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1. lN'l,RODUC~TION 

lr11oges of Stv~C ResetJrch I 996 
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Ever i11c:reasi11g e111issio11s of })Ollutc1.r1t.s i11 t,l1e ctt111ospl1erc:, g1·01111d v\rater ancl 
sur·face wate1·, as cl C'.OllSt:c1t1E\11c'.e of t,l1t: g1·c),vi11g l)OJ)t1lat,io11 c:111d eco110111ic: ac
tivit,ies, are affec~t.i11g ol11· e11vi1·011111e11t.. Tl1(·~ 11egc1t,iv·c efl·t:c:t,s lJec~o111e 111ore 
and 111ore 11ot,icec1ble: sr11og i11 i1rl1c111 1·egio11s ( see cilso figt1rc 1), grot111cl water 
conta111i11t1.t.io11, t,l1e g1·ov.rt.l1 C)f' ctlgae i11 st1r·fc1c:e water·, c:111cl eve11 at111ospl1eric 
clin1ate cl1a11ge l1as to be fea1·ecl. Si1-1c:e r)l1;yrsic:al exr)eri111e11t,s ctre i11 ger1e1·al 
too c:oRtly, or eve11 i1111)ossil)le, rr1c1tl1e111atic'.c1l si11111lat,ic)11s r)ec~or11e i11c:reas
i11gly i1r1por·ta11t, t.o stt1cly tl1e lo11g ter1r1 eff·ec:t.s of· t,l1t~se e111issior1s a11d to 
predict tl1e effic'.ie11cy C)f policy dec:isio11s t,o I'ed llCe t,l1e eff·ec'.t,s. 265 

Once e111itt,ed, t,l1e poll11ta1·1ts will be t,1·a11s1)01·tecl by vvi11d or wate1· arid 
dispersed by 111olect1la1· cliff'usio11 c111cl tt11·b11le1-ice, wl1ile clt t,l1e sci111e ti1x1e 
co111plex cl1e111ic:al 1·eac:tio11s take I)lace. The 111at.l1e111at.icc1,l desc1·iptio11 of 
tl1ese pr·ocesses is give11 lJ)T cl la1·ge syste1r1 of t.i111e clepende11t 3-clin1er1sio11al 
I)artial difl'er·ential eql1c1.tio1-1s of' tl1e ad vec'.tior1-diff11sio11-1·eac:tio11 t.ype ir1vol v
i11g tl1e poll11ta11ts a11d all ot.l1e1· subst,<111ces tl1at 11lay c:1 r·ole i11 tl1e r·eac'.t,ive 
c:l1ai11. For· t.l1e 11t1111eric:<1,l sol11t,io11 of tl1ese syst.e111s t.he ctvailability of ef
fic:ier1t 11t1111er·ic:al c:1.lgo1·it,l1111s a.11cl t,l1e ac:c:ess to la1·ge c:or111)t1ters is c:ruc:ial. 
111 fac'.t, c:0111 p11ter c:;;1.,pac'.ity is, a11cl will re111c1i11, cl. c:r·i tic:al fac:t.or·. Thot1gl1 
c:or111>11ter· power· co11ti11l1es t,o expa11cl, tl1e c:0111put,atior-1a.l 1·ec111i1·e1r1e11ts f'or· 
l1igl1 resol11t.io11 tr,111spo1·t. 1r1odels wit,11 full cl1e1nist1~y clre still out of r·c111ge 
for· 111a11y applic:atio11s. 
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Figure 1. Smog above Rotterdam Harbour (Photo: Geosens). 
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N 11111e1·ic:c1,l clllctlysis C'.c11·1 c1ssist t.l1e cle\Telc)1)111e11t. of llt~\\T 111c)clE::ls l>y J)1·ov·id
i11g 111c)1·e effic·ie11t1 11t1111e1·ic:c1.l 111etl1ods, t.c:1il<-)1·ecl to t.l1e ,·tIJIJlic~at.ic)11 clt l1ci11d, 

a11cl t.l1e f'l1ll exr)loit.a.t,ic)11 ot· t1l1e e,1ol\ri11g c~o11·1pt1t,e1· ,i1·c·l1it(lC'.t111·es, s11c'.l1 ctS 

ctcl \'ct11c:ed 111 ul t.i vec:tor· 1)1·0 c·esso1·s c111cl, i11 t.l1e 1·1ec:11· 1·11 t. t11·t~, 111c:1ssi v·el:;,r pc1.1·c:1llel 
1)1·oc:essi11g sy·st.e111s. 

Belov,r t.l1e 1111111e1·ic~·c1l clSl)t~C'.t,s vvill l)e 011 t,li11ecl a11c.l clisc·11ssecl. Tl1E.~1·(~c'l.f.te1· 

cl sll()l't cl<::~sc·1·i I)ti()ll ~rill r)e gi ve11 of' tl1r·ee pr·o j E~c:t~.s l)1·ese11t.ly ('.cll"l'ied Ollt, ctt, 
C\\TI c:()11c:e1·11i 11g t.1· a11s1)01·t. of· c:·l1e111 ic'.ctlly· 1•{.:\ctC'.ti v'E.~ Sll l)st. c'l.llC'.eS. Tl1ese 111·0 j ec·ts 
ar·e pctr·t of· C\VI's 1·esec:t1·c·l1 1)1·og1·c1111111e l\·lc1.tl1<:?111c1t·,ic·s & t·,l1e E11vi1·011111e11t. 

2. N lJI'vIF:I~.IC~.:\T_. RESEARCI:l 

Tl1e basic: 111,1.t,l1e111c1t.ic·c1l ec111atio11s c:lc·sc:1·i lJi11g t1·c1.11s1)<)1·t. ct11cl c~l1e111ist1·)r C<)11-

sist, of' a syst,e111 ot· "s I)c:1.1·tic:1l ciifl'e1·e11tic1.l ec111cttio11s f'o1· tl1e t111k11ov\r11 cc>11c'.e11t1·ct
t.io11s c·1,: (~1:·, t ), h.· == 1, ... , s, \Vl1ic'.l1 de1)e11cl C)ll t,i111e t: a11cl Sl)clC'.e ~i: == (:1: 1 , ::i·2, ~c3) 
i11 a 3-di111e11sio11ctl do111cti11 fl. Tl1e E:"c111c:1.t.io11s, cle1·i\rt:-c:l f1·0111 111ctss l)ctla11c:es, 
ctr·e give11 l)y 
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\\"it,11 Sllit,ct1)1(' i11it.ic1.l clll<l 1)()llll(lctl':',' (·()ll(liti<)llS. rl'll<' (lll,lll1iti( 1S ft;(.1·.t) l'{'l)l'(J

S(~llt, t.11(=- \rc·l<)c·itic::.s {)f' t.11< 1 tl'clllSl)()l't ]ll('(li11111. Sll('ll (lS \\'clt('l' ()1' ,ti1·. 1'lt('S(-=- cl.I'(' 

t~'it·l1(:i1· gi\'f:~•11 i11 cl <-lc1.tct ct1·t·l1i\1(·' <)1· ('(_)1111)11t( 1<l ,1l<111gsicl(:' \\'it 11 cl N ct\·ic·1·-St.<)l<:t•s <)1· 

Ll)' c:l l'() Cl,\' ll cllll i(' ell S l1c1 l] () \ \' \\'flt(• 1· 1) l'() g1· <:-tlll. rI~ l 1 (' <:li fl:11s i () l l ('{) (' ff·i c·i (=-1 l t S rl i ( ,[', f) 
c11·<·· ('(J 11 s t 1·1_1c·t. <"<l l).\' t 11 <' 111 <>cl E' I le' 1·s cl 11 cl i 11 c· l 11<1 <· et.ls<:> 1>cl1· cl 111 et. 1· i'.Z<il 1- i C) 11s C) t· t. 111· -

l)11lc:-.11c·t·. '"I'l1E' fi11ctl t.c•1·111 .1·,...(.i·. f. r·(.l', !)). \\·l1ic·l1 gi\·es a c·<_)llIJli11g l)c't.\\'C•(•11 tl1<: 

\',11·i()t1s Sl_tl)st.ct11c•c\s, clc·sc·1·il)('S tl1c~ 11c)11li11c1 c11· c·l1c111ist,1·\,- c111tl cllsc> C'111issic)11s 
•• 

( sc)t11·c'.es) c111cl clc\1)osi t.ic)11s ( si11c·s). 111 clC'.t llctl 111c)cl(:"' ls t,l1c•s(• (:'Clllctt.i()llS clr·e 

,i 11g111 (•11t E'cl \\ri t 11 c)t 11<:'1· s t1i t,cll) le_\ s l 1 l)-g1·ici l)c11· cllllC' t: 1·izclt io 11s clll cl c·c)C)1·c.li11at E~ 

t 1· c111S f'o 1· l llc1t i () llS. 

rl'l1e 1111111l)c•1· c>f. s111Jstc1.11c·<:-·s .s c·ct11 l)E' lc11·gc·, f'or· c\xct.1111)lc) lll) t.() 1()() i11 c·t11·1·c:111t. 

c1t.111c_)SI)l1c\1·ic· 111c)clE\ls. _A_lsc) tl1c· S]),1.ti,11 cl<)llt,ti11 S-1 c·c111 l)c~ \"C)1•.>' lcl.1·gc", \,rl·1ic·l1 
i1111>lies tl1,1t 111c1.11>· g1·icl l)<)i11t.s cll'C\ 11c-:"<:-clc·cl f"c)1· <l l)l'C)J)E'1· Sl)<lt.ic1l 1·c=-scJll1t.io11, 
sc:1:rr l11111<.l1·c,cl t.l1c)11s(111cl tc) 111illi()11s. I\I<J1•c..i<)\'E'1·. c)f'tc"11 C>ll(' is i11te1·t,st,<~<:l i11 lc)11g 
t<.:1·111 (=-fr·E~c·t.s, s<.) t.l1ctt. tl1t-1 (--.Clllcl.t.ic)11s l1cl\'(:l t.c) 1)e i11t<:-·g1·c:1t.E\cl (J\'C.\1· lt111g t.i111e 
i11 t. c:-.1·v'c1ls. 

Tl1() l111gc~ size of· tl·1(~ J)1·ol1le111s 111al{<~s tl1c~111 c_liitic·11lt tc) i1111)le111c~11t,, (:.\'e11 
C)ll 1110 cle1·11 s 11 l)('.l1·(·()lll l) 11 t.e1·s. I11 c)1·clE·1· t,o C) l_) t. c1i11 11 t1111E"1·ic:al sc)l ll t.io11s, \Vi t.11-
C)l.1 t. 11si11g exc·c-•ssi,.·c: c·o1111)11te1· t1i111e c)1· 111E\11101·.\', f'c1st. ,111c:l effic·ie11t, 11t1111e1·ic.·al 
a.lgo1~it.l1111s c11·e C'.1·11c·ictl. 1'11e 11l1111c·1·ic'.ctl 1·c)s11lts sl1ol.1lci 1)E~ 1·c~lictl.)le c111cl t,l1e 

11t1111e1·ic'.al e1·1·01·s sl1011lc.l l)e ,vell l)E'lo\\' t.11(-" f:-1 1·1·c)1·s i11t.1·c)cl lJC'E:'cl l)y' J)l1y·sic·c1l a1)
l)1·oxi111c1.t.io11s i11 tl1e 111()c:lel. 1"'11esc1 cle111c1.11cls c·c111se a 1111111l)c)1· of· 011t,sta11di11g 
111~1111e1·i(:c1l c·l1c1lle11gc~s, so111c) c>f' \\rl1ic·l1 ,~11·e clisC'.llSS<:\<l l)elc)\;y'. 

2. 1 . E ffi: c: i e ·n. t c~·/1, c? ,,11 ·i ,s t,, .. l/ ., (~ /2. c ·r,1, f: :, -~ ~ 

111 111a11yr c1.,l)l)lic·a,t,io11s t,l1e c·l1e111ist1·:,· is st.iff', v\:l1ic·l1 111e,111s t,11,tt tl1e 1·ecl('.t.io11s 
tc1ke I)lc1c·e 011 \rei·:,r clifl:'e1·e:111t ti1r1e S('ctlE1S. To ol)t,(1i11 e,l('C'lll'ctt.e solt1tio11s it 
\\roulcl l)e lll'lllE'('.E~SS,:l.l'_\T t10 l't'l)l'(•sc11t, t,11(; \'(~l'}; f'c:lSt. 1·ec1.c:t.io11s, l)llt. f()l' 1111111e1·ic:c1l 

st,cilJilit,}' t,l1is is r·ec111i1·ecl \\'l1e11 11si11g ex1)lic:it. 111et.l1ocls. Fo1· t.l1is 1·c~c1s011, s11c:l1 

ec1uctt.io11s ar·e co111111011l)r l1c111clle(i \\'itl1 i1111)licit. 111ct.l1c)cls, \Vl1c,1·c~ clt cac'.ll ti111e 
st,ep a Sjrst.c~111 of 11c)11li11ec11· c1.lgelJ1·aic· ec111at,io11s c11·is(~S. lT s11c1ll;y· t.l1ese i111plic:it 
1·ela t. io11s c11·e sc)lvecl \\7i t.1·1 et N e,,·to11 t,}rI) c~ i t.e1·c1t io11, \V l1ic:l1 r·ec111i1·es c~c1lc:ulcltior1 
of· .J ctc:obik1-11s c1.11cl tl1e sol11t,i<)ll of lc11·gc~ li11ect1· S}rstc111s, \\ritl1 11111c'.l1 c:0111p11t,e1· 

stc)1·c1ge 11eeclecl. 
r\ \\Tel)' t.o ove1·c'.011·1t· t.l1e p1·ol)le111 of· i1111Jlic'.it.11css l1c:1s l)ec11 ci.evclc)1)ed at. 

(;\-VI [ 4]. I11stead of· 11si11g a. N evvt.<)11 i t,c1·c1t.io11, 011c c~111 l)lc)1·s cl (-ic111ss-Seidel 
ite1·atio11. By 1_1si11g t.l1e SI)CC'.ial £'01·111 of· tl1e:~ cl1e111ic·ctl ec111c1.t.ic)11s t.l1is l<::;ctcls t.o 
1111111e1·icc1l sc·l1e111es t.l1c1t, ar·e esse11t.ic:1.ll)r ex1)licit l)11t st.ill l1c1vc~ t.l1c f'clVC)l1r·c1l)lE~ 
stalJilit.y 1J1~c)pe1·t.ies of' i1111)lic·it. sc·l1E:'111es. R.cc'.E:11t. C'.C)ltlJ)c11·isc)11s 1121.v·e sl10\v11 
t.l1c1..t, t.l1is cll)l)fOc:1c·l1 Cclll leacl t.c) c:'.odes '\\1 l1ic·l1 ctl'E:' f'c>r· JJl'clC'.t,ic~,tl c1c·c'.11r·c1c·y cle-
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Figure 2. Results for TWOSTEPl (*, solid), TWOSTEP2 (*, dashed), VODEl (x, 
dotted). VODE2 (x, solid), VODE3 (x, dashed). 

1r1a11ds at least co111petitive vvitl1 111ocle1·11 c:odes for ge11e1·c1l stiff p1·oblerr1s, 
SllC'.h as VO DE, c111cl f'or· 1)1·ol)le111s w l1e1·e t.l1e 11t1111t)e1· of c:l1e111ic·ctl st1 l)star1c~es is 
11ot too large sigr1ific,1,11t gai11s i11 c:0111 pu t.i11g t,i111e (CPU) l1c'Lve l)ee11 c1c:l1ieved. 

A11 exa111ple is p1·ese11tecl i11 figl1re 2 wl1er·e tl1e 11t1111l)er· of sig11ifica11t dig
its (SDA == - log1cJ ( e1·1·or)) is plot.tecl <:1gai11st. t,he CPU ti111es fo1· several 
ve1·sio11s of tl1e codes TvVOSTEP a11cl VODE appliecl t.o a c:l1e11·1ic:al ozone 

268 syste111 wit1l1 15 Sl1lJsta11ces; TWOSTEP is l)c1secl 011 tl1e BDF2 111etl1od witl1 
Ga11ss-Seiclel ite1·citio11, whereas VODE l1ses cl 1·c111ge of BDF 111etl1ods with 
Newtor1 it,er·atio11. Tl1e versior1s TWOSTEPl ::1r1cl VODEl are 11sed as blac:k
box solvers. In T\VOSTEP2 s0111e s11l)sta11c:es ar·e grollIJecl togetl1er wl1ich 
ar·e k1-1ow11 a-1J1·iori to l1avt~ st1·011g i11t,erclC'.tio11s. Ir1 VODE2 c111 a11alytic: ex
pr·essio11 for t.l1e Jac'.Ol)ic111s is J)rovidecl (c:c1lc:11lat,E~d wit.Ii tl1e for111ula r11c1nipt1-
latior1 pr·ogr·c11r1 MAPLE) c111cl VOD E3 11ses also a 111c:11111al 1·eo1·derir1g of the 
ec1t1atio11s to exploit. spc:1rsity patter11s fo1· tl1e li11ec11· t1lgel)rc-1. I11 tl1is cor11pc11·
iso11 TWOSTEPl 11eeds less CPU t,i111e to r·eac'.11 t,l1e 1 % e1·ro1· level tl1c111 its 
black-box cou11terpart VODEl. Tl1e c:ode TWOSTEP2 gi\'es l1ere a 11111cl1 
bett,er acc111·ac>.y for give11 CPU tir11e t,l1c111 t,l1e ot.l1er VODE sc:l-1er11es. 



2. 2. Ope'r·ato1· spl,ittings 
Tl1e cliff'e1·e11t l)a1·ts of tl1e ec1t1at.ic)11s c·,111 t)("' s<)lVt'c·I 111ost. (:ffic·ie11t.ly t)}r clifl'er
e11t, 11t1r11e1·ic:al 111et,l1ods, hut. t,l1e cliff'e1·e11t. 111c)c-lt1lc_'\s t.}1(:111 11,lvt" tc) l)e c·o111l)i11ecl 
aft.er· eac·l1 ti111e steJ). Tl1is will lec1cl to ,icl<litio11c1l 11t1111t?r·ic·,1l E~r·rc)r·s, tl1<~ so
c~alled SJ)lit,ti11g e1·1·01~s. If t,l1c ec1t1,tt.io11s a.r·e st.1·011gly· c1clv'ec:·t.ic)11 clo111i11,1t}ecl, as 
tl1ey lISllally ar·e i11 J)l'clC'.t.ice, t.l1ese SJ)lit.t,i11g e1·1·01·s c·t111 l)c-:' st,r·o11gly· 1·ecl11c·ecl, 
with lit,t,le co1111)t1t,atio11c1l wor·k, l))r solvi11g tl1e <~l1e111ist1ry t~c111c1.t,io11s c1lo11g 
the tra11sport patl1s ( cl1a1·ac·teristics). 

It is still a11 ope11 questio11 wl1ic~l1 l)ar·ts of tl1e eq11c1tio11s sl1011lcl t)e t1·t~c1.tec1 
separ·at.ely. 111 ge11eral, it is ex1)ec:ted t.l1<1t 1·111111e1·ic:al e1·ro1·s C'.a11 tJe 1·ed U(~ed 
by tl1e sin1ulta11eous solt1t.io11 of· pr·ocesses wit,h co1111)a1·c1.l)le t.i111e sc:ales. 111 a 
recer1t 1~esea1·cl1 rer)ort (suppo1·t,ed by t,l1e CRAY R.esea1·cl1 Gr·a11t P1·ogra111) 
it l1as bee11 sl10\.v11 t.l1at c:l1e111ist.1·y arid vert.ical difft1sio11 cc111 be solved si111t1l
ta11eously i11 ar1 efficie11t way by usi11g a Gauss-Seidel app1·oac:l1, si111ilc11· as 
for· tl1e c:l1e111ist,1•)r 011ly, co1111)i11ed \Vit,11 t.r·i-diago11c1l solver·s fc)r· t.l1e ver·tical 
diff t1sio11. 

2. 3. Ad'LJection tr·anspor·t schernes 
Tl1e accur·ate sol11tio11 of' acl vective tra11spor·t is still cl diffic'.ult 11t1111e1·ical 
p1·oble111, d11e to t.l1e following rec1uire111e11ts: 
• The equatior1s a1·e 1r1ass cor1servative arid a 1111111erical r11etl1od sl1ould 
111i111ic tl1is bel1aviour. 
• Co11centratio11s ar·e 1101111egat.ive, of' c:ourse, but/ t.o 111ai11tai11 tl1is pr·oper·ty 
i11 tl1e 11u111e1·ic~al solutio11 tl1e st,a11da1·d dis('.1·et,izatio11s i11 spac'.e of order 2 01· 

l1igl1er C'.an11ot be 11sed. 
• St.rang gradie11ts 111ay l)e prese11t i11 tl1e co11cer1t1·atior1 profiles. Tl1ese gra
die11ts sl1ould 11ot lead to osc:illat,ior1s (wiggles) but tl1ey sl1ol1lcl also 11ot lJe 
srrreared out/ bv t,he 11u1ne1·ical 111etl1od. 

V 

A good co111p1·on1ise see111s to be a C'.On1bi11atior1 of accurate spatial dis
cretizatio11s a11d flt1x li111ite1~s, togetl1er witl1 explicit Ru11ge-Kt1tta ti1ne i11-
tegration, see [l]. However·, if' tl1e advection is coupled witl1 diffusior1 coef- 269 
ficients that are 11ot s111all or if tl1e grid spacing is fi11e ir1 c:ertain 1·egior1s, 
the11 11un1e1·ical stability will 11ecessitate ver·y s1r1all ti111e steps arid tl1is will 
cause a degradatio11 of efficiency. 

Several ways to avoid sucl1 s111a.ll ti111e steps l1ave bee11 exa111i11ed at CWl. 
With 111ode1·ate diffusion coefficie11ts 011e ca11 use a Hopscotc'.l1 type splitting 
to solve advectio11 a11d diffusio11 si111ultaneously [3]. Witl1 s111all grid spac
ings i11 certai11 regio11s a di111ensio11 splitti11g apJJroacl1 ca11 be adva11tageot1s, 
where tl1e 111ulti-di111ensio11al advectio11 problern is replac:ed by a series of 
l-di111ensio11al p1·oblen1s, which can be solved easily witl1out a11y ti111e step 
rest.riction for sta.bility [2]. 
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2. 4. Local g1·icl r·efirz.em<::rit.-; 
011 t,l1e spatial do111air1 t,l1ere will l)e 1·<:~gic)11s \\rit,11 s111(1otl1 S(Jlt1tio11s a11cl 
litt.le c:l1er11ic:al act,ivity c1.S ½'E:~11 clS 1~c"\gi()11s \\'it 11 st.1·011g gr·c1cli<:~11ts arid lc1rge 
che111icc1l clctivity, causec-1 by st.1·()11g loc:al e111issio11s f'o1· i11stc111c'.e. 111 tl1e 
lc1t.t.er 1·egions c1 l1igl1 r·esc)lt1t.io11 is 11et3cled t.o ,1vt1icl lc:1.r·ge 11t1111t?.1·ic·ctl err·or·s, 
wl1er·eas i11 tl1e ot,her· 1~egio11s less 1·esolt1tio11 \Vot1lcl lea.cl tc) l)ett,e1· effic:ier1cy. 
Tl1is c:a11 l)e acco111plisl1ed witl1 loc:cll grid 1·efi11e111e11t wl1er·f\ eitl1er· tl1e user· 
specifies t.l1e l1igl1-resolutio11 1·egio11s or· vvl1e1·e suc:}1 regio11s ar·e C'.0111pt1ted 
aclaptively l1si11g suital)le 111011it,01· ft111c:tio11s. Tl1e use of loc:c1l r·efi11e1r1e11ts 
for regior1al air-pollutio11 111oclels is bei11g exc1111i11ed at prese11t, i11 tl1e project 
EUSMOG. 

2. 5. HPCN: high perfo·rrria,,ice co·rrip'uli·n,g a·r1.(l ·riet'Lvo·,·kirig 
Tl1e very la.rge 11t1111ber of ec1uatio11s 11eedecl for a11 c1cc:t11·ate clescri1)tion of 
transport a11cl cl1e1r1istr·y i11 111a11y apJ)licctt,io11s req11i1·es f"11ll 11se of' advancecl 
superco111p11ters, such as tl1e CRAY C90, witl1 possil)ilities of' vect,01· and 
par·c:1llel I)rocessi11g. At, p1·ese11t, 111odels a1·E~ frec1t1e11t,ly si111plified by rest1·ict
i11g tl1e nu1,11ber of cl1e111ical sul)st,ar1c'.es a11cl spc1tic1l 1·esolutio11 ir1 view of 
available co111pute1· C'.apacit}r a11d speecl. Witl1 tl1e f,1st growth of the avail
able r11eteorological ar1d pl1ysical dc:1ta, for exct111ple througl1 1·en1ote sensing, 
it is expected tl1at i11 tl1e 11ea1· futt1re 111assively par·allel corr1pt1ter systems 
will become increasi11gly i111port,ar1t for· tl1e realizatio11 of 11ew rr1odels. 

The f11ll 11se of st1ch co111pute1· syste111s will forc:e 11u111erical analists to 
rethink tl1e sett1p of algoritl11r1s c111d i111pler11ent.ations. Althot1gl1 the design 
of 111assively pa1~allel arcl1itec'.t,ures is still i11 111ot,io11, r1u111erical researcl1 in 
this directior1 is 11ecessary t.o ar1ticipate t,l1e future develop111e11ts. At CWI a 
pilot project l1as started wl1ic'.}1 exar11ir1es the possibilities of tl1e CRAY T3D 
syst,en1 for 11se in regional atrr1ospl1eric 11·1odels. 

3. PROJE(;TS AT CWI 
270 At present th1·ee projects are c~arried out at CWI co1·1cer11ir1g transport of 

pollut,ar1ts with various application backgrou11ds. 

3.1. EUSMOG 
The project EUS1\10G is carr·ied 011t in close coope1·atio11 witl1 scientists 
of the Air Laboratory of RIVM - tl1e Dutch National I11stitute of Public 
Health a11d Environr11ental Protectior1. RIVIv1 also gives finar1cial support 
for the project. 

The goal of this project is to develop fast, 11u1ne1·ic~al algorithrns for the 
prediction of s111og episodes. The 11·1odel uses a 4-layer pa1·a111eterizatio11 ir1 
the vertical directior1 a11d a cherr1ical ozone 1r1odel wit,h 15 che1nical sub
stances. The 11u111e1·ical r·esearch in tl1is project is 111ai11ly elevated to the 
development of new cl1e111ical schen1es and the t1se of local grid r·efinements 
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to 1·ep1·eser1t; loc:c1l e111issior1 s0111·c·es a11(l to f'ollow st.ro11g grc1c·lie11ts i11 space 
c111d ti111e. 

Figt1r·es 3 a1·1d 4 c11·e prodt1c'.ecl witl1 C1vVII{OS, tl1e c·ode wl1ic'.l1 is l.)eir1g 
developecl clt. C\VI for su111111er a11cl wi11te1· s111og. Figure 3 gives cl 5-clay 
preclic:t,ic)Il of' sulft1r-dioxide i.'3 0 2 c·o11c'.e11trat.ior1s over· E111·c)pe l1si11g er11issic)11 
clata a11cl 111eteor·ologic:c1l i111)l1t pa1·a111eters f1·0111 RIVrv1. Fig111·e 4 gives t1l1e 
co111putatio11al gricl at, g1·01111cl level 11sed c1t tl1e e11d of tl1e pr·eclictio11. Tl1e 
grid refi11err1e11t p1·oc~edu1·e is ft1lly a11to111citic~ ar1cl tl1e gricl acl.j11st.s itself to 
the solutio11s. Si11ce tl1e grid is st1·or1gly refined ;:1t s111all regio11s 011ly, this 
proced111·e is 111uch r11ore efficie11t, tl1an usi11g overall 1·efi11e111e11ts. 

3.2. TRUST 
Ir1 the TRUST project we stt1dy t.l1e sirnulat,io11 of t1rar1sport a11d l)io-cl1ernic:al 
i11t,eractio11 of sali11ity, J)olll1ta11ts, st1spe11ded rnat,er·ial (st1cl1 as secli111ent or 
rnud), et.c. i11 sl1allow seas. Tl1ese seas play ar1 i1r1portar1t role as a li11k 
bet.wee11 la11d a11d oc~ea11 a11cl l1s11c:1.lly have :::1 higl1ly productive ec:osyste111. 
As i1,r1 exa111 J)le, we 1r1ay C'.Or1sicle1· tl1e N ortl1 Sea, wl1ic:l1 is pa1·t.ly st1rrou11ded 
by l1ighly i11dustric1lized c:ot111t1~ies; as a co11sec1l1e11ce, it is s11bject to c:1.. lar·ge 
nun1ber of' effects, s11ch as natur·al sewage i11 11rl)c1n sewer 011tlets, pollt1tion 
by rivers, recreatio11, heavy t.rar1sport, a11d, in tl1is exa111ple, cLlso tl1e explo-
1·atio11 of 111i11e1·als (gc1,s arid oil), a11d fisl1e1·y. l\1or·eover, tl1e i11ter·ac:tio11 with 
the ocea11. a11d the at111osphere l1as a sig11.ifica11t, ir1flt1e11ce on tl-1e ec:osysterr1. 
Altl1011gl1 ,ve are still far away fro111 tl1e fi11c1l goal, i.e., a tl101·011gh u11der
standi11g, a11d control, of tl1e 111ari11e ecosyst,er:r.1 dy11ar11ics in shallow seas, the 
TRUST pr·oject t.ries to co11trib11te in pusl1i11g tl1e proble1r1 one st.ep fur·ther 
i11to the direct.ion of· its final sol11tio11. Tl1e 1·esearc'.l1 at CWI C'.011cer1trates 011 
tl1e develop111ent of fast,, parallel c1lgorithn1s for· tl·1e ti111e i11tegrat,ior1 of tl1e 
advection-diffusio11-1·eactio11 ec1uatior1s [3]. 111 contrast to ai1·-poll11tior1 mod
els, tl1e che111ical 1·eac:tions ir1 wat,er ar·e usually quite slow, in1plyi11g that tl1e 
r·eaction terr11s do 11ot need spec:ial cor1cerr1, arid cart be tr·eated by sta11clard 
explicit 111et.l1ods. For tl1e advec:tio11-diffusion part, we developed a so-called 271 
Hopscotch 1nethod, whicl1 seer11s to be ver·y pror11isi11g, both with respect to 
11ur11e1·ical properties as well as with respect to vectorization/parallelization 
capabilities. An other poir1t of i11terest i11 this cor1text, is that various regions 
rec1uire differe11t spatial grid resolt1tio11. For exar11ple, to captt11·e the local 
pl1er1on1e11a in coastal regions a11d estuaries, a muc:h fi11er grid is needed. 
Tl1is is clearly illust,r·ated ir1 figure 5, sl1owi11g tl1e distribution of st1spe11ded 
n1aterial ir1 tl1e Nor·th Sea. Since tl1e infor111ation sl1ow11 i11 t,his figure is 
very costly a11d ti111e-c:011su111ir1g to o1)tai11, it is clear· t,hat efficient, 11ur11eri-
cal sin1t1latio11s are of utmost, in1porta11ce. I11 the TRUST pr·oject, there is 
a close co-operatio11 with tl1e r·esea1·cl1 grot1ps at the TUD (Delft University 
of Tecl111ology), RIKZ (N atio11al I11stit11t,e for Coast.al arid Mari11e 11anage-
n1ent), arid Delft Hydraulics. Fi11a11cial support is obtained fro111 tl1e CRAY 



Figure 3. S02 concentrations over Europe, 5-day prediction. 
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Figure 4. Horizontal grid at day 5 in calculation of Figure 2. 
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Figure 5. Remote sensing observations of the North sea area show that suspended 

fine-grained particles are predominantly concentrated in relatively narrow zones along 

the coastal boundaries. 

Resear·c;l1 G1·a11t P1·og1·a111 a.11cl tl1e N O\:VESP l)I'O j t'Ct, ,,, l1ic·l1 is pc1,1·t. of· t.l1E~ 
l\lIAST II p1·og1·ar11 of· tl1e EU. 

,1.3. CIRI< 
CIRI( is a joir1t. 1·esec11·c'.l1 pr·og1·c1111111e of (;\\!~I, I11IAlT (I11stitl1t(~ t·c:>1· l\/Ic11·i11e 
a11d At111ospl1eric'. R.esec11·cl1) , RIV1/1 (N clt,io11c1l I11st.it.t1t.c <)f' Pt1l)li<· I-Icaltl1 c1,11cl 
E11viro11111e11t,c1l P1·otec~t.io11) a11d I(N1\1II ( Ro}rctl N et.l1c1· lc1r1cls l\1eteo1·ologic::al 
I11stitt1t,e). Tl1e goal of' t;l1e pr·c)gr·c1111111<; is t,c) cle\rc~lop ,1 11·1c)clc:~l t·or· glc)l)cll 
t1·a11s1)or·t cl11d c:l1c~111ist;1·yr of· t.1·c1c:e c:011st.it.11t~11ts i11 t.l1e t1·01)0s1)l1c1·c, \vl1ic:l1 
sl1ould i111111·0,,e p1·esc11t. 111o(icls l))' t1si11g 11101·e ,1d ,,rct11c·ccl 11l1111e1·ic:cll r-11E~t;l1ocls 
a11d 11101·e 1·efi11ed l)c11·a111et,e1·izcltio11s of· 1)l1ysic·,1l a11d C'.}1c~111ic·c1l r)r·c)c:c~sses. Tl1E; 
develo1)111e11t, of S11(?11 glol)c:11 111oclc:ls, '.\rl1ic:l1 ("()v·cr· t,l1e ,vl1c)le t.1·01)0s1)ll(~l'C clll(l 

11a1·t of tl1e strc1tos1)l1erc\, is 1)eco111i11g i11c:1·cc1si11gly· i11-11)c>r·t-.ar1t. t·o1· c1t,111c)SI)l1c~1·ic· 
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sc·iE~11t.ists to stt1<ly t.l1e lc)11g-tE~1·111 effec·t.s ()f. r·E,gic)llctl l)C)ll11t.i<>11 s<)111·c·cs. 

1"'11c; 1·E.~SE~c11·c:'.}1 c:lt C\VI is fi11c111c:ii:1lly Sll J)J.)<)1·t.c)cl l))' 11,IVl\1 ~ ,1.11< l is cli1·c,c·tc·cl t.<> 

r1 t1111 er·i c~ c:tl l)r·c) 1)1E~1r1s cl.Ssoc·ic1t,E)cl \\ri t 11 cl.<l v'"E~c·t.ic)11 C)ll SJ> l1e1·ic· ell g<"C) 111t~t.1·i f)S, f'<1st. 

c·l1E~111i c·c1l so 1 ver·s, c·o111 J) tl t c-1t, i o 11ctl cts 1) CC'.t s <) f OJ)<:;1· cl t.c)r· SJ)li t t.i 11g, ,1r1cl vec'.t.c)1·

izc1 t. io11 c:111cl l)c-1r·allelizclt.io11 clS})('c·t.s. Tl1is \vor·k is co111l)i11c~cl \\ritl1 t.l1c~ 1·esec11·c'.l1 
clt. II\1I~A.lJ, RIV1v1 f111cl I(Nl\11 c·o11c·e1·11i11g, ,1.111c)11g otl1c)1• t.l1i11gs, t.rC)l)C)SJ)l1e1·c
st1· et t, os J) 1·1 E~ 1·e ex C'.llc111ges c111cl st1 b-g1· i cl pc=tr·a111 e t.e1·iz,1 t. i C) 11s f'or· ver·t i cell t r·c111s

l) o r·t. ct11cl clot1cl S.)rste111s. 

Belo,v s011·1e of t.l1e 1·elevc:111t. 1·efer·e11c~es ar·e give1·1. l\tiore refe1·e11ces for· the 
J)rojects EUS1\tIOG a11d CIRI< c·a11 be fol111d at, t.l1e WWW site 
' l1tt,1)://www.C'.Wi.11l/cwi/p1·oject.s/11wl.4.l1t.r11l '. 
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