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Description of the Eulerian Acid Deposition Model

Jerzy Bartnicki, Krzysztof Olendrzynski, Jan Eiof Jonson,
Erik Berge and Steffen Unger+

TheEulerianaciddepositionmodelhasbeendevelopedat MSC-W asa multi-layermodelfor
simulating atmospherictransport and deposition of nitrogen and sulphur compoundsin
Europe.The first versionof the EMEP Eulerianmodelwasdevelopedby Berge (1993a)and
thenmodifiedandfurther improved by Jakobsenet al. (1995).At this stage,the modelwas
calledMADE50 - Multi-level Acid Depositionmodelfor Europewith 50km resolution.Nitro-
genchemistrywasintroducedinto themodelby JonsonandBerge(1995)andanew dry depo-
sitionmodulefor SO2, NO2, HNO3 andNH3 wasimplementedby Jakobsenetal., (1996).The
MADE50 modelwasrun for 1992andtheresultscomparedwith measurementsavailablefrom
theEMEPstationsin Europe(Jakobsenet al., 1995;Jonsonet al., 1998a,1998b).Model vali-
dation for 1996 data is described in Olendrzynskiet al., (1998).

The developmentof the MADE50 model hasbeendocumentedin many publications(e.g.
Berge,1993a;Jakobsenet al., 1995;JonsonandBerge,1995;Jakobsenet al., 1996;Jakobsen
et al., 1997; Berge, 1997; Berge and Jakobsen,1998). In the descriptionof the MADE50
model given below a comprehensive picture of the latest model version is presented.

1 Basic model equations

Concentrationsof nine chemical componentsare computedin the latest version of the
MADE50 model:NO, NO2, PAN, HNO3, NH4NO3, SO4, SO2 and[(NH4)2SO4+NH4HSO4]/2
further referredas(NH4)1.5SO4. Derivationof thebasicmodelequationdescribing:emission,
atmospherictransport,diffusion, chemical transformationsand deposition of one of the
selectedcompoundsin the σ-coordinatesystemcanbe found in Jakobsenet al. (1995).This

equation, formulated in the Polar Stereographic Projection at 60oN has the following form:

(1)
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whereψ is themixing ratio of pollutantmassto air mass;(u,v) arehorizontalcomponentsof

thevelocity field; m - is themapfactorfor thePolarStereographicProjectionat 60oN; g is the
gravitationalacceleration;ρ is theair density;Kz is thecoefficient of vertical diffusionandS
representsall sourceandsink terms,including chemicaltransformation.The vertical coordi-
nateσ is defined as:

(2)

wherep* = ps - pT; p is thepressureatσ level; ps is thesurfacepressureandpT = 100hParep-

resentsthepressureat the top of themodeldomain.In Equation(1), , is thevertical

velocity.

1.2 Advection and diffusion

Second,third andfourth termin theEquation(1) representadvectionof every pollutantin the
x-horizontal, y-horizontal andσ-vertical direction, respectively.

Horizontaldiffusion is not calculatedin the modelbecausea small amountof the numerical
diffusion is alreadyintroducedby theadvectionalgorithm.Parameterizationof verticaldiffu-
sion is the sameas in the numericalweatherpredictionmodel LAM50E (Jakobsenet al.,
1995),whichwasusedto produceinputmeteorologicaldatafor theMADE50 model.Thever-
tical diffusion coefficient, Kz, is derived from the surfacedragcoefficient (Luis, 1979)in the
surfacelayerbut is only usedfor computingdry depositionfluxes.Above thesurfacelayerthis
coefficient is calculatedbasedon an the empirical formula suggestedby Blackadar(1979)
wherethemixing lengthandthelocalbulk RichardsonNumberarethemostimportantparam-
eters:

(3)

where is thehorizontalvelocity andtheturbulentmixing length,l, is parameter-
ized according to Nordeng (1986):

(4)

In Equation(A2.4) κ is von Karmanconstant(κ=0.35), z is theheightabovethegroundand
zm=200 m. The local bulk Richardson Number in the layer of thickness,∆z, is defined as:
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(5)

where andfor anarbitrarystatevariableq, .
Following Nordeng (1986), critical Richardson Number is defined as

(6)

where and . Atmosphereis turbulentwhen .
The local eddy diffusivity coefficient is calculated in the model using the following formula:

(7)

where:

(8)

In the sigma coordinates, diffusion coefficient has the following form:

(9)

1.3 Emissions

Emissionsarethemostimportantcomponenton theright-handsideof Equation(1) represent-
ing sourceandsink termsfor thepollutants.The1996emissioninput to theEulerianaciddep-
osition model consitstsof griddedannualtotals of high and low-level SO2, NOx and NH3.
Low-level emissions(below 100 m) areinjectedinto the lowestmodellayer (below approxi-
mately90 m) andhigh-level emissionsaresplit betweenthe second,third andfourth model
layerabove thesurface,in proportions25%,50%and25%,respectively. For mostof theEuro-
peancountriesemissioninventoriesin the50 km grid arebasedon dataofficially reportedto
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EMEP by individual countries,however, expert estimatesarealsousedfor certainregionsin
Europe.Seasonalvariability of theemissionsis parameterizedin themodel.For SO2 andNOx
the GENEMIS country-specificdatabasewas usedto defineproportionsof the total annual
emissionsin eachmonth (Barret and Berge, 1996).For ammonia,emissionsare distributed
throughouttheyearwith asinefunctionwith 30%amplitude,andanassumedpeakin summer.
Marinebiogenicsulphuremissionsvary with seasonandlatitudewith a maximumratein the
NorthSeain springandaminimumin winter (TarrasonandIversen,1998).Full descriptionof
the EMEP emission inventories for 1996 can be found in the main report.

1.4 Dry deposition

Dry and wet depositionsare the most importantprocessesin removing pollutantsfrom the
atmosphere.A detaileddescriptionof thedry depositionparameterizationusedin thepresent
versionof the modelis given in the EMEP reports(JonsonandBerge,1995;Jakobsenet. al.
1996, 1997).

In thesurfaceboundarylayer(SBL), thedry depositionflux, F, canbedescribedby thefollow-
ing expression:

(10)

wherec(z) is the concentrationof pollutantat heightz; cs is the concentrationof pollutantat
thesurfaceandVd(z) is thedry depositionvelocityatheightz. If thesurfaceis coveredby veg-

etation,a zero-planedisplacement,d, is includedinto Equation(A2.10): . For the
absorbing surface, thecs=0.

For particles:NH4NO3, (NH4)1.5SO4 andSO4 the dry depositionvelocity is constantin the

MADE50 model and equalto 0.1 cm s-1. For gases:NO2, PAN, HNO3, NH3 and SO2, the
resistanceanalogyis usedin the parameterizationof the dry depositionvelocity in Equation
(A2.10):

(11)

wherera is thesurfacelayeraerodynamicresistance;rb is quasi-laminaror viscous-sublayerre-
sistance andrs is the surface resistance. The units of all these resistances ares m-1.

1.4.1 Aerodynamic resistance

TheSBL resistanceto turbulenttransportof heatandtracegasis givenby thefollowing equa-
tion:
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(12)

Here is thefriction velocity,z0 is theroughnesslength,L is theMonin-Obukhovlengthand
κ is von Karman’sconstant.Theroughnesslengthandthedisplacementheightareassumedto
be10%and70%of thevegetationheight,respectively.In all thecalculations,Ψm andΨh are
the similarity functions for momentum and heat, respectively:

(13)

in which  or .

FromtheweatherpredictionmodelLAM50E only averagegrid cell valuesof u* , T* , L andz0
areavailablefor thedrydepositionmodule.However,in thedrydepositionmoduleatmospheric
resistancesin eachEMEPgrid cell arecalculatedfirst for everylandusetype.Therefore,aspe-
cial algorithm(Jakobsenetal., 1996)wasdevelopedto convertgrid averagedvaluesof thekey
variablesto landusespecificvariables.Thisalgorithmis describedby thesetof equationsgiven
below:

(14)

where is thefriction velocity calculatedform theLAM50E model,τ is theturbulentstress
and  is the density of dry air at the surface.

(15)

(16)

In Equations(15) and (16), and are respectively,scaling temperatureand Monin-
Obukhovlengthfrom theLAM50E model; is theturbulentheatflux, and apotential
temperatureandtemperatureat the surface,respectively,from the LAM50E model;cp is the
specific heat at constant pressure for dry air.
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Monin-Obukhov lengthsL are calculated as follows:

(17)

(18)

(19)

Finally, aerodynamic resistance for each land use type has the following expression:

(20)

Theroughnesslengthz0 andis givenin Table1 for eachlandcoverandtwo differentperiods
of the year.

For water surface the roughness lengthz0 is calculated using Charnock’s formula:

Table 1: Roughness lengths for each surface cover over the land. Units: m.

Surface type
Period of the year

October-May May-September

Grass 0.03 0.03

Arable 0.005 0.1

Permanent crops 0.2 0.2
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Ice 0.001 0.001

Other 0.01 0.02
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(21)

1.4.2 The quasi-laminar boundary layer resistance

Theformulafrom Hicks et al. (1987)is usedfor calculatingthequasi-laminarboundarylayer
resistance,rb:

(22)

whereScand areSchmidtandPrandtlNumbers,respectively.TheSchmidtNumber
is definedas: , with ν beingkinematicviscosityof air (0.15cm2 s-1) andDi themo-
lecularviscosityof pollutanti. TheSchmidtandPrandtlNumbercorrectionsfor four gasesin
the MADE50 model are shown in Table 2.

Over seasurface,the quasi-laminarboundarylayer resistance,rb is calculatedaccordingto
Hicks and Liss (1976):

(23)

Thequasi-laminarboundarylayerresistance,rb in Equation(A2.23)canbevery largeor even
negativeontheotherside.Therefore,limits areimposedonthecalculateddry depositionveloc-
ity, so that its minimum is 0m s-1 and maximum 0.1m s-1.

Table 2: Schmidt/Prandtl number correction and diffusion ratio for gases in the MADE50

model (DH2O=0.21cm2 s-1).

Compound DH2O/Di (Sc/Pr)2/3

SO2 1.9 1.34

NO2 1.6 1.19

NH3 1.0 0.87

HNO3 1.9 1.34
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1.4.3 Surface resistance

Surfaceresistance,rs, in theMADE50 modelis calculatedfor eachlandcovertypeaccording
to thesocalledRIVM formula(Erismanetal., 1994;Selandetal. 1995;Jakobsenetal., 1996):

(24)

wheredifferentsoil resistanceparameterizationsareusedfor theindividualcompounds.Forthe
surface covered by vegetation:

• The stomata resistance -rstom is the resistance against the transport through the stomata of
leaves and needles.

• Themesophyll resistance- rm is theresistanceof theinternalplanttissuesagainstuptakeor
destruction (in terms of chemical reactions).

• The external surface resistance -rext is the resistance to the exterior plant parts against the
uptake or destruction of the compound.

• Thein-canopy aerodynamicresistance- r inc is theresistanceagainsttransportof air through
vegetation towards the soil and lower plant parts.

• The soil resistance -rsoil is the resistance against the destruction or absorption at the soil
surface.

Theoriginal parameterizationof theexternalsurfaceresistancein Equation(24) hasbeenfur-
thermodified(Jakobsenetal., 1996)sothattheWesley’sapproachis nowusedfor calculating
this term(Wesley,1989).Forsurfacesnotcoveredby vegetationor thosewhicharecoveredby
snow the total surface resistance is set equal to the soil resistance of the selected surface type.

Becauseof limited spacewecannotpresentacompleteparameterizationof eachtermin Equa-
tion (24) for all compounds.Thefull descriptionof thesurfaceresistanceparameterization,as
well asthediscussionof differenttermsin Equation(24)canbefoundin (Jakobsenetal., 1996;
1997).

1.4.4 Calculation of the average dry deposition velocity

Foreachcompound,theaveragedry depositionis calculatedseparatelyfor thedry andwetpart
of the modelgrid cell. The averagedry depositionvelocity, over the entiregrid cell is a
weighted sum of the dry deposition velocities for the wet and dry part of the grid:

(25)

whereN is thenumberof landcoverclassesin thegrid cell, al is thefractionof thelandcover
in thegrid cell, and arethedry depositionvelocitiesin thewetanddry partof thegrid
cell. Thewet fractionof thegrid - φ is equalto zerowhenthegrid cell hasnotbeenaffectedby

rs r inc rsoi l+( ) 1–
rext

1–
rm rstom+( ) 1–

+ +[ ]
1–

=

vd

vd φ al vd l,
wet⋅

l 1=

N

∑⋅ 1 φ–( ) al vd l,
dry⋅

l 1=

N

∑⋅+=

vd l,
wet

vd l,
dry



9

precipitationin the lastsix hours.Otherwise,φ is equalto themaximumcloudcoverfraction
aggregated over the vertical column.

1.5 Parameterization of wet deposition

Parameterizationof thewetdepositionprocessesin theMADE50 modelincludesbothin-cloud
and sub-cloud scavenging of gases and particles.

Following Berge(1993b),in-cloudscavengingcoefficientfor gasesandparticlesis calculated
according to the following formula:

(26)

where∆z is theheightof thegridcell,W is cloudwater(in kgof waterm-3) andP is precipitation
releasedfrom theindividualgrid cell.Theconcentrationchangecausedby wetdepositionis ex-
pressed as:

(27)

wherec is thetotal concentration(gas,particlein theaqueousphase)of thepollutantandfaq is
the fractionof thepollutantdissolvedin thedroplets.For SO2, the faq canbecalculatedfrom
the following relation:

(28)

whereKN is theefficientHenry’slaw constant,R is thegasconstant,T is temperaturein K and
L is the volumefraction of liquid waterin the total volumeof air. For all othersolublecom-
pounds,  (Jakobsenet al., 1996).

The sub-cloud deposition of gases is calculated as described in Jonson and Berge (1995):

(29)

whereΛ is thesub-cloudscavengingcoefficientfor eachgasasgivenin Table1.3.In thisTable,
function describesseasonalvariationof thevariablepartof the
scavenging ratio for SO2 andt is expressed in Julian days.
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Wet deposition rate for particles is described by the following relation (Berge, 1993a):

(30)

whereA= 5.2m3 kg-1 s-1, M is themassof precipitationandE is themeancollectionefficiency
(E = 0.1). PrecipitationmassM is calculatedassuminga fall speedfor the dropletsequalto
5 ms-1.

1.6 Chemical reactions for nitrogen and sulphur

A schematicillustrationof thenitrogenandsulphurchemistryin theMADE50 modelis shown
in Figure 1.

Themainpartof thechemicalreactionschemein themodelfollows theschemeoriginally ap-
plied in Hov etal. (1988).A thoroughdescriptionof theoriginalschemeis alsosuppliedin Ba-
rettetal. (1995).Comparedto theoriginalscheme,appliedin theLagrangianEMEPmodel(see
AppendixA1) severalchangeshavebeenmade.The numberof chemicalcomponentshave
beenreducedfrom 10to 9,asthe‘unspecified’NO3

- particle(particulatenitratenot in theform
of ammoniumnitratei.e.seasaltparticles)is no longerincluded.Furthermore,theoxidationof
SO2 to sulphateis parametrizedasa functionof cloudcoverandwatercontent.In addition,all
reaction rates are updated according to more recent references (Atkinsonet al., 1996).

Chemicalevolutioniscalculatedevery200sec.for NO,NO2, PAN,HNO3, NH4NO3, SO4
= and

(NH4)1.5SO4. In additionto these,concentrationsof ozone(O3), hydroxyl (OH), peroxyacetol
(CH3COO2) radicalsand hydrogenperoxide(H2O2) are requiredfor the chemicalscheme.
These are prescribed values described along with the boundary conditions in section A2.7.

FollowingJakobsenetal., (1997),all chemicalreactionsandreactionrateswith references,are
listed in Tables 4 and 5.

Table 3: Sub-cloud scavenging coefficients for gases.

Gas Scavenging coefficient -Λ

SO2 1.5⋅105 + 5⋅104⋅�f(t)

HNO3 7⋅105

NH3 7⋅105

c∂
t∂

----- A– M E c⋅ ⋅ ⋅=
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Figure A2.1. Schematicillustration of the MADE50 modelchemicalscheme.Dashedboxes
denotenitrateandsulphateparticlesoccurringin two forms. Solid anddashedthick arrows
represent dry and wet deposition, respectively.

For two-body reactions the temperature dependent rate constant (cm3 molecules-1 s-1) given by:

 and T is temperature in Kelvins. C is Atkinson et al. (1996).

Table 4: Two-body reactions.

Reaction k0 Ea/R ref/note

R1 NO2+hν NO+O        notea

a. Dissociationratefor NO2: , where is thesolarzenithangle.Below clouds

the dissociation rate is reduced by a factor of 0.5 times the fractional cloud cover.

R2 NO+O3 NO2+O2 1.8 10-12 1370 C/noteb

b. Ozone concentrations from Berntsen (1994), see text.

R3 2NO2+O3+H2O 2NO3
-+2H++O2 1.2 10-13 2450 C/see text

R4 NH4+HNO3 NH4NO3 see text

R5 SO2+ OH  -------- sulphate 2.0 10-12 C

R6 3NH4+2SO4
2- 2 (NH4)1.5SO4

2- see text

NO2

(NH4)1.5SO2

NO

PAN

HNO3

NH4NO3

NH3 SO4 SO2

Deposition: Dry Dry Dry DryDryDryDry

Wet WetWet Wet Wet

Q(NOx) Q(NH3) Q(SOx)
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k2 O3[ ]NO2

Only in dark:

k1 O3[ ]NO

JNO2
NO2

k21 OH[ ]NO2

PAN∆

k21 CH3COO2[ ]NO2

kg OH[ ]SO2

kl1 H2O2[ ]SIV

kl2 O3[ ]SIV

Wet

Dry

→

J 0.01 0.39 θsec–( )exp×= θ

→ ×

→ ×

→

→ ×

→
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For 3-body reactions temperature and pressure dependant rate constants (cm3 molecules-1 s-1) are given by

whereM is themoleculedensityof

air and T is temperature in Kelvins. Fc is 0.3 for R11, else 0.6, A is Atkinson et al. (1996).

Providedthat theconcentrationof peroxyradicalsis low, theratio betweenNO andNO2 is to
a good approximation determined by the O3 concentration through the reaction: R2:
NO + O3  NO2 + O2 and the photolytic reaction R1: NO2 + hν  NO + O.

Underclearsky conditionsthedissociationratefor NO2 (R7) is assumedconstantin theverti-
cal. Below cloudsthedissociationrateis reducedby a factorof 0.5 timesthefractionalcloud
cover.In particularoverpollutedareasin summer,theconcentrationof peroxyradicalscanbe
significant. If so, the NO to NO2 ratio is likely to be overestimated by the model.

PAN(peroxyacetylnitrate)is formedwhenNO2 reactswith theperoxyacetylradical(R8).In ad-
dition to dry deposition,PAN is thermallydecomposed.Thethermaldecompositionis highly
temperaturedependent.In high latitudesin winteror in theuppertroposphere,wheretempera-
turesarelow, PAN is stable.As it is advectedsouth(or down)it is thermallydecomposed,act-
ing as a reservoir for NO2.

HNO3 is producedfrom NO2 Themostimportantproductionterm(especiallyin summer)is the
reactionwith OH (R7),giving HNO3. Thenighttimeproductionof HNO3 is assumedto belim-
ited by the reactionNO2 +O3 NO3+O2. This assumptiononly holdsin thepresenceof a
sufficientnumberof aerosols,andprovidedthatthehumidity is abovethedeliquescencepoint.
(Platt,1986;DentenerandCrutzen,1993).Thenumberof particleswill usuallydecreaserapidly
with heightabovetheplanetaryboundarylayer.Thusthis reactionis assumedto takeplacein
thelowest8 layersof themodelonly (belowapproximately1500meters).This processis pre-
viouslydescribedin JonsonandBerge(1995),andtheparameterizationof thisreactionwill not
bediscussedfurtherhere.Therearehoweverlargeuncertaintiesrelatedto thispartof thechem-
istry scheme.

Theformationof ammoniumsulphateis assumedto occurinstantaneously,only limited by the
availability of NH4 andSO4

2-. Ammoniumsulphatemay exist in two forms, (NH4)2SO4 or
NH4HSO4. It is assumed that the concentrations of the two forms are equal.

Table 5: Three-body reactions.

Reaction k0 ref.

R7 OH + NO2 + M
HNO3 + M

2.6E-30(T/300)-2.9N2 6.7E-11(T/300)-0.6 A

R8 NO2 + CH3COO2 + M
PAN + M

2.7E-28(T/300)7.1N2 1.2E-11(T/300)-0.9 A

R9 PAN + M
CH3COO2 + NO2 + M

4.9E-3 e(-12100/T)N2 4.0E+16 e(-13600/T) A

k∞

→

→

→

k
k0 T( )M

1 k0 T( )M k∞ T( )( )⁄+
-------------------------------------------------------

 
 
 

Fc

1 k0 T( )M( ) k∞ T( )( )⁄( )log( )2+ 
  1–

=

→ →

→
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ProvidedthatNH4 is in excessof sulphate,ammoniumnitrateis formed.Theformationof am-
moniumnitrateis dependantontemperatureandrelativehumidity.Thisprocessis describedin
more detail in Hovet al. (1988). We first calculate the equilibrium concentration of NH3:

(31)

The equilibrium concentration of NH4HNO3 is derived from NH3:

(32)

Providedthat thedifferencebetweentheequilibriumconcentrationandtheformerconcentra-
tion is smallerthanthe formerconcentration,theequilibriumconcentrationbecomesthenew
concentrationfor ammoniumnitrate.Ammoniaandnitric oxideareadjustedaccordingly.The
equilibrium constant keq is determined as described below.

TheEquilibrium reactionbetweenHNO3 andNH4 (R6) is calculatedaccordingto therecom-
mendationsby Mozurkewich(1993).Below the point of deliquescencethe equilibrium con-
stant,Kp, is given by the equation:

(33)

whereT is thetemperaturein Kelvins. Abovethepoint of deliquescencetheequilibriumcon-
stant, now denotedKpaqis given by:

(34)

Both Kp andKpaqarein unitsof (moleculescm-3)2. RH is therelativehumidity in percent,and
P1, P2 andP3 are defined as:

(35)

NH3eq
NH3 HNO3–

2
----------------------------------

NH3 HNO3–

2
---------------------------------- 

 
2

keq++=

NH4NO3eq NH4NO3 NH3 NH3eq–( )+=

K pln 118.87 24084
T

--------------- 6.025 T( )ln–+=

K paq P1 P2 1 RH
100
---------– 

 – P3 1 RH
100
---------– 

  2
+ 1 RH

100
---------– 

 ⋅
1.75

K p=

P1ln 135.94– 8763
T

------------ 19.12 T( )ln+ +=

P2ln 122.65– 9969
T

------------ 16.22 T( )ln+ +=

P3ln 182.61– 13875
T

--------------- 2446 T( )ln+ +=
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A2.6.1 Oxidation of SO2

Within the clouds we assume that Henry’s law applies:

(36)

where[C ] is the concentrationof any solublegasC (in mol l-1) in the aqueousphase,Hc its
Henry’s law coefficientandPc thepartialpressureof C in thegasphase.Within theaqueous
phasemanysolublegasesundergorapidreversiblereactionssuchasacid-baseionization.It is
thereforeconvenientto extendthedefinitionaboveto anefficientHenry’slaw coefficientHeff,
referringto the total amountdissolved(Schwartz,1986).Equilibrium reactionsandsolubility
constants for these reactions are given in Table A2.6.

K298 in mol l-1 atm-1 for Henry’s law constants,andmol l-1 for aqueousphaseequilibrium(K1). Thetemperature

dependant rate is calculated by:

1) is Smith and Martell (1976), 2) is Martin and Damschen (1981) and 3) is Kozak-Channing and Helz (1983).

In the case of SO2 the efficient Henry’s law coefficient is defined as:

(37)

where SIV  is the total amount of dissolved SO2.

In orderto find anexpressionfor the total concentration[CT] (gasandliquid - mol lair
-1) we

makeuseof theidealgaslaw, , where[Cg] is thegasphaseconcentrationof C
(mol lair

-1), R is theuniversalgasconstantandT is temperature.Within thecloudthetotalcon-
centration can be expressed as:

(38)

Table 6: Equilibrium reactions and solubility constants.

Reaction K298 ∆H/R ref.

HSO2 SO2 g ↔ SO2 aq 1.23 3020 1

K1 SO2 aq↔ HSO3
- + H+ 1.23 10-2 2010 1

HH2O2 H2O2 g ↔ H2O2 aq 7.1 104 6800 2

HO3 O3 g ↔ O3 aq 1.13 10-2 2300 3

C[ ] HcPc=

K K298
∆H
R

-------- 
  1 T⁄ 1 298⁄–( )⋅– 

 exp=

HSO2
eff SIV

PSO2

------------ HSO2
1

K1

H
+[ ]

------------
K1K2

H
+[ ]

2
---------------+ +

 
 
 

= =

Pc Cg[ ]RT=

CT[ ] Caq[ ] 1 Hc
eff

R T clw⋅ ⋅ ⋅( )
1–

+ 
 =
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andthusthefractionof thetotal massremainingin theinterstitialcloudair fg andthefraction
absorbed by the droplets can be calculated:

(39)

A2.6.1.1 Gas phase oxidation of SO2

Within agrid cell thegasphaseoxidationof SO2 to sulphate(R5,TableA2.4) takesplaceboth
in thecloudsandin thecloud free fractionof thegrid cells. In cloudyair only the fractionof
totalSO2 remainingin thegasphaseisoxidized.Wehavefoundit convenienttodefineapseudo
reaction ratek12

l, where the reaction rate is reduced instead of the concentration:

(40)

Thustheproductionof sulphatein thegasphasecanbewritten ,
where SO2(tot) is the total (gas- and liquid-phase) concentration of SO2.

A2.6.1.2 Aqueous phase oxidation of SO2

In theaqueousphasewe assumethatSO2 is oxidizedto sulphuricacidby dissolvedH2O2 and
O3 with the rate expression:

(41)

wherethereactionratefor oxidationby H2O2, mol-1l (Martin andDamschen,

1981)andthereactionratefor theoxidationby O3, mol-1l (Moller,

1980).

As wedid for thegasphaseproductiondescribedabove,wedefinepseudoreactionrates,taking
into accountthe solubility of SO2, H2O2 andO3, the liquid watercontentandthe fractional
cloud cover.

(42)

f aq

Caq[ ]
CT[ ]

--------------
1

1 Hc
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R T clw⋅ ⋅ ⋅( )
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+
------------------------------------------------------------- and  fg 1 f aq–= = =

k12
l

k12 f g so2( )cl 1 cl–+( )=

PSO2 k12
l

SO2 tot( ) OH××=

Pcl kcl1 H2O2[ ] SO2[ ] kcl2 H
+[ ] O3[ ] SO2[ ] HSO

-3[ ]+( )+=
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5×=
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4× H

+[ ]
0.4–

=

kcl1
l kcl1

3×10

A0 clw⋅
----------------------

HSO2

HSO2
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-------------- f S f H cl⋅ ⋅⋅⋅=
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(43)

wherefS, fH andfO3 arethefractionof SO2, H2O2 andO3 dissolvedin thedroplets.Concentra-
tionsof ozoneandhydrogenperoxideareprescribed.Ozoneconcentrationsareprescribed(Jon-
sonandBerge,1995).Ozoneconcentrationsareabout30ppbv in theboundarylayer,increasing
gradually with height to about 100 ppbv in the upper troposphere.

In theaqueousphasethereactionbetweenH2O2 andSO2 is very fast,sothattheleastabundant
of thetwo is depletedwithin a few minutesaftertheair entersthecloud.In orderto simulatea
reductionin thein-cloudhydrogenperoxideconcentrationswhenSO2 concentrationsarehigh,
hydrogen peroxide is reduced according to the expression:

(44)

whereH2O
l
2 denotesthetotal (gasandliquid) concentrationof hydrogenperoxidein thecloud.

Thus,wheneverSO2 is in excessof H2O2, theoxidationis reduced.Theaboveformulationsare
likely to underestimatetherapidoxidationin newly formedclouds,andin partsof theclouds
wheredry air is entrainedinto thecloud.At thesametime theoxidationcanbeoverestimated
in aged cloud environments with virtually no H2O2 left.

With thedefinitionsabove,theoxidationof SO2 to sulphatein bothgas-andaqueousphasecan
be expressed as:

(45)

with total concentrations(gasandliquid) of SO2(tot), H2O2, O3 andOH given asmolecules
cm-3 air.

A2.7 Initial and boundary conditions

Initial boundaryconditionsfor themodelrun assumezeroconcentrationsof NO, NO2, PAN,
NH3, HNO3, NH4NO3, SO4, SO2 and (NH4)1.5SO4 in each grid cell of the model domain.

Thereare threetypesof the boundaryconditionsin the MADE50 model.Closedboundary
conditionsareusedat thetop of themodeldomain(100hPa - at approximately15 km). At the
surface,the flux of pollutantsto the groundis determinedby dry deposition,wet deposition
andemissionsof SO2, NOx andNH3. Openboundaryconditionsareusedat lateralboundaries
of themodeldomain.For sulphur, thelateralboundaryconcentrationsarebasedon seasonally
averagedconcentrationsfrom a hemisphericmodel(TarrasonandIversen,1996),andfor NO,
NO2, HNO3 andPAN on monthly averagedconcentrationsfrom the global ChemicalTracer

kcl2
l kcl2

3×10

A0 clw⋅
---------------------- f S f O3 cl⋅ ⋅⋅=

H2O2
l H2O2 H2O2×

H2O2 SO2+
------------------------------------=

P k
l
12 OH× kcl1

l
H2O2 kcl2

l
O3×+×+( )SO2 tot( )=
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Model - CTM (Berntsen,1994).Ozoneconcentrations,usedin thechemistrycalculations,are
alsotakenfrom theglobalCTM. No inflow of ammoniaconcentrationsis assumedthroughthe
lateral boundaries.

Concentrationsof OH andCH3COO2 areprescribedby simplefunctionsof thesolarzenithan-
gle,θ, asdescribed in Table A2.7.

Also hydrogenperoxideconcentrationshave to be prescribedfor the chemicalpart of the
MADE50 model.Theseconcentrationsarehighly variablebothin spaceandtime.H2O2 is pro-
ducedby thereaction:HO2 + HO2 H2O2 + O2. As theabundanceof HO2 dependson the
photodissociationof ozone,hydrogenperoxideconcentrationshavea markedseasonalvaria-
tion. In pollutedareas(with highNOx) HO2 readilyreactswith NO, reducingtheproductionof
hydrogenperoxide.In the modelcalculationswe assumean annualaverageconcentrationof
H2O2 of 0.35ppbv, with sinusoidalvariationof 0.3ppbv andamaximumconcentrationin sum-
mer.

A2.8 Numerical grid system and meteorological input data

The model domainhasbeenselectedto cover arealarge enoughto avoid the influenceof
boundaryconditionson the meteorologicalparameters.This areacovers not only Europe,
which is of themaininterest,but alsoa largepartof theAtlantic Oceanfrom whereair masses
are very often coming to Europe.

The basic model Equation(A2.1) is solved in the numericalgrid systemwhich is shown
togetherwith themodeldomainin FigureA2.2.TheEMEParea,whereemissionsarereported
by EuropeancountriesundertheConventionon Long-RangeTransboundaryAir Pollution, is
alsoshown in FigureA2.2. For eachgrid cell, emissionsarecomputedastheannualsumfrom
the entiregrid cell. The vertical modelstructureis shown in FigureA2.3. Concentrationsat
eachtime steparecomputedin 20 sigmalayers,in the centreof eachthree-dimensionalgrid
cell. Usually10 layersareplacedbelow 2 km to obtainhigh resolutionof theboundarylayer
wherethemostof the long rangetransporttakesplace.Three-dimensionalgrid systemof the
MADE50 model domain consists of 401 660 three-dimensional grid cells.

The MADE50 model requiresvery large amountof meteorologicalinput data.To fulfil this
requirementa specialversionof theNumericalWeatherPrediction(NWP) modelof theNor-
wegianMeteorologicalInstituteLAM50E (GrønåsandMidtbø,1984;Nordeng,1986)wasrun
for theentire1996.A moredetailedinformationabouttheNWP modelsavailableat theNor-

Table 7: Prescribed concentrations of OH and CH3COO2 in molecules cm-3.

Compound Night Day

OH 104 104 + 4×106exp(-0.25/cosθ)

CH3COO2 105 0.5 (105 + 4× 106exp(-0.25/cosθ)

→
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wegian Meteorological Institute for the EMEP purposes is given in Appendix A1.

Figure A2.2. Horizontaldomainandnumericalgrid of theMADE50 model.Grid sizeis 50km
at60oN. Emissionsandmeteorologicalinputdataareassignedto thecentreof each50km x 50
km grid cell. Model outputis computedin thesamenodes.TheEMEPregion,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 MADE50 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 - surface pressure surface

 - vertical velocity inσ-coordinates all levels Hs - surface flux of sensible heat surface

θ - potential temperature all levels Hl - surface flux of latent heat surface

q - specific humidity all levels τ - surface stress surface

cw - cloud water all levels T2m - temperature at 2 m surface

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

10

20

30

40

50

60

70

80

90

100

110

120

130

σ̇



19

For generatingmeteorologicaldata,theLAM50E modelwasrun for 12 hourly intervals,pro-
ducingmeteorologicaldatafor thelastsix hoursof theforecast.Themostimportantmeteoro-
logical input fieldsfor theMADE50 modelarelistedin TableA2.4. Meteorologicalinput data
for all 3-D grid cellsof theMADE50 modelareupdatedevery six hourandlinearly interpo-
lated in time during the model run.

Figure A2.3. Verticalstructureof theMADE-50 model.Thetroposphereis representedin the
modelby 20 sigmalayers.Sigmavaluesfor eachlevel areshown on the left handsideof the
figure.Thecorrespondingheightabove theground,computedfor thestandardatmosphere,is
given on the right hand side.
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A2.9 Numerical solution of the model equations

Main modelEquationA2.1 is solvednumericallyby usingfractionaltimestepmethod(McRae
et al., 1982). In this approach,differentphysical andchemicalprocessesare representedby
separatenumericaloperatorswhicharesuccessively appliedby intermediatetime integrations.
A central-differenceschemeis appliedfor spacediscretizationof the vertical diffusion and
Bott’s method for the numerical approximation of horizontal and vertical advection.

Fromthenumericalpoint of view, solutionof theadvectionpartof EquationA2.1 is themost
difficult andrequiresanefficient andwell testedalgorithm.Thechosenalgorithm,developed
by Bott (1989a,1989b),is massconserving,positive definiteandfastin application.A fourth
orderversionof this algorithmis usedfor thehorizontalcomponentsof thevelocity field and
thesecondorder, irregulargrid versionfor theverticalcomponent.Theversionof Bott’s algo-
rithm appliedfor the vertical advectionhasbeendevelopedat MSC-W in collaborationwith
Bott.

Timestepin themodelcomputationsis equalto 10minutesandis mainlylimited by thevertical
advectionTheCourantNumberis checkedeverytime stepduring themodelrun andwhenit
exceedsone,the time stepfor theverticaladvectionanddiffusion is reducedto 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 MADE50 modelwould requiresweeksof
CPUtimeon traditionalsequentialsupercomputers.Therefore,themodelwasimplementedon
the parallel CRAY T3E computerin Trondheim- Norway. Theoreticaland practicaldetails
abouttheparallelizationandcomputerimplementationof themodelcanbefoundin Skålinet
al., (1995). Below, we present some results from the model performance analysis.

Computationalefficiency of the modelwasanalysedintroducingtime measurementsfor the
main segmentsof the codeby meansof irtc()-calls.Testrunshave beendonefor a real time
periodof 1 day, i.e.nterm=5wassetandconsequently4 stepsof 6 hoursweredone.Runswere
performedon4, 8, 16,24and32processors,assumingafixeddecompositioninto 4 partsin the
y-direction and a decompositioninto 1, 2, 4, 6, 8 partsrespectively in the x-direction.The
highernumberof processorsin thex directionwaschosen,sincethetotal numberof pointsin
thisdirection(151grid points)betterfits adivision into 8 partsthanthenumberof pointsin the
y-direction (133 grid points).

Fromthemeasuredtime characteristicsof themodelonecomesto thefollowing conclusions:
1. Thereis a superlinearspeed-upof thewholemodelfor up to 32 processorsrelativeto the4
processorsrun. 2. This superlinearspeed-upcomesmostly from theverticaladvection/diffu-
sionpart(speed-upof 9.92of 32processorswith respectto 4 processors)andfrom thechemis-
try solver(speed-upof 14.45of 32processorswith respectto 4 processors).3. Thesetwo parts
of theprogramrequirethelargestpartof theCPU-timeof themodel(about60%for a 4 proc-
essorrun and41%for a 32 processorrun). Thetwo otherpartsrequiringlargefractionof the
CPU-time(horizontaladvectionandpreparationof theratesandcoefficientsfor thechemistry
solver(together34%for 4 processorsand35.5%for 32processors)haveanearlylinearscaling
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factor.Consequently,to shortenthecomputationtime of themodelonehasto look a little bit
closer at the advection modules and the chemistry solver.

Theadvectionis doneby a fourthorderBott-schemein thehorizontalandasecondorderBott-
schemein thevertical.A considerablepartof thecalculationsin theseschemesis independent
of theactualspeciesto betransported.This partof computationshadbeendoneseparatelyfor
eachspeciesin thepreviousversionof themodel.Thesesubroutineswerereformulatedto per-
formasmuchaspossiblecalculationsonlyoncefor all species.Thecomputeddirectiondepend-
entfluxesweresubsequentlyappliedto all speciesin onepass.Herearisesanotherproblem:In
the original formulation the concentrationarrayhad the structureof indices(i,j,k,n), conse-
quently,thespeciesdependentcoordinate‘n’ wastheslowestvaryingindex.To avoidintroduc-
tion of largeadditional3D arraysfor thefluxes,etc.andto hold thestructureof theadvection
routinesasit is (with local1D or 2D arrays- onegeometricdimension+ speciesdimension)the
orderof indicesin theconcentrationarrayhasbeenchangedto (n,i,j,k). Sincenow thespecies
dependentindexis thefastestvarying,theloop over thespeciescanbetheinnermost,the in-
flow/outflow testsin theadvectionroutinecanbemovedout of this loop andthecodecanbe
highly optimizedby thecompiler.Theresultinghorizontaladvectioncodeis about5 timesfast-
er thantheold one,theverticaladvection/diffusioncode,whichallowed,in addition,otherop-
timization steps,becamemorethan10 timesfasterin the 4 processorscaseandmorethan8
timesfasterin the 32 processorscase.Of course,the high superlinear speed-upnow disap-
peared,it remainsonly smallsuperlinearspeed-upin theadvectionin they-direction(second
geometriccoordinate)andverticaladvection(third geometriccoordinate)comingfrom thefact,
that theprogramhasto accessdatain thememory,which areseparatedby smallerstridesfor
higher processor numbers.

Thesamereorderingof indicesin theconcentrationarrayimprovesperformanceof thechem-
istry solverandof thepreparationphase,too, sincenow concentrationvaluesfor onepoint of
thedomainlay in thememoryoneafteranotherandaremuchfasterto access.Thesuperlinear
speedupcamemainly from thefollowing: Thesolversolvesatoncethechemicalequationsfor
onehorizontalline. If this line is too long,thearraysdonot fit into cacheleadingto cachecon-
flicts. A lengthof about20for 32processorsgivesaperformanceimprovementof nearlyafac-
tor of 2 compared with the length 150 for a 4 processor run.

In addition,chemistrysystemhasto besolvedin theinnerpartof thedomainonly, leadingto
thefact, thatthelower/upperboundsof thearraysarenot knownat compiletime avoidingthe
compilerfrom doingmaximumpossibleoptimization.Herefollowing changehasbeendone:
computationline is now a vertical line. This mayleadto a little bit decreasingperformancein
thecopyingphaseof concentrationsto working arrays,but it is morethanrepaidby the fact,
thatnowlowerandupperboundsof thearraysareknownatcompiletime(andareindependent
of thenumberof processors).In thepreparationof coefficientsfor thesolverlargetimeis spent
in computingpowerfunctions.Sincethecorrespondingpowersandbasesareclearlyawayfrom
zero,thepowerfunctionx**y canbereplacedby exp(y*log(x))which is muchfaster.This all
together results in 3 times faster execution of the chemistry in the new model.

The resultingcomputationtime for thenewversionof thewholemodelis morethan4 times
shorterfor the4 processorscaseandmorethan3 timesshorterin the32 processorscase.The
high superlinearspeed-upsdisappearindicatingthatthenewprogrammakesbetteruseof the
cachealreadyfor smallerprocessornumbers.Thespeed-upcharacteristicsof theprogram,con-
sequently,aresmallernow, neverthelessremainingquite high: For the part executedat each
time stepspeed-upfor 32 processorswith respectto 4 processorsis 7.4, theadvectionshows
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slight superlinearspeed-upof 8.08.Theresultsof thecomputationalmodelperformanceanal-
ysis are illustrated in Figure A2.4.

Figure A2.4. Speed-upfactorfor theMADE50 modelparallelcomputationsasa functionof a
number of processors involved in the computations.

Fromapracticalpointof view themainconclusionis thefollowing: A computation,which re-
quiredin thepasttheuseof 32 processorscannow bedoneon 8 processorsin evensomewhat
shorter time. A one months run can be performed in 90 minutes on 8 processors.
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