 (C6), 8 Jan—4 Feb 2007 (C7), 171SeP<t 2008 (C8) and 25 Feb—26 Mar
2009 (C9). The measurement data were downloaded the EBAS databaSeAll the
information regarding the measurement stations vigilable from the EBAS web site
http://www.nilu.no/projects/ccc/network/index.htnor this study we used daily values for
both deposition (WNOx, WNHx, WSOx) and mean airaamtrations (TNO3, TNH4, TSO4).

Measurements for a given day were taken from 24-Bampling periods. It is important to

note that the starting times of these samplingoperare not the same for all stations, and can
vary in the range 00h00-09h00. It is also importantemark that the suite of pollutants
measured at each site is not the same. Table i8.th@ Supplementary Material lists the sites

and pollutants measured at each site.

All the sites with a temporal coverage greater tfi&f were used and model values were
taken only when observations were available. Tws sksites were selected: 1) all sites with
wet deposition data (W in Table 7) and 2) all siteh simultaneous measurements of wet
deposition and air concentrations (WT, tables 8 @nhdThe first dataset allows the most
complete evaluation of wet deposition, as thereraoee stations with wet deposition (W)

than with total precursor air concentrations (gad aerosol components, T), whereas the

'EBAS is a database hosting observation data of atmospheric chemical composition and physical properties. EBAS hosts data submitted by
data originators in support of a number of national and international programs ranging from monitoring activities to research projects.
EBAS is developed and operated by the Norwegian Institute for Air Research (NILU). For a complete list of programmes and projects for
which EBAS serves as a database, please consult the information box in the Framework filter of the web interface (http://ebas.nilu.no/)

11



1 second dataset allows us to analyse the qualitheoimodel estimates of W in terms of the

2 quality of modelled T, in order to help explain nebgerformance.

4 2.2.2 Performance metrics used

© 00 ~N o O

Definition of these metrics is included in Table 3.

10 Table 3. Statistics used to evaluate model perfooma

To evaluate model performance, the root mean sgeaoe (RMSE), bias and the spatial
correlation coefficient (SC) were estimated for@®pon, air concentration and precipitation.
For deposition and precipitation, we used the acdated values for each period. For

concentrations, we used the mean concentratioredch period, based on daily values.

Statistic Definition
.
1 A
Bias Bias = ?Z':ME -0;)
1 N
RMSE RMSE = NZ(MI -0))

Spatial Correlation

Coefficient e

N
SC = <Z(Mi -

N

N
m)(0; - 6)) / > ;- W)z x )y (0, - 07

...
I
-

i=1

11  isubindex indicates a given site
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To facilitate the analysis, we have defined soniesdetween variables, as follows:

F, :W(CP) andF, = %C) Eq. 1

where W is wet deposition, D is dry deposition,sGhe atmospheric concentration (of total
reduced/oxidized nitrogen or sulphur) near growvell and P is precipitation, for each model

time-step or measurement period.

We will refer to them as the deposition factor et () and dry (k) deposition throughout

this paper. These ratios have been calculatedotbrthe observed and modelled values.

The analysis of wet deposition can be taken a ftgher to separate the contributions of
gaseous and aerosol species to the deposition #lthough we can split the measured and
modelled concentrations into the gaseous and derosmponents we do not know how each
phase contributes to the wet deposition (W). Hawethese contributions can be estimated
using regression techniques. If we assume thdtas contributions from wet deposition of

both gaseous and aerosol species, Equation 1 caritben as:

W = FyguCon + Fuas C

w,gas — gas w,aer ~aer !

where R, gasand Gas are the deposition factor and concentration ferdhseous species and
Fw.aerand Gerare the deposition factor and concentration fera@rosol species. Estimates of
the phase-specific deposition factors (and theicedrainty), for the models only, were
obtained using multiple linear regression, basedhenequation above and considering the
287 sites where measurements of any pollutant\aidable (S.7.1). It is important to bear in
mind that the air concentrations used in the catauh are those of the first model layer (or
the measurement height), while wet deposition isuwtated in the models from all the layers
within and below clouds. Therefore, differencesmet deposition factors of the models are
not necessarily due to differences in the depasipi@rameterizations, they could also be due
to other factors such as differences in verticalcemtration profiles. However, despite these
limitations we believe that these ratios are aulgebl for highlighting differences between
model estimates of atmospheric deposition and giogiclues as to the reasons for these
differences. This analysis can provide modellerthvimformation that can help them to

understand, and if necessary, improve model estgnat
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Maps of variability were also calculated to highlighe areas where models differ more and
areas where models give more similar results. Timeaps were created by considering a

coefficient of variatiorVAR of the “ensemble”, defined as follows (Bessaghet.e 2016):

1 1 2
VAR - @\/ﬁZm(cm'CENS)

With C,, the concentration of individual model included in theensemble (CHIM, LOTO,
MINNI and EMEP; see Bessagnet et al. 2016 for furtthetails of the ensemble), M is the

number of models, and:s is theensemble mean concentration.

3 Results and discussion

The following subsections include the discussion re$ults for sulphur and nitrogen
compounds, in terms of both deposition and air eatration. For each subsection we first
present an evaluation of model performance and tkencompare model results. Maps
showing WSOx, WNHx and WNOXx for all campaigns anddels are shown in Figures 1-3,
and the corresponding aerosol+gas air concentmli®@D4, TNH4 and TNO3 are shown in
Figures 4-6. For dry deposition, maps of DSOx, DN&hd DNOx are presented in the
Supplementary Material S.2.1, S.2.2 and S.2.3.

Regarding precipitation, maps and a statisticaluatin of model performance are included
in the Supplementary Material S.4.1. and Table d,¢ respectively. The maps indicate that
CMAQ has a lower accumulated rainfall for all pelsp when compared with the other
models (especially in C6, C8 and C9). Tables 4ad4dpbshowing model performance for rain,
for those sites with available measurements of W$able 4a), WNHx (Table 4b) and

WNOXx (Table 4c) show that this model underestimaa@sall, while the other models agree

better with the observations, except in C6, whey tend to overestimate.
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Figure 1. Accumulated deposition maps for WSOxfigS/n?), for all the models and periods
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Figure 2. Accumulated deposition maps for WNHx (in mgN/m?) for all the models and periods.
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WNOx 2008 [mgN/m2]
-

Figure 3. Accumulated deposition maps for WNOx (in mgN/m?) for all the models and periods.
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cellges

Figure 4.Maps showing the TSO4 (in ugS/m®) mean air concentration, for all the models and periods.
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Figure 5. Maps showing the TNH4(in ugN/m’)mean air concentration, for all models and periods.
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Figure 6. Maps showing the TNO3 (in pgNJjrmean air concentration, for all the models amibpis.

20



39 Table 4. Statistical results for rain (mm)

40 Table 4a. Statistical results for rain (mm) consitgthe sites with WSOx measurements

41
42

mob [Bias [sc  [rRmse |[mop [Bias Jsc |Rmse Mop feias [sc [rmse [vob [pias |sc |rwse
Rain 2006 2007 2008 2009
OB /N* 50.66/58 66.66/59 62.11/61 62.24/42
CAMX | 6937 1871 081 3379 | 7726 10.60 082 3106 | 7169 957 083 3529 | 7187 962 065 4359
CHIM | 6521 1455 082 2099 | 7084 418 082 2948 | 6625 414 083 3402 | 6678 454 065 = 42.18
CMAQ | 3961  -11.05 019 4869 | 5277 -1389 027 5483 | 5616 -596 077 3853 | 33.70 2854 045 = 57.08
EMEP | 6624 1558 079 3257 | 7897 1231 078 3512 | 69.76 7.65 081 3660 | 6881 657 067 4154
loTo | 6388 1321 = 082 3005 | 7159 493 083 2871 | 6577 365 082 3481 | 6538 314 068 4110
ViNNG | 6617 1550 080 3315 | 7829 1163 083 3161 | 7066 854 081 3640 | 73.69 1145 068 = 4238
*OB/N; OB: OBSERVED VALUE IN mm ; N: number of sites

21



43

44

45

Table 4b. Statistical results for rain (mm) consiulg the sites with WNHXx measurements

*OB/N; OB: OBSERVED VALUE IN mm ; N: number of sites

mop [Bias [sc  [rmse [mop [Bias ¢ |rwmse [wob [eias |sc |gmse Jwop [pias |sc |rmse
Rain 2006 2007 2008 2009
OB /N* 49.19/46 68.75/61 57.16/64 65.65/63
CAMX | 6342 1423  0.76 314| 7777 903 082 31|23 66.13978 0.64 3482 6952 3.87 048 5849
cHim | 5968 1049 076  2860| 7132 257 082 3018 61.38.23 066 33.75| 6435 -1.30 049  57.60
cvmaQ | 3684 1235 057  3252) 5203 1581 0.29 5540 680.-6.47 059 3905 3340 -3225 030 71p9
EMEP| 6274 1355 071 3123 7963 1089 078 3309 64537 063 36.3¢ 6593 033 052 5688
LoTo | 6274 1355 071 3123 7230 355 083 2910 60.343 064 3437 6272 -293 050 572
MINNI | 6072 1153 075 3265 787 995 0.82 3167 6577618 062 3591 7013 448 052 56.p4
Table 4c. Statistical results for rain (mm) consiug the sites with WNOx measurements
Rain 2006 2007 2008 2009
OB /N* 53.9/62 69.31/62 62.16/65 68.2/64
CAMX | 7016 = 1626  0.82 316| 7814 883 082 3098 7075598 0.82 3482 7211 391 048 5833
CHIM | 6591 1201 082 2805 7168 237 082 2996 653821 082 3375 6667 -153 05  57B
cMaQ | 4103 -1287  0.66 3291 538 -1551 03 5495 5447.75 076 3905 345 -337 032 71}2
EMep | 6938 1548 078 3301 80 107 078 348 6884 6.68.8 3636| 685 03 053 5598
LoTo | 6938 1548 078 3301 7266 335 084 2889 64.9277 081 3437 6547 272 051 57.35
MINNI | 65.78 1188 0.8 3096) 7903 972 082 3141 7016 808 3591| 7279 46 053 56.58
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3.1 Sulphur

3.1.1 WSOx: Evaluation of model results

The model performance statistics for WSOx are mitesein Tables 5 and 6, using sea salt
corrected and non-corrected observations, resgdgtivAs mentioned above, CMAQ
considers sulphate emissions that originate fromssédt, while the rest of the models do not.
For this reason the statistics for all models wlith exception of CMAQ should be discussed
using the data in Table 5 (sea salt corrected whsens), whereas for CMAQ, the data in
Table 6 (not sea salt corrected) should be usdgk r&sults in Table 6 for the non-corrected
data show that CMAQ performs best for C7 and C4d, iaramong the best for C6 (CAMX
performs better). It is useful to analyse how thedeis behave at sites affected by sea salt
emissions. Figure S.4.8 shows modelled and obs&i®&@x at a station located in the North
of Spain (ES08). CMAQ is the only model capableagroducing the large measured values
of WSOx at this site. Figure S.4.9 shows an exarfglévo sites located in Ireland, IEO8 and
IEQ9. This figure shows non-corrected (a) and saa corrected (b) data. The sea salt
correction applied and available from the EBAS wvitebshows a clear and strong effect of sea
salt on WSOx at this site. In this case, we cannageae how CMAQ is the only model that
can reproduce the high observed values, when nosakacorrection is applied. These
graphics show that 1) sulphates emitted with s#étacaa have a significant contribution to
deposited sulphates, and 2) models should incladesalt sulphate to adequately reproduce

measured deposited rates. For the corrected tatathier models perform quite well.

Table 5, calculated with observed data after ctioecfor sea salt, shows that CAMX
performs best overall in C9 for WSOx (CMAQ is notluded in this comparison). However,
CAMX overestimates TSO4 by the largest amount,raiNNI. As pointed out in the
following section, graphs in the Supplementary Mate5.4.5 show that CAMX predicts the
smallest dry deposition rates (along with MINNIY fo given TSO4. At the same time, maps
of SO2 concentrations in the Supplementary MatéB8ad.1) show that CAMX predicts the
largest SO2 concentrations for most of the periddsording to Pirovano et al. (2012), this
model seems to have a stronger downward mixing thanother models, enhancing the
influence of elevated sources (especially relevanthe case of SO2) on ground level

concentrations. All these factors can enhance toeimaulation of sulphate at the surface
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layer, and thus the good results for WSOx for CAkRBUId be partially due to compensating

factors, and could hide problems, such as an ustie&ion of dry deposition.

MINNI and LOTO underestimate WSOx for all period&NNI especially in C9 and LOTO
especially in C6. At the same time, MINNI overesttes TSO4. Figure S.4.4 shows that for
the same amount of rain, MINNI has a lower wet d#n than the other models in C7 and
C9. All these factors suggest that MINNI has a et deposition efficiency, which could be
due to several reasons, such as an underestimati@tavenging ratios, large vertical
concentration gradients, resulting in small conaitns at cloud height, or a problem with
the modelling of clouds. In the case of LOTO, therestimation of WSOx is consistent
with Schaap et al. (2004). Again, Figure S.4.4 shavlower wet deposition for this model in
C6 for the same amount of rain, when compared thiéhother models. Figure 7, showing
values of Fw for sulphur (from now on FSO4), indésalower values of FSO4 for this model
compared with the observed values, which suggekis avet deposition efficiency for this
model. This behaviour can partially be explainedthy lack of in-cloud scavenging in this

model, as sulphate is largely produced in the ckgukous phase.

By contrast, EMEP overestimates WSOXx during all foeriods, with the highest bias in C7.
This model has the smallest (positive) bias for #S€@mpared with the other models, with
larger values in C7 and C8, and overestimates exicgpt in C9 (see Table 4a). The fact that
this model overestimated WSOx without underestingatt SO4 could also indicate an
underestimation of sulphur dry deposition. In fatte scatter plots of TSO4 against dry
deposition in Figure S.4.5, show that EMEP hasedadgferences to some of the other
models, such as CMAQ and CHIMERE in C6 and C7, Vaitter dry deposition values.

CHIMERE also partially overestimates TSO4 concditng but has a very different
performance for WSOx, which is underestimated immsier (C6) and overestimated in winter
(C7). The behaviour in summer seems to indicatewadcavenging efficiency, producing a
low WSOx and consequently high TSO4. This can lse atferred from Figure 7, where
FSO4 is underestimated at some sites in C6. In S04 for CHIMERE is correctly
modelled, and thus the simultaneous overestimafES@4 and WSOx seems to suggest an
overestimate of SO2 air concentration or an ovenes¢ of SO2 oxidation (considering that

dry deposition for this model is high, comparedhitie others).
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106 Finally, it should be mentioned that a better spatbverage of measurements would allow a
107 more complete evaluation since there are areas laitfe differences between models, for

108 which no evaluation is possible.
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Table 5.

Statistical results for sea-salt corredtDx (mgS/m2) and TSO4 (ugS/m3) using all thelakibe sites

*OB/N: OB: observed valuein mgS/m*for WSOx and ugS/m® for TSO4; N: number of sites

all mMoD [BiAs [sc  [rmsE [mop [Bias ¢ |rmse]vop [ias s |rmse Mop [pias |sc |rvse
WSOX 2006 2007 2008 2009

OB /N* 22.88/46 14.86/49 13.76/50 17.45/42

CAMX |2445 158 072 1462 | 1488 002 064 9.64 | 1427 045 049 1171|1826 081 07 12.89
CHIM |1695 -593 049 17.29 | 2192 7.06 067 1683|1351 -0.3 0.5 1126|2219 474 054 186
CMAQ

EMEP |31.02 814 057 19.89 | 2597 1111 064 2135|1837 462 045 13.19| 266 9.5 068 18.82
LOTO |14.44 -843 063 1581 | 1205 -2.81 065 1001| 951 -425 054 1176|1354 -391 068 13.63
MINNI | 1845 -443 052 1689 | 797 -6.88 062 1155 1061 -3.14 049 11.81| 6.66 -10.79 058 18.39
7S04 1.06/19 0.69/23 0.61/17 0.86/17
CAMX | 166 06 087 076 124 056 065 102 132 071 089 101 14 054 092 0.65
CHIM | 124 018 066 065 08 017 055 071 088 027 083 043 095 009 08 039
CMAQ

EMEP | 111 005 07 05| 087 018 058 07 08 024 081 048 089 003 089 0.29
LOTO | 106 001 077 036 078 009 056 07 076 014 08 03 08 -0.06 082 0.34
MINNI | 179 073 078 102| 136 068 061 113 14 078 08 103 163 077 09 091




1 Table 6. Statistical results for WSOx (mg&ymnd TSO4 (gs/ni without sea salt correction) using all the avaiadites

All

MoD [BIAs |[sc

RYE=

MoD [BIAS |sc  |RMsE

MoD [piAs |sc  |Rmse

MoD |piAs |sc

lRMsE

WSOx

2006

2007

2008

2009

OB /N*

28.25/ 57

30.17/57

24.47/ 61

22.34/:62

CAMX
CHIM
CMAQ
EMEP
LOTO
MINNI

27.98

-0.26 0.66 17.64

28.18 -2 0.6 23.81

10.48 -13.86 0.38 42.25

20.86 -1.48 0.66

16.35

TSO4

1.31/56

1.04/58

1.1/20

1.07/34

CAMX
CHIM
CMAQ
EMEP
LOTO
MINNI

1.38

0.08 0.66 0.73

1.39 0.34 0.6 0.86

1.22 0.11 0.63 0.51

1.2 013 0.68

*OB/N: OB: observed valuein mgS/m*for WSOx and ugS/m® for TSO4; N: number of sites

0.49
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Figure 7. Scatter plots showing modelled and olekrvFSO4 (not sea salt corrected) (in

(mgS/nf)/(ugS/mi)/mm, for the EMEP intensive campaigns C6, C7 , 48| C9

3.1.2 Comparison of modelled estimates

Maps of WSOx show a distinct spatial pattern for &Y especially in the Atlantic Ocean
and North Sea (Figure 1).This is because this mizdile only one that considers sulphate
emissions from sea salt and, therefore, this mesknates higher WSOXx values over marine
areas. For most of the campaigns EMEP estimatdsehigccumulated WSOXx to terrestrial
areas than all the other models. From the mapsS@41(SO2+S04-10) in Figure 4 we can
see that CAMX and MINNI estimate higher values thias other models, as already pointed
out by the comparison with observations. Bar chairthe modelled WSOx deposition factor
in the Supplementary Material S.4.7 show that CMA&¥ the highest values for Atlantic
countries (Spain, Great Britain and France; coeststvith sulphate sea salt emissions),

followed by EMEP, which has similar values to CMA® Germany and even higher in
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Poland. CAMX and MINNI estimate the lowest depasitifactors for all five selected

countries, followed by LOTO.

Regarding DSOx, CMAQ estimates the highest val&2.8), which is also consistent with
the sulphate emissions from sea salt. On the ¢tied, both the bar and scatter plots in the
Supplementary Material S.4.7 show that CMAQ has hiighest dry deposition factor,
followed by CHIM. The fact that part of the sulpésiin the CMAQ simulations comes from
sea salt, with a fraction of these natural sulghat&ibuted to the coarse fraction, could be the
reason for a faster deposition velocity (settlimjpeity), compared with sulphates formed by
secondary processes. Scatter plots of TSO4 verS@xDn S.4.5 indicate that CAMX and
MINNI predict a lower DSOx for a given TSO4 thanethmest of models. The large
differences in the estimates of the models highlidie need of an evaluation of the dry
deposition process with measurements, especialgnwas it can be inferred from S.4.6, the
magnitude of dry deposition at some points in thendin is similar to that of wet deposition,
and even higher for some models, such as CHIMEREMAQ.

3.2 Reduced Nitrogen

3.2.1 Evaluation of model results

The model evaluation statistics for WNHx and TNHé presented in tables 7 and 8. Results
in Table 7, which use all sites with WNHx measuratagshow a general underestimation for
all models, with the exception of EMEP, which hasvést negative bias and even
overestimates deposition in C6 and C9. These st consistent with other publications
looking at these models, such as Schaap et al4jJ2@0 LOTO and Garcia-Gémez et al.
(2014) for CHIMERE. In C7 the general underestimis very pronounced, as shown in the
scatter plots in Figure 8. EMEP performs best imteof both bias and RMSE for this period
while, by contrast, MINNI has the highest negatvas, accompanied by the highest RMSE.
In C6 CAMX and LOTO perform best overall. For theTVgites (Table 8), all models
underestimate TNH4 in C6, with CMAQ having the tegh negative bias, followed by
EMEP. The fact that EMEP performs well for WNHx lunderestimates TNH4 in this period
could be due to several reasons, one hypothesig like combination of an even larger

underestimation of TNH4 and an overestimation ef wet deposition efficiency. As shown
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in S.5.7 and Figure 9, FNH4 (Fw for reduced nitrggdat is, WNHx/TNH4/rain) estimated
by EMEP is generally higher than that of the ottmaxdels (only CAMX in C6 is similar to
EMEP, with even higher values in some countriekhpoagh in C6 and C8 EMEP tends to
overestimate this factor. For colder periods (C@ &9) FNH4 is correctly modelled by this
model. The higher WNHx loads shown by EMEP are steist with the higher removal
efficiency for aerosol phase compounds shown in8S.and a higher removal of the aerosol
phase can lead to the results shown in S.5.3,atidg that for the same TNH4, EMEP has
the highest NBINH," ratio. The opposite behaviour is produced by MINBdth in S.5.8 and
S.5.3, thus explaining the lowest FNH4 among aldleis.

Scatter plots of FNH4 (Figure 9) show that all thedels estimate this factor better in C6
than in C7 and C9. The largest underestimate ofvétedeposition factor was in C7 and C9
for all models, with the exception of EMEP (as athg noted), being more pronounced for
MINNI and LOTO. This underestimation could be rethto the scavenging deposition of the
aerosol component, since the cooler temperaturdgsofampaign favoured the aerosol phase
and, as shown in S.5.8, all models have a small degiosition factor for the aerosol
component, relative to that of EMEP. This figuresvwmoduced by calculating the F factor as
discussed in Subsection 2.2.2 for the gas and @lespecies, using modelled values at 287
sites within the domain. By contrast, in C6 andipHy in C8, when temperature conditions
were more favourable for the gas phase, modelléth&tes of FNH4 agree best with the

observations.

The frequent underestimation of both WNHx and TNbidsome models (the only exception
is C9) indicates that besides the underestimati@emsol scavenging efficiency, models are
also not able to reproduce the total ammonium canggon (gas+aerosol). This could be
caused, for example, by an underestimation of eomssor an overestimation of dry
deposition rates. At this point it is interestimgremark that only EMEP and LOTO have a
compensation point for Ndtdry deposition. This fact is highlighted in S.5vBere LOTO and
EMEP have higher N#NH," ratios for the same TNH4 concentration, with resgde the
other models. The other models do not take into@atcthe influence of NPMNH," saturation

of the soil and/or vegetation that would inhibit at least, strongly reduce, dry deposition
over NH; high emitting areas. For example, in the case MAQ, Figure 9 shows that the
model correctly reproduces the deposition factdrilevFigure S.2.2 shows that this model
has the highest DNHx in C6, which decreases the 4 NMailable for wet deposition.
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1 However the lower NEldry deposition rates in LOTO and EMEP do not dieanprove
2 their performance for TNH4 concentrations (see @aB). Additional analyses of NH

3 emission rates and their temporal variation arégioty needed in the future.
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1 Table 7. Statistical results for WNKmgN/nT) (first part of the table) and WNOx (mgNfn{second part of the table) using all the avadabl
2 EMEP sites.

3
W mob[eias [sc [rmse |mop [Blas Jsc  |RmseElmop [pias [sc |Rmse [op [pias |sc |rmse
WNHx 2006 2007 2008 2009
OB /N* 24.38 /46 17.95/61 14.14/59 28.67/63
CAMX 20.385 -4 0.87 1256 | 9.23 | -8.72 0.5 | 15.97 | 13.23 | -090 { 0.55 | 10.96 | 19.32 ; -9.35 ; 0.6 27.6
CHIM 17.185 7.2 0.84 14.31 8.2 -9.75 {027 | 179 | 16.29 | 2.15 { 0.37 | 13.18 | 24.85 i -3.82 i 0.48 i 30.36
CMAQ 9.62; -14.76; 0.8 21.84 | 7.46 | -1049 | 0.5 |[17.08| 899 | -5.15| 0.54 | 11.29 | 10.43 { -18.24; 0.6 | 32.99
EMEP 28.44; 4.06 0.78 15.44 | 13.69 | -4.27 | 0.43 | 1488 | 21.04 | 691 | 0.35 | 16.08 | 31.41 | 2.73 | 0.53 i 31.43
LOTO  |2038} 399 | 082 | 1346 | 7.49  -1047 | 05 | 1734|1061 -353 043 | 1139 | 165 |-1217| 058 | 29.26
MINNI  |16.12| -826 | 0.79 | 16.25 | 3.58 | -14.38 | 0.51 | 20.18 | 11.28 | -2.86 | 0.46 | 11.16 | 7.86 |-20.81 | 0.47 | 36.09
WNOXx 19.39/ 62 17.47/62 13.98/65 22.36/64
CAMX 927 -1013 063 16.83 | 10.88 -6.59 0.61 14.94 | 9.44 -455 051 11.71 | 12.28 ;—10.085 0.72 22.02
CHIM 16.85 -2.54  0.52  14.78 | 20.49 3.02 0.62 513.77 16.41 242 041  12.18 | 21.66 -0.69 0.65 20.18
CMAQ 857 -1082 0.6 17.6 | 12.89 -4.58 0.63 14.06 | 9.59 -439 056 11.23 | 9.77 5-12.595 0.7 24.15
EMEP 29.69 103 0.65 17.94 | 13.74 -3.73 0.54 ;14.67 19.52 554 0.38 @ 14.34 | 18.66 -3.7 0.68 20.03
LOTO 19.94 0.55 0.6 14.21 | 13.33 -4.13 0.66 513.33 1291 -1.07 049 111 | 143 -8.06 0.71 21.17
MINNI 9.2 -1019 043 1833 | 455 -12.92 0.55 519.65 7.55 -6.43 0.45  12.84 | 3.83 5-18.525 0.46 31.06

4 *OB/N; OB: OBSERVED VALUE IN mgN/m?; N: number of sites SC: spatial correlation

5
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Table 8. Statistical results for WNHx and TNH4 (dg’® and ug/m respectively) using only the available stationshwsimultaneous

measurements of both pollutants

*OB/N: OB: observed value in mgN/m?for WNHx and ug/m®for TNH4; N: number of sites

wt [mop [Bias [sc  [rvmse |mop [Bias Jsc  |rmselmop [pias |sc |Rmse [vop [pias s |rmse
WHx 2006 2007 2008 2009

OB /N* 20.98/23 16.4/29 14.5/27 21.69/22

CAMX | 13.2 779 | 0.83 1264 | 887 -7.53 0.42 1544 | 12.04 -2.46 035  14.46 | 17.92 -3.77 033 = 23.1

CHIM | 10.83 -1015 0.8 13.49 | 8.18 -823  0.13 17.51 | 14.07 -043 0.16 16.17 | 21.78 0.09 029 28.44
CMAQ | 801 @ -1297 0.7 16.34 | 687 -953 035 16.75| 8.02 -6.48 059 12.48 | 759 @ -141 0.38 232

EMEP | 2151  0.52 0.8 1252 | 13.02 -3.38 021 16.12 | 19.5 5 019 17.8 | 27.66 597 0.28 @ 32.75
LOTO | 1409 689 @ 075 12.06 | 7.41 -899 0.37 16.43| 9.88 -462 022 13.84| 158 -59 = 0.31 23.24
MINNI | 12,12 -886  0.64 1426 | 3.28 -13.12 0.25 19.41| 10.11 -439 0.26 13.87 | 6.79 -149 0.32  24.05
TNH4 2.51/23 1.67/29 1.7/127 2.23/22

CAMX | 1.64 -0.87 | 0.75 131 1.57 0.1 068 121 | 195 025 067 121 | 2.68 046 068 @ 1.68

CHIM 1.88 -0.63 0.8 1.2 1.69 002 066 133 | 176 0.05 071 097 | 249 027 074 122

CMAQ | 1.16 -1.34  0.79 1.61 152  -015 0.79 097 | 157 -013 073 08 244 021 073 112

EMEP | 1.4 -1.1 0.78 1.4 138  -029 056 1.4 1.5 02 069 095 | 232 01 @ 072 141

LOTO | 1.78 073 | 081 1.1 149 -018 063 125 | 1.62 -009 071 0.85 | 259 037 075 1.28

MINNI 2 051  0.79 1.1 1.87 0.2 066 128 | 243 0.73 0.7 153 | 329 106 067 2.04
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intensive campaigns C6, C7, C8 and C9

3.2.2 Comparison of modelled estimates

Maps in Figure 2 show that EMEP estimates the lsgiéNHx for all campaigns. Figure 5
shows that MINNI estimates the highest concentnatioof TNH4, with substantial
differences to the other models, especially over nbrth Germany, northwest France and
northern lItaly, where the largest ammonia emissaotar. The formation of ammonium can
occur in the form of both sulphates and nitratesmonium concentrations were lower in C6
for all models (S.5.2). As mentioned above, thisuleis consistent with the fact that
ammonium nitrate is a volatile species, with inemeg volatility at higher temperatures and
lower relative humidity. Since MINNI estimates sowfethe largest values of TNH4 (Figure
5), NHz and NH-10 (Supplementary Material S.5.1. and S.5.2) bitih & similar rainfall
(Supplementary Material S.1) to the other moddiss &gain indicates that this model has a
smaller wet deposition factor than the other maodeMEP and LOTO estimate the lowest
values of NH-10 for all periods except C6 (S.5.2) whereas CAMimates the largest
values in C8. The estimated deposition factorsttier gas (NH) and aerosol (NH10, the

ammonium component of Pl§) components for all measurement locations (28&r all
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periods (S.5.8) show that EMEP has the largesbffafcr both components although the

difference to the other models is more markedtieraerosol phase. The deposition factor for
the gaseous component of WNHXx is smaller or ofn@lair magnitude to that of the aerosol.

Nevertheless, this is probably not a result of thedel parameterizations for the two

components since, for example, EMEP uses a largeloud scavenging ratio for NHhan

for NH,-10. This suggests that the difference in the ntageiof the two factors is due to the

vertical concentration profiles, a hypothesis tisabacked up by the fact that Erisman et al.
(1988) observed stronger decreases with heighiNfés concentrations compared with the

decreases in ammonium concentrations.

Maps in S.2.2 fobDNHx show that CMAQ estimates some of the highest valu€s and C9
(LOTO also high in C9), CMAQ has the largest drpaltion factor (S.5.7) for the countries
along the Atlantic coast (France, Great Britain &mhin) and LOTO has the largest over
Germany and Poland. The deposition factors for CAMX EMEP are also some of the
highest. Scatter plots of TNH4 versus dry deposiin S.5.5 show that CHIM and MINNI
estimate the lowest dry deposition for a given gatd TNH4, as does EMEP in C6. All
models estimate the largest dry deposition in Rt France, north-west Germany and
northern Italy, which are the regions with the &sgammonia emissions. Again, as discussed
for DSOx, S.5.6 (a comparison of WNHx with DNHx)osVs that dry deposition loads are of
the same order as WNHX, or even higher for manwtions in the domain and models.
Therefore, it is important to have measurementsdbald be used to evaluate model results

in order to have confidence in the N depositioraiated by models.

3.2 Oxidized Nitrogen

3.3.1 Evaluation of model results

Tables 7 (bottom) and 9 show the average accuntulatiie for WNOX, mean bias, spatial
correlation and RMSE for the 4 periods. When caeraid) all the available sites (W group,
Table 7), the group of models with the lowest valaEWNOx (CAMX, CMAQ and MINNI)
shows a general underestimation. The predictiondIdbiNI have a fairly high negative bias,
especially in C7 and C9, compared with the reshefmodels. This confirms that the model
tends to underestimate wet deposition fluxes fothaée ions, despite it generally estimating

higher ground level air concentrations than theothodels. This means, combined with the
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fact that all the models except CMAQ overestimatm,rthat MINNI underestimates the
efficiency of the wet scavenging processes at seit@s, as confirmed by Figure 11. The
models with the highest WNOx values (EMEP, LOTO @tdlM) seem to agree better with
observations, although EMEP overestimates WNOXx 6na@d C8, accompanied with high
values of RMSE.

For the WT group (Table 9), EMEP, LOTO and CHIM &dakie lowest RMSE for TNO3 for
most of the campaigns, with the exception of CHIslvihng the highest RMSE in C6,
accompanied by a large negative bias. The threelsooh average, perform well for WNOX,
TNO3 and FNO3 (Fw for oxidised nitrogen). The madiifferences between these three
models and CAMx, CMAQ and MINNI relies on the dejpios factor for gas phase
compound that, in contrast to NHx, is more relevantthe gas phase than for the aerosol
species (S.6.9). In this figure we show the depositactors calculated for the gas and the
aerosol phase (from model results at 287 sitesxplgined in Section 3.2.2). We can see that
for all models the scavenging efficiency of the ghase is higher than that of the aerosol one
(note that graphics in S.6.9 present a differeatestor the y-axes), with EMEP having the
highest values of both, followed by CHIM and LOTO.

The only relevant exception to this general behavie shown by CHIM in C6, where the
model strongly underestimates TNO3 concentratiogsfle this, CHIM does not disagree
greatly with the observations in C6 for WNOx, a®wh in the scatter plots of modelled
versus observed WNOX (Figure 10). This fact coudtt:la combination of factors, such as un
underestimation of TNO3 formation (we must rementhat CHIMERE does not include the
formation of coarse nitrates related to sea sattust), combined with an overestimation of
wet deposition processes (pointed out in Figure byl the comparison of modelled and
observed deposition factor (WNOXx/rain/TNO3) and dlerestimation of rain (Table 4c). An
answer to why this model could overestimate thedegisition factor in this campaign could
come from an inadequate repartition between gasakphases for this period, when air
temperatures are higher, and gas to aerosol caooreissless favoured. To investigate this
idea further we have plotted TNO3 against the gaserosol ratio (TNO3 vs HNENOs-10,
where NQ-10 is the nitrate component of Ry for C6 for all models (S.6.4). This plot
shows the model values at 287 sites (same locatisms S.7.1) and provides information on
the contribution of the gaseous and aerosol phas€SO3. Besides the fact that EMEP (red
circles) estimates higher values of TNO3, CHIM eceda HNQ/NO3-10 ratio larger than
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one at many locations, contrary to EMEP and LOT@D gikample, which predict much lower
ratios, with most values being lower than one. Tad combined with the higher deposition
factor of HNQ compared with the aerosol component (S.6.9) clmald to an overestimation
of the wet scavenging strength for a given TNO3ceotration, and thus an overestimation of
FNO3.

In C6 the low bias of EMEP (almost zero) for TN@8companied by an overestimation of
WNOX (Table 9), could hide an overestimation of TANBvels, which a compensated by an
overestimation of rain, at least over the area /oy WT group of observations. This
potential overestimation of TNO3 by EMEP could he do the low values of dry deposition
(DNOx) (S.2.3). Although we cannot conclude if thialue is good or not, a low dry

deposition could partly explain the presence ohhigNO3 in this period of the year, when
dry deposition processes are more relevant. Wahrds to the deposition factors (deposition
normalized by TNO3 and rain), EMEP has similar ealuo those calculated from the

observations for some sites where the model overatds WNOXx in C6 and C8 (Figure 11).

For the models that underestimate WNOx (CAMX, CMAQI MINNI), the problem seems
to be different. As mentioned previously, these eledverestimate TNO3 and underestimate
WNOX (except in C6, when all the models with theeaption of EMEP underestimate both
WNOXx and TNO3). CAMX, CMAQ and MINNI also have srealdeposition factors to those
calculated from the observations (Figure 11). im ¢hse of CMAQ, the underestimate of the
deposition factor suggests that rain (underestithdethis model) is not the only reason for
the underestimate of WNOx. Plots in S.6.4 and Sr@fate both a higher gas/aerosol ratio
and lower deposition factors for these models. Moee relevant role of the gas component,
due to its higher deposition factor, suggests adergstimation of the gas scavenging
efficiency for these models. S.6.4. also indicat@stential underestimation of the scavenging
efficiency for the aerosol phase for these modesept for CMAQ, which has a similar
factor for aerosol as LOTO. This fact could be teddato the formation of coarse nitrates from
sea-salt in these two models (and in EMEP) thatbeamore effectively scavenged than fine
aerosols. Although MINNI uses a similar parametdion to EMEP for in cloud aerosol
scavenging (7xT0and 2x18 for accumulation and Aitkens mode, respectivelg)e

coefficients used are lower than those used by EKXRQ).
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In summary, we can say that WNOx deposition seent®etmore strongly driven by HNO
removal than N@. Models with higher WNOx gas deposition factorM@&, LOTO and
CHIM, S.6.9) also estimate higher WNOx loads anttelbeperformance. In the case of
EMEP and LOTO this implies that the HN@Os' ratio is always very low for a given TNO3
concentration, because HNGs efficiently scavenged and, therefore, TNO3 isstly
composed of N@ (S.6.4). Nevertheless in C6, CHIM also agrees ¥eelMWWNOXx (similarly

to EMEP and LOTO deposition is driven by HN@moval ), but it seems that the model
produces less total oxidized nitrogen and, moredterequilibrium is shifted towards the gas
phase fraction (S.6.4) As a consequence modellgd3Ti¥ underestimated and the deposition
factor overestimated. This result suggests thatMCHhemical and physical processes
involving oxidized nitrogen as well as aerosol-gasase equilibrium (e.g. the role of
temperature) should be analysed further. MINNI, CABInd CMAQ seem to underestimate
the gas scavenging efficiency for all campaignswal as that of the aerosol, although the
wet scavenging of HN©Ohas a larger influence), leading to low wet defpmsiloads and high

air concentration.
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Table 9. Statistical results for WNOx and TNO3 l(rilgN/m2 and ug/rﬁ respectively) using only the available stationthv@imultaneous

measurements of both pollutants

*OB/N: OB: OBSERVED VALUE IN mgN/m*or WNOx and ug/m3for TNO3; N: number of sites

wt  |vmop [Blas [sc  [rmse |mop [Blas Jsc  |rmseE|mop [pias |sc  |Rmse [vob [pias [sc |rmse
WNOX 2006 2007 2008 2009
OB /N* 21.84/25 17.64/28 16.42/28 18.85/28
CAMX | 831 @ -1352 @ 0.41 = 2123 | 11.06 -6.58 @ 0.54 1835 | 10.14 -6.28 0.32 14.66 | 12.67 -6.18 0.81 @ 12.24
CHIM 16.91 -493 036 17.77 | 2054 29 051 17.82 | 1781 14 024 1458 | 2037 152 074 12.36
CMAQ | 849 -1335 034 2152 | 1253 -511 058 17.43| 1011 -63 0.52 12.86 | 827 -1059 0.78 @ 16.22
EMEP | 27.77 5.93 063 = 1571 | 12,51 -5.13 0.35 19.68 | 21.62 521 0.2 @ 16.22 | 18.82 -0.03 0.79 @ 10.97
LOTO | 1785 -398 @ 051 1592 | 1383 -3.81 0.57 17.06 | 1412 -23 028 13.75 | 1474 -412 0.83 10.9
MINNI 865 -13.19 059 @ 20.23 | 469 @ -12.95 0.38 23.03| 838 -803 0.25 1529 | 4.07 -1478 059 21.69
TNO3
OB /N* 2.32/25 2.42/ 28 2.14/28 2.58/28
CAMX | 1.8 @ -047 067 0.9 3.66 124 077 196 | 329 115 0.78 1.75 33 072 @ 073 137
CHIM | 085 -147 0.1 1.63 2.4 -0.01  0.81 1 124 -09 088 114 | 211 -046 0.7 1.27
CMAQ | 21  -022 0.67 081 3.43 1.01  0.81 165 3 0.86 082 143 | 358 101 057 187
EMEP | 238 006 @ 0.71 0.76 253 012 077 117 | 296 082 0.84 1.25 | 253 -005 078 @ 1.03
LOTO | 1.76 @ -0.57 @ 0.73 0.84 214 -028 082 0838 | 204 -01 084 071 | 218 -04 075 116
MINNI 2 -033 | 061 1 3.16 074 082 136 | 307 093 08 149 | 3.74 117 065 1.89
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3.2.2 Comparison of modelled estimates

For WNOx (Figure 3) there are large differenceswieen the accumulated deposition
estimates of the models, with CHIM, EMEP and LOTS&lireating the highest values,
although spatial distributions are similar. EMERmates particularly high values in C6 and
CHIM in C9, when compared with the other models. &Y CAMX and MINNI estimated
the smallest accumulated deposition, with MINNIiggvparticularly small values for all four
periods. Maps of variability in S.3.3 show that #dent to which the models differ varies
depending on the period. For example, differeneg®/éen models are larger in C6 over the
Spanish Mediterranean coast (as they are for ther gpecies, S.3.1 and S.3.2), whereas at
the Norwegian coast differences are larger in G¥ @9. Since the June campaign (C6) is the
period with the highest temperatures, gas-to-garteonversion is less favoured and so
difference between model estimates for that pedodld be related to differences in the
gas/aerosol ratio and/or the wet deposition paranzetions, especially for the gas phase
component (or that of the aerosol in C7 and C8)pdaf concentrations of HNGand NQ-

10 (Supplementary Material S.6.2 and S.6.3, regpy) confirm larger values of HN£and
smaller values of nitrate for C6 than for the otperiods. Finally, some of the variability
observed close to the boundaries of the domainbeamelated to differences in how the

boundary conditions are treated by each model.

The maps of TNO3 concentrations are shown in Figurdll models estimate the largest
TNO3 concentrations in regions with large NOx emoiss such as northern Italy, around The
English Channel and along the shipping routes esibe@n the Mediterranean (LOTO has
the same distribution, although it cannot be sdearly because of the low concentration
estimates). The formation of nitrates in the codraetion, included in EMEP and LOTO
(S.6.3), gives a different spatial pattern for theso models, with higher nitrate over the sea.
CAMX and CMAQ estimate the largest HN@ir concentrations, followed by MINNI. The
high HNG; concentrations for these models, (besides potetitiarences in deposition), can
be due to different reasons, such as the high N@nhcentrations estimated by CMAQ
compared with the low values of CAMX, (Supplemeytbdfaterial S.6.1), due to low NO.
Overall, the three models with the lowest WNOx (CRIACAMX and MINNI) predict the
largest TNO3 concentrations, suggesting a loweacieffcy of the deposition processes for

these models. The fact that CMAQ estimates the dowecumulated rainfall for all periods
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(especially in C6, C8 and C9) could partly explaimy this model gives smaller WNOx than
EMEP, CHIM or LOTO.

In the Supplementary Material S.6.5 there are escgitots of modelled WNOx versus
modelled rain for all models and periods for 28¢akions. As mentioned for the other
pollutants, the locations correspond to all measerd sites measuring at least one of the
variables (see map in S.7.1), with the sole purpdseomparing model estimates (i.e. no
measurement data were used). These plots showastibktdifferences between the
deposition estimates of the models for the sameuamof rain; for instance, MINNI
estimates much lower wet deposition than the otmexdels for the same amount of

precipitation, especially in C7, C8 and C9.

If we analyse the deposition factors, we can se®.8 CHIM and EMEP have the largest
wet deposition factors for WNOx (CHIM especially @0, C8 and C7 and EMEP in C6).
MINNI has the lowest values (also CAMx in C6). @iftnces between models are quite
substantial. For example, in C9 differences betw@EitM and MINNI are a factor of six in
Poland. For the gas (HNpand aerosol (N©10) components, the estimated deposition
factors for all measurement locations (287) ovepatiods (Fig S.6.4) show that CHIM and
EMEP also have the largest factors for both comptsnand MINNI and CAMX have the
smallest. For all models, the deposition factortf@r gaseous component is larger than that of
the aerosol; i.e. the wet deposition is largerther gaseous component for the same ground
level concentration. This could be due to the défifeé parameterisations for the gaseous and
particulate phases in the models (for example, EMEP model uses a larger in-cloud
scavenging ratio for HNgthan for NQ-10, same scheme as that for MINNI) or could be due
to differences in the vertical profiles of the twomponents. Vertical concentration profile
data are not available for the models in this aserc In the Netherlands, Erisman et al.
(1988) observed increasing HM@oncentrations up to a height of 200 m and dergas
nitrate concentrations. Although these measuremeete made at a specific place and time
and in a different pollution climate to the curresituation, such differences in the vertical
profiles of the gaseous and aerosol componentd cexplain the differences between the

magnitudes of the two factors, in addition to tifeedences due to the parameterisations.

Regarding DNOx, maps in S.2.3 show large differsrisetween models. CMAQ estimates

the largest deposition rates for all periods, whsr&EMEP estimates some of the lowest
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values for C7, C8 and C9. Scatter plots of TNO3ceotrations versus DNOXx (S.6.6) also
show low dry deposition estimates for EMEP and l@gtimates for CMAQ for a given value
of TNO3. With regards to the deposition factor, pkts in the Supplementary Material S.6.8
show that CMAQ, CAMX and LOTO have the largest eslwf Fd. The large differences in
the DNOx estimates of the models highlights thedrfee an evaluation of the dry deposition
process with measurement data, especially sincelejppsition can be in the range of wet

deposition or even higher for some models (S.6.7).
4  Conclusion

A detailed analysis has been performed based onrekelts of four intensive EMEP

measurement periods (25 Feb - 26 Mar, 2009; 17- 3&pOct, 2008; 8 Jan — 4 Feb, 2007 and
1-30 Jun, 2006). Here we present a joint analysiwei and dry deposition as well as air
concentrations in order to determine and underdiamgerformance and behaviour of six air

guality models for nitrogen and sulphur compounds.

For sulphur deposition, the fact that CMAQ includes emissions from sel iEsults in
higher estimates of WSOx over marine and coastehsar EMEP estimates higher
accumulated WSOx to terrestrial areas and CAMX iNNI estimate higher TSO4 than
the other models. The comparison with observat{aith no sea salt corrections) shows that
CMAQ performs best in C6, C7 and C9. At coastassithe sea salt correction applied to the
measurements indicates a significant presencelgfiates. CMAQ is the only model that can
reproduce the high measured values of WSOx, showhag model performance can be
improved by including emissions of sea salt sulphaMINNI and LOTO underestimate
WSOx for all periods, MINNI especially in C9 and TO especially in C6. As MINNI
overestimates TSO4, this model seems to have aviewdeposition factor for sulphur. This
could be due to the vertical concentration profiesa poor in-cloud scavenging, which in
turn could be due to the parameterization of cloudghis model. By contrast, EMEP
overestimates WSOXx, partly due to an overestimétprecipitation, but this may also be
related to an overestimate of TSO4 (due to theseogpatial resolution used, the models are
expected to overestimate SO2 concentrations aigbawekd locations). FSO4 (wet deposition
factor for sulphates) estimated by EMEP, agreesorezbly well with that calculated from the
observations, although there is a tendency to stierate at the sites with the lowest values

calculated from the observations (especially ina@ C7), and underestimate at the sites
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with the highest values. CAMX performs best overralC9 for the sea salt corrected dataset,
although this could be due to compensating facasshis model overestimates TSO4 by the
largest amount, after MINNI. The fact that CAMX iestes the highest SO2 concentrations
and the lowest dry deposition rates for a given Z%&ong with MINNI) seems to indicate a

small dry deposition factor (or deposition velogitat least compared with other models.
CMAQ estimates the highest DSOx values, consisiatit the fact that this model includes

sulphate emissions from sea salt. MINNI predictgdoDSOx for a given TSO4 than the rest

of models.

With regarddgo reduced nitrogen, EMEP estimates the highest values of WNHx and laés
the highest wet deposition factor. Consideringsafls with WNHx measurements, there is a
general underestimation by all models, with theepxion of EMEP, which underestimates
the least and even overestimates deposition inM@d6CH. In C7 the general underestimation
is still more pronounced, with EMEP performing bésias and RMSE). The estimates by
MINNI and CMAQ have the highest negative bias, agpanied also by high RMSE values,
although this is less pronounced in C6 in the cddINNI. An analysis of the relationships
between modelled wet deposition rates and theivelaoncentrations of gas and aerosol
species, suggests that differences in how the mguehmeterise the wet deposition of these
species (especially the aerosol) and in the vértioacentration profiles could explain the
differences between models. All models underesér&lH4 (ammonia plus ammonium) in
C6, with the estimates by CMAQ having the highesgative bias, followed by EMEP. The
simultaneous underestimation of WNHx and TNH4 in, @®stly by CMAQ, but also by
CAMX, CHIM, LOTO and MINNI, suggests that uncerta@s or errors in the wet deposition
processes cannot explain the underestimate of TiNHis period. An underestimate of NH
emissions or boundary concentrations, or an overatt of dry deposition could explain this
behaviour, however. In the case of MINNI; the highlues of TNH4, NH and NH-10
estimated by this model (but with a similar estinaf rainfall to the other models), could
also be due to an underestimate of the wet depnositictor. This could be related to the
vertical concentration profiles for this model on-dloud processes, including the
parameterization of clouds. In the case of EMEP,gbod estimates of wet deposition but an
underestimate of TNH4 concentrations could be dueséveral reasons, such as the
combination of low TNH4 compensated by an overestinof rainfall. CHIM and MINNI
estimate the lowest dry deposition rates for argiveue of TNH4, as does EMEP in C6.
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Finally, regardingoxidized nitrogen, CMAQ, CAMX, MINNI predict the lowest WNOx and
the highest TNO3 (nitric acid plus nitrates). A qmarison with observations indicates a
general underestimation of WNOXx by these modele piedictions of MINNI have a fairly
high negative bias, especially in C7 and C9, coegbawith the rest of the models. The
models with the higher WNOx estimates (EMEP, LOTi@ £HIM) seem to agree better
with observations, although EMEP substantially egémates in two of the campaigns (C6
and C8), accompanied with high values of RMSE. & same time, the three models that
underestimate deposition, overestimate TNO3 fothallcampaigns, except C6. This fact can
be related to a low efficiency in the wet depositdd the gas phase, as illustrated in S.6.4, and
can be due to several reasons, such as low coatiens in the upper levels of the
atmosphere, a poorer estimation of cloud occurren@n underestimation of gas-scavenging
coefficients. In the case of MINNI the scavengigfticient for aerosol may also be too low.
In C6 all the models underestimate TNO3, except BM&hich overestimates it. In this
campaign all models estimate higher HN&dd lower nitrate concentrations than in the other
campaigns, most likely as a result of the highenperatures. EMEP and LOTO estimate
lower HNG; concentrations than the other models, especially the sea, which is consistent
with the fact that these two models consider then&dion of nitrates in the coarse fraction
due to the presence of Nin sea salt emissions. CAMX, CMAQ and MINNI, inngeal,

estimate the highest HN@oncentrations for the whole domain.

The analysis of dry deposition highlights sevengbportant issues, such as 1) there were large
differences between the model estimates and 2)lejppsition contributes significantly to the
total deposition for the three deposited speciesh walues in the same range as wet
deposition for most of the models, and with evaghbr values for some of them, especially
for reduced nitrogen. This highlights the straveged for evaluating model performance for

dry deposition, something not currently possible tuthe lack of suitable measurements.
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Annexes

A.1WET DEPOSITION SCHEMES

EMEP

The EMEP model calculates in-and sub-cloud wet digipa. In-cloud wet scavenging of
gases and aerosols is parameterised using theppa&ion rate and scavenging ratios
accounting for the species solubility. Below pré&eifing clouds, a distinction is made
between wet scavenging of gases and aerosols.asSesgscavenging ratios are used, whereas
the scavenging of aerosols is described based zen d@pendent collection efficiency of
particles by the rain drops (assuming the raindatipspeed of 5 m/s and a Marshall-Palmer

size distribution of rain drops).
CHIM

In-cloud scavenging in CHIMERE is different to tlditsimilar models. CHIMERE takes into
account the formation of “aqueous species” dueh& absorption of particulate species by
clouds with a kinetic of absorption. For gases,ahsorption of H202 and SO2 is considered,
based on the equilibrium between the gas phas¢éharalqueous phase, which depends on pH
following Seinfeld and Pandis (1998). Aqueous speeind dissolved gases are deposited by
in-cloud scavenging with a parameterization thaesus simple in-cloud scavenging
coefficient. The in-cloud scavenging transfer ratéor particles is computed in two steps,
based on the classical approach in one step (B£898):F; indicates the transfer of particles
into droplets andF, indicates the scavenging of droplets in case @i gecipitation
(Pernigottiet al., 2012):

A

— €

F,=—-awC F, = —
. - hw ¢

q

Wherew the cloud water content (g &iy C is the concentration of the aerosol (g’3§t,nﬁ:aq is
the corresponding concentration in the droplet el{gscn’), « is a transfer coefficient (cm

gt s%), Pris the precipitation rate (g @s™) andh the height of the given grid box (cm). The

advantage of this two steps scavenging processtvatisfer ratesand F is to lead to a
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droplets aerosol concentration which is consida®a@ loss from the aerosol side but which

allows for aerosol particles to reappear whendweictoud disappears without precipitation

Dissolution of gases in raindrops is assumed torbeersible in CHIMERE for both HNO

and NH. Particles are also scavenged by raindrops.
CMAQ

In CMAQ, pollutant scavenging is calculated by twethods, depending on whether the
pollutant participates in the cloud water chemistByun and Schere, 2006). For those
pollutants that participate in the cloud chemisthe amount of scavenging depends on the
Henry’'s law constant, dissociation constants amdicclwater pH Chang et al. (1987). For
pollutants that do not participate in aqueous ckayni CMAQ uses the Henry's law

equilibrium equation to calculate cloud water cancations based on the liquid water content
of the cloud. The wet deposition of a chemical gedepends on the precipitation rate and

the cloud water concentration.
CAMX

The basic model implemented in CAMX uses a scavengpproach in which the local rate
of concentration change within or below a precipia cloud depends on a scavenging
coefficient (ENVIRON, 2011). The scavenging coea#it is determined differently for gases
and particles based on relationships described éyf&dd and Pandis (1998). Two
components are calculated for gases: direct diffusiptake of ambient gases into falling
precipitation and growth of cloud droplets contagidissolved gases. Wet scavenging of
gases by precipitation occurs within and below d&uBelow the cloud, the total gas
concentration in a given grid cell is available smavenging. Within a cloudy cell the total
gas concentration must first be partitioned int@agneous fraction within cloud water and the
remaining gaseous fraction within the interstitéat. Both aqueous and interstitial gases
within a cloudy cell are available for scavengibgt are removed at different rates. The two
components determined for particles are: impactadnambient particles into falling
precipitation with an efficiency that is dependentparticle size and growth of cloud droplets
containing particle mass. Rain drops, snow flakes graupel particles are each separately
represented by a single mean size, mass and fedldsprhe scavenging model in CAMX

assumes that all gases can dissolve into liquiddcland can then be scavenged by all
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precipitation forms and that dissolved gases arequilibrium with ambient concentrations

according to Henry’s law.
LOTO

LOTOS-EUROS includes a pH-dependent cloud chemisttiowing the approach by
(Banzhaf et al 2012). In-cloud scavenging is nketainto account. Below-cloud scavenging
is done using scavenging coefficients for gasespanmticles following Scott (1979) over the

atmospheric column covered by the model (lowerk&5of troposphere)
MINNI

In MINNI, the parameterization of wet depositionlléavs EMEP (2003) approach and
includes in-cloud and below-cloud scavenging of gaecies and particles. Different
scavenging ratios (in- and below-cloud) and coitecefficiencies for gas-phase species and
aerosols are considered. Sulphate production witlunds is also considered using Henry's
law equilibrium equations for SO0; and HO..

A.1DRY DEPOSITION SCHEMES

EMEP

The EMEP model uses a resistance formulation ferdty deposition of gaseous species,
whereas a mass-conservative equation from VenkaradrPleim (1999) is used to calculate
aerosol dry deposition. Dry deposition velocitiese surface type dependent and are
calculated for 16 land-use classes. The total épodition in a grid-cell is the area-weighted

average of all ecosystem-specific depositions withe cell.
CHIMERE

The dry deposition process is commonly describedutih a resistance analogy (Wesely
(1989)). For each model species, three resistamees estimated; the aerodynamical
resistance, the resistance to diffusivity neargramind and the surface resistance. Deposition
occurs if the total resistance is low. For par8cl¢éhe settling velocity is added. More

information is included in Laurent et al. (2013)

CMAQ
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CMAQ initially included the same description foretkry deposition of aerosols, as defined
by Binkowski and Shankar (1995), but CMAQ versidmgher than 4.5 use the approach of
Venkatram and Pleim (1999), where the dry depasitto parameterised following a non-

electrical analogy with the objective to maintaiasa conservation.

To calculate the dry deposition velocity fj\for aerosols, CMAQ considers aerosol size
distributions with three log-normal modes and cotaplaerosol yas a function of particle
diameter and meteorological conditions for each enfod mass, surface area and number. An
integrated { is computed for each mode by integrating theseatians over each log-normal
size distribution. The modal-integrated; ¥ a function of modal mass mean diameter.
Aerosol treatment in CMAQ v. 5.0 includes a dynaatijcinteractive coarse mode for NO3,
hygroscopic growth of particles and advanced treatnof secondary organic aerosols.
Recent reviews of air—surface exchange (Fowlet.e2@09) indicate the need to account for
the canopy structure and its effects on particie Gharacterizing the fine scale morphology
in a regional air quality model remains a challeagd will be a future focus area for model

development.
CAMX

The gas resistance model of Zhang et al. (2003) usasdl in the CAMX simulations. This

scheme uses the “leaf area index” (LAI) to scaldufent uptake by biota and uses an
updated representation of non-stomatal depositahvpays. In this model, aerodynamic and
boundary resistances are very similar to the amighVesely (1989) formulations but the

surface resistance is calculated differently.
MINNI

MINNI implements CMAQ aerosol model “aero3” and sequently uses the same approach

to estimate aerosol dry deposition velocities.
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The estimates of N and S deposition by six regional models are evaluated
Theinclusion of sea salt sulfate emissions was found to be important

Formation of NH3+NH4" is generally underestimated in summer

There isageneral underestimation of wet deposition of reduced N by most models
Different performance was found for the different models and pollutants



