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Abstract. The Meteorological Synthesizing Centre-West tended to document this third release of the EMEP MSC-W
(MSC-W) of the European Monitoring and Evaluation Pro- model. The model formulations are given, along with details
gramme (EMEP) has been performing model calculations inof input data-sets which are used, and a brief background on
support of the Convention on Long Range Transboundarysome of the choices made in the formulation is presented.
Air Pollution (CLRTAP) for more than 30 years. The EMEP The model code itself is available atww.emep.int along
MSC-W chemical transport model is still one of the key tools with the data required to run for a full year over Europe.
within European air pollution policy assessments.
Traditionally, the model has covered all of Europe with a
resolution of about 50 knx 50 km, and extending vertically
from ground level to the tropopause (100 hPa). The model
has changed extensively over the last ten years, however, with
flexible processing of chemical schemes, meteorological in-
puts, and with nesting capability: the code is now applied onThe European Monitoring and Evaluation Programme for
scales ranging from local (ca. 5 km grid size) to global (with Transboundary Long-Range Transported Air Pollutants
1 degree resolution). The model is used to simulate photo(EMEP) started in 1977, a successful initiative between
oxidants and both inorganic and organic aerosols. almost all European countries to pool efforts in tackling
In 2008 the EMEP model was released for the first timethe major environmental problem of the day, acid deposi-
as public domain code, along with all required input data fortion. When the Convention on Long-range Transboundary
model runs for one year. The second release of the EMEPAIN Pollution (CLRTAP, www.unece.org/env/Irtgpwas es-
MSC-W model became available in mid 2011, and a newtablished in 1979, EMEP became an integrated part of the

release is targeted for summer 2012. This publication is in-Convention, and has since played an important part in the
development of emission reduction scenarios, for both the
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Convention (now comprising 51 Parties, including USA and (2008. Comparison against trends of inorganic species and
Canada) and the European Commission. EC can be found irFagerli et al.(2007) and for ozone in
The Meteorological Synthesizing Centre-West (MSC-W), Jonson et al(20063. Aas et al.(2012 present comparison
based in Oslo, is one of two modelling centres establishechgainst AMS and other data-sets during the first so-called
by EMEP, with main responsibility for photo-oxidant and EMEP intensive measurement period. Comparisons for large
aerosol modelling. The other modelling centre, MSC-East,scale CO (and to a lesser extent{g) have been presented in
is based in Moscow and focuses on heavy metals and peAngelbratt et al(2011). The regional forecasts of the EMEP
sistant organic pollutants. A third Centre, EMEP Chemical MSC-W model are also constantly under evaluation within
Coordinating Centre (CCC) takes care of the EMEP meathe MACC project Yaldebenito and Benedictq2011). A
surement network, and provides the main source of dataliscussion of the fine-scale applications and performance of
against which the chemical transport models (CTMs) ofthe model can be found Mieno et al.(2009 andVieno et al.
EMEP are evaluatedlgrseth et a).2012. The CTM used  (2010. Further, the EMEP model has been taking part in a
at EMEP MSC-W is a 3-D Eulerian model, typically used large number of inter-comparisons in recent years (euge-
to tackle problems within the fields of acid deposition, tro- lier et al, 2007 Fiore et al, 2009 Huijnen et al, 2010 Jon-
pospheric ozone, and particles. Results from this model arson et al. 20103 Colette et al.2011, 2012 Langner et al.
provided to the International Institute for Applied Systems 2012.
Analysis (IIASA), providing the atmospheric chemistry re-  Given that the EMEP model is being used in a wide range
sults that underpin the GAINS integrated assessment modeif scientific and policy contexts, there is an urgent need to
(http://www.iiasa.ac.at/rains/gains.hjml provide a full description of the model as it is now, and in-
The last full documentation of the model w&mpson  deed as used in many of the above papers. A short summary
et al. (20033. Since that time there have been numerousof the changes from the 2003 to 2012 model versions can be
changes, sometimes involving a complete revision of thefound in the Supplement, Sect. S1, but the intention of this
methodology used (e.g. dry deposition for particles, emis-paper is to present a detailed documentation of the EMEP
sions of hydrocarbons from vegetation, NO emissions fromMSC-W modelling system as it is nhow. The formulations
soils, co-deposition of SPand NHs, calculation of mix-  used by the model are given, along with some details of in-
ing heights, or introduction of pH response during sulphateput data-sets. The aim of this paper is to provide a concise
formation), and sometimes involving smaller changes in thedescription, rather than discussion, of the model — the latter
equations or parameters values. Further, the scope of applis left for more extended reports and publications on specific
cation of the model has increased enormously. Traditionallysubjects. However, the background to a few of the more re-
the EMEP model covered all of Europe with a resolution of cent changes to the model is presented briefly.
about 50 kmx 50 km, and extending vertically from ground  Some of the more technical descriptions and tables are
level to the tropopause (100 hPa). The model is now appliedrovided as a Supplement. For convenience, Tapl®vides
on scales ranging from local (ca. 5km grid size) to global an overview of some of the main symbols and abbreviations
(with 1 degree resolution). The model can now be drivenused in this article.
by several different numerical weather prediction or climate
models, and has a nesting capability, allowing for examplel.1 Short history
the zooming from 50km to 5km scale in the EMEP4UK
work of Vieno et al.(2009 2010. Eliassen et a1982 andEliassen and Saltbonék983 pre-
Some of the background for these changes (and some exsented the first long-range transport model within the EMEP
perimental ones) can be found in several recent papers. Thedemmework. The model was Lagrangian, developed for mod-

include testing of organic aerosol schem@srgstbm et al, elling sulphur compounds, and covered the whole of Europe
2012, sea-salt modellingTisyro et al, 2011), water-content  using a 150 knx 150 km grid. This model was further de-
of aerosolsTsyra 2009, ozone depositionluovinen etal.  veloped for nitrogen compoundBi@v et al, 1988 Iversen

2004 2009 Tuovinen and Simpsqr2008, aerosol deposi- 1990, and ozone Simpson 1993 1995. Eulerian models
tion schemesHlechard et a).2011), boundary layer physics were subsequently developed for acidificati®erlge and
(JerteviC et al, 2010 or soil water modellingBuker et al, Jakobsen1998, and photo-oxidantsJonson et a).1997,
2011). The chemical schemes mentioned in section Sect. 1998 2001). In Simpson et al(20033 the first “unified”
have been compared and a write-up is in progress/han  EMEP model was presented, in which one Eulerian model
etal, 2012. code was developed for both acidification and photo-oxidant
The model performance compared to EMEP and otheractivities.
measurements is presented annually in EMEP validation re- In 2008 version rv3.0 of the EMEP model was released
ports, available fromvww.emep.inte.g.Gauss et a2011). as public domain code, along with all required input data for
More in-depth discussion can be found in a number of pa-model runs for one year. The second release of the EMEP
pers. Comparisons for sulphur and nitrogen compounds caMSC-W model, denoted EMEP MSC-W version rv3.7 be-
be found inSimpson et al(2006ab) and Fagerli and Aas came available in mid 2011, and a new release, rv4.0, is
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targeted for summer 2012. Recent changes have included the

addition to the standard EMEP model of a number of new

aerosol components, including organic aerosol (OA), dust

and sea-salt. Other major changes are given in Table S1 ofable 1.List of frequently used symbols and acronyms.

the Supplement.
This publication is intended to document this third re- EMEP European Monitoring and Evaluation

lease of the EMEP MSC-W model, denoted rv4.0, although Programme (Full name: Cooperative

most of the material is also relevant for the rv3.7 and Programme for Monitoring and Evalua-

. . tion of the Long-range Transmission of
later codes. The model code itself can be obtained through Air Pollutants in Europe)

www.emep.int CLRTAP Convention on Long Range Trans-
boundary Air Pollution
LRTAP LRTAP Convention, as CLRTAP
2 Physical description MSC-W Vl\\/l/ee::orologlcal Synthesizing Centre -
UN-ECE United Nations Economic Commission
2.1 Domain and model-coordinates for Europe
IIASA International Institute for Applied Sys-
The basic physical formulation of the EMEP model is de- tems Analysis
rived from that ofBerge and Jakobse{1998, although it IAM Integrated assessment modelling
is now rather flexible in its horizontal grid specification. CT™M Chemical transport model
The model derives its horizontal and vertical grid from the NWpP Numerical weather prediction

ECMWF IFS NWP model used by the European Cen-
tre for Medium Range Weather Fore-
casting.

input meteorological data (Sec®). A polar-stereographic
projection, true at 60N, has commonly been used, with
grid-size of 50 kmx 50 km at 60 N. The standard domain

has changed somewhat over the years, and was enlarged \wuvoc Non-methane volatile organic

from 2007; details of this projection and the conversion to compounds
and from latitude-longitude are given elsewhére(://www. NOy Nitrogen oxides, NO + N@
emep.in}. T air temperature at 2m height,
Other configurations are commonly used, such as k von Karman'’s constant (0.4)
5kmx 5km grid-sizes for the EMEP4UK projecWigno
et al, 2010, 1° x 1° for global modelling Jonson et aJ. SGSdsgs  Start of growing season, daynumber
20104ac), and 0.2 x 0.2 for regional forecasts under the EGS,decs ~ End of growing season, daynumber
MACC project {/aldebenito and Benedictq@017). PLA Projected leaf area _
LAI Leaf area index (A m~2), one-sided

The input meteorological data are required to be defined

(or interpolated) at the model vertical levels. These are cur- projected (als.o known afszA)
rently defined vertically with so-called coordinates: SAl Surface area index ()
) PAR Photosynthetic active radiation (400—
700 nm)
o = p—rT 1) Ac EMEP land-cover category, see TaBle
p* Iy specific resistance term, per?nPLA,
for pathwayx

where p* = ps— pt and p, ps and pt are the pressure at Ry bulk canopy resistance term
level o, at the surface, and at the top of the model domain &G conductance terms, reciprocal of R.
(currently 100 hPa), respectively. The model currently uses Two important terms are:
20 vertical levels, as illustrated in Fify.. The lowest two lay- 8sto stomatal conductance

. . . . Gns bulk canopy non-stomatal conductance
ers in this system are shown in FR.with theo levels from Vg deposition velocity
Fig. 1 as solid lines, and_ the “mld”-layers_ for Wh_lch mete- concentration (mixing ratio)
orology is generally provided as dashed lines. Diffusion co- Zref reference height (ca. 45m) for deposi-
efficients and vertical velocity, given by (=do/dr), are tion calculations
valid for the layer boundaries. d displacement height

20 roughness length
2.2 The continuity equation L Obukhov length
U friction velocity

If we let x represent the mass mixing ratio (kg pollutant
per kg air) of any pollutant, the continuity equation may be
written:

www.atmos-chem-phys.net/12/7825/2012/ Atmos. Chem. Phys., 12, 78885 2012
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Fig. 1. Vertical structure of the EMEP model. The troposphere is
represented in the model by@2ayers. Sigma values for the bound-
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h~180m k-1/2
kg Met, €.9.0,4 k
h~90m o, K, k+1/2
hed5m kg Met, .96,
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Fig. 2. Lowest levels of the EMEP model, showing the layer bound-

aries of each level are shown on the left hand side of the figure. Theyries at 90 m, 180 m (cf. Fid) and the “mid”-layers for which me-
corresponding height above the ground, computed for a standargsorology is generally provided.

atmosphere, is given on the right-hand side.

8( ") 0 u «
— =-—mymy— | —
or P M ox Umy X7

a (v
_mxmya <m_XP*) (2)
x

J . d 0 *
— LG+ — | Ko —p*) [+ E5
do do do P

found by dividing the result by the new “air concentrations”:

*\I+A .
()T = % where (x, p*)'T2! is the result ob-

tained with the Bott-scheme for componenafter a time-
stepAt. This method ensures that, starting with a constant
mixing ratio, the result will also be a constant mixing ratio,
regardless of the complexity of the wind-fields.

The EMEP model's advection scheme is not monotonic,
because a monotonicity filter may increase the numerical dif-
fusion. However the scheme will exclude possible negative

The first three terms on the right hand side represent a fluxalues of the mixing ratios. The time steps are adapted to the

divergence formulation of the advective transpartv are
the horizontal wind components, and,, m, are the map
factors in the x and y directionsn{ =m, in a conformal
projection like polar-stereographic). The vertical velocity,
equals d/dr.

The 4th term on the right hand side of EQ) ¢epresents
the vertical eddy diffusiork, coefficient ino-coordinates.

choice of the grid resolution and meteorological data. This
work is described in more detail Wind et al.(2002, and a
brief outline is presented in the Supplement, Sect. S2.2.

2.3 Convection

An optional (see below) convective mass flux scheme has

Horizontal eddy diffusion is not included in the model. In been implemented in the EMEP model, basedToedtke
the 5th term S includes the chemical and other (convection, (1989. The implementation is virtually identical to the
deposition etc.) source and sink terms. method used in the Oslo CTM2 mod8drglen et al.2004),

The numerical solution of the advection terms is basedand was originally developed by M. Prather and B. Han-
upon the scheme @ott (1989ab). The fourth order scheme negan, University of California at Irvine (UCI). From the me-
is utilized in the horizontal directions. In the vertical direc- teorological input data, convective updraft mass flux is pro-
tion a second order version applicable to variable grid dis-vided at every level in each model column and the convective

tances is employed.
In our scheme the “air” x,=1 kg kg™!) is also ad-

transport of pollutants mass is calculated by the so called el-
evator principle. The entrainment of air to the updraft cloud

vected. After each advection step the new mixing ratios arecore from the surrounding air is calculated as the difference

Atmos. Chem. Phys., 12, 7825865 2012
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tance of convection, and the uncertainties associated with its

k=1
+ 8 Convective updraft vertical implementation.
t — || — g mass flux at top of the grid .
3 £ cell is smaller than at its 2.4 Nesting
. R £ bottom
<—/ \—- ° = dump updraft core air Thc_—? EMEP MSC-W model now supports 1-way nesting,_in
s 5/ into ambient (detrainment) which the results of larger-scale runs of the EMEP (or in-
g deed of any other comparable CTM) model can be used as
% : boundary conditions for smaller scale runs. This procedure is
: { 76 most heavily used in the EMEP4UK project (eévigno et al,
3 o \ Convective updraft vertical 2010, where model runs with 5km grids over the United
! —'\ /<— 5 mass flux at top of the grid Kingdom are nested within larger domain runs of 10km,
18 € cell is larger than at its O - .
T _,\ /._ = bottom which in turn are nested within European scale runs using
D = , o 50 km grids. (Other configurations are also used). Of course,
S Sl | Z) grr;’;tgcf)’r’;bg%:’; ’,;’71:”?‘9 appropriate meteorological and other data are required for all
nesting levels, and for EMEP4UK the WRE&Kamarock and

Klemp, 2008 model is used to obtain the necessary data.
Fig. 3. lllustration of convective updrafts. Convective downdrafts
are treated similarly.

3 Meteorology

in convective mass flux through the upper and lower bound-During the last few years the EMEP model has been adapted
ary of a given grid box, and may be visualised as an elevatoto run with meteorological fields from a number of numerical
stopping at each model layer for air, humidity and pollutant weather prediction models (NWPs), including PARLAM-PS
mass to get on or off as illustrated in FRy(negative entrain-  (Lenschow and Tsyr®00Q Bjgrge and S&lin, 1995 Bene-
ment is referred to as detrainment). Vertical transport throughdictow, 2003, HIRLAM version version 7.1.3Yndén et al.
convection is much faster than through large scale advectior2002 http://hirlam.orgf and ECMWF-IFS Cycle36r1h{tp:

As illustrated in Fig.3 the updraft core will typically gain  //www.ecmwf.int/research/ifsdogs/In 2009 the ECMWF-
momentum in the lowest model layers, resulting in a net en4FS became available to run with the T799 0.22.22 hor-
trainment, visualised by the upward pointing errors to the leftizontal spectral resolution and 60 vertical levels on a global
in the lower part of the figure, and lose momentum higher up,domain, and from 2011 we have adopted this model as the
resulting in net detrainment. The downdraft core is treateddefault meteorological driver.
in an analogous way. Within one grid column the downdraft For higher resolution modelling, both the EMEP4UK and
flux is typically about a factor of 10 smaller than the up- EMEP4HR projects make use of EMEP model's nesting
ward flux. The net difference between updraft and downdraftcapabilities (Sect2.4) together with the WRF and Aladin
fluxes is treated as a slow subsiding motion. The numericamodels as meteorological drivers — Séeno et al.(2010,
implementation of the convective routines is described in theJertevic et al. (2010, and associated references for more
Supplement, Sect. S2.1. details.

Convection is an important process in atmospheric dy- Regional pollution forecasts under the MACC project
namics, but very difficult to parameterise in CTM&t¢ven-  are driven by ECMWEF-IFS operational forecaststty:
son et al. 2009. Willett et al. (2008, Zhao et al.(2009 Imww.ecmwf.int/products/data/technical/modef). As of
and Monks et al.(2009 (and references cited therein) give Nov. 2011, these data are available for forecasts with
examples where significant differences in precipitation andT1279 0.14x 0.14 horizontal spectral resolution and 91
mass transport were found between different parameterisarertical levels (currently Cycle37r3; 15 November 2011).
tions of convection in NWP models. Used with global-scale Meteorological data are normally required at 3-hourly in-
IFS meteorological data, the convection module seems tdervals for the EMEP model. Given the wide range of meteo-
give more realistic results compared to measurements. Howrological drivers, which do not all provide all desired model
ever, we find that if used with European-scale simulations,inputs, the EMEP model has systems for deriving parame-
we obtain somewhat worse model results compared to obters when missing, or can do without some meteorological
servations. This is of course an unsatisfactory situation, bufields. Table2 summarises the meteorological fields currently
given that all cumulus schemes in NWP models have maused in the EMEP model, and indicates optional fields (one
jor uncertainties, we adopt a pragmatic approach and by deef these, soil moisture index, is briefly discussed in S&§}.
fault switch convection off for the European scale, and onMost 3-D fields are provided at the centre of each model
for global scale. The option to switch this module on and off layer, as illustrated in Fig2. The horizontal wind compo-
in any case affords some valuable information on the impor-nents { andv), and the vertical wind componedit are given

www.atmos-chem-phys.net/12/7825/2012/ Atmos. Chem. Phys., 12, 78885 2012
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on a staggered Arakawa C-gridrakawa and Lampl1977).
The vertical velocity, given by, is provided at the layer

D. Simpson et al.: EMEP MSC-W model: description

Azp=0.01m Pielke 2002, ¢ is the turbulent mixing
length, andAVy represents the difference in wind-speed

boundaries. All other variables are given in the centre of thebetween two grid-cell centres separated by distaxgeand

grid cells. If the vertical wind velocity is not directly avail-
able, it is derived from the horizontal wind components and
the continuity equations.

Kmin = 0.001n? s~1. The numerical values follow from the
suggestions oBlackadan1979 andPielke(2002.
The turbulent mixing length, is parameterized according

Linear interpolation between the 3-hourly values is used toto:

calculate values of these parameters at each advection step.
number of other parameters are derived from these, for examy _

ple air density,, and the stability parameters and boundary
layer heights described below.

A=k; 25 Zm
kzm 2> 2m

wherek is the von Karman'’s constant (0.4%)is the height

Solar radiation is also calculated at every time-step for the2P0Ve the ground angl, =200 m.

deposition calculations, and for photolysis rates, based upo

n Below the mixing heightzes, these K, values are re-

instantaneous values of the solar zenith angle and the model&2culated. For neutral and stable conditions the simple for-

cloud cover, see Sedat.
3.1 Boundary layer height Zpg|)

In general, we characterise the thermal stability of the atmo
sphere by the bulk Richardson number, which is defined fo
the layer between any two model levels at heightandz

as

8AZjk Abj
o 2
Oje AV jx

©)

Rij =

whereg is the acceleration due to gravitiz; = z; — z;,
0 is the potential temperaturaf; x = 6(z;) —0(zx), 0.k =
(0(zj)+6(zk))/2,andAVy j k = VH(zj)—Vh (zx) is the dif-
ference in horizontal velocity vectors.

Following Jertevic et al. (2010, the mixing height cal-
culation uses a slightly modified bulk Richardson number,
Rig ;, in which z; is always the lowest level (ca. 45m, cf.
koo in Fig. 2), but the wind-velocity gradient is referred to
ground-level (wheré/y(0) = 0), thusAVy j o= VH ;. The
mixing height is defined as the lowest height, = z; at
which Rig ; > 0.25. This formulation is significantly sim-

pler than that used in previous EMEP model versions, and
has been shown to provide results which are at least as goolfz(z) =

(JerteviC et al, 2010. The method is also very similar to
the bulk Richardson number approach use&éibert et al.
(2000, which compared favourably with other methods.

Finally, the PBL height is smoothed with a second order
Shapiro filter in spaceShapirqg 1970. The PBL height is
not allowed to be less than 100 m or exceed 3000 m.

3.2 Eddy diffusion coefficients &)

The initial calculation of the vertical exchange coefficients
(K., units n¥ s~ 1) is done for the whole 3-D domain, using:

-]
(4)

where the critical Richardson numbeRi. is given
by: Ricitx = A (Azx/Az0)®, A=0.115, B=0.175 and

1.1(Rigritx — Ri) €2 |AVi/Az|/Ric ,for Ri < Ri¢
Kmin , Ri > Rlc

Atmos. Chem. Phys., 12, 7825865 2012

I,

mulation ofJertevic et al.(2010 is used, whereby:
K-() = 0.39u2 exp(~0.5(:/0.21z)) )

for z < zps.. The values 0.39 and 0.21 are empirical con-

stants derived from large eddy simulation experimentss
the friction velocity provided by the NWP modek(/z/p,
—1
ms—).
For unstable situations, neW, values are calculated for
layers below the mixing height using tleBrien (1970 pro-
K.(2) = K. (zeo) + (2252

file:
)2
{K(hs) — K:(zpa1)
(2= h9) [ £ (K.(h9) +2

ZPBL—Z

K (hs)—K;(zpeL)
zpeL—hs

) o

(hs <z < Zpgy)

in which &g is the height of the surface layer (or the so-
called constant flux layer), which we set to be 4% of the
mixing heightzes, (Pielke 2002. From the similarity theory
of Monin-Obukhov (e.gStull, 1988 Garratt 1992 we have

(@)

Z Z<hs

Uy k z
@ (3)
where®y, is the atmospheric stability function for tempera-
ture, assumed valid for all scalars. The latter is derived us-
ing standard similarity theory profile&arratf 1992. The

Obukhov length is given by:

3
Tzku* pCp ®)
gH

where ¢, is the specific heat capacity of dry air
(1005 Jkg 1 K1), andp is air density. The sign here is con-
sistent withH directed away from the surface (positive
gives unstable conditions).

Finally, in sigma coordinates, the diffusion coefficient has
the following form:

;
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Table 2. Meteorological Data Used in EMEP Model.

Name Unit Typé Main Purpose Notes
3-D fields — for 200 levels:

Horizontal wind velocity components  rd Inst. Advection

Specific humidity kgkg? Inst. Chemical reactions, dry deposition

Potential temperature K Inst. Chemical reactions, eddy diffusion
Precipitation mm Acc. Wet and dry deposition b
Cloud cover % Avg.  Wetremoval, photolysis

Vertical wind ino coordinates sl Inst. Vertical advection

Convective updraft flux kg m?s~1 Avg. Vertical transport, wet removal d
Convective downdraft flux kg mes—1 Avg. Vertical transport, wet removal d

2-D fields — for surface:

Surface pressure hPa Inst. Air density, definition of vertical levels
Temperature at 2m height K Inst. Dry deposition, stability

Surface flux of sensible heat WA Inst. Dry deposition, stability

Surface flux of latent heat wnt Inst. Dry deposition

Surface stress or friction velocity NTorms? Inst. Dry deposition, stability

Snow depth m Inst. Dry deposition

Fraction of ice cover % Inst. Dry deposition

Sea surface temperature K Inst. Sea salt e
10-m wind-speed nist Inst  Sea-salt f
Soil water, near surface - Inst. Dust emissions 9
Soil water, root zone - Inst. Dry deposition g

2 Types refer to time-averaging of data: Inst=instantaneous, Acc =accumulated (over 3 h), Avg = averaged (&/mésb)jata are frequently not
available from NWP models as 3-D fields. If unavailable, 3-D precipitation is derived from surface precipitation — see Supplement, Sei¢n@&3.1;
available, calculated, see Sect. Sﬁ’.me convective routine is optional in the model, but if switched on these parameters are régirademperature,
T», used if not available’, calculated from 3-D winds if not availablé;See Sect3.3. If not available, soils assumed to be moist.

3.3 Soil water spatially, and then define the soil moisture index (which we
previously denoted as relative extractable water index), as:

Soil water (SW) is very difficult to model accurately in large-

scale models, since it depends very much on assumptionSy = (SW— SWhin) / (SWmax — SWhin)- (10)
concerning parameters such as soil texture, and vegetatio . .
characteristics such as rooting depth that are not generaIIPhe indexSwi has the advantage over volumetric methods

amenable to measurements (dBgker, 2003 Bilker et al, ¥hat it _is Iess_ sensitive to local sqil characteristiqs, and hence
2011, Miller et al., 2007). Different NWP models also make is easier to interpolate across dlffere_nt vegetation type_:s and
use of very different schemes for soil water, depending on theq”dsb' For ((ajxanjple,l a relasclnnable estlmatc(ja of vqumetnc SW
complexity of the underlying vegetation schemes, and thes |sa|r<]no(\a/vrr?a e given local values for gWand SVhax, if Sui
models provide different outputs — sometimes SW in terms ) .
of volumpetric amount (e.g. f?om HIRLAM), sometimes in The ECMWF IF_S data we now use by default provides
terms of a soil moisture index (ECMWF, discussed beIow).S'V” values directly; these are avgnable for th_e near-surface
Volumetric outputs can be difficult to interpret unless the as-(ca' 10c¢m) and degper (1m) soil Iayers,_whlch we use for
sociated soil and vegetation characteristics are known for tha‘flUSt and dry-deposition modules, respectively.
NWP.

Soil moisture is important though for dry-deposition and 4 Radiation
dust emission rates, so we have implemented a procedure
which unifies the treatment from different NWP models. Calculation of direct and diffuse radiation is needed for
The exact methodology depends on the NWP model and itehemical photolysis rates (Se@t3), and in addition, calcu-
SW outputs, but essentially we define minimum and maxi-lation of photosynthetically active radiation (PAR) is needed
mum soil water amounts to be SWM (identified with wilting for calculating biogenic VOC emissions (Segt6), and for
points for example) and SMéx (identified with field capac- calculation of stomatal conductance for dry deposition or
ity), which may be constant over an NWP domain, or vary ozone uptake modelling (Se&).
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Table 3.Land-cover classes used in EMEP model, with default heightgowing-season, LAl and BVOC related-parameters.

| Growing season | LAl parameters | BVOC parameters

code Landcover SGS50 EGS50 LAlmin  LAlmax Ls Lg D EAciso EAcm EAcmi

Ac m day day| m®m2 m?m2 days days| gm?2 pggth ! pgglhl g g*lh*E

CF T/B conif 26 0 366 5 5 1 1| 1000 (1) (0.5) 7))
DF T/B decid 26 100 (1.5) 307+42.00) 0 4 20 30 320 (15) ) )
NF Med. needle 8 0 366 4 4 1 1| 500 (4) (0.2) (4)
BF Med. broadleaf 15 0 366 4 4 1 1 300 0.1) (10) 0.2)
TC T/B crop 1| 123(2.57) 213 (2.57 0 35 70 20 700 0.1 0.2 0.2
MC Med. crop 2| 123 (2.57) 237 (2.57 0 3 70 44 700 0.1 0.2 0.2
RC Root crop 1 130 250 0 4.2 35 65| 700 0.1 0.2 0.2
SNL Moorland 0.5 0 366 2 3 192 96 200 5 0.5 0.5
GR Grass 0.3 0 366 2 35 140 135 400 0.1 0.5 0.5
MS Med. scrub 2 0 366 25 25 1 1 150 8 0.5 2
WE Wetlands 0.5 0 366 na na na na 150 2 0.5 0.5
TU Tundra 0.5 0 366 na na na n 200 5 0.5 0.5
DE Desert 0 0 366 na na na n 0 0 0 0
w Water 0 0 366 na na na n 0 0 0 0
ICE Ice 0 0 366 na na na n 0 0 0 0
] Urban 10 0 366 na na na n 50 0 0 0
IAM_CR®  Generic crop 1| 123 (2.57) 213 (2.57 35 3.5 0 0 0 0 0 0
IAM_DF®  Generic DF 20| 105 (1.5) 297 £2) 0 4 15 30 0 0 0 0
IAM_MF3  Generic MF 8 0 366 5 5 1 1 0 0 0 0

Notes: conif = coniferous; decid = deciduous; T/B =temperate/boreal; Med. = Mediterranean; For explanation of LAl parametersbsael3$egt4; SGS50, EGS50 are start and

end of growing seasons (daynumber) at B0 Values in parentheses give the rate of change (days) of SGS and EGS (e.g. d SGS/d latitude) with latitude. For example, SGS for DF
occurs later at the rate of 1.5 days per degree latitude on moving north, or earlier when moving south; (na) — means not applicable. For these land-covers a bulk resistance formulati
is used;

1 for explanation of BVOC parameters, see S6dh. The parameters for forests (given in parentheses) are only applied when the methodology outlinedi6 Geutot be applied,

e.g. for non-European areas;

2 for boreal forests north of 6N, height is reduced by 5 % per degree extra latitude, down to a minimum of 6 m¥& @ZAd above. LAl is reduced in the same proportion;

3 these land-cover categories are added as a tiny fraction of each vegetated grid, purely to collect information for provision to the vegetation-effects community and integrated
assessment modelling.

For radiation calculations at levklin the model, we need Calculation of PAR values are made for each vegetated
an estimate of the integrated cloud fraction in the columnland-cover class within the grid, as PAR depends on the
above and including. We use a maximum overlap assump- canopy’s leaf area index (LAI). Followinblorman (1979
tion, in which the fracuonf" |s set to the maximum 1982 we divide the canopy into sunlit and shaded leaves,
value of the cell-volume cloug covers froknand all layers  and calculate the leaf-area and PAR for each class with:
above, i.e. from 1.k, cf. Fig. 2.

LAI ] cosp
Following Pierce and Waldruff1991) andIgbal (1983, LAl sun= [1 exp(—0. 5—)} (14)
direct normal irradiance (W nf) is then estimated as: cosy | cosx
i =CnAT exp(—B seas) %) (11)  LAlghage= LAl —LAlsun (15)
whereCy is a clearness number, assumed equal & 1s a shade  __ i _ 0.7
transmissivity factor (set @ = 1— O75f3 ug: A B are e = Idiff exp( OSLAI )
empirical co-efficients frongbal (1983, 6 is 816 solar zenith +0.07 Igjr (1.1 - 0.1 LAI) exp(—cosv) (16)

angle,p is the local pressure (Pa) apdis standard sea-level
pressure, set equal to 101.3 kPa.
The direct and diffusive radiation on a horizontal surface I5h = Igjr COsa/CcOsh + 155" a7

(W m~2) are then given simply by: o
whereq is the average inclination of leaves in the canopy

Idir = I(’j\'ir cosy (12) (assumed 60to represent a spherical leaf distribution).

5 Land-cover

Idift = Cldiir (13) o .
Land-cover data are required in the model, primarily for
where the co-efficienf is also taken fronigbal (1983. dry deposition modelling and for estimation of biogenic
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emissions. As noted in Sec2, the standard EMEP grid

has a resolution of approx. 50 k50 km, but grid sizes ] Ly L I
in reported applications have ranged from 5krdkm to 6 -
1° x 1°. Whatever the size, the land-use databases give the _ /\ I
fractional coverage of different land-cover types within each 3 4i LAlpes |
surface grid cell. This allows sub-grid modelling using a so- 2] LAl cas cos -
called mosaic approach — allowing for example ecosystem ] | |

specific deposition estimates. T T T mo a0 20 300 350

The 16 basic land-cover classes are summarised in Bable Day of Year

Additional land- I r il fin nd in the. . .
dditional land-use classes are easily defined and indeed E|g. 4. Schematic of LAl development and associated parameters.

speC|f|C_catedg(f)r|es IA.N.DF ,fIQM -MF" and I';M -CR di SGS and EGS are the start and end of the growing season, in
are gsagne or provision 0 gta to. ozone-effects stu Ie§1ay-numbersLS and L represent the length of the LAl-increase
and integrated assessment studies (dilfs et al., 2011ab). and decline periods, also in day-numbers. Maximum and mini-

For European scale modelling the land-cover data are demym (within the growing season) LAl values are given by kA,
rived from the CORINE system and from the Stockholm LAl iy

Environment Institute at York (SEIY) systemww.york.
ac.uk/http://www.sei-international.org/landcojéerhe basic
principle used was to apply CORINE data wherever avail-
able, thereafter SEIY data. In addition, the more detailed
SEIY data (especially on agriculture) was used to guide the )

split of the broader CORINE categories into the EMEP land-AS Part of the EMEP Protocol under CLRTAP, national es-
classes needed by the model. The final merge of these dafinates of the anthropogenic emissions should be provided
was done at the the LRTAP Coordination Centre for Ef- 0 EMEP every year from each country, along with spa-

fects (CCE at RIVM,Posch et al2009. For global scale tial distribution to the EMEP grid. These emissions are pro-
runs, land-cover from GLC-2000itp:/bioval jrc.ec.europa. vided for 10 anthropogenic source-sectors denoted by so-
eu/products/glc2000/glc2000. phare used. called SNAP codes. An eleventh source-sector exists in the

For the vegetative land-cover categories for which stom-Officially-submitted database (“Other sources and sinks”),

atal modelling is undertaken (see Segf), a number of but this consists almost entirely of emissions from natural

phenological characteristics are needed. By default, these a@'d biogenic sources. Officially submitted emissions from
specified in input tables for each EMEP land-covey. In such sources are not used in the modelling work, except for
particular, the start and end of the growing season (SGSt,hose from volcanoes (sectiofi$-6.11discuss the methods

EGS) must be specified. The development of leaf area index'S€d for dealing with such emissions in the modelling frame-
(LAI) within this growing season is modelled with a simple work). Further details of the anthropogenic emissions can be

function as illustrated in Figd. The parameter values used found inMareckova et al(2009; the emission database is
for these LAl estimates are given in Taldle available fromhttp://www.emep.intand further details can

be obtained at that site.
Figure S1 in Supplement illustrates the spatial distribution
6 Emissions of two sets of data for these anthropogenic emissionsc(NO

and SQ), and two sets of data for biogenic VOC emissions.
The standard emissions input required by EMEP model con-

sists of gridded annual national emissions of sulphur dioxide6 1.1 Vertical distribution
(SO), nitrogen oxides (N@=NO + NO,), ammonia (NH), o
non-methane volatile organic compounds (NMVOC), carbon

6.1 National EMEP emissions

. : These land-based gridded emissions are distributed vertically
monoxide (CO), and particulates (M and PM, the latter according to a default distribution based upon the SNAP

being the coarse aerosol fraction, RMPMzs). The partic- codes, as shown in the Supplement, Table S3. These dis-
ulate matter categories can be further divided into elemen;

! .~ tributions were originally based upon plume-rise calcula-
tal carbon, organic matter and other compounds as required. . o X
. . . ions performed for different types of emission source which
Emissions can be from anthropogenic sources (burning o

rﬁre thought typical for different emission categories, un-
natural sources such as foliar VOC emissions or volcanoes..er a range of stability condition3/gic, 2002, but have

. .~ "since been simplified and adjusted to reflect recent find-
Several sources are hard to categorise as anthropogenic ver-

sus natural\(iniwarter et al, 1999, e.g. with emissions of ings Bieser et al.2011 Pregger and Friedrict2009. The

NO from microbes in soils being promoted by N-deposition biggest change has been in sector 2 (non-industrial combus-
o tion), where now 100 % of the emissions are placed in the
and fertilizer usage.

lowest model layer, reflecting the large dominance of domes-
tic combustion for this emission category.
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6.1.2 Temporal distribution towards the annual mean by a factor ranging from 0-10 %
between 1990 and 2010:
For most SNAP sectors, emissions are distributed temporally

according to: _
SNAP-LC __ £SNAP-LC (1+ A(y) 21 (m — 8) )> (19)

fm,y - fm,1994 200 COX 12

(18) where f,, 1904 is the monthly factor obtained from GENE-
MIS for 1994, A(y) is set to zero before 1999,— 1990 be-

' tween 1990 and 2010, and to 1 after 2010. The cosine term

where f; is the temporal factor for SNAP sectircountry  provides an annual cycle, and— 8 ensures that maximum

c,and fSy, £, f,f, are factors accounting for month (and changes occur in February and August. (Note that the mean

year for SNAP-1, see below), day-of-week (or for SNAP-2 of all f,, , factors is 1.0, we are just changing the amplitude

day of year, see below) and hour of the day. These factor®f the annual cycle.)

are derived largely from data provided by the University of

Stuttgart (IER) as part of the GENEMIS projedirigdrich ~ SNAP-2: use of degree-day factors

and Reis 2004, and are available as data files from the

EMEP model websitewww.emep.int They are specific to

each pollutant (excegt,j), emission sector, and country, an

i,c i i,c pi
ft = };1,Cyfd ffi

SNAP-2 consists mainly of domestic combustion, and as of
d V3.9, the day to day variation is based upon a modification of

thus reflect the very different climates and hence energy-usé€ Néating degree day concept. For day of yearith mean
patterns in different parts of Europe. Figillustrates the ~ daily temperature iiC of 7;% we set the heating degree day
monthly variations in emissions of SONOy and NMVOC ~ to be Hyy, ; = max18—T7%, 1). (The minimum value of 1

for selected countries in different parts of Europe. The an-Is used rather than zero just to avoid numerical problems).
nual cycles of SQ and NQ, emissions for this year (2008) These degree days are pre-calculated in the model for each
are rather constant in the Western European countries (Swedrid cell, and averaged to find the annual mean degree-days
den, UK, Spain), but still show winter peaks in the two East- for each grid-cellHy, .

ern European countries (Poland, Ukraine). The ratio of SO  These degree-day factors are so far country-independent,
to NOy emissions varies markedly from country to country. being a function only of gridded daily temperatures. How-
Note that these plots illustrate total emissions, and the flagver, the GENEMIS monthly factors for SNAP-2 are used
cycles for SQ and NOx may partly be ascribed to the impor- to establish a minimum "base’ factor for each countfy,
tance of traffic emissions (which have very low seasonal Cy_WhiCh in some countries would include summertime use of
cles), and the lower winter/summer ratio assumed for SNAP-gas-appliances for cooking, etc. Time-variation of emissions
1 in recent years (below). Emissions for particular sectors2bove this level are driven by calculations of heating degree-
can show much stronger variation; an example for the do-days. For day-numbei, SNAP-2 we have:

mestic emissions of organic carbon emissions can be found

in Bergstbm et al.(2012. The spatial distribution of BVOC 2¢ _ g ¢ T

emissions is presented in the Supplement, Fig. S1. fi7 = Te + (A= fp) Haa.j/ Had (20)

The three improvements which have been made to thisThus, in summertime where temperatures are close to or ex-
methodology in 2011-2012 versions of the model are dis-ceed 18C, this emission factor is very small, but in winter
cussed below: the factor is usually significant, and can change quite sub-

stantially from day to day.

SNAP-1: decreasing winter/summer ratios o
Hourly emissions

The temporal patterns from GENEMIS were derived for the
year 1994, and prior to rv3.9 these values were used for al
years, i.e.f,;* was the same set of 12 values for all years.

IEarIier versions (up to ng) of the EMEP model used sim-
ple day-night factors (see Table S4) to allocate emissions
. ; ’ within the day. In version rv4 we make use of new hourly
However, as |Ilgstrated |ﬁ:re.nnfelt and HO\(_ZOOS, the win- data, provided by B. Bessagnet, INERIS, as part of ongoing
ter/su_mm_er ratios of electricity consumptl_on have been de'work for the EMEP task Force on Measurements and Mod-
creasing in recent years, from about 1.33 in 1990 for the UKeIIing. These data consist of a matrix of 11 SNAP sectoFs

t01.22in 2_000’ anq from 1'1_t0 1.02 over the same period indays per week 24 h. These values are somewhat simplified
Italy. Despite very different climates, these changes both rePyersions of the hourly data presenteddgnut et al(2012.
resent a 10 % decrease in the winter/summer ratio over these

10 years. Discussion with IIASA (M. Amann personal com- 6.2 VOC speciation

munication, 2011) suggest that this decreasing trend has con-

tinued. For SNAP-1, power stations and suchlike, we there-Speciation of VOC emissions is also specified separately
fore modify these variations, “flattening” the monthly factors for each source-sector. The EMEP model uses a “lumped-
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molecule” approach to VOC emissions and modelling, inand 2030), with interpolation between these years when re-
which for example the model species n-butane represents afjuired.
C3+ alkanes, and o-xylene represents all aromatic species Emissions from national shipping are not included in this
(Andersson-S#ld and Simpsoy997). As discussed in more  ship inventory as national emissions should be included in
detail inHayman et al(2012), the VOC data used in the cur- the reported emissions (SNAP sector 8) to UN-ECE by the
rent EMEP model are derived from the detailed United King- individual parties to LRTAP Convention. Unfortunately not
dom speciation given iPassanf2002. Although the exact  all countries report emissions from national shipping, and for
VOC speciation used can be varied to suit particular emissiorthose who do it can not be distinguished from other mobile
scenarios (e.qReis et al, 2000, the default split is typically ~ sources.
used, as given in the Supplement, Table S5.

6.6 Foliar NMVOC emissions

6.3 PM speciation _ . . . . .
Biogenic emissions of isoprene and (if required) monoter-
Where elemental and/or organic carbon (EC, OC) are rePenes are calculated in the model for every gri_d—cell, and
quired, emissions of P and PMg need to be speciated at €very model time-step, using ngar-sur_fac;e air tempera-
into these components. In fact, we are often interested ifuré ([2) and photosynthetically active radiation (PAR, see
emissions of organic matter, OM, which includes for exam-S€ct.4). Following the ideas proposed @Buenther et al.
ple oxygen, hydrogen and other atoms bound to the OC. {1993 1999, the first step in the emission processing is to
order to generate these speciations, we make use of countﬂﬁf'”e “standard” emission factors, which give the emissions
specific information on EC, OC and PM emissions providedOf particular land-covers at standard environmental condi-
! ; —1

by IIASA. For the fine PM fraction, OM emissions by mass fions (30°C and PAR of 1000 umol s,
are assumed to be 1.3 times the OC emission, although with Emission factors for forests have been created from the
a cap to make sure that EC + OM0.99 PM. For the even the map qf forest species generatedkgble and Seufert
more uncertain coarse fraction, we use a simple default spel2003- This work (also used bitarl et al. 2009andKesik
ciation as given in the Supplement, Table S6. et al. 2005 prgwded maps for 115 trge species in 30 Eu-

For some studies, explicit emissions of EC (or related"0P€an countries, based upon a compilation of data from the
black carbon, BC) have been available, e.g. for the modelling CP-forest networkIN-ECE(1998. These data were further
studies within the CARBOSOL projecEégerli et al, 2007~ Processed to the EMEP grid (S. Cinderby, SEIY, personal
Simpson et a).2007h Tsyro et al, 2007 emissions from communication, 2004). _ _
Kupiainen and Klimon{2007) were used, and for the EU- The EMEP model cannot deal with all these different for-

CAARI project (Kulmala et al, 2011, Bergstm et al, 2012 est species, but rather has maps of aggregated land-cover
emissions were frorsan der Gon et a{2009. types, such as temperate/boreal coniferous forest (CF), as

in Table 3. Emission rates for the EMEP aggregated land-
6.4 Aircraft cover classes/c) are developed from maps of th&dble
and Seufer(2007) land-cover typesi() with:

Emissions of N@ from aircraft are provided by data from

the EU-Framework Programme 6 Integrated Project QUAN- Y 6r ArDi8(Oc € Ac)

TIFY. The data have been downloaded from the project Web-Ej‘\Cl_ === "o

sitewww.pa.op.dlr.de/quantifyT he emissions are calculated ’ ZAC Ase

on an annual basis and disaggregated according to a seasonarl1 N . .
variation to create monthly files on a spatial resolution of Where Enei 18 the area-specific reference emission rate

1° x 1° x 610 m. The emissions are interpolated to the rel-(Hg M2 h~) for an EMEP land-cover class, at standard en-
evant model grid during model runtime. In the EMEP model, Vironmental conditionsg7 . is the mass-specific emission

only NO emissions from aircraft are used so far. rate (ug g(dry-weighy h—1) for BVOC compound and a
particular real land-cover classd) at these standard condi-
6.5 Shipping tions, A, is the area, an®,_ is the foliar biomass density

of that species. The deltd)(function is set to 1.0 for those
The emissions from international shipping were created orig-species A¢) belonging to the EMEP land-cover groufd),
inally by ENTEC (now part of AMEC Environment Infras- zero otherwise. The standard emission factors are as given in
tructure, UK, www.amec-ukenvironment.conand [IASA, the Supplement, Table S7.
and recently in the context of the revision of national emis- For example, the standard emissions factor for the CF
sion ceilings directive as describeddofala et al(2007) and landcover (temperate/coniferous forest) would be calculated
Jonson et al(2009. The latest data take account of reduced as the weighted sum of the species-specific emissions fac-
sulphur emissions in recent years. Data are now available fotors for any species included in this category, thusvould
NOy, SO and PM (for 2000, 2005, 2010, 2015, 2020, 2025 include Norway spruce, Sitka spruce, Scots pine, etc. The
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Table 4. Summary of BVOC Environmental correction factors.

BVOC group YL YT.i Yean,i ~COmment
(@)
C11(T —Ty)
Isoprene aCiQ . R(TTST_ ) 0.57 y_ andyr,iso @s inGuenther et ak1993
140202  ltexp=TZp oo
MTP 1.0 exdB(T — Ts)] 1.0 Pool-dependent monoterpene emissigfgytp from
Guenther et al(1993
MTL =¥L.iso =YT.MTP 0.57  Light-dependent monoterpene emissions

Notes: all coefficients frorGuenther et al1993, C11 = 9500Q C1» = 23000Q C| 1 = 1.066, Ts = 303(K), Tm = 314(K), R =8.314(Imole 1 K1),
o =0.0027, 8 = 0.09.

resultingE£} . give standard emission factors pef of the sions between the two methodologies of around 2&¥np-
appropriate EMEP landcover category. son et al, 1995. Given the many uncertainties introduced by
TheseE; . maps are intended to represent broad specieghe forest-canopy model itself (e.g. in temperature and light
characteristics rather than to capture details of the spatial digProfiles within the canopy), and the lack of evaluation of such
tribution, and in order to reflect this we have smoothed themodels under European conditions, we use the same proce-
emission factor fields using a simple distance weighted filterdure asSimpson et al(1999 and simply specify thatc.,; =
For non-forest vegetation types (e.g. grasslands, seminafl/1.75 = 0.57 for light-sensitive emissions apg,; = 1 for
ural vegetation) or for forest areas not covered by the emisthe pool terpenes.
sion factor maps described above (e.g. for eastern Russia, or The light correction factogr. and temperature correction
non-European forests when modelling at global scale), defactor yr are different for the model’s three emission cate-
fault emission factors are applied. These factors are given if§ories: isoprene, pool-dependent monoterpenes (MTP) and
Table3. light-dependent monoterpenes (MTL). Isoprene is always
Emission potentials are then re-calculated to instantaneouight and temperature controlled. MTP emissions are derived
emissions every time-step in the model (every 20 min), usingentirely from pool-emissions, and so haye=1 always.

the grid-cell relevant temperature and radiation conditions: MTL emissions are synthesised, and are both light and tem-
perate controlled. Tabksummarizes the environmental cor-

Epci =ER i X A VAci (21)  rection factors used.

Figure 5 illustrates the monthly variations in emissions
whereE . ; is the temperature and (where appropriate light) of jsoprene and monoterpenes for selected countries in dif-
corrected emission per square meter of EMEP landcaver  ferent parts of Europe, also in comparison to the anthro-
The environmental correction factot; consists of cor-  pogenic emissions and soil-NO (below). These results clearly
rections for the canopy LAI, temperature, light and canopy-ijllustrate not just the strong seasonal cycle, but also the

shading: large country to country differences. In the UK for exam-
ple, BVOC emissions are smaller than anthropogenic even
VAc.i =V VL YT.i Yeani (22) " in the summer months, but in the other countries summer-

time BVOC emissions can be far greater than anthropogenic
NMVOC. Emissions of monoterpenes dominate over those
of isoprene, also in most of the countries that are not shown.
In the EMEP model i nts for the eff f shad- . .

the 0delyc,,; accounts for the effects of shad Annual emissions of these BVOC are given in Table S2 of

ing throughout the canopy. In principle a multi-layer canopy . ;
model could be used to specify leaf temperature and radi:the EqppIeT_thent, Wht(.arleda_\gtallg tthe |m$prtance of thdese son:rces
ation conditions at different vertical levels. However, here IS obvious. The spatial distribution o ISoprene and monoter-

we use a simple non-canopy approach, assuming that anP€ne emissions are shown in Fig. S1 of the Supplement.

bient temperature is similar to leaf temperature and that the
use of “branch-level” emission potentials, which are typi-
cally a factor 1.75 smaller than leaf-level valu&ugnther

et al, 1994, accounts for the shading effect. Tests in Eu-
ropean conditions have suggested differences in total emis-

where the LAl factory,, is simply defined as LAI/LAlmax
for each land-covelc.
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Fig. 5. Monthly emissions from selected countries. The left column gives combustion-derivgdaN®DSQ, as well as soil-NO emis-
sions. The right column gives anthropogenic NMVOC, and then biogenic isoprene and monoterpene emissions. Units are &gvitonth
emissions of NQ are as N, and SQ as SGQ. and isoprene in the EMEP grid for the year 2006. Units: migfm

www.atmos-chem-phys.net/12/7825/2012/ Atmos. Chem. Phys., 12, 78885 2012



7838 D. Simpson et al.: EMEP MSC-W model: description

6.7 Soil NO emissions sponding to the application of fertilizer and start of the grow-
ing season).
For global scale modelling the EMEP model can make use of Figure 5 illustrates the monthly variations in emissions
monthly averaged soil NO emissions from a process-base@f soil-NO in comparison to the anthropogenic emissions
terrestrial-biosphere modeZgehle et al.2011), kindly pro-  of NOy. The spring peak is clearly seen, starting earlier in
vided as netcdf files with°Lx 1° resolution (S. Zaehle, per- southern compared to northern Europe. Country to coun-
sonal communication, 2010). try differences are large. For Sweden for example, a heav-
For European-scale applications, we make use of more deity forested country with relatively low population density,
tailed land-cover and meteorological data. Emissions of NOsoil-NO emissions are rather large compared to the (low)
from soils of seminatural ecosystems are specified as a funcanthropogenic emissions. For the densely populated United

tion of the N-deposition and temperature: Kingdom, on the other hand, the soil-NO emissions are al-
. most negligible compared to those from industry and traffic.
ENo.Ac = ENo,ANT Noep (23)  Annual emissions of these soil-NO are given in Table S2 of

. ) , . the Supplement. It should be noted that, although relatively
where Egg ,, is the maximum emission rate, Set gpain most countries (compared to the combustion-sources
to 150 pgN)m~2h~' for coniferous forest, and of NO), these emissions can stillimpact atmospheric chem-
50 pgN)m—2h~* for deciduous forests and other sem- jstry because of their seasonal cycle and location inNO
inatural ecosystemsNt is the temperature response, sensitive areasSjmpson et aJ2006a Butterbach-Bahl et al.
identical to that used bjaville et al. (2003 andLinn and  2009.

Doran(1984), and which also seems broadly consistent with  This methodology has of course a number of weaknesses,
data presented bgchaufler et al(2010. fn,, is a scaling including lack of controls by soil moisture, but the emis-

factor to account for the N-deposition load in each grid. sjon rates seem to correspond reasonably well to the (widely-
For fige, We take the ratio of annual deposition divided by scattered) published values from European forests and agri-

5000 mgN) m~2, with maximum value 1.0. cultural areas cited above. A more detailed methodology
For crops, emissions are given by: would require data on a host of factors which are not nor-
mally available at the European scale, including details of

Eno.Ac = ERo + Efo.a, NT g (24)  soil and vegetation types, and timing of crop growing sea-

sons, fertilization, and irrigation.
whereEy, , _is 80 pgN)m~2h~* for all crops, The func-
tion fg .4 applies a8(2, 2) function, which produces avalue 6.8 Sea salt
1.0 when the daynumbery (between 1 to 366) is equal to
the start of the growing season (SGS), falling to zero 30 daysThe generation of sea salt aerosol over oceans is driven by
on either side of SGSE%O is the baseline emission level of the surface wind. There are two main mechanisms for sea
1pgN)ym—2h-1, salt aerosol generation: bubble bursting during whitecap for-

The approaches used are meant to loosely capture twmation (indirect) and through spume drops under the wave
of the most important dependencies found in field and ex-breaking (direct). The latter mechanism is believed to be im-
perimental studies. For example, from a detailed study ofportant source for particles larger than 10 um and at wind
15 forest sites across Eurofeilegaard et al(2005 found speeds exceeding 10-12 msin the EMEP MSC-W model,
an almost linear relationship between NO emissions and Nsea salt calculations include primarily particles with ambi-
deposition at coniferous sites, with emissions ranging froment diameters up to 10 um. These sea salt particles originate
non-detectable at a Finnish site to ca. 8GNign—2h~1 at mainly from the bubble-mediated sea spray. As discussed in
two high-deposition sites in the Netherlands and Germanydetail in Tsyro et al.(2011), the EMEP model's parameter-
For deciduous forests the relationship with N-deposition wasisation scheme for calculating sea salt generation is based
much weaker, with rates varying from 0.7 (Scotland) to on two source functions, those Bfonahan et al(1986 and
13 pgN)m—2h~1 (Germany). The deposition estimates were Martensson et a(2003. The equations used are briefly re-
based upon throughfall for coniferous forest, and throughfallcapitulated in the Supplement (Sect. S4.5), but the reader is
plus stem-flow for deciduous, and so are both uncertain andeferred toTsyro et al.(2011) for a thorough discussion and
not strictly comparableSchaufler et al2010 found a some-  comparison with measurements and other models.
what closer relationships between soils from coniferous and
deciduous forests in an experimental study, albeit with only6.9 Forest and vegetation fires
a few sites.

The procedure used for crops is designed to loosely mimicAs of model version rv3.9 (November 2011), daily emis-
results shown in for exampButterbach-Bahl et a(2009), sions from forest and vegetation fires are taken from the
Rolland et al.(2008 2010, or Laville et al. (2005 2009, “Fire INventory from NCAR version 1.0” (FINNv1Wied-
all showing a broad peak in emissions in springtime (corre-inmyer et al.2011). Data are available from 2005, with daily
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resolution, on a fine 1 km 1km grid. We store these data the correction factor accounting for soil moisture. Following
on a slightly coarser grid (022« 0.2°) globally for access by  Marticorena and Bergame{tL995,
the EMEP model.

For earlier years, and in previous versions of the model

(e.g. as used irHodnebrog et al.2012 or Tsyro et al. In (z_o)

2007, the model used the 8-daily fire emissions from feff=1— 20s 5 (26)
GFED-2 (Global Forest Emission databaggtp://www. In (O.35<£) >

globalfiredata.ory as documented ivan der Werf et al. 20

(2010.

Emissions from either database include,SGO, NO,, wherezg s is the roughness length of the erodible part of

NMHC, PM5, PMyg, OC, and BC. Where OM is needed the surface (smooth), i.e. roughness of soil aggregates,

explicitly, we scale from OC using a factor of 1.7 (based on Is the roughness length of the nor_1-erodib|e roughness ele-
AMS measurements presented Aigen et al.2008. Emis- ments (e.g. pebbles, rocks, vegetation). The roughness length

sions are homogeneously distributed over the eight Iowesf)f smooth erodible surfaces depends on soil marphology and

model layers, loosely following recommendations3xfiev is calculated followingMarticorena et al(1997 as zos =

et al. (2009 to use a PBL height as an approximate heightdsr/]_?’?l’ :\vherejs isdt.he diamefter: of erodible particlels,.for f
for emission injection. which the median diameter of the most coarse population o

the soil is used.
6.10 Dust The suppression of soil erosion by soil moisture is ac-
counted for as suggested Bgcan et al(1998. The cor-
The sources of natural mineral dust in the model includerection factor accounting for increase of threshold friction
windblown dust from deserts, semi-arid areas, agriculturalvelocity due to soil moisture is calculated as
and bare lands within the model domain, as well as dust ,
produced beyond the model grid (e.g. on African deserts)fw =1 forw<w (27)
and transported to the calculation domain. A preliminary
road-dust module has also been implemented. The inflow of
African dust is accounted for through boundary conditions.
The monthly average concentrations of fine and coarse dustf, = \/(1+ 121(w — w,)o_GS) forw>w (28)
calculated with the global chemical transport model of the
University of Oslo (CTM-2) for 2000, are currently used as
boundary conditionsGrini et al, 2009.

The parameterisation of wind mobilisation of soil dust is
based among others on the workd\drticorena and Berga-
metti (1999, Marticorena et al(1997), Alfaro and Gomes  ,, _ .14 Féay+0~17 Felay (29)
(2007), Gomes et al(2003, andZender et al(2003. The
key parameter driving dust emissions is wind friction veloc- where Fgjay is the fractional clay content of the soil. In the
ity. The dust mobilisation by wind and the horizontal motion nresent model version' is assumed to be equal to the Per-
of soil particles (called saltation) occurs when the wind fric- anent Wilting Point (PWP) obtained from ECMWF-IFS
tion velocity exceeds a threshold value. This threshold valugjata. The EMEP model’s soil moisture index (S&8) is
depends on the size of soil aggregates. The model employs g nyerted first to volumetric, and then gravimetric soil water
partitioning scheme of wind shear stress between the erodiblgy|iowing zender et al(2003, using information on sand
and non-erodible surface elements to calculate the thresholgyntent in the soil.
friction velocity (Marticorena and Bergamet1999. Cur- The land-use types, from which windblown dust emissions
rently, the threshold friction velocity is calculated for a parti- are calculated in the model, include deserts/bare lands and
cle size optimal for saltation, which is assumed to be 75 UMggricyltural arable lands outside growing periods. Some ad-
(Zender et a.2003. The general expression for threshold gitional constraints are imposed on the onset of windblown

wherew is the gravimetric soil moisture (kg kg) andw’ is
the minimum soil moisture from which the threshold velocity
increases. The latter depends on soil texture as:

wind friction velocity (. tn) is written as dust generation, so that no emissions take place: (1) dur-
ing precipitation events (with precipitation rate greater than
Uy sm 0.2 mm per day) and two days afterwards; (2) under high sur-
Ws,th = foif Jfw (25)  face relative humidity conditions (RH 85 %); and (3) from

frozen surface or surface covered by snow.
whereu, sm is the threshold friction velocity for erodible The condition for the onset of dust mobilisation by wind
(smooth) part of surfacefgs is the efficient friction veloc-  is u, > u, . The model allows a possibility of accounting
ity ratio (describing wind drag partitioning between erodi- for the gustiness of wind at free convection conditions. As
ble surface and non-erodible roughness elements)farisl proposed irBeljaars(1994, modified 10 m wind and wind
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friction velocity can then be calculated as: emissions are based upon officially reported data. These have
been provided by Italy for many years, and recently by Ice-
u10 =/ (Vo + (L.2w2)) land. For global and regional scale calculations, a new mod-
ule for volcanic eruptions with default values based upon
Uy = (ufo—i— (1.2w*)2) (30) Mastin et al.(2009ab) has recently been implemented and
In (%) is currently in testing.

Emissions of NQ from lightning are included as monthly

whereVyo is the velocity of horizontal wind at 10 m height, ayerages of global 3-D fields on a T21 (5°655.65) reso-
wy Is the free convection velocity scalgy is the land-use  |ytion (Kohler et al, 1995.

defined roughness length aagh = 10 m. The tern(1.2w?)
represents the near surface wind induced by large eddies.
The horizontal flux of soil particles (i.e. saltation) is cal-

culated as iMarticorena and BergameftL995 7 Chemistry
0s= Cpair W8 (12 Ut 14 U th 2 (31) The chemical scheme used for gas-phase chemistry traces
s * Uy Uy its origins to the EMEP chemical mechanisms that began

) ) ) . with Eliassen et al(1982. This scheme has been updated
where Qs is the horizontal mass flux of soil particles ang tested against other schemes in a number of studies
(kg m~1s71), pair is the air densityg is the gravitational ac- (Simpson et a).1993 Simpson 1995 Kuhn et al, 1998
celeration and is the empirical coefficient{ = 2.61 based  Apdersson-Sild and Simpson1999. The scheme doc-
on Zender et al(2003 and references therein). The vertical | ;mented inSimpson et al(20033 and Andersson-Sild
flux of dust particles, released by sandblasting mechanisnynq Simpsor(1999 is now denoted EmChem03. The lat-
from the saltating and/or surface soil aggregates, is simulatedst scheme was largely developed in 2008-2009 and is de-
as noted EmChem09. Compared to EmChem03, EmChem09
has updated rate-coefficients, and some additional species,
including HONO. A detailed comparison of these chemical
schemes, including their response to emission changes is pre-
sented irHayman et al(2012.

The EMEP model now uses a chemical pre-processor
(GenChem) to convert lists of input chemical species and re-
actions to differential equations in Fortran code. At the time
of writing, eight different chemical schemes have been tested

F = AsK o Qs (32)

whereF is the vertical mass flux of dust (kgTAs™1), Agis
the area fraction of erodible soil in the grid cetl,is the coef-
ficient accounting for soil erodibility (or availability of loose
soil aggregates), andis the sandblasting efficiency (Th).
Based on the experimental results3omes et al(2003), the

;goxpr%::@uf:egpir?&d;nn% ;g;_b_e ztglivilér_lsmia;:rlegggnts) within the EMEP model, as discussed in detailHayman

and 10x 10-5m-1 and K = 0.5, 0.05 and 0.02 for North et al. (2012 and summarised in Table A large number

African deserts, Mediterranean arid areas and arable Iand%f schemes for organic ?erosol have also been teSiept
respeciively, sSon et al. 2007h Bergstbm et al, 2012, but these are too

. . o complex and numerous to document here. Here we document
Finally, we can mention that a road dust emission module .
nly the default chemical scheme, EmChem09.

has been added to the EMEP model. The code and methodo? . ; : : L
ogy are taken directly from that describedDenier van der The qumencal solution of the chemical equations is dis-
Gon et al.(2010. This is very preliminary work, however, cussed in Sect.8and Supplement, Sect. S2.3.

and details of the results will be presented elsewhere. .
7.1 Species used, EmChem09

6.11 Other sources

Tables S8-S10 list the chemical compounds used in the Em-
Biogenic emissions of dimethly sulphide (DMS) can some- Chem09 scheme, along with associated characteristics such
times make a significant input to European sulphate levelsas the assignments used for dry and wet deposition. Most
As discussed in detail byarra®n et al.(1995, the EMEP  species are sufficiently long lived that they are included in
model uses a very simplified treatment, in which DMS is not both the advection and chemical equations. The species la-
modelled explicitly, but rather we assume that most DMS en-belled “short-lived” have sufficiently short lifetimes that their
ters long-range transport already as sulphur dioxide. Monthlyconcentrations are essentially controlled by local chemistry,
emission fields of DMS-derived SQ@re taken from the work  so they are not included among the advected species. (Some
of Tarra$n et al.(1995. short-lived species are advected anyway for numerical rea-

Emissions of volcanoes are introduced into the modelsons.)

as point sources, at a height determined by the height of Note that this list excludes a number of intermedi-
each volcano. For the standard European-scale runs, volcaraie species which are assumed to react immediately upon
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formation. For example, H atoms react immediately with O columns fromDutsch(1974). Cloud base for both the prede-
to form HO,, and so are not included explicitly. fined clouds is at 1 km above the ground. The first predefined
The EMEP model distinguishes five classes of fine andcloud is 3 km deep, with a water content of 0.7 gchand a
coarse patrticles, which for dry-deposition purposes are asmean droplet radius of 10 um. The second predefined cloud
signed mass-median diameteR%,j, geometric standard de- is 1km deep, with water content of only 0.3 gctand a
viations @g), and densitiesq,). The characteristics of these mean droplet radius of 10um. The J-values are calculated
aerosol classes are given in Table using the recommendations for absorption cross sections and
It can be noted that the assumbg for coarse nitrate par-  quantum yields fronbeMore et al(1997). The introduction
ticles has been reduced in recent years compareinp- of different chemical mechanisms into the model with new
son et al.(20033 which had Dp =4 pm. This choice re- species and photochemical reactions would, in principle, re-
flects an assumption that coarse nitrate formation is driverquire the recalculation of these databases. As a temporary
by surface-area rather than mass (hence favouring the smallepproach (prior to recalculation of the photolysis databases),
size-ranges), and consistent wiRhkkanen et a(1996 and  we selected the existing photolysis process in the photolysis
Torseth et al(2000. This assumption is very uncertain how- database which most closely matched the zenith angle de-
ever, and probably depends on whether dust or sea-salt isendence of the “new” photolysis process and derived fac-
the main reacting surface. In future we will consider explicit tors to scale the rates. For example, the photolysis 0§ NO
modelling of nitrate formation on different types of aerosol in provided an excellent description of the photolysis rate of
order to better characterise the size-distribution. Accountinghe newly added species, HONO. This is described further in
for the difference betweem MMD and aerodynamic diame-Hayman et al(2012).
ter, the choice thabp = 3 umimplies that 27 % of calculated
coarse-nitrate can be assigned to the;BNtaction. 7.4 Sulphate production
The semi-volatile organic compounds involved in SOA o ] ) ] )
formation are a special case, in that the model transports botfi® Parameterization outlined below is previously described
the gas and the aerosol fraction as one lumped concentratiofl JONson et al(2000 andSimpson et al(20033, with the
for numerical stability. The model also tracks the gas fraction®Nly major change being the introduction of explicit pH cal-
as a separate quantity. For these compounds, dry and wet d&vlations. In the model SOs oxidized to sulphate both in

position processes are applied as appropriate to the differefif® 92s phase and in the aqueous phase. We always assume
fractions. equilibrium between gas and aqueous phase. It should be

noted that in case the clouds occupy only a fraction of the
grid volume, the total concentration (gas + aqueous) of sol-
uble components are assumed to be uniformly distributed

Table S11 lists the chemical reaction mechanism used in thé) the grid volume. If the cloud evaporates, ions formed in
photo-oxidant model (for photolysis reactions, see below).tne cloud (e.g. sulphate) are simply assigned to the airborne
Rate-coefficients for 3-body and some other reactions ar@"@se. .

given in Tables S12-S13. During 2008—2009 the scheme’s For both gas and aqueous phase reactions we scale the re-
rate-coefficients have been updated and in some cases r@ction rates, rather than the concentrations, by the solubility
placed by Troe expressions to allow their application to the@nd cloud volume fractions. In the present calculations we
greater range of temperatures and pressures inherent in Ve asgu.me.d a constant value cloud liquid water content of
3-D model domain. The rates and products were updated t§-6 917~ (inside the clouds). . _

be, as far as possible, consistent with IUPAC recommenda- AS of model version rv3.9, [H] and pH in cloud water is
tions (ttp://mww.iupac-kinetic.ch.cam.ac.jkimost of the estimated from the acid-base balance, including buffering by
reaction coefficients are frostkinson et al (2004 20086. bicarbonate (through C£»

7.2 Gas-phase chemical mechanism

7.3 Photo-dissociation rates [H+]:2[SO§—] + 2[SO§—] 1 [HSO5] + [NO; |
Table S14 lists the photolysis reactions used in the model for
the EmChem09 mechanism. The reactions are taken from
Simpson et al.(1993, with minor updates. The calcula- This calculation is performed iteratively because the solubil-
tion of photo-dissociation rates (J-values) is identical to theity or/and dissociation of S©and NH; (and CQ) depend
methodology used for the earlier EMEP oxidant modeh:  on pH. (Prior to this version a constant pH of 4.3 was as-
son et al. 200]). J-values are calculated for clear sky con- sumed). The effect of sea-salt and dust on the cloud pH is
ditions and for two predefined clouds using the PHODIS not taken into account. Although this could easily be imple-
routine Kylling et al,, 1998. Ozone concentrations from mented in the model code, large uncertainties are associated
a 2-D global model, extending from the surface to 50 km with especially the calculations of dust. In any case, studies
(Stordal et al. 1985 are scaled by observed total ozone over continents (and especially industrial/agricultural areas)

+[HCO; 1-[NH; ]
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Table 5.Chemical schemes available to the EMEP MSC-W model

Mechanism Species Reactions Photochemical Emitted VOCs Ref.
Reactions (No. Biogenic)
CRI V2 465 1202 185 116 (3)  Jenkin et al(2008
CRIV2 R5 195 569 96 3(3) Watson et al(2008
CBM-IV 38 95 13 10 (2) Gery et al(1989
CB-05 70 189 27 16 (2) Yarwood et al(2005
OSRM 70 197 25 15 (1) Hayman et al(2010
EMEP-EmChem03 69 135 10 (1) Simpson et al. (20033,
Andersson-S#ld and Simpson
(1999
EMEP-EmChem03d 72 137 26 10 (1) This work
EMEP-EmChem09soa P b 26 11 (2) Bergstbm et al.(2012°¢

2\We give here the number of species and reactions for the default EMEP chemistry where only isoprene is included for BVOCs. Some tracer species are
also excluded. Am-pinene chemistry is available for organic aerosol studieslérsson-Séld and Simpsor2001; Simpson et a).20078), b the current

SOA scheme also includes a large number of tracers that are not strictly necessary. Numbers of species in operational scheme should be known in February
2012.° The main SOA formulation is discussedBergstom et al.(2012), but for this work the simplified ‘NPAS’ scheme which assumes non-volatile

emissions is used, see Setf.

Table 6. Characteristics of the aerosol classes used in the EMERcount. For example, the total amount of dissolved sulphur in
scheme. Table gives mass median diamefiy)(geometric stan-  solution (S(1V)) is equal to

dard deviationsdg), densities §p), and enhancement factaFy(),

see Sect8.9

[SUV) ag ] = [SO2ag] + [HSO 5 1 + ST 5] (34)

Dp og op Fn  Specie8
pum kgnt3

The total dissolved S(IV) can be related to the partial pres-

0.33 1.8 1600 3 fine-mode nitrate, ammonium X
0.33 1.8 1600 1 other fine-mode particles, eg sulphates, E€, 0A SUI€ of SQ over the SO|UtI0nfsoZ) by
30 20 2200 1  coarse nitrate
40 20 2200 1  coarse sea-salt K
1, KiKz
45 22 2600 1  coarse dust, sand [S(IV)(ag] = Hso, Ps 14— 4 —= 35
(ag QSO [H+] [H+]2 (35)

@ The same classes are used with all schemes listed in Bable
for semi-volatile compounds associated with organic aerosol (OA), these characteristics . , L
are applied to the particle fraction only. where Hsg, is the Henry’s law coefficient for Sand K

and K> are the first and second ionisation constants for sul-

. . phurous acid.
show.that over land cIoud—yvater is dominated by sulphate \va define the effective Henry's law coefficient for S&:
and nitrate ions and ammonium and hydrogen catigitek(

sic et al, 2009 Aneja and Kim 1993 Li and Anejg 1992.
The results suggested that the cloud water acidity may be;« _ [SUV)ag]/Ps (36)
coming predominantly from sulphate aerosol and less from a9 2

nitric acid. Therefore we have chosen to omit sea salt and,,,4 make use of the ideal gas lak. & [Cg)] - RT, where
dUSt. from the pH calculations. [C(g]is gas phase concentration®©f R is the universal gas
Nitrate and sulphate aerosols and HN@re assumed 0 ;ongtant and” is temperature) in order to find an expression

be completely dissolved. In the parameterization of aqueous,, the total concentration(fr] (gas + aqueous-phase) in a
phase chemistry we assume that Henry’s law is fulfilled: cloud volume:

[C(aq)] = HcPc (33)

v!qe_re Cagl is the concentrfation of a,ny soluble_g_ﬁs(mol [CT]  =[Cgl/a+I[Cag]
=) in the aqueous phasH#, its Henry’s law coefficient and 1

P. the partial pressure d@f in the gas phase. In the aqueous =[Cagl (1+ m)
phase many soluble gases undergo rapid reversible reactions

such as acid-base equilibrium reactions. For these gases Whereq is the volume fraction of cloud water. Bottif] and
is convenient to define an efficient Henry’s law coefficient [Cg)] are in units M (molt1). The fraction of the total (gas +
where the total amount of dissolved gases is taken into acaqueous) mass remaining in the interstitial cloud &jj and

(37)
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the fraction absorbed by the droplefsd) can be calculated
as:

[Caagl 1
[CT] ~ 1+ (H*RTa) 1

faq=1—fg= (38)

In the model we use the local cloud fraction, defined in the

meteorological input fields, as an approximate value for th
fractional cloud volume. With the parameterisation above
SO, is oxidized both in the cloud free parts of the grid box
and in the interstitial cloud air.

7.4.1 Gas phase

In the gas phase SOs oxidized by a chain of reactions ini-
tiated by the reaction with OH:

SO, +OH — HoSOs  (+HOy)

with a reaction rate of Dx 1012 cm® molecule 1 s1. Since
some of the S@in a grid square is dissolved in clouds, we
define a pseudo reaction rate to allow for this. Usjiagas
defined above, then for a fractional cloud voluiiethe frac-
tion of SO in the gas-phase is given by:

The pseudo-rate coefficient for model reaction OH ©SO
— SOy +HO; then becomegq_on = 2.0 x 10-12F, (Ta-
ble S11).

7.4.2 Aqueous phase

Although a number of oxidants may contribute in the oxi-
dation, only @Q, H,O, and Q catalyzed by metal ions are

e

7843
kgjp = kei2T fso, fos W (42)
k.3 =keazfso,W (43)

for the for oxidation by HO,, O3 and Q, respectively.fy,
fso, and fo, are the fractional solubilities of #D,, SO
'and @ andT is a conversion factor convertirig,, andk/,
to molecules? s™* cm?. Hsg, is the Henry’s law constant
for SO, and Hgoz is the effective Henry’s law constant for
S(IV).

7.5 Nitrate formation

An important source of aerosol nitrate in the troposphere
(and also of NQ loss) is the reaction of )Os on deliques-
cent aerosols, producing two HN@olecules:

N205(g) + H20(|) — 2HN03(aq)

HNOs3 formed in the reaction above is initially assumed to
evaporate and will take part in the formation of ammonium
nitrate (Sect7.6) or coarse nitrate through reaction ‘IN-19’
(Supplement, Table S11Mentel et al.(1999 showed that

the uptake rate of pDs is around one magnitude lower for
nitrate aerosols compared to sulphate aerosols, and this was
the basis for the parameterisation Rfemer et al.(2003.

More recent measurements in both the laboratory and ambi-
ent samples have shown very different values, however, with
some studies revealing very low rates, and with very differ-
ent dependencies, for example on the sulphate/organic ratio
(e.g.Brown et al, 2009 2006 Bertram et al.2009 Bertram

and Thornton2009 Riemer et al.2009 Chang et al.20117).
Tests with updated schemes have so far notimproved the per-

considered here. The rate of production for sulphate in soluformance of the model for particulate nitrate, and this aspect

tion is expressed as:

d[SOF1/dr = ket [H2021[SOy] (40)
+(kei2[H1[03] + ke13) ([SQ2] + [HSO 1)

where the reaction rate for the oxidation by @ kc2 =
1.8 x 10°[H 1794 mol~1I (Méller, 1980 and the reaction
rate for the oxidation by b, is kc1 = 8.3 x 10° mol—1
(Martin and Damscheri981). For the oxidation by @cat-
alyzed by metal ions we assume a reaction ratépf
3.3x 1010571,

As for the gas phase production of sulphate, we define
pseudo reaction rates, taking into account the solubility of

SO, H,O, and @ and the fractional cloud volume. The
pseudo reaction rates then becomes:

Hs
ke = kel —H*OZ fso, fHW
SO,

(41)

www.atmos-chem-phys.net/12/7825/2012/

of the chemistry is probably one of the most uncertain. This
reaction is applied whenever RH exceeds 40 %, and follow-
ing Riemer et al(2003 the rate we then use is:

4

wherecn,o; is the mean molecular speed fop®k and S is
here the available aerosol surface area,@pd, is the reac-
tion probability, which is weighted according to the compo-
sition of the aerosol:

kN205 = —~ CN,Osg S QN,05 (44)

AN,O5 = f o1+ (l_ f) a2 (45)
with ¢ = 0.02,2 = 0.002, and

m 027
J—— (46)

mSOAZ( +mNO§
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wheremg-, myo; are the aerosol mass concentrations of 7.7 Organic aerosol, SOA modelling
4

the secondary inorganic aerosols sulphate and nitrate. (Ide- . . h
ally we would use just fine nitrate here, but given the dif- S of 2011, a so-called volatility basis set (VBS) approac

ficulties associated with such partitioning, we use the morg(Robinson et a).2007 Donahue et a.2009 for secondary
robust sum of fine+coarse nitrate.) organic aerosol (SOA) has been added to the available de-

The aerosol surface ares, is calculated from secondary faults of the EMEP_chemlcaI code. The new EmCh.emOQSoa
inorganic aerosol massugia = megp- +myo. -+ 2, aS- scheme uses a varlgnt of the VBS approach WhICh is a some-
. . 4 3 4 what simplified version of the mechanisms discussed in de-
suming an aerosol density pferto get volumeV, then as- tail in Berastbm et al
. . AR ; gstbm et al.(2012).
suming allog normal size distribution, we get (Sginfeld The main differences to the schemesBergstbm et al.
and Pandis1998: (2012 is that in EmChem09soa all primary organic aerosol
(POA) emissions are treated as nonvolatile, to keep emission
totals of both PM and VOC components the same as in the
official emission inventories, while the semi-volatile ASOA
and BSOA species are assumed to oxidise (age) in the at-
whererg is the geometric number mean radius (assumedmosphere by OH-reactions, leading to decreased volatilities
to be 0.068 um), andg = 1.8. The above formulations ig- for the SOA, and thereby increased partitioning to the parti-
nore two terms: (i) the effects of OM and other fine PM on cle phase. We denote this version of the EMEP VBS schemes
aerosol surface area, which would increase the surface araaie “NPAS” scheme (no partitioning of POA, aging of SOA).
and hence the rate (ii) inhibiting effect of OM on the stick- This assumption of non-volatility for POA is a simplification,
ing coefficient, which would reduce the ratei¢mer et al. but we believe a valid one for our purposes. This is discussed
2009. Both terms are very uncertain, but opposite in sign. further in Sect12.

For paer We assume a specific aerosol density of 2 gém The OH-reaction rate for SOA-aging in this NPAS scheme
near 40 % RH, appropriate for dry aerosol. At higher rela-is set to 4.x10°12 cm®molecule s~ (as suggested by
tive humidity, the salts undergo deliquescence, water coniane et al2008 and each reaction leads to an order of mag-
tent increases, and the density decreases towards values nestude decrease in volatility and a small increase in mass
1gcnt3. The particles grow by absorbing water and hence(+7.5 %) to account for oxygen-addition. This procedure is
the surface available to heterogeneous reactions increases. $imilar to that used for other EMEP VBS schemes; for fur-
account in a simple way for the increased surface area, weher details seBergstdm et al.(2012.

apply

5= 3 3oy (47)

g

7.8 Numerical solution of chemical scheme

paer= 2232 RH > 40 (48) _ _ _
The chemical equations are solved using the TWOSTEP al-
where RH is given in %. gorithm tested biverwer et al (1996 andVerwer and Simp-
o son (1995. Technical details are discussed in the Supple-
7.6 Gasl/aerosol partitioning ment. Sect. S2.3.

As of version rv3.9, the EMEP model uses the MARS equi-
librium module ofBinkowski and Shankaf1995 to calcu- 8 Dry deposition
late the partitioning between gas and fine-mode aerosol phase
in the system of S -HNO3-NO; -NH3-NH; . MARS has 8.1 Resistance formulation
now replaced another code, EQSAMdtzger et al.2002 ,
Metzger 2000, which we have used previously. The MARS The dry deposition fluxXg) of a gas' to the ground surface
module also calculates the mass of aerosol water, seis modelled using the so-called deposition velocltg{,(z),
Sect.11.4 such that:
It should be noted that MARS does not treat sodium chlo- . ; ;
ride and dust components, which is a weakness where sedy = ~ V() X' (2) (49)
salt (near coasts) and dust are important. Further, calculated ;g equation is assumed to be true throughout the so-

PM water is expected to be underpredicted over seas angdyjieq constant flux layer. In the model we assume that the

coast areas, where sea salt contributes considerably t0 PMyncentration and deposition velocity calculated at the centre
The effect of not accounting for mineral components is, how-of the lowest grid cell (typically 45m), a height we refer to

ever, anticipated to be smaller due to their smaller solubilitybe|OW as the reference heights, is within this layer.Vi (z)
compared to sea salt. It should be recognised that there atg .- 1ated using a resistance approach: g
also significant uncertainties with other approaches, but in
future we will likely replace MARS with a more comprehen- _; 1

. Vg@)=———— (50)
sive module. (See also Set®.) Ra(z) + R+ RL
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whereR; is the aerodynamic resistance between the height where Wy, is the standard integral function of the similarity

and the top of the vegetation canopy (formallyt zo, where  profile of momentum Garratt 1992. Having calculated:,

d is the displacement height ang the roughness length), in this way, a local estimate of can be found by substi-

R{) is the quasi-laminar layer resistance to gaand RL is tuting u, in Eq. @). The aerodynamic resistance for heat or

the surface (canopy) resistance. scalars between any two levels andz; is calculated with
Over grid-cells which are 100% sea we simply use thethe standardr,(z) formula, the same as used in EGO0).

NWP model's meteorological parameters (anfl to cal- ] ] i .

culate the resistances of EGQj. Where grid-cells contain 8.3 Quasi-laminar layer resistance R"p

other land-classes, we implement a so-called mosaic ap- . . . . .

proach, whereby the the grid-average deposition rate is giveFl-he quasi-laminar layer resistance is calculated with

by: . -\ 2/3
y Ri= 2 (S_C) (53)

7 NSV 51 R \Pr
5@ =2 kS Var @) (1) whereSc;, the Schmidt number is equal to thgD;, with v

~ i inetic vi - i -1 o
whereQ symbolises the grid-square average of any quantitybe'ng the kinetic viscosity of air (0.15 cis™* at 20°C) and

; . . . D; is the molecular diffusivity of gag andPr is the Prandtl
Q. fx l!s t_he fraction o_f_land cover typém_ the grid-square, number (0.72). Over sea areas the expressiddicks and
andV;, is the deposition velocity for this land-cover type,

calculated with Eqg.%0) using sub-grid (mosaic) values for Liss (197§ is used:
each resistance term. _ o _ Ri= 1 .In (Z_O ku*> (54)

In order to make this sub-grid estimation, we are implic- k uy D;
itly assuming that the heighter can be treated as a so-called g 4 syrface resistanceR.
blending height (e.gMason 1988 Claussen1995 Salzen
etal, 1996, a height at which the concentrations and meteo-Surface (or canopy) resistance is the most complex variable
rological variables are representative of the properties of thén the deposition model, as it depends heavily on surface
full grid square, and not of the local underlying landcover. A characteristics and the chemical characteristics of the de-
further assumption is that the effects of the surface roughnesgositing gas. Our approach makes use of bulk canopy resis-
layer can be ignored. Studies have shown that this approxitances and conductance® éndG terms, wheres’ = 1/R!
mation is probably fine for most purposes, but may impactfor any gasi), and of unit-leaf-area (one-sided, projected)
the estimates of some metrics (AOT40, PQBee Sectll) resistances and conductances, which we denote with lower-

(Tuovinen and SimpsqQr2008. case lettersr(, g). The general formula for bulk canopy con-
) ) ductancesGe, is:
8.2 Aerodynamic resistanceR,
Gc =LAl gsto+ Gns (55)
The first steps in the derivation of sub-gid are to derive & where LAl is the one-sided (projected) leaf-area inde% (m
grid-square average Obukhov length.as in Eq. ). m~2), gsto is the stomatal conductance, a6 is the bulk

The 3-D model meteorology includes wind-spaézrer) non-stomatal conductance. For non-vegetative surfaces only
for the centre of the lowest grid level, at around 45 m. We as+he |ast term is relevant.
sume that this height is within or near the top of the surface The formulation for stomatal and non-stomatal conduc-
layer, and proceed to calculate turbulence parameters basgfnces for most gases and conditions are dealt with in

upon thelocal values ofzo andd. These are simply derived  sects8.5-8.6, Two special cases are (a) H¥@nd (b) NH
from the heighth, of the vegetation for each land-cover type oyer crops:

(Table3). For forests we usé = 0.78h, zg = 0.07x, follow-

ing Jarvis et al(1976, but with the restriction thaip < 1 m. (&) Rc, HNO3

This restriction was found necessary when comparing mod-

elled friction velocity ¢) with data from the Carbo-Europe In normal conditions the surface resistance to HN&®ffec-
network Papale et a).2006. For other vegetation, we use tively zero. A minimum value ok of 10 snt ! is enforced
d =0.7h, zo = 0.1h. Over water, we use the Charnock rela- for numerical reasons, so for HNGhe whole canopy resis-
tion with zo = mu?/g, setting the constant to be 0.0144 tance is then simply given by:

(Garratt 1992. A minimum value ofzg =1.5x 107°m is RIC-|N03 — max(10.0, RIHN03) (56)
enforced, followingBerge(1990. From the locali andzo, ow

we then estimate a new;, based upon our reference height whereR,';\’;'lo3 accounts for observations of HN@eposition
wind, VH(zref): over snow, and is set simply ﬂv'\\',% = —2 Ts, with Ts be-
Vi (zref) k ing the surface (2 m) temperature’i@. These values loosely
re

= y y (52) match those found byohansson and Gran@986 for tem-
In (Z’EL) —Wn (Z’e%) + U () peratures of down te-18°C.

20

U
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(b) R, NH3, crops in the Supplement gives the diffusivities (although expressed
relative to water) used in the EMEP model.

During the growing season for crop land-covers, the surface Further details of the equations and current parameter val-

resistance is set very large, ensuring zero deposition. Thigies underlying the stomatal conductance algorithm are given

procedure is designed to account for the fact that many cropin the Supplement, Sect. S7.2.

lands are actually emitters of Nirather than sinks (e.&ut-

ton et al, 200Q Fowler et al, 2009 and references therein). 8.6 Non-stomatal resistances

8.5 Stomatal conductancegsio Gns is calculated specifically for §) SOy, and NH;. Values
for other gases are obtained by interpolation of thea@d
Stomatal conductance is calculated with a multiplicative 5o, values (Seci8.9).
mOdel, a deVelOpment Of that deSCI‘ibedEimberSOI’I et a.l. The ground_surface resistano@és' for a Specific gaS is
(20003: an important component of the total non-stomatal resistance.
_ . . Base-values oRys (denotedRys) for Oz or SO, are given in
8sto = gmax fohen fiight MaX{ fmin. f1 fo fow) 7) Table S19. Simi?ar t@hang egtJ al(2003, these are modified
where gmax is the maximum stomatal conductance, and for low temperature and snow cover with:
fx are factors (within 0-1) accounting for time of year
(leaf phenology), the minimum observed stomatal conduc-_1 _ 1—2fsnow+ 2 fonou (59)
tance (min), light (actually PAR), temperaturg)( vapour-  Rgg Fﬂ?gs Rinow
pressure deficitp), and soil-water (SW). It should be noted
that the canopy scale stomatal conductance (&l in wherex represents either £or SO, f..., reflects the snow
Eq. 55) is a non-linear function of LAI, sincefigne and ~ coverage, andr is a low-temperature correction factor — see
hencegsto are non-linear functions of LAI, see Supplement, Sect.8.7.1for both terms.
Sect. S7.2. o
The main new feature of the EMEP model with regard to 8-6.1  OzoneGrg
this procedure is that soil water effects are now included by

default. InEmberson et al(20003, fsw was based upon Our formulation of the non-stomatal conductance for ozone
soil-water-potential (SWP). SWP is a very non-linear func- builds upon the framework @mberson e_t a(20003, which :
tion of soil water content, varying with soil texture and ho- has been been extensively evaluated in a number of studies

mogeneity, and in practice can only be accurately estimatedEMPerson et al2000a Tuovinen et al.2001, 2004:

with in situ measurements. For these reasfiig was sim- SAl 1

ply set to 1 in most previous EMEP model runs, i.e. stomatalGoe = 0 (60)
uptake was not assumed to be limited by soil water avail- Text  Rinc+ Rgs

ability (e.g.Simpson et a).20073. A number of techniques . . 2 .
are being investigated with regard to soil water caIcuIationsWhere SAl is a surface area index{m =), rex is the ex-

(Buker et al, 2011), but as of version rv3.9 the EMEP code terna! Ieaf-r.esistance (cu_ticles+other sgrfaces) pePA,
makes use of the simpl&y; index (Sect.3.3) to calculate FR"‘C is the m-ca?oply resitance, aﬂdgs is the ground su)r- h
. ace resistance (soil or other ground cover, e.g. moss). The
. Rather than attempting to calculate absolute values o . .
Jsw ptng xternal resistance.y; is set to 2500Ft s

1
! ) where Frt

SWP, we use a simple procedure designed to capture the . '
main effects of dry periods ogsto IS a low-temperature correction factor (see S8c.1). Fol-

lowing Erisman et al(1994), the in-canopy resistancg;,,,

is defined a® SAIl h/u,, whereh is the canopy height and

fsw= 1 ,forSw >0.5 (58) b=14s1is an empirical constant.

fsw=2Sw ,for Sm <0.5 SAl is simply s_et to LAI+1 for forests, or gqual to LAI for
non-crop vegetation. For crops a substantial part of the leaf

For deposition modelling we use tisg values appropriate area can be senescent. A simplified version of the methodol-

for deeper soil layers; for ECMWF inputs this is the top 1 m ogy of Tuovinen et al (2004, based upon the life-cycle of

soil layer. wheat, is applied:
The methodology forgstg was developed and tested
within a dry deposition framework for ozone, now referred SAl = 3%LAl  for: dsgs<dn < dses+ Ls
to as the D@SE (Deposition of Ozone and Stomatal Ex- =LAl + 1.5 for:dsgs+ Ls < dn < deGs
change) modeEmberson et al2000ab, 2001, 2007, Kling- (61)

berg et al. 2008 Simpson et a).2001, 2003 Tuovinen

et al, 2001, 2004). Stomatal conductance calculated for any where dy is the day number, andsgs degs, and Ls
other gas is simply scaled from that for ozone using the ra- are as defined in Secb. Outside the growing season,
tio of the diffusivities in air of ozone and gads Table S18 SAI=LAI=0.
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8.6.2 Ammonia,G,’}'sH3 (2012 used long-term simultaneous measurements o NH
and SQ exchange, made within the EU LIFE Deposition

For vegetated surfaces, the non-stomatal resist&géor  Monitoring Project Erisman et aj.2001), to derive opera-

NHs is assumed to depend upon surface (2m) temperatur@jonal parameterisations of co-deposition effects.

Ts (°C), humidity levels, RH (%), and on the molar “acidity ~ The parameterisation developed links the non-stomatal

ratio™. canopy uptake resistance of SQR2) to the mean molar
0 in ai 24h.
asn = [SO»1/[NH3] (62)  SQ/NHgratio in air over the last 24 lugy*

This acidity ratio is a first attempt to account for the ob-

. : : - .S 24 _
served changes in resistance in areas with different poIIquang2 = 1184 x eM1xaED x Fmadl

climates Erisman et al.2001; Fowler and Erisman2003. (T2 >0
More advanced treatments are possible, but the spread in val-

ues from different parameterisations is substantiéagsad 100 (-5<T2<0)
etal, 2010. 500 (T2 < -5

The parameterisation &mith et al.(2000 has been mod-
ified in order to take into account the effectsagfy, based ) ) )
upon an approach suggested$iith et al.(2003. The re- For above-zero temperaturegs(h is constrained to lie be-
Su'ting Scheme can be expressed as: tween 10 and 1000 STﬁ. Cl%ﬁlh iS Constrained to be maXimum

3, which corresponds to%2 = 400 snt? for RH of about

85 %. For non-vegetative surfaces‘?& is simply set to the

NH
Rns® = B F1(T2,RH) F. A
ns b T ) Falasn) base-valuesRgys, shown in the Supplement, Table S19.

(for T» > 0)
égg E;25§<—T;)S 0 8.7.1 Snow and low-temperature corrections
100RH At temperatures below-1°C, non-stomatal resistances are
F1 =10logo(T2+2)e™ 7 increased using a factdtr as inZhang et al(2003:
Fy = 10-11099as\+16769 Fr = 024719 (63)

whereg is a normalising factor (1/22 =0.0455). Thgterm  with the constraint k Fr < 2.
is identical to that oSmith et al. (2000 and provides a rela- Resistances for SOover snow covered surfaces depend
tionship of Rys with temperature and relative humidity. The on the temperature. For instanc8ranat and Johansson
second functionF>, is an equation derived from observa- (1983 found that SQ@ dry deposition velocities were smaller
tions presented iNemitz et al.(200]), and relates the value than 0.1cms! at temperatures below1°C, but higher at
at 95% relative humidity and IC to the molar ratio of ~warmer temperatures due to the presence of liquid water at
SO,/NH3z. The two terms are equal for molar §8H;3 ra- the snow surfaceRsnow for SO (in sm1) are here loosely
tio 0.3. The factos is introduced in order to normalize one based orErisman et al(1994 andZhang et al(2003:
equation to the other, i.e. to ensure that the combined paramsys o
e?erisation is equal to the two separate terms for 95 % rF()aIative Srow =70 Ts>+1°C (64)
humidity, 10°C and molar ratio 0.3. =70x(2-T2) -1=Ts<1°C

For above-zero temperature§!R is constrained to lie be- =700 Ts<-1°C
tween 10 and 200 s ™. Finally, we do not distinguish wet
or dry surfaces in this formulation (they are included in the

H — 1
RH dependency used above). For ozone, we simply setgv?ow— 2000 snT-.

The term f,.,. in Eq. G9) is an estimate of the fractional
8.7 Sulphur dioxide, G2 cover of snow, derived from the NWP model's snow depth
(Sq) and an assumed maximum val§gmax at which the
The canopy conductance of $@ strongly controlled by  snow fraction for canopy leaves is assumed to be 1. We use a
wetness and Nkllevels, as well as deposition of other acidic similar methodology to that proposed Bigang et al(2003:
gases (HN@ and HCI), adsorption of Cg&) aerosol dry de-
position, the composition of rain during precipitation events, Sq

ion leaching from the plants and processes such as dew falfson = < (65)
and guttation (e.gFlechard et a).1999 Fowler et al, 2001, d max
2009 Burkhardt et al.2009. with the constraint &< f.., < 1.

In order to develop a simple parametrisation t&)ﬁg Zhang et al(2003 presented tabulated values $f max,

which nevertheless captured the main processsgerlietal.  but we simply assume thag max=0.14, whereh is the
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height of the vegetation. If some fraction of the grid is cov-  For forests, we implement a simple dependence on surface
ered with ice, we assume thgt,, is the maximum value of area index:

the snow or ice fractions. SA

a1 =0.008 T (69)

with a2 again set to 300 m, and the additional restriction that
For all gases other than HN®@r NH3 we obtainGns by in- a1 > 0.002.
terpolating between the values fog @nd SQ. This interpo- These values are loosely based upon the results of an anal-
lation borrows the solubility index, here denotdld, and the i of measurements, and sets of complex calculations pre-
reactivity index, fo, from the Wesely (1989 methodology,  sented irPetroff et al(2008ah). Petroff et al(2008K) calcu-
but these are applied directly now to total non-stomatal conqaied that a forest with total LAl of 22 would have a sur-
ductance rather than to individual resistances (Table S18). Ag;ce deposition velocity of ca. 0.002—0.004Thsat u, =
there is so little data available on non-stomatal resistancesy 45 ms! for particles in the accumulation size range (see
even for @Q and SQ, this simpler scaling seems acceptable. Fig. 15,Petroff et al2008). Our 0.008«, gives 0.004 mst
With these indices, the dry and wet conductance values for g, this same friction velocity. They also showed that a de-
gasi are obtained from the values for ozone and, $6ing: crease in LAl of a factor of 2 would reducés by a fac-
tor 1.5-2. FurtherPetroff et al.(20081’s calculations sug-
gested thatVys is approximately proportional to LAl for
Dp ~ 0.5 pm. For the EMEP model we make use of our sur-
face area index, SAIl, which accounts for non-leafy surfaces,

Although a range of theory-based models is available to de&nd Which is simply derived as SAI = LAl +1 for forests.

scribe aerosol deposition, they often predict features whict €Uff started with a total LAl of 22, which is ca. LAl =10

conflict with measured deposition rat&syor et al, 2008ha; (1-sided), or SAI=11. Simplifying, we therefore scale. with
Petroff et al, 2008a Flechard et al.2011. For example, SAI/10. (The use of SAl rather than LAI also prevent winter-

methods based on the well-known formulations Sifnn time deposition in deciduous forests going to zero). Finally,

(1982 predict low deposition velocities to forest canopies. we enforce a minimungs of 0.002u, consistent with We-

Alternative formulae ofzhang et al(2001) predict higher ~ S€ly as SAk> 0. _ _
deposition velocities, but no effect of canopy density. Sev- AS pointed out byvenkatram and Plein 999, the resis-

eral studies show that ammonium-nitrate has higher deposit2ce analogy is not appropriate for particles. We have there-
ore implemented the mass-conservative equation:

tion velocities than sulphates, as a result of the partitioningf
of NH4NO3 to the more rapidly depositing HNand NH; Vs
gases (e.gFowler et al, 2009 Wolff et al., 2010. Petroff Vi(2) = 1—e—r@s
et al.(2008ab) have presented an extensive discussion of the . ) . . . ,
issues surrounding chemically-inert particles, and presented/N€revs is settling velocity,Vy(z) is the deposition velocity
calculations where deposition is affected by both particle@t h€ightz, andr(z) is the sum of the aerodynamic resistance
size and canopy leaf area index. Loosely based upon thes%nd mversd/ds.. ) o )
reviews, and results from various experimental studies, we AS Summarized in Sec, the EMEP model distinguishes
have implemented a new but deliberately simple scheme fopve_classes of fine a_nd coarse particles, wh_|ch are presentl_y
particles in low vegetation and forests in the EMEP model.25Signed mass-median diameters, geometric standard devia-
The basic formulation follows the same pattern as many stud!ions ©g), and densitiesdp). _ _
ies Wesely et al.1985 Lamaud et al.1994 Gallagher et aJ. Although the dry—depqsﬂmn rates of.flne (accumulation-
1997 Nemitz et al, 2004, but modified by an enhancement mode) partlcle_>§ are notsue-depende_nt in t_he model, the over-
factor, Fy, for nitrogen compounds: all dry deposition rate of larger particles is affected 1y
which is strongly size-dependent. To account for this,uthe
calculations are integrated over the aerosol sizes, assuming

8.8 Extension to other gases

Ghs=10""H} GR + f} G2 (66)

8.9 Aerosol dry deposition

(70)

Ves

Uy A L=20 67) a log-normal particle size distribution. These polydisperse
=a Fy [14(=2)23] ,L <0 (68)  settling velocities of coarse particles are calculated, using
Egs. (A25—-A32) fromBinkowski and Shank&g{19995.
where Vys is the surface deposition velocitPétroff et al, This revised scheme (and the changes in assumed aerosol

20083, andFy = 3 for fine-nitrate and ammonium, and 1 for size), which we here denote the EMEP-12 particle deposi-
all other compounds (Tablg). Further, we restrict applica- tion scheme, gives significantly different rates to those used
tion of the equation to AL > —0.04 L. For all landcover  previously, with higher rates for fine particles (especially for

categories except forests we use ase= 0.002 fromWesely  the nitrogen components), and lower rates for coarse nitrate
et al.(1989, and seti; to 300 m, the simplified stability cor-  (since the assumed particle size is smaller). In order to illus-
rection suggested b@allagher et al(1997). trate the net effect, and place these results in the context of
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a previous comparison, we have rerun the setuplethard 30

et al. (2011, but adding the new EMEP-12 particle deposi- = CBED
tion scheme. IrFlechard et al(2011), four different deposi- 25 - [l CDRY
tion modules (including EMEP-03) were applied for 55 Eu- gt IDEM
ropean sites covering four land-cover categories: Forest (F), | B EMEP-03
Seminatural (SNL), grassland (G) and crops (C). This study 5 §§ [Z] EMEP-12

also made the general assumption that 19% of nitrate is in g
the coarse mode at all sites. The sites were part of the EU Ni-E 157
troEurope study, monitoring monthly concentrations of the =

key reactive nitrogen (Nr) species, with the intention to esti- 10 1
mate dry-deposition using inferential techniquéar(g et al.
2009. 5

Figure6 compares the estimated deposition rates for par-
ticulate nitrate from the 2003 and 2012 versions of the EMEP 0
scheme, and three other models, CBED, CDRY and IDEM
models (for references and descriptions of these other mOdIEig. 6. Comparison of modelled deposition rates for particulate ni-
els, seerlechard .eF al201.])._The EMEP-03 and EMEP_lZ. trate from the 2003 and 2012 versions of the EMEP model, and from
results are surprisingly similar for all land-cover categories . CBED, CDRY and IDEM models, evaluated over 55 European

except crops, where EMEP-12 gives higher rates. This siMgjies covering four land-cover categories: Forest (F), Seminatural

ilarity is partly coincidental, however, representing the bal- (snL), grassland (G) and crops (C). The setup is the same as that
ance between increased deposition rates for fine particlesresented irFlechard et al(2011), except that here we added the
and reduced rates for coarse particles. For example, oveEMEP rv4 (EMEP-12) results for comparison.

grassland the estimateéq] for fine-nitrate increased by a fac-

tor of 5 on average (from 0.28 mmsfor EMEP-03 to 1.4

mms-1 for EMEP-12), butV, for coarse nitrate decreased by whereW, is the in-cloud scavenging ratio given in the Sup-

a factor of six (from 7.2 to 1.2 mn7s). The larger change plement, Table S2Q (kg m~2s~1) is the precipitation rate,

for crops seen in Fid reflects the more complicated changes 5 is the characteristic scavenging depth (assumed to be
in R, (with different equations used inside and outside the1000 m) andp, is the water density (1000 kgTd). We do
growing season) used in the EMEP-03 scheme. The changasot account for the effect that dissolved material may be re-
from EMEP-03 to EMEP-12 are thus significant, but as alsoleased if clouds or rain water evaporate.

seen in Fig6, differences between all methods are very large.

As noted inFlechard et al(2011), this is unfortunate, but 9.2 Below-cloud scavenging

currently the experimental difficulties are too large to allow

a reliable choice of scheme (eFgwler et al, 2009 Pryor For below cloud scavenging a distinction is made between
et al, 2008ha). The new EMEP patrticle deposition scheme scavenging of particulate matter and gas phase components.
has at least the advantages of simplicity of formulation, andThe sub-cloud scavenging of the gases is calculated as:
results are broadly consistent with recent but more complex
schemes, and recent flux measuremefsvier et al, 2009 g9as_ Wsup P
Petroff et al, 2008ab: Wolff et al., 2010). sub = X

(72)

N where Wgyp, is the sub-cloud scavenging ratio given in the
9 Wet deposition Supplement, Table S20.

o . . Wet deposition rates for particles are calculated, based on
Parameterisation of the wet deposition processes in th%cott(1979 as:

EMEP model includes both in-cloud and sub-cloud scav-

enging of gases and patrticles. The parameterization of the aer AP -
wet deposition is previously described Brerge and Jakob-  Ssub = ~X E (73)
sen(1998.

where Vg, is the the raindrop fall speedVg =5ms1),

A =5.2mPkg1s1is the empirical coefficient (a Marshall-

Palmer size distribution is assumed for rain drops), Arid

the size-dependent collection efficiency of aerosols by the

raindrops (Table S20). The collection efficiency is size de-
Win P pendent, with a minimum for fine particles (desakso et al.

e om (71) 2003 Henzing et al.2008.

9.1 In-cloud scavenging

The in-cloud scavenging, of a soluble component of mix-
ing ratio x is given by the expression:

Sin = —
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10 |Initial and boundary conditions coast of Ireland, ideally suited as a background site for mid-
latitude air masses. It was shown Berwent et al (1998,
Initial concentrations of major long-lived species are re- ysing trajectory analysis and other techniques, that the clean-
quired in order to initialise model runs. Boundary conditions ajr concentrations of ©(and CO) at Mace Head were basi-
along the sides of the model domain and at the top of thezally uniform in a wide sector for air masses arriving from
domain are then required as the model is running. Addition-|celand to Barbados — in other words, it confirmed the view
ally, we often need to specify concentrations of some speciesf a general well-mixed background air mass.
which are not explicitly included in the chemistry of inter-  For the EMEP model we have made use of an extended
est, but that enter into reactions with some of the reactingyersion of this analysis. Ozone concentrations from Mace
chemical compounds (“background” species). We refer hereqead have been sorted using sector-analysis, obtained using
to all of these types of data as initial and boundary conditionsrajectories obtained fronttp://Awww.emep.irt. Monthly
(IBCs). Two main methods of specifying boundary condi- mean values of the ozone associated with easterly sectors
tions are currently available: (sectors 6-8) have been calculated. Where fewer than 15 days
were available to make an average for a particular year, aver-

1. Provision of 3-D fields for whole domain from previ- ! ‘ .
pages from a full 10-yr analysis were substituted for the miss-

ous runs of the same or another version of the EME

model (self-assimilation), or from other models, typi- N9 days. _
cally global chemical transport models (CTMSs). In order to generate an adjustment factor, the monthly val-
ues of observed ©derived using this procedure, denoted

2. Simple functions are used to prescribe concentrationso}', are compared with the average surface concentrations
in terms of latitude and time-of-year, or time-of-day. from the global datasets in the south-west quadrant of the
For ozone, 3-D fields for the whole domain are spec-EMEP domain, denoted £. (Thus, if the coordinates of
ified from climatological ozone-sonde data-sets, modi- \jace Head are denotedy, ywm, O?D is the average con-
fied monthly against clean-air surface observations.  centration from model domain= 1..xy, y = 1..ym). If the
Method (1) allows great flexibility. A pre-processing pro- difference beMeen the two datasets obtained in this way is
gram interpolates the data field of interest to the desired hor(:OgAH'chs_Dv inppb), we simply add\ to the ozone bound-
izontal resolution (e.g. 50 km 50 km), and to the 20 verti- ary conditions over the whole domain. Since the concentra-
cal levels in the EMEP model. The frequency of the updatelions of ozone are generally increasing with height in the
of the boundary conditions can be chosen freely, as long a§0del domain (from say 40 ppb to several hundred ppb), then
the boundary condition field is provided for the same time the effect of this constant term is greatest for the surface
period. Examples of this kind of approach can be found inl@yer and quite small at say 5-10 km height.
Vieno et al.(2010, where the European scale model was Although simple, this procedure ensures that the BCs used
used to provide IBCs for a 5 km scale model over the UK. ~ for ozone are realistic in the mid-latitude region near ground
Method (2) is used for those species where rather simJ?VeL at least near the We;tern bou_ndary. Although based en-
ple descriptions of boundary condition are sufficient. Despiteli'ély upon one station, this correction has been found to re-
its simplicity, this method has the advantage that the IBCsSUlt in good BCs for almost all sites on the west coast of
are based upon measurements, ensuring a robustness whiE§"oPe, ranging from Norway to Spain. _
global CTM model results sometimes lack. For policy runs, For other species where prescribed values are needed, sim-
the EMEP model is usually run using this methodology, andPle functions have been chosen, designed to enable concen-

it is this method we document here. tration values that correspond to observations. The concen-
trations are adjusted in the vertical and for latitude and time
10.1 Ozone of the year (monthly fields) to match the observed distribu-

tions. Table S21 lists the parameters used, as described be-
Ozone is the gas for which the specification of accurate|ow.
boundary conditions is most essential to a good model per- We first calculate the seasonal changes in ground-level BC
formance. This is due to the fact that ambient ozone levelsoncentrationyg, through:
in Europe are typically not much greater than the North-

: . " dmm — d|
ern hemispheric background ozone. Boundary condl'_uons 01‘X0 = Ymeant Ax cos<2n mm max> (74)
ozone are developed from a two-step procedure. First, thé ny

climatological G data ofLogan (1998 is used, which pro-
vides gridded @ data with resolution @latitude by 3 longi-
tude for 13 pressure levels. These data are interpolated to t
EMEP grid system to provide a monthly base-set for ozone’®
IBCs. 1 Prior to 1996, sectors from another Irish site, Valentia, had to
These monthly data are then adjusted using a so-callede used. However, results calculated after 1996 show almost identi-
“Mace-Head” adjustment. Mace Head is a site on the westal sector-results, regardless of the choice of Mace Head or Valentia

where xmeanis the annual mean near-surface concentration,
h%)( the amplitude of the cyclesy is the number of days per
ar,dmm is the day number of mid-month (assumed to be
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the 15th), andimax is day number at whiclyo maximises.  x'(zref), We readily obtain the concentrations at any other
Changes in the vertical are specified with a scale-hefght,  height within the surface layer from Edi9):

i i Vé (zref)

whereyisc (h) is the concentration used for IBCs atheight  ith appropriate calculations of the deposition velocity resis-
For simplicity we set to be the height of the centre of each 5nce terms as discussed in Sé&ct.

model layer assuming a standard atmosphere. Valugg©f

are constrained to be greater or equal to the minimum values}1 2 Ecosystem-specific depositions

Xmin» 9iven in Table S21. For some species a latitude factor,

given in Table S22, is also applied. Values )gf adjusted  As discussed in Secg, the model’s calculations of dry de-

in this manner are constrained to be greater or equal to th@osition are made separately for each sub-grid landcover. For

minimum values;(r';in, given in Table S21. provision to IAM or the effects community, these sub-grid es-
Finally, for two species, we simply specify constant mix- timates are aggregated to provide output deposition estimates

ing ratios over the whole model domain, valid for 1990 (seefor broader ecosystem categories, as shown in Table

Sect.10.2for other years). These are 1780 ppb for methane A possible output would be deposition to water, but for

and 600 ppb for hydrogen. IAM purposes the deposition of interest here is to the catch-
o N ment area, rather than to the water surface. Thus, deposition
10.2  Trends in initial and boundary conditions estimates for waters are usually simply taken from the grid-

) ) average depositions.
The BC values discussed above are assumed appropriate for

the year 1990. For other years these values are adjusted U$4 3 Ozone statistics

ing trend factors. Such adjustments can be made with results

of e.g. global CTMs (including EMEP model runs). Lacking A number of statistics are typically used to describe the dis-
other information we use the default trend factors as sumdribution of ozone within each grid square, and for input to
marised in the Supplement, Table S23. IAM assessments:

Mean of Daily Max. Ozone- First we evaluate the maximum
modelled concentration for each day, then we take either 6-monthly

11 Outputs (1 April-30 September) or annual averages of these values.

The_ EMEP model produces a Iargg number of outputs for 850MO35. — The Sum of Ozone Means Over 35 ppb is the indicator
variety of purposes. Most are straightforward, for exampleor heaith impact assessment recommended by WHO. It is defined
mapS Of annual wet dQDOSItIOI’I Of 0X|d|sed or reduced n|tr0'as the yearly sum of the da”y maximum of 8-h running average
gen. However, some outputs display special features or arever 35 ppb. For each day the maximum of the running 8-h average
provided for specific purposes. For example, one of the mairfor O3 is selected and the values over 35 ppb are summed over the
reasons for running the EMEP model is to generate resultsvhole year.

for use in integrated assessment modelling (IAM), and for¢ e jet Ad denote the maximum 8-hourly average ozone (in ppb)

studies on the risks and damages caused by pollution, angh dayd, during a year withNy days (Vy = 365 or 366), then
a number of model outputs are designed with this in mind.sSoM035 can be defined as:

Here we briefly describe some of the most important outputsSOM035: ZZZV-V max(Ag ~350)

11.1 Near-surface concentrations where thanax function evaluates ma#xd — B,0)to A — B for A >
B, or zero ifA < B, ensuring that only\g values exceeding 35 ppb

The basic calculations of the EMEP CTM produce concen-are included. The corresponding unit is ppb days.
trations for model layers. The lowest layer is about 90m _ _
deep, so concentrations from this layer may be interpreted OPr - ~ (Formerly AFstY) — Phyto-toxic ozone dose, is the accu-

. . . mulated stomatal ozone flux over a threshbld.e.:
as being applicable for 45 m above ground level (or stricter,
above displacement heighi). In order to estimate concen-
trations at heights more typical of measurements, typically
around 3m for EMEP observations, or at canopy top forPODy = | max(Fs—Y,0) dr (77
some ozone-flux or AOT40 estimates, we make use of as-
sumption that the vertical deposition flux densif§{(Eq.49)  here stomatal flu¥st (discussed below), and threshold, are in
remains approximately constant within the atmospheric surnmole g m=2 (PLA)s~1 and POD itself has units mmole;@n—2
face layer (e.gTuovinen 2000. Referring to the model con-  (PLA)s~1. This integral is evaluated over time, from the start of the
centrations of speciesat reference heightef of 45m as  growing season (SGS), to the end (EGS).
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AOT40. — is the accumulated amount of ozone over the thresholdTable 7. Ecosystems provided in deposition outputs, and associated
value of 40 ppb, i.e. EMEP landcover categories (see TaBJe

AOT40= [ max(O3 — 40 pph 0.0) dr
where themax function ensures that only ozone values exceeding

Output ecosystem EMEP landcovers

40 ppb are included. The integral is taken over time, namely the label ()

relevant growing season for the vegetation concerned. The corre- Conif CF, NF
sponding unit are ppb hours (abbreviated to ppb h). The usage and Decid DF, BF
definitions of AOT40 have changed over the years though, and also Seminat GR, SNL, MS
differ between UNECE and the EURTAP (2009 give the latest Crops TC,RC,MC

definitions for UNECE work, and describes carefully how AOT40
values are best estimated for local conditions (using information on

real growing seasons for example), and specific types of vegetation . d oh | duct
Further, since @ concentrations can have strong vertical gradients,(e'g' growing seasons and phenology, conductance parame-

it is important to specify the height of thes@oncentrations used. L€rS, €levation effects, soil water parameters, etc.) is too un-

Although the EMEP model now generates a number of related outcerta.i'j‘ to a”QW accurate mapping of the regl ozone f|HX to
puts, the following definitions are usually most relevant: specific species. On the other hand the spatial distribution of

fluxes is so different to that of AOT4@{mpson et a) 20073
AOT40/C. — AOT40 calculated for forests using estimates af O  that calculation of fluxes to a generic species was seen as an
at forest-top (uc: upper-canopy). This AOT40 is that defined forjmprovement upon the continued use of AOT40. It was also
forests byLRTAP (2009, but using a default growing season of acognised that the IAM process (which balances health and
April-September. vegetation impacts from many pollutants, against costs of
AOT4Q/C. — AOTA40 calculated for agricultural crops using esti- emissions measures) could not take into account many differ-
mates of @ at the top of the crop. This AOT40 is close to that gnt types of vegetation, and that only a few flux-maps could
defined for agricultural crops HyRTAP (2009, but using a default o included in the 1AM optimisation work.
growing season of May—July, and a default crop-height of 1 m. Although there are obvious similarities in the methods
AOT4(§5: AOTA. — as above, but using the simple grid-average ysed to model upper-canopy stomatal fluxes)(for the cal-
concentrations from the model’'s 3m level. culation of PO, and modelling of full-canopy fluxes for
deposition purposes, these calculations have important dif-
ferences. Thes; values required for POPrepresent max-
imum uptake to a small portion of the canopy, not net up-
take to the whole canopy. Thegg; calculations are there-

In all cases only daylight hours are included, and for practical rea- : - )
sons we define daylight for the model outputs as the time when thgore performed as a parallel exercise to the deposition mod

solar zenith angle is equal to or less tha.§9he proper UNECE ellln_g_, being performed fro_m within the EMEP model's de-
definition uses clear-sky global radiation exceeding 50Wirro ~ POSition routines, but having no feedback to the canopy-

define daylight). The EU definitions of AOT40 use day hours from Scalé deposition calculations required for the model's atmo-
08:00-20:00. spheric chemistry calculations. Thignt term (see Supple-

. i ment, Sect. A6.2) is based updfy:, and soil-water limita-

For the development of the 1999 “Gothenburg” Protocol tipns usually ignored (i.efsw = 1). Further discussion of
(http://www.unece.org/env/Irtapthe metric used for assess- these type of calculations is given Simpson et al(20073
ing the risk to vegetation was AOT40. However, new critical gngTyovinen et al(2009.
levels based on PGbhave now been agreed/ils et al, For these generic “IAM” species, the suffgen can be
2011b and references therein). For provision of data to sup-gppjied, e.qg. PORgen is used for forests. (POD was intro-
port the use of these new approaches to 1AM, a simplifiedgyced in 2009 as an easier and more descriptive term for the
approach to mapping ozone fluxes was defined BYAP  accumulated ozone flux than the former AFst term. The def-

(2009, in which one generic crop species was defined, andpitions of AFst and POD are identical however.)
two generic forest species. The “IAM” species in TabBes

and Table S16 correspond to these, although the phenology1.4 PM-water

functions are somewhat simplified compared to the latest

(2010) Mapping Manual update. In the model inputs, a tiny PMig and PM s mass determined with a gravimetric method

fraction of IAM_CR, IAM_DF and IAM_MF are added to s likely to include particle-bound water, which does not get

each grid square where any vegetation is present, so we caazompletely removed (or condenses on the particles) under fil-

calculate fluxes even in grids where the landuse data suggegtrs conditioning at temperature 20 and relative humidity

no such species are present, providing a more comprehensivg0 %. To make comparison of calculated Rvand PM 5

and easier to interpret spatial indication of risk. concentrations with gravimetric measurements more consis-
This simplified approach for IAM was adopted because ittent, the model accounts for particle water within the PM

was recognised that our knowledge of many critical inputsmass. The water content in BN and PMg is calculated

The first two “canopy-top” definitions are in accordance with the
recommendations dfRTAP (2009, and the two “grid” values are
for comparison to AOT40 maps derived from observations.
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with the MARS equilibrium modelBinkowski and Shankar  some work is ongoing. To limit the scope, we focus on par-
1999 for the conditions required for filters equilibration, i.e. ticulate matter, which is probably the biggest challenge for
temperature 20C and relative humidity 50 %. As only fine both CTM models and policy development.

SIA aerosols (i.e. Sﬁj, NO; and NI—[{) are included in the

MARS model, the calculated water describes water inBM (i) Aerosol size-distributions

The calculated mass of water is added to both dry Pihd . )
PM;o masses when being compared with measured concenthe standard EMEP model described here uses essentially

trations. Note that the components of sea salt aerosol is ndfV0 Size-modes for particles, although our definitions of
included in the MARS model, leading to some underestima-Particle-size depend a little on the compound. This is a great
tion of particle water. simplification, which can be justified for current needs by

The calculated aerosol water content depends on the mad8€ fact that the present version of model is mainly designed
of soluble PM fraction and on the type of salt mixture in par- {0 c@lculate PMo and PMys mass closure (i.e. concentra-

ticles. Accounting for particle water in calculated Pyand tions and chemical composition), which over the last decade

PMz0 has been shown to improve the general correspondenc@S been the highest priority within the EMEP/LRTAP Con-

between model results and observations. However, there aréention framework. A pragmatic defence of this procedure

caveats to the model esimates of particle-bound water as nf5 that in most comparisons with measurements (eagerii
proper verification of the calculated water content with mea-2nd Aas 2008 Simpson et a).2006h or EMEP status re-

surements is presently available. Further details as well aBOrtS Over many years) the EMEP model has been shown to
results and initial evaluation of model calculation of particle Perform quite well against measured PM mass. Problems are
water can be found ifisyro (2005. clearly ap_pa.rent in some studies, for examplg in cap_turlng
hourly variations in Nr components measured in reactive ni-
trogen components close to agricultural areas @ag.et al,
2012, but it is unclear how far this problem can be related
to size-distribution, and how much is due to other (so far un-

As noted in the Introduction, the intention of this paper hasSC!véd) problems with model resolution or equilibrium dy-

been to document the EMEP MSC-W model version rv4,Namics (e.gAan de Brugh etal2012.
and for reasons of space this has not allowed much discus- Still, the need for a more detailed description of the aerosol

sion of the background for model choices. One motivationsize_-distribution is clearly apparent, on ground_s of scientifi_c
for this focus on documentation is of course the importance’®@lism (to capture the effects of for example in-cloud acti-
of the EMEP model for European air pollution policy formu- vat|qn of pgmcular S|zc_a-fract|ons), an increasing need to link
lations. Another motivation is that the model is being widely [© climate issues (e.g.iu et al, 2012, and also in terms of
used, applied in research projects and/or model intercomparh“ma” health effects, Wherg S|ze.d|str|bujuons are a_Iso impli-
ison excercises, but so far only sparse and incomplete doci£at€d. The challenge here is mainly to find an optimal bal-
mentation has been available for the recent model versions.2NC€ between the number of bins/modes, in order to increase
Indeed, the model has taken part in a large number of aliSm but preventing excessive CPU-increases.
inter-comparisons in recent yea@uvelier et al(2007); van
Loon et al.(2007); Fiore et al(2009; Huijnen et al.(2010);
Jonson et al(20103; Colette et al(2011 2012; Langner  aq noted in Sect.7.6, the MARS module we use for

et al. (2013, among others. In terms of performance, the ya5/aer0s0l partitioning of inorganic compounds into fine-
EMEP model has ranked well in these studies, with CONsistnode aerosol cannot account for sea-salt and dust compo-

tently good performance for different pollutants (0zone, PM, honts and we use a very simplified treatment of nitrate for-
etc.). In terms of complexity the EMEP model is fairly Simi- 1y a4i0n on coarse aerosol. In future we will likely replace
lar to other regional-scale European CTMs, such as MATCHy\,ARS with a more comprehensive module (€Fguntoukis
(Robertson et al1999, CHIMERE Bessagneteta2004, 44 Nenes2007), and likely use a kinetic (rather than equi-

12 Discussion and some future challenges

(i) Gas/aerosol equilibria (inorganic)

or DEHM (Christensen1997 I_:rghn et al. 200J). All of . librium) approach for coarse nitrate formation, with explicit
these models have some flexibility with regard to chemical o ctions of for example HNwith NaCl or dust. We have
schemes, and have zooming-capabilities. indeed been exploring such reactions, but this is ongoing

Given the complexity of any CTM, itis hard to limita dis- \york Apart from the difficulty of predicting such compo-
cussion of where the main limitations in a model are, andpgnts; there are also large gaps in our scientific understanding
indeed it is difficult to know if the main source of uncer- ¢ hitrate composition — there are hardly any measurements

tamty'm.models I|e§ in their meteorological drivers, physical ;¢ .garse-mode nitrate to compare against for example.
descriptions, chemical and/or aerosol schemes, or loss pro-

cesses. The reliability of inputs such as emissions is a major
cause of uncertainty. Here we address just a few areas where
improvements are desired in the next few years, and where
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(iii) Organic aerosol where we obtain more than 40 % higher fine OA with the
inert POA model.

The volatility question is thus important, but one of many
For organic aerosol (OA), there are a large number of prob-uncertainties with regard to OA modelling. There is clearly
lems with all model formulations, something which in- an urgent need for new measurement and inventory data on
evitably follows from the complexity of OA itself, and our emissions and volatility distributions in Europe though, if we
lack of understanding of the underlying science (élgl- are to take account of these properly in future research or
Iquist et al, 2009 Ng et al, 2010. Many of these issues policy-related modelling.
(e.g. large uncertainties in emission inventories from both an-
thropogenic and biogenic sources, or in vapour pressure agiv) Dispersion/resolution issues
sumptions) have been discussed in relation to earlier EMEP
modelling studiesimpson et a).2007h Bergstdm et al, The final major challenge we will mention is that of model
2012, but here we briefly discuss an uncertainty arising fromresolution, especially in the vertical. The EMEP model cur-
the use of the simplified ‘NPAS’ VBS scheme in the standardrently has a lowest layer of about 90 m deep, so gener-
model. The NPAS scheme assumes that POA emissions ca@fes concentration data which is appropriate for about 45 m.
be treated as non-volatile, instead of treating them (and reThis is clearly a simplification, especially in wintertime for
lated emissions of SVOC and IVOC: semi- and intermediate-those pollutants that have major ground-level sources. Wood-
volatilty gases) as components of varying volatility (as in, burning emissions are a clear example of this, and their im-
e.gRobinson et a).2007). In high-emission areas this NPAS portance for wintertime OA concentrations has been stressed
scheme should lead to higher OA compared to a model thatn many studies (se8impson et a).2007h Bergstom et al,
allows evaporation of some of the initially emitted POA. On 2012 and references cited therein), but there is no easy solu-
the other hand, VBS schemes often postulate emissions dfon. Simply reducing the thickness of the lowest model layer
SVOC & IVOC which are supposed to be unaccounted foris also unrealistic, since this quickly leads to an imbalance in
in the official emission inventories (e.@hrivastava et al. the horizontal and vertical scales. It is not realistic for ex-
2008. This is likely more realistic, and provides a larger pool ample to disperse the emissions from a point source through
of VOC compounds from which partitioning to aerosol can 50 km x 50 km in the horizontal, but only 10 m in the verti-
occur, but it is also a large source of uncertainty. cal.

There are two main reasons why we choose to use non- Another major problem for this situation is that modelling
volatile POA emissions in the “standard” EMEP model code Of the stable boundary layers found in wintertime is noto-
(that used for policy-associated runs): (1) The volatility dis- riously difficult, and there is generally very little data with
tribution of POA and associated SVOC and IVOC com- Which to evaluate the vertical dispersion estimated by mod-
pounds is poorly known; the amount of SVOC + IVOC emis- els. Work is also ongoing to find the best compromise in
sions is probably substantial, but so far we have only a verjterms of grid resolution and model physics.
limited number of (American) studies with which to esti-
mate this contribution (e.@hrivastava et 412008; (2) offi-
cial European emission inventories used for policy modelling13 Conclusions
consist of PM compounds which are assumed to be inert,
as well as VOC emissions. No consideration of volatility is The Meteorological Synthesizing Centre — West (MSC-W)
made in either the PM or VOC inventories. For policy mod- of EMEP has been performing model calculations in sup-
elling it is necessary to keep these POA and VOC emissiorport of UNECE for more than 30 years. The EMEP MSC-W
totals the same as in the official emission inventories. chemical transport model is still one of the key models used

In order to assess the sensitivity of the model to this as-n policy support in Europe. It is central to UN-ECE work,
sumption, we have used the schemes present8eigstom with a mandate to provide scientific support to the devel-
et al.2012to compare model versions with and without this opment of air pollution reduction Protocols, and is the sole
inert POA assumption. The results, illustrated in Supplemenfprovider of source-receptor matrices to the IIASA GAINS
Fig. S2, show that total yearly average OA concentrationsmodel (which is central to EU policy work), and is used in
(in PM25) over most of the European land-area are 10—20 %amany EU projects alongside other chemical transport mod-
lower when we use inert POA emissions (NPAS schemeels.
than if we use volatility-based emissions and aging of the The MSC-W models have been increasing in complexity
emitted semi- and intermediate volatility OC emissions — anand capabilities over this time-period, and today the MSC-W
effect of the extra SVOC+IVOC assumed in the PAA VBS model is used to simulate photo-oxidants and both inorganic
scheme which generates more OA because of aging proand organic aerosols, on scales ranging from national studies
cesses. For some high-emission areas the inert assumpti@t ca. 5 km resolution to global scale.
leads to much higher yearly average OA than the volatility The last full documentation of the EMEP MSC-W model
based approach. The biggest effects are found over Pariss almost ten years oldSfmpson et a).20033, referring
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to version rvl.7 (or EMEP-03 for simplicity). The model und Klimaforschung — Troposjhe) was suppored by the a

has changed in numerous ways (both large and small) sincgrant from the Swedish Tellus project (Centre of Earth Systems

this document was written. These changes include revisecience at the University of Gothenburg). Thanks are also due to

methods for calculating mixing heights and eddy diffusion Willem Asman, Bertrand Bessagnet, Eiko Nemitz, Ron Smith,

coefficients (for stable and neutral conditions), new tem-Mark Sutton, Massimo Vieno, Stefan Unger, Guus Velders, and a

poral variation factors (based upon degree-days) for thégrge numberofcoll_eaguesyvho have offered he_IpfuIadwce, correc-
. . . . L tions to documentation, testing of the code, and ideas over the years.

SNAP2 (mainly residential combustion) emission category,

and. changed summer/winter rat?ols for the SNAE—l (povx./erEditecl by: H. C. Hansson

station) category, a complete revision of the spatial mapping

for BVOC emissions (plus an update of the emission fac-

tors), addition of soil NO procedures for both global mod-

elling and finer-scale European modelling, addition of sea-References
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