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The Eulerianacid depositionmodelhasbeendevelopedat MSC-W asa multi-layer modelfor
simulating atmospherictransport and deposition of nitrogen and sulphur compoundsin
Europe.The first versionof the EMEP Eulerianmodelwas developedby Berge (1993a)and
thenmodified and further improved by Jalobsenet al. (1995). At this stage,the modelwas
calledMADESO0 - Multi-level Acid Depositionmodelfor Europewith 50 km resolution.Nitro-
genchemistrywasintroducednto the modelby JonsorandBerge (1995)andanew dry depo-
sitionmodulefor SO,, NO,, HNO3; andNH3 wasimplementedy Jalobseretal., (1996).The
MADES0 modelwasrun for 1992andtheresultscomparedvith measurement@vailablefrom
the EMEP stationsin Europe(Jalobsenetal., 1995;Jonsoretal., 1998a,1998b).Model vali-
dation for 1996 data is described in Olendrzymslal, (1998).

The developmentof the MADES50 model has beendocumentedn mary publications(e.g.
Berge,1993a;Jalobsenet al., 1995;JonsorandBerge, 1995; Jalobsenet al., 1996;Jalobsen
et al., 1997; Bemge, 1997; Berge and Jalobsen,1998). In the descriptionof the MADES0
model gven belev a comprehenge picture of the latest modetnsion is presented.

1 Basic model equations

Concentrationsof nine chemical componentsare computedin the latest version of the
MADES0 model:NO, NO,, PAN, HNO3, NH4NO3, SOy, SO, and[(NH4),SO4+NH4HSOy)/2
furtherreferredas(NH,);, sS0O;,. Derivation of the basicmodelequationdescribing:emission,
atmospherictransport, diffusion, chemical transformationsand deposition of one of the
selectedccompoundsn the o-coordinatesystemcanbe found in Jalobsenet al. (1995). This

equation, formulated in the Polar Stereographic Projection°at B&s the follaing form:
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wherey is the mixing ratio of pollutantmassto air mass;(u,v) are horizontalcomponent®of

the velocity field; m - is the mapfactorfor the PolarStereographi®rojectionat 60°N; g is the
gravitational accelerationp is the air density;K, is the coeficient of vertical diffusionand S
representsll sourceandsink terms,including chemicaltransformationThe vertical coordi-
nateo is defined as:

P—p
0= — 1 @
wherep* = pg - py; pis thepressureto level; pgis the surfacepressurendpr = 100hParep-
resentshe pressuraat the top of the modeldomain.In Equation(1), ¢ = %—?, is the vertical
velocity.

1.2 Advection and diffusion

Secondthird andfourth termin the Equation(1) representidwectionof every pollutantin the
x-horizontal, y-horizontal and-vertical direction, respeetly.

Horizontal diffusion is not calculatedin the modelbecause small amountof the numerical
diffusionis alreadyintroducedby the adwectionalgorithm.Parameterizatiomf vertical diffu-
sion is the sameas in the numericalweatherprediction model LAM50E (Jalobsenet al.,
1995),which wasusedto produceinput meteorologicatiatafor the MADE5S0 model. Thever-
tical diffusion coeficient, K,, is derived from the surfacedrag coeficient (Luis, 1979)in the

surfacelayerbut is only usedfor computingdry depositiorfluxes.Above the surfacelayerthis
coeficient is calculatedbasedon an the empirical formula suggestedy Blackadar(1979)
wherethe mixing lengthandthelocal bulk RichardsorNumberarethe mostimportantparam-
eters:
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whereV,, = (u, V) isthehorizontalvelocity andthe turbulentmixing length,l, is parameter-
ized according to Nordeng (1986):

_DKDZ z<7,
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In Equation(A2.4) Kk is von Karmanconstanik=0.35), z is the heightabovethe groundand
Z,=200 m. The local bulk Richardson Number in the layer of thickdezsss defined as:
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where(AVy) = (Au)2+ (Av)2 andfor anarbitrarystatevariableq, Aq = q(z+ Az) -q(2).
Following Nordeng (1986), critical Richardson Number is defined as

: A
RIC = A _ZZOEF (6)

where A = 0.115B = 0.175 and Az, = 0.0Im. Atmosphereis turbulentwhen Ri <Ri_.
The local eddy diffusivity coefficient is calculated in the model using the following formula:
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where;:
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In the sigma coordinates, diffusion coefficient has the following form:
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1.3 Emissions

Emissionsarethe mostimportantcomponenbn the right-handsideof Equation(1) represent-
ing sourceandsink termsfor the pollutants.The 1996emissioninputto the Eulerianaciddep-
osition model consitstsof griddedannualtotals of high and low-level SO,, NO, and NH.
Low-level emissiongbelov 100 m) areinjectedinto the lowestmodellayer (belov approxi-
mately 90 m) and high-level emissionsare split betweenthe secondthird and fourth model
layerabove the surface,in proportion25%,50% and25%, respectrely. For mostof the Euro-
peancountriesemissioninventoriesin the 50 km grid arebasedon dataofficially reportedto



EMEP by individual countries however, expert estimatesare alsousedfor certainregionsin
Europe.Seasonavariability of the emissionss parameterizeth the model.For SO, andNO,

the GENEMIS country-specificdatabasavas usedto define proportionsof the total annual
emissionsin eachmonth (Barretand Berge, 1996). For ammonia,emissionsare distributed
throughoutheyearwith a sinefunctionwith 30%amplitude andanassumegbeakin summer
Marine biogenicsulphuremissionsvary with seasorandlatitudewith a maximumratein the
North Seain springanda minimumin winter (Tarrasorandlversen 1998).Full descriptionof
the EMEP emission wentories for 1996 can be found in the main report.

1.4 Dry deposition

Dry and wet depositionsare the mostimportantprocessesn removing pollutantsfrom the
atmosphereA detaileddescriptionof the dry depositionparameterizatiomisedin the present
versionof the modelis givenin the EMEP reports(Jonsonand Berge, 1995; Jalobsenet. al.

1996, 1997).

In thesurfaceboundarylayer(SBL), thedry depositiorflux, F, canbedescribedy thefollow-
ing expression:

F = V4(2) Oc(2)-cg (10)

wherec(z) is the concentratiorof pollutantat heightz cq is the concentratiorof pollutantat
the surfaceandVy(z) is thedry depositionvelocity at heightz. If the surfaceis coveredby veg-

etation,a zero-planedisplacementg, is includedinto Equation(A2.10): z - z—d. For the
absorbing sutfce, thecg=0.

For particles:NH4NO3, (NH,)1 550, and SO, the dry depositionvelocity is constantin the

MADES50 model and equalto 0.1 cm s't. For gases:NO,, PAN, HNO3, NH3 and SO,, the

resistanceanalogyis usedin the parameterizatiomf the dry depositionvelocity in Equation
(A2.10):

-1
Vg = (rgtry,+ry) (11)

wherer 4 is thesurfacdayeraerodynamicesistancey, is quasi-laminapr viscous-sublayere-
sistance and, is the surface resistance. The units of all these resistancesidre

1.4.1 Aerodynamic resistance

The SBL resistancéo turbulenttransporiof heatandtracegasis givenby thefollowing equa-
tion:
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Hereu. isthefriction velocity, z, is theroughness¢ength,L is the Monin-Obukhovengthand
K is von Karman’sconstantTheroughnessengthandthe displacemenheightareassumedo
be 10%and70% of the vegetatiorheight,respectivelyln all the calculations¥,, and¥}, are
the similarity functions for momentum and heat, respectively:
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inwhich¢ = (z—d)/L or& = zy/L.

Fromthe weathermredictionmodelLAM50E only averaggyrid cell valuesof ux, T«, L andz,
areavailablefor thedry depositiormodule However in thedry depositiormoduleatmospheric
resistancesr eachEMEPgrid cell arecalculatedirst for everylandusetype.Thereforeaspe-
cial algorithm(Jakobsemrtal., 1996)wasdevelopedo convertgrid averagedaluesof thekey
variablego landusespecificvariablesThisalgorithmis describedy thesetof equationgjiven

below:
0, = |~ (14)
Ps

where U. is thefriction velocity calculatedform the LAM50E model,T is theturbulentstress
andpg is the density of dry air at the surface.
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In Equations(15) and (16), T« and L+ are respectively,scaling temperatureand Monin-
Obukhovliengthfrom the LAM50E model;Hy is theturbulentheatflux, 85 and T4 apotential
temperatureandtemperatureat the surface respectively from the LAMS0E model;c, is the
specific heat at constant pressure for dry air.

Theland usetype specificfriction velocitiesux, specificscalingtemperature3. andspecific



Monin-Obukhov length& are calculated as follows:
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Finally, aerodynamic resistance for each land use type has the following expression:
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Theroughness$engthz, andis givenin Tablel for eachland coverandtwo differentperiods
of the year.

Table 1: Roughness lengths for each sud coer over the land. Units: m

Period of the year
Surface type
OctoberMay May-September

Grass 0.03 0.03
Arable 0.005 0.1
Permanent crops 0.2 0.2
Coniferous forest 2.0 2.0
Deciduous forest 0.1 2.0
Urban 2.0 2.0
Desert 0.001 0.001
Ice 0.001 0.001
Other 0.01 0.02

For water surface the roughness lergtls calculated using Charnock’s formula:
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1.4.2 The quasi-laminar boundary layer resistance

Theformulafrom Hicks etal. (1987)is usedfor calculatingthe quasi-laminaboundarylayer

resistance;,:
/3
rp = 2 [%CDZ (22)
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whereScandPr = 0.72 areSchmidtandPrandtiNumbersrespectivelyTheSchmidtNumber
is definedas:Sc = v/ D;, with v beingkinematicviscosityof air (O.lScrn2 ) andD; themo-
lecularviscosityof pollutanti. The Schmidtand PrandtiNumbercorrectionsor four gasesn
the MADESO0 model are shown in Table 2.

Over seasurface,the quasi-laminaboundarylayer resistancer, is calculatedaccordingto
Hicks and Liss (1976):

C
= — O 2 Cku, = (23)
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Thequasi-laminaboundarylayerresistancery, in Equation(A2.23) canbevery largeor even
negativeontheotherside.Therefore]imits areimposedonthecalculatediry depositionveloc-
ity, so that its minimum is t s and maximum 0.in s?.

Table 2: Schmidt/Prandtl number correction andaifon ratio for @ses in the MADES0
model (DQy,5=0.21cn? s?).

Compound Dh20/Di (Sc/Pry?
SO, 1.9 1.34
NO, 1.6 1.19
NH 1.0 0.87

HNO; 1.9 1.34




1.4.3 Surfaceresistance

Surfaceresistancer, in the MADES0 modelis calculatedor eachland covertype according
tothesocalledRIVM formula(Erismanetal., 1994;Selandetal. 1995;Jakobsertal., 1996):
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wheredifferentsoil resistanc@arameterizationsreusedfor theindividualcompoundsForthe
surface covered by vegetation:

» The stomata resistanceg, IS the resistance amst the transport through the stomata of
leaves and needles.

» Themesophll resistance r,, is theresistanc®f theinternalplanttissuesagainstuptake or
destruction (in terms of chemical reactions).

* The ternal surfice resistancerg,; is the resistance to th&terior plant parts agnst the
uptale or destruction of the compound.

» Thein-canopy aerodynamicesistance ri,. is theresistancagainsttransporof air through
vegetation tavards the soil and Weer plant parts.

* The soil resistancerz; is the resistance agst the destruction or absorption at the soil
surface.

Theoriginal parameterizationf the externalsurfaceresistanceén Equation(24) hasbeenfur-
thermodified (Jakobsertal., 1996)sothatthe Wesley’sapproachs now usedfor calculating
thisterm(Wesley,1989).For surfacesot coveredoy vegetatioror thosewhich arecoveredoy

snow the total surface resistance is set equal to the soil resistance of the selected surface type.

Becausef limited spacene cannot presenta completeparameterizatioonf eachtermin Equa-
tion (24) for all compoundsThefull descriptionof the surfaceresistancgarameterizatioras
well asthediscussiorof differenttermsin Equation(24) canbefoundin (Jakobsermtal., 1996;
1997).

1.4.4 Calculation of the average dry deposition velocity

Foreachcompoundtheaveragelry depositions calculatedseparatelyor thedry andwet part
of the modelgrid cell. The averagedry depositionvelocity, v, overthe entiregrid cell is a
weighted sum of the dry deposition velocities for the wet and dry part of the grid:
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dry (25)

whereN is the numberof !jand coverclassesn thegrid cell, g is thefractionof theland cover
in thegrid cell, vd | andvOI | arethedry depositiorvelocitiesin thewetanddry partof thegrid
cell. Thewetfractionof thegrid - @is equalto zerowhenthegrid cell hasnot beenaffectedby



precipitationin the last six hours.Otherwise g is equalto the maximumcloud coverfraction
aggregated over the vertical column.

1.5 Parameterization of wet deposition

Parameterizatioof thewetdepositiorprocesses the MADES0 modelincludesbothin-cloud
and sub-cloud scavenging of gases and particles.

Following Berge(1993b),in-cloud scavengingoefficientfor gasesaandparticlesis calculated
according to the following formula:

P
W [Az

S = (26)

whereAzis theheightof thegrid cell, Wis cloudwater(in kg of waterm'3) andP is precipitation
releasedrom theindividual grid cell. Theconcentratiothangecausedy wetdepositions ex-
pressed as:

0
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wherec is thetotal concentratior{gas,particlein theaqueouphasepf the pollutantandf,g is
thefraction of the pollutantdissolvedin the droplets.For SO,, the f, canbe calculatedrom
the following relation:

_ 1
fag = T (28)
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whereKy, is theefficientHenry’slaw constantR is thegasconstant[ is temperaturén K and
L is the volumefraction of liquid waterin the total volumeof air. For all othersolublecom-
pounds.,faq = 1 (Jakobsert al, 1996).

The sub-cloud deposition of gases is calculated as described in Jonson and Berge (1995):
a_C = —C E&P Di (29)
ot Az p,,

whereA\ is thesub-cloudscavengingoefficientfor eachgasasgivenin Tablel.3.In thisTable,
function f (t) = sin{ 21((t —80)/366)} describeseasonalariationof thevariablepartof the
scavenging ratio for SCandt is expressed in Julian days.



Table 3: Sub-cloud so&nging codfcients for @ses

Gas Scarenging codicient - A\
SG, 1.5010° + 510%Ht)
HNO; 710

NH3 gulex

Wet deposition rate for particles is described by the following relation (Berge, 1993a):

%:—AD\/I[EEC (30)

whereA=5.2m° kg‘1 st m isthemassof precipitatiomrandE isthemeancollectionefficiency
(E= (1).1). PrecipitationmassM is calculatedassuminga fall speedfor the dropletsequalto
S5ms-.

1.6 Chemical reactionsfor nitrogen and sulphur

A schematigllustrationof the nitrogenandsulphurchemistryin the MADES50 modelis shavn
in Figure 1.

Themainpartof the chemicalreactionschemen the modelfollows the schemeoriginally ap-
pliedin Hov etal. (1988).A thoroughdescriptionof theoriginal schemas alsosuppliedin Ba-
rettetal. (1995).Comparedo theoriginalschemeappliedin theLagrangiarEMEPmodel(see
Appendix Al) severalchangeshavebeenmade.The numberof chemicalcomponenthave
beenreducedrom 10to 9, asthe‘unspecified’NO3™ particle(particulatenitratenotin theform

of ammoniumitratei.e. seasaltparticles)is nolongerincluded.Furthermorethe oxidationof

SO, to sulphates parametrizedsa function of cloud coverandwatercontent.n addition,all

reaction rates are updated according to more recent references (Atiadph996).

Chemicalevolutionis calculatedevery200sec.for NO,NO,, PAN,HNO3, NH4NO5, SO, and
(NH4)1 550;. In additionto these concentration®f ozone(O3), hydroxyl (OH), peroxyacetol
(CH3COO0,) radicalsand hydrogenperoxide (H,0,) are requiredfor the chemicalscheme.

These are prescribed values described along with the boundary conditions in section A2.7.

Following Jakobsertal., (1997),all chemicalreactionsandreactionrateswith referencesare
listed in Tables 4 and 5.
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Figure A2.1. Schematidllustration of the MADE50 model chemicalscheme Dashedboxes
denotenitrate and sulphateparticlesoccurringin two forms. Solid and dashechick arrows
represent dry and wet deposition, respedtyi

Table 4. Two-body reactions

Reaction Ko EJ/R ref/note
R1 | NOy+hv - NO+O noté@
R2 | NO+O3 -~ NO;*+O; 1.8 x 10712 1370 | C/notd
R3 | 2NO,+O5+H,0 - 2NOy+2H™+0O, |1.2 x 1013 2450 | Clsee trt
R4 | NH4+HNO; _ NH/NO; see tat
R5 | SO+ OH - - sulphate 20 x 1012 C
R6 | 3NH+2S0% . 2 (NHg)1 550,% see tet

a. Dissociatiorratefor NO5: J= 0.01x exp(-0.39sed) , where isthesolarzenithangle.Below clouds

the dissociation rate is reduced byaatbr of 0.5 times the fractional cloudven
b. Ozone concentrations from Berntsen (1994), sde te

For two-body eactions the tempature dependentate constant (cfimoleculed s1) given by:
k = koexp(—Ea/(RT)) and T is tempaiture in Kelvins. C is Atkinson et al. (1996).
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Table 5: Three-body reactions

Reaction Ko Keo ref.
R7 |OH+NG+M - 2.6E-30(T/3007N, | 6.7E-11(T/3000:6 | A
HNO3 + M
R8 | NO, + CHCOO,+M  ~ | 2 7E-28(T/300) N, | 1.2E-11(T/300° | A
PAN + M
RO |PAN+M - 4.9E-3 §121007TN, | 4.0E+16 £13600/D) | A
CH5COO, + NO, + M

For 3-body eactions tempature and pessue dependantate constants (chmoleculed s are given by
—1
2

0 koMM g E*0g((kg(TIM)/ (k(T)) T

= F
7 kgMM/ (ke (T ©
air and T is tempexture in Kelvins. R is 0.3 for R11, else 0.6, A is Atkinson et al. (1996).

where M is themoleculedensityof

Providedthatthe concentratiorof peroxyradicalsis low, theratio betweerNO andNO is to
a good approximation determined by thgddncentration through the reaction: R2:
NO +O; - NO,+ O, and the photolytic reaction R1: N@ v -~ NO + O.

Underclearsky conditionsthedissociatiorratefor NO, (R7) is assumedonstanin the verti-
cal. Below cloudsthe dissociatiorrateis reducedoy a factorof 0.5 timesthe fractionalcloud
cover.In particularover pollutedareasn summerthe concentratiorof peroxyradicalscanbe
significant. If so, the NO to N&ratio is likely to be overestimated by the model.

PAN (peroxyacetylnitrateis formedwhenNO, reactswith theperoxyacetytadical(R8).In ad-
dition to dry deposition,PAN is thermallydecomposedTlhe thermaldecompositions highly
temperaturelependentln high latitudesin winter or in the uppertropospherewheretempera
turesarelow, PAN is stable As it is advectedsouth(or down)it is thermallydecomposedict-
ing as a reservoir for NO

HNO; is producedrom NO, Themostimportantproductionterm(especiallyin summer)sthe
reactionwith OH (R7),giving HNOj3. Thenighttime productionof HNOg is assumedio belim-
ited by thereactionNO, +O3 - NO3+0O,. This assumptioronly holdsin the presencef a
sufficientnumberof aerosolsandprovidedthatthe humidity is abovethe deliquescencpoint.
(Platt,1986;DentenerandCrutzen1993).Thenumberof particleswill usuallydecreaseapidly
with heightabovethe planetaryboundarylayer. Thusthis reactionis assumedo takeplacein
thelowest8 layersof the modelonly (belowapproximatelyl500meters).This processs pre-
viously describedn JonsorandBerge(1995),andthe parameterizatioof this reactionwill not
bediscussedurtherhere. Therearehoweverdargeuncertaintieselatedto this partof thechem-
istry scheme.

Theformationof ammoniumsulphates assumedo occurinstantaneouslygnly limited by the

availability of NH, and SO;2". Ammonium sulphatemay existin two forms, (NH4),SO, or
NH4HSG;. It is assumed that the concentrations of the two forms are equal.

12



ProvidedthatNH, is in exces®f sulphateammoniummitrateis formed.Theformationof am-
moniumnitrateis dependanontemperatur@ndrelativehumidity. This processs describedn
more detail in Hoet al. (1988). We first calculate the equilibrium concentration ogNH

NH3—HNO;  [NH3—HNOZ?
_ 3 3 3 3

The equilibrium concentration of NHNOs is derived from NH:
NH,NOseq = NH4NO3+(NH3—NH3eq) (32)

Providedthatthe differencebetweenthe equilibrium concentratiorandthe former concentra-
tion is smallerthanthe former concentrationthe equilibrium concentratiorbecomeshe new
concentratiorfor ammoniumnitrate. Ammoniaandnitric oxide areadjustedaccordingly.The
equilibrium constant , is determined as described below.

The Equilibrium reactionbetweerHNO5; andNH, (R6) is calculatedaccordingto therecom-
mendationdy Mozurkewich(1993).Below the point of deliquescencé¢he equilibrium con-
stant,Ky, is given by the equation:

—6.025n(T) (33)

_ 24084
InKp = 118.87+ T

whereT is thetemperaturen Kelvins. Above the point of deliquescencéhe equilibrium con-
stant, now denoteld,,qis given by:

_ RH[ RH[f RH[T7°
Kpaq"[Pl_PZ%L_ﬁdf%%_ﬁdﬂ “lo0 e G

Both Ky, andKp,qarein units of (molecules:m'3)2. RH s therelativehumidity in percentand
P1, P, andP; are defined as:

8763

NPy = —135.94+ =27+ 19.12n(T)
9969

INP, = —122.65+ ===+ 16.22n(T) (35)
13875

NPy = —182.61+ ===+ 2446in(T)

13



A2.6.1 Oxidation of SO,

Within the clouds we assume that Hesrlgv applies:
[C] = H CPC (36)

where[C] is the concentratiorof any solublegasC (in mol I1) in the aqueougphaseH. its
Henry’slaw coefficientandP. the partial pressureof C in the gasphase Within the aqueous
phasemanysolublegasesundergorapld reversiblereactionssuchasacid-baseonization. It |s
thereforeconveniento extendthe definition aboveto anefficientHenry’slaw coefficientHe™,
referringto the total amountdissolved(Schwartz,1986).Equilibrium reactionsand solublllty
constants for these reactions are given in Table A2.6.

Table 6: Equilibrium reactions and solubility constants

Reaction Koog AH/R ref.
Hsoz | SO0~ SGaq 1.23 3020 1
Ki | s0,aqe HSO; + H 1.23 107 2010 1
Hhoo2 | H202 9 « HyO5 aq 7.1 10 6800 2
Hos | O39 - Ozaq 1.13 102 2300 3

Koggin mol It atmi? for Henry’slaw constantsandmol 1L for agueougphaseequilibrium(K1). Thetempeature
dependantate is calculated byK = K298exp|:| OR. D[{1/T 1/298)D

1) is Smith and Martell (1976), 2) is Martin and Daimsg (1981) and 3) isd¢ak-Channing and Helz (1983).

In the case of S&xhe efficient Henry’s law coefficient is defined as:

S [] K K,.K,O
HE = ST = Hgp [+ — + ——L (37)
S0, SR R

where $ is the total amount of diss@ud SQ.

In orderto find an expressiorfor the total concentratior{CT] (gasandliquid - mol Ia,r'l) we
makeuseof theidealgaslaw, P, = [C IRT, where[C ] is thegasphaseconcentratiorof C

(moll,, 4, Ris theunlversalgasconstan'andT is temperature\Nlthln thecloudthetotal con-
centration can be expressed as:

-1
[C,] = [Caq]%L+(H§ff (RO klw) = (38)
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andthusthe fraction of the total massremainingin theinterstitial cloud air f andthe fraction
absorbed by the droplets can be calculated:

[Coql 1
— g' _ -
T 1+(Ho [RLT Tlw)

A2.6.1.1 Gas phase oxidation of SO,

Within agrid cell thegasphaseoxidationof SO, to sulphatgR5, TableA2.4) takesplaceboth

in the cloudsandin the cloudfree fraction of the grid cells. In cloudy air only the fraction of

total SO, remainingn thegasphasas oxidized.We havefoundit conveniento defineapseudo
reaction rateklz', where the reaction rate is reduced instead of the concentration:

I
kio = klZ(fg(SOZ)CI +1-cl) (40)

Thustheproductionof sulphatean thegasphasecanbewritten Pgy, = k'12 x SO,(tot) x OH,
where SQ(tot) is the total (gas- and liquid-phase) concentration gf SO

A2.6.1.2 Aqueous phase oxidation of SO,

In theaqueouphasewe assumehatSG, is oxidizedto sulphuricacid by dissolvedH,0, and
O3 with the rate expression:

Po = Kg1[H50,1[SO,] + kC|2[H+][O3]([Soz] + [HSO-3]) (41)

wherethereactionratefor oxidationby H,O5, k. ; = 8.3 % 10° morYy (MartinandDamschen,

-0.4
1981)andthereactionratefor the oxidationby Og, k,, = 1.8x 104[H+] moll (Moller,
1980).

As wedid for thegasphasegroductiondescribecibove we definepseudaeactiorratestaking
into accountthe solubility of SO,, H,O, and O3, the liquid water contentand the fractional
cloud cover.

3
k ,.x10" H
I Kenn S02
i1 = A Coiw DHeff Of O, [l (42)
S02

Kk
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wherefg, fy andfqz arethefractionof SO,, H,0, andO3 dissolvedn thedroplets.Concentra-
tionsof ozoneandhydrogerperoxideareprescribedOzoneconcentrationareprescribedJon-
sonandBerge,1995).0zoneconcentrationareabout30 pph, in theboundaryayer,increasing
gradually with height to about 100 ppin the upper troposphere.

In theaqueouphasehereactionbetweerH,0, andSGO, is very fast,sothattheleastabundant
of thetwo is depletedwithin afew minutesaftertheair entershecloud.In orderto simulatea
reductionin thein-cloud hydrogerperoxideconcentrationsvhenSO, concentrationsrehigh,
hydrogen peroxide is reduced according to the expression:

H202 + 502

I

WhereH20'2 denoteghetotal (gasandliquid) concentratiorof hydrogenperoxidein thecloud.
Thus,wheneveiSG, is in exces®f H,0,, theoxidationis reducedTheaboveformulationsare
likely to underestimatéhe rapid oxidationin newly formedclouds,andin partsof the clouds
wheredry air is entrainednto the cloud. At the sametime the oxidationcanbe overestimated
in aged cloud environments with virtually ne®j left.

With thedefinitionsabove theoxidationof SG, to sulphaten bothgas-andaqueouphasecan
be expressed as:

P = (K12% OH +K ; X H,0, + ki, » x 05)SO,(tot) (45)

witg total concentrationggasandliquid) of SO,(tot), H,O,, O3 and OH given asmolecules
cm®air.

A2.7 Initial and boundary conditions

Initial boundaryconditionsfor the modelrun assumezeroconcentration®f NO, NO,, PAN,
NH3, HNO3, NH,NO3, SOy, SO, and (NH4) sSO; in each grid cell of the model domain.

Thereare threetypesof the boundaryconditionsin the MADE50 model. Closedboundary
conditionsareusedat thetop of themodeldomain(100hPa - atapproximatelyl5 km). At the

surface,the flux of pollutantsto the groundis determinedoy dry deposition,wet deposition
andemission®f SO,, NO, andNH3. Openboundaryconditionsareusedat lateralboundaries
of the modeldomain.For sulphur the lateralboundaryconcentrationarebasedon seasonally
averagedconcentrationgrom a hemispherianodel(Tarrasorandlversen,1996),andfor NO,

NO,, HNO3; and PAN on monthly averagedconcentrationgrom the global ChemicalTracer
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Model - CTM (Berntsen1994).0zoneconcentrationsjsedin the chemistrycalculationsare
alsotakenfrom theglobal CTM. No inflow of ammoniaconcentrationss assumedhroughthe
lateral boundaries.

Concentrationsf OH andCH3COO, areprescribedy simplefunctionsof thesolarzenithan-
gle, 8, asdescribed in Table A2.7.

Table 7: Prescribed concentrations of OH and{CI®0, in molecules ci.

Compound Night Day
OH 104 10% + 4x10Pexp(-0.25/co8)
CH3COG, 10° 0.5 (105 + 4x 10°exp(-0.25/co8)

Also hydrogenperoxide concentrationsaveto be prescribedfor the chemicalpart of the
MADES50 model.Theseconcentrationarehighly variablebothin spaceandtime.H,0, is pro-
ducedby thereaction'HO, + HO, - H,0, + O,. As theabundancef HO, depend®nthe
photodissociatiomf ozone,hydrogenperoxideconcentrationfiavea markedseasonataria-
tion. In pollutedareaqwith high NO,)) HO, readilyreactswith NO, reducingthe productionof
hydrogenperoxide.In the modelcalculationsve assumean annualaverageconcentratiorof
H,0, of 0.35pph,, with sinusoidalariationof 0.3 pph, anda maximumconcentrationn sum-
mer.

A2.8 Numerical grid system and meteorological input data

The model domain hasbeenselectedto cover arealarge enoughto avoid the influence of
boundaryconditionson the meteorologicalparametersThis areacovers not only Europe,
whichis of themaininterest,but alsoa large partof the Atlantic Oceanfrom whereair masses
are \ery often coming to Europe.

The basic model Equation(A2.1) is solved in the numericalgrid systemwhich is shavn
togethemwith themodeldomainin FigureA2.2. TheEMEP areawhereemissionsarereported
by Europearcountriesunderthe Corventionon Long-RangeTlransboundanAir Pollution,is
alsoshawn in FigureA2.2. For eachgrid cell, emissionsaarecomputedasthe annualsumfrom
the entire grid cell. The vertical model structureis shavn in Figure A2.3. Concentrationst
eachtime steparecomputedn 20 sigmalayers,in the centreof eachthree-dimensionajrid
cell. Usually 10 layersareplacedbelav 2 km to obtainhigh resolutionof the boundarylayer
wherethe mostof the long rangetransporttakes place.Three-dimensionagrid systemof the
MADES0 model domain consists of 401 660 three-dimensional grid cells.

The MADES0 modelrequiresvery large amountof meteorologicainput data.To fulfil this
requirement specialversionof the NumericalWeatherPrediction(NWP) modelof the Nor-
wegianMeteorologicalnstitute LAM50E (GrgnasandMidtbg, 1984;Nordeng,1986)wasrun
for theentire1996.A moredetailedinformationaboutthe NWP modelsavailableat the Nor-
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wegian Meteorological Institute for the EMEP purposesyegin Appendix Al.
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Figure A2.2. Horizontaldomainandnumericalgrid of the MADES0 model.Grid sizeis 50 km
at60°N. Emissionsandmeteorologicainput dataareassignedo the centreof each50 km x 50
km grid cell. Model outputis computedn the samenodes.The EMEPregion,in FigureA2.2,
Is marked with thick lines at the borders and shaded area inside.

Table 8: The most important meteorological input fields for the MADES50 model

Field Level Field Level
U - x-component of the wind all levels P - rate of precipitation release all levels
V - y-component of the wind all levels ps - surfice pressure surface
G - vertical \elocity ino-coordinates all levels Hs - surface flux of sensible heat surface
0 - potential temperature all levels H, - suriace flux of latent heat surface
g - specific humidity all levels T - surface stress surface
C, - Cloud water all levels Tom - temperature at 2 m surface
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For generatingneteorologicablata,the LAM50E modelwasrun for 12 hourly intervals, pro-
ducingmeteorologicatlatafor the lastsix hoursof the forecast.The mostimportantmeteoro-
logical input fields for the MADES0 modelarelistedin TableA2.4. Meteorologicainputdata
for all 3-D grid cells of the MADES50 modelareupdatedevery six hour andlinearly interpo-
lated in time during the model run.

Sigma levels in the MADE-50 model
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Figure A2.3. Vertical structureof the MADE-50 model. Thetropospheres representeth the
modelby 20 sigmalayers.Sigmavaluesfor eachlevel areshavn on the left handside of the
figure. The correspondindneightabove the ground,computedfor the standarcatmosphereis
given on the right hand side.
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A2.9 Numerical solution of the model equations

Main modelEquationA2.1 is solvednumericallyby usingfractionaltime stepmethod(McRae
etal., 1982).In this approachdifferent physical and chemicalprocessesre representedby
separateumericaloperatorsvhich aresuccessiely appliedby intermediatdime integrations.
A central-diferenceschemeis appliedfor spacediscretizationof the vertical diffusion and
Bott's method for the numerical approximation of horizontal artlcal adection.

Fromthe numericalpoint of view, solutionof the advectionpartof EquationA2.1 is the most
difficult andrequiresan efficient andwell testedalgorithm.The chosenalgorithm,developed
by Bott (1989a,1989b),is massconservingpositive definiteandfastin application.A fourth

orderversionof this algorithmis usedfor the horizontalcomponent®f the velocity field and
thesecondorder irregulargrid versionfor theverticalcomponentThe versionof Bott's algo-
rithm appliedfor the vertical advectionhasbeendevelopedat MSC-W in collaborationwith

Bott.

Time stepin themodelcomputationss equalto 10 minutesandis mainly limited by thevertical
advectionThe CourantNumberis checkedeverytime stepduring the modelrun andwhenit

exceedne,the time stepfor the vertical advectionanddiffusion is reducedo five minutes.
For the 1996 meteorology it was found to be a sufficient solution.

A2.10 Computer implementation and performance of the model

Oneyearsimulationwith the latestversionof the MADES50 modelwould requiresweeksof
CPUtime ontraditionalsequentiabupercomputerd.hereforethe modelwasimplementedn
the parallel CRAY T3E computerin Trondheim- Norway. Theoreticaland practicaldetails
aboutthe parallelizationandcomputerimplementatiorof the modelcanbefoundin Skalinet
al., (1995). Bela, we present some results from the model performance analysis.

Computationakfficiengy of the modelwas analysedntroducingtime measurementfor the
main sggmentsof the codeby meansof irtc()-calls. Testrunshave beendonefor a realtime
periodof 1 day, i.e. nterm=5wassetandconsequently stepsof 6 hoursweredone.Runswere
performedon4, 8, 16,24 and32 processorsassuming fixeddecompositionnto 4 partsin the
y-directionand a decompositioninto 1, 2, 4, 6, 8 partsrespectrely in the x-direction. The
highernumberof processor the x directionwaschosensincethe total numberof pointsin
thisdirection(151grid points)betterfits adivisioninto 8 partsthanthe numberof pointsin the
y-direction (133 grid points).

Fromthe measuredime characteristicef the modelonecomesto the following conclusions:
1. Thereis a superlinearspeed-umf the whole modelfor up to 32 processorselativeto the4
processorsun. 2. This superlinear speed-ugomesmostly from the vertical advection/diffu-
sionpart(speed-umf 9.920f 32 processorsvith respecto 4 processorsandfrom thechemis-
try solver(speed-umf 14.450f 32 processorsvith respecto 4 processorsy3. Thesetwo parts
of the programrequirethe largestpart of the CPU-timeof the model (about60%for a 4 proc-
essorrun and41%for a 32 processorun). The two otherpartsrequiringlargefraction of the
CPU-time(horizontaladvectionandpreparatiorof the ratesandcoefficientsfor the chemistry
solver(together34%for 4 processorand35.5%for 32 processorshavea nearlylinearscaling
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factor. Consequentlyto shortenthe computatiortime of the modelonehasto look a little bit
closer at the advection modules and the chemistry solver.

Theadvections doneby afourth orderBott-schemen the horizontalanda seconcdrderBott-
scheman thevertical. A considerablg@artof the calculationan theseschemess independent
of theactualspeciego betransportedThis partof computationdradbeendoneseparatelyor
eachspeciesn the previousversionof themodel. Thesesubroutinesverereformulatedo per-
form asmuchaspossiblecalculationonly oncefor all speciesThecomputedirectiondepend-
entfluxesweresubsequentlgppliedto all speciesn onepassHerearisesanotheiproblem:in
the original formulation the concentratiorarray had the structureof indices(i,j,k,n), conse-
guently,thespecieslependentoordinatén’ wastheslowestvaryingindex.To avoidintroduc-
tion of largeadditional3D arraysfor thefluxes, etc.andto hold the structureof the advection
routinesasit is (with local 1D or 2D arrays- onegeometriadimensiont specieslimension}the
orderof indicesin the concentratiorarrayhasbeenchangedo (n,i,j,k). Sincenow the species
dependenindexis the fastestvarying,theloop overthe speciexanbetheinnermost,thein-
flow/outflow testsin the advectionroutinecanbe movedout of thisloop andthe codecanbe
highly optimizedby thecompiler.Theresultinghorizontaladvectioncodeis about5 timesfast-
erthantheold one,theverticaladvection/diffusiorcode ,which allowed,in addition,otherop-
timization steps,becamemorethan 10 timesfasterin the 4 processorgaseand morethan8
timesfasterin the 32 processorgase.Of course the high superlinear speed-umow disap-
pearedjt remainsonly smallsuperlinearspeed-upn the advectionin the y-direction(second
geometriccoordinate pndverticaladvection(third geometriccoordinatexomingfrom thefact,
thatthe programhasto accesslatain the memory,which areseparatedyy smallerstridesfor
higher processor numbers.

The samereorderingof indicesin the concentratiorarrayimprovesperformanceof the chem-
istry solverandof the preparatiorphasetoo, sincenow concentratiorvaluesfor onepoint of
thedomainlay in thememoryoneafteranotherandaremuchfasterto accessThesupeiinear
speedup camemainly from thefollowing: Thesolversolvesatoncethechemicalequationgor
onehorizontalline. If thisline is toolong, thearraysdo notfit into cachdeadingto cachecon-
flicts. A lengthof about20for 32 processorgivesa performancemprovemenbf nearlyafac-
tor of 2 compared with the length 150 for a 4 processor run.

In addition,chemistrysystemhasto be solvedin theinnerpartof the domainonly, leadingto
thefact, thatthe lower/uppertboundsof the arraysarenot known at compiletime avoidingthe
compilerfrom doing maximumpossibleoptimization.Herefollowing changehasbeendone:
computatiorline is now a verticalline. This mayleadto alittle bit decreasingperformancen
the copyingphaseof concentrationso working arrays,but it is morethanrepaidby the fact,
thatnowlowerandupperboundsof thearraysareknownat compiletime (andareindependent
of thenumberof processors)n the preparatiorof coefficientsfor thesolverlargetimeis spent
in computingpowerfunctions.Sincethecorrespondingowersandbasesareclearlyawayfrom
zero,the powerfunctionx**y canbereplacedoy exp(y*log(x))whichis muchfaster.This all
together results in 3 times faster execution of the chemistry in the new model.

Theresultingcomputatiorntime for the new versionof the whole modelis morethan4 times
shorterfor the 4 processorgaseandmorethan3 timesshorterin the 32 processorgase.The
high superlinear speed-upslisappeaindicatingthatthe new programmakesbetteruseof the
cachealreadyfor smallerprocessonumbersThespeed-ugharacteristicef theprogramcon-
sequently are smallernow, neverthelessemainingquite high: For the part executedat each
time stepspeed-ugor 32 processorsvith respecto 4 processorss 7.4, the advectionshows
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slightsuperinearspeed-umf 8.08. Theresultsof the computationamodelperformancenal-
ysis are illustrated in Figure A2.4.
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Figure A2.4. Speed-upactorfor the MADES0 modelparallelcomputationssafunctionof a
number of processors involved in the computations.

Froma practicalpoint of view the mainconclusionis thefollowing: A computationwhichre-
quiredin the pastthe useof 32 processorsannow be doneon 8 processorfn evensomewhat
shorter time. A one months run can be performed in 90 minutes on 8 processors.
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