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Thl' transicnt %lle generalion proccss in Ihe lower atmosphl'fc is sludieJ in Ihis wnrk. using a silllplilH:d ,el 01' chemical rCdclions for
thl' ,\,'O.r amI hydrocarholl photolysis. \Ve ohlained a reduced killl'ti<.:lllechanislll amI so)vcd Ihe reslllling !!l1vcrning cqualion, u,ing the
hounJary lnycr thcnry due to (he appcarance 01'two time scalcs in Ihe problclll. \Ve ohtaillcd in closcd f(Jull. the temporal c\'olUlioll (lf the
O/Olll' conccntratioll ;lS a futl<.:tiollof Ihe physico-chemical paramctcrs.

Kn"ll"onú ..O/olle g:eneration: photolysis

En C,ll' IrJbajo 'c e'ludia el proceso tran,itorio de la generaciún de o/Ono en la haja atmúsl"cra. empleillldo un conjunto simpJilicado de IJ
cinética quími<.:apara ];¡ fOlólisis de los NO". y de un simple hidrocarhuro. Se obtuvo un e.si.]ul'lllJcinéliCll reducido y se cncontr6 la soluci6n
lid sistcma de ecuaciones diferencialcs con la técnica de la capa límilt' debido a la exí.Ql'lll"i:lde dos cs<.:alasdl' ticmpo bien diferenciadas Se
(lhIU\'(len forma cerrada la evoluci6n temporal de la concelltraci('lll de onlllo <':OIllOUllaflllll"iún de Jos p:ll;írnetros físico-químicos.

/)OCf"ip/ore.I: Gencración de ozono: fotólisis

rAes: S"'¡O.\\'.n60lI. OnO.Hq

1. lntroduction

The unL!crstanL!ing 01' lhe physical and chcmieal rncchanisllIs
for lhe gencratioll of the Olone molcculcs in the lower .11-
1Il0sphere is aClually a \"ery important Jl1ulli-disciplinary re-
sl'arch arca. This field is associatcd \\'ith several aspects. rUll-
damentally relalcd with Ihe human health. pholochcmical air
pollution and acid deposilion in large cities. the L1estructive
cJl\'inmJ1lcntal clfecls.like changes in the slralospheric OI.OI1C
IaYl'L conlrol 01"emissions in industries. etc. 11. 21. Recentl)".
Alkin~on [3] has puhlished a revie\\' arlicle. whcre the curre ni
knowledge uf lhe main gas~phasc reactions occurring in lhe
lroposphen: are cstahlished anL! well L!ocumcntcL!. This is ex-
Ircmely imporlanl. hecause in Ihe past. lhe models and eval-
lIations to imrron.' Ihe chemicalmechanisms have heell con-
ccnlrateo Wilh stralosphcric mooeling. Thercfore, the study
01"the chemical 11l1.'chanisllls in the lroposphere, in particu-
lar in polluted urhan atlllosphere, is fundamental due lo Ihe
IdrgL' \'ariety 01"organic specics proL!uclion 01' rnuch larger
cOlllplexily comparl'L! with that originaled in the uppcr al-
lIIosp!lere (DcJ\lore (,{ al .. [..1), Baulch el al., [5] ami Atkill~
son etl/I .. IGIl. In;¡ recenl anielL', Rui/.-Sll:l.rel. et al. [71 has
dl'arly sho\\"n thal the differcnt wL'lI-known nUlTlcrical and
l'\pL'rimental approaches are not surtkienl to explain the gen-
nation 01' polluling agents in uroan arcas. They sho\\" Ihal
it is Ilecessary to devclop specilic models 10 lInJersland lhe
dYllalllic of ]1,lrlicllJar si tes. They take ilS olle cxalllpk the
wcll-rccogni/cd air pollution in J\1cxico City. In Ihis SL'llse,

!llore realislic lIIudels are nel.'ded lo improve the general con-
lrol slralegies in polluled urhan areas and Ihl.' prcdictiolls
of glohal \\'cather lIlodiflcations. 0\'(:1' the pa\1 JO years a
\"asl alllollnt 01"experimental work, ill\'ol\"ing Iahoratory, el1-
\'ironmelllal chamhcr amI alllhienl atmospheric sludies, has
heen carried out cOllcerning the cl1elllical ami physicaJ pm-
cesses occllrring in lhe allllosphen:. Ikcausc uf llll' complcx-
il)' of the processes. the systclllati/ed ano sophisliclIL'd lISl.'
of computers lIlollels are de\TlopeL! lo elucidate the alllhm-
pogenic and hiogenic emis\ions in Ihe alrnosphl.'re. Thl.' Illa-
jority or the puhlisheJ sludics an: nllllll:rical or l.'xpcrimen-
tal sillllllalions lIsing environlllental chamhers. i\lthough it
has hcen significant impmvelllcnt in our kl10wkdgc 01' the
chemislry nf pollull'd atlllospl1l'rc amI in the level of detail of
chemical rnechanisllls in recenl years. the lIscfulness can he
impro\'ed notahly. ir \\"e dC\.l'IOpL' cOlllplClllenlarily .lnaIYli-
cal approaches, wherc Ihe explicit inllllencc of lhe physical
allJ chcmical paramcters in\.ol\'ed in lhe actualmalhemalical
moJels. are rcvcalcd.

The lIlain ob.ieclive of this paper is to analY/e analyti-
cally lhe gellL'ration 01"O/Ol1e in lhe lower allllO'phcre. u,-
ing a reducL'd SL'Iof chernical reaclions. This sct 01' reac-
(ions is lhe simplest possihle. when: the effecl uf lhe rh01O-
dccomposilion 01" a simple fuel is incluocJ. The resuhing
m<llhcmatical IlHldelling rcprl'Senll'd hy a oynamical sySICIll
01"ordinary differential cquations. loan he snl\"ed in c10sed
form \vilh tlll' ;lid nf conVl'lItiollal houlldary Iayer theory.
In this formalislll. il can he sl1owl1 that two tilllc sl.ales arc
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inHJlved 10 ucscrihe Ihe e\'olUlion 01' Ihe %ne cOllcenlra-
lion, The short lillle scale is associaled with Iht: pholo-
chemical reaclion 01"lhe nilrogcn oxides whilc Ihe long limc
scale i~ relaled lo lhe phOIO-dccolllposilion nI' Ihe hydrocar-
bon in tlll' lower allllosphere. \Ve ohlain a lhrec slep glohal
rcducl'd kinelic Illcchanism lIsing Ihe CSP (COlllrlll~llional
Singlll~lr Perlurhalion) lechniquc dcvclopcd in Rc!'. X. Hcre,
Ihe chcmical reaclions are rcordered in flo'aClion groups as-
\Ocialed lo lhe samc ordcr 01' magnilude 01"lile characlerislic
limc\. Thcse rcaclioll groups can he acti\"t:', dead or dormanl
dqllo'nding on lhe rclalion of lheir characlcrislic timcs lo the
actual relevanl characlerislic lime 01' Ihlo'sludied proccss. The
dcad groups are relaled lo fa\t chemical reaclions fmm which
Ihc appropriale qua\i-sleaJ:' ami partiall..'quilihrium assllmp.
lions can he dcrivcd. The dormanl gwups are rclaled lo slow
chclllil';lI rcaclions playing no role al lhal 1ll01llCIlt. FWlIl Ihe
aClivc aud dormanl grollPS Ihc glohal Illedlanisrn can he oh-
¡aincd.

TM~LF Kinclic mccl1anism (units. mol. cm. s. Kj),

:'-Jo Rcaclinll A " E

:'\0.: + /w----+0.0 + O S.SS3xI0-3 000 O

2 01 + NO---¡.N().! + 01 I.J25x 1012 0.00 11.9

3 O, + O + M'-+O, + M' I.OX4x102o -2.30 O

.¡ CH.!()+¡'/)-411 + lIeo 2.667x 10-') O.IX) O

5 1102 + NO----+,"\()2 + 011 31XlOx 101' 0.50 10.2

(, CII20+/I/)----+1I2 + CO 3517xlO-' O.IX) O

7 H + O, + .\1' -+110, + .\1' 2.JOOx 1018 -O.SO O

S IICO + 0,-+110, + CO J.()O() x 1012 OIX) O

') 011 + t\Ol----+IINOI 6.625x 1012 O IX) O

Thc /l'Hl-dimcn"i{lnal reacling govcrning cl)uJlions of an ho-
I1H)gClll'(HI" rni.\(ure assuming an isothcnnal atrnosphcre are
givcJ] hy

.\/

¿ ¡'¡)!"}'

,-1
1. .... .\'; .1 l. .JI. ( I )

H02+NO_N02+OHI

¡
02.0+".0.)+".

¡
H+02.M.H02+" I

¡
HCO+02"H02+CO I

OH+NOZ_HNO'J I
¡

CH20.HZ+C •

¡

CHZO_H+HCO •••••••••••

3. f\s~'l11Jltnlicanalysis

FI(;UHE I St'llsilivity cocfliciems of Ihe clement.uy rcaclions in
lhe protiucliull uf OI.Olle molcculcs.

IhL'se chcmil'al reacliolls. The rcsulting set of chcmical rc-
;lcli(lns can hL' rcduced alkr lhc in(roduction (lf slcady-statc
hdlavior 01' sl'vcral spccics. In lhe presellt sludy we took D
elcmentary cllcmical rcaclions, which represenls Ihe simplest
%lle produclion Illcchanism wilh lhe simplest reactive hy.
drocaroon, CII:!().

0.2 0.25015"0,05

N02_NO+0 !II.IIIIIIII •••• ~ •• ~.
..oZ -0.15

Two lime scalcs arc tlss()ciated lo lhc photo-chcllIical de-
ca)' 01' NO:.! and lhe characlerislic fuel assulllcd in Ihis papcr
CII:!O. ThL' firsl olle is (lf lhe ordcr of a couplc of minules.
while Ihe sel'OlH.I one is of lile ordcr of hours. This slrong
dillcrcncc hL'lwccn lile l\Vo sctlles \ViII pcnnil lo develope an
aSYlllptolic analysis for Iht: o/.one prodllction dcscrioed oe-
lo\\", Figurt: I sl10ws tlll' 'il..'lISili\'iIY analysis ohlaincd hy in-
creasing artilicially len limes each individual reaction and
IOllking at lhe gcneralion of lhe %nc cOllcelllration al a
gi\'L'1l lime which in our case is 60 minules.

\\'hcrc I l"olTcspond\ lo Ihc ¡illle: C¡ COlTlo'sponds 10 111l'molar
(OIKClllralion (llloll\"{)lullle) 01' Ihe specie i..\"l'mrespond\ lo
lhc lolal lllllllher nI" species laking pan in lhe proCCS\. ;\1 is
thc 10lal llumhcr of clementary chcmical rC<ll"liolls. 1',) l'orre-
~pond lo (ilc \lOirl1iolTlctric cocflicients 01 thc species i in Ihe
cill'nlil'al rl..'actioll .J. 1',) is negtlli\'c for rcaClants amI posilive
ror products. 1') rOlTl'sponds lo Ilw l"eaclioll rale 01"lhc ele-
lIIentar)' rhclllical reaclioll j, and is givCll generally in lile
Arrhcllius fonn. ,./ = AT'1 t'xp(-EJ/UT)IlC¡, ..\ is lhe
prC-l'\p{l[lCnlial f:ll'lor, EJ corresponds lo Ihe activalioll cn-
ergy uf llll' C1cllllo'l1lary cilelllical rC<lclion j and Ihe pl'OdUCl
I"Ullclioll i\ assullll'd only \vilh Ihe reaclanl s¡K'cies of lhe re-
aClioJl.J. /( i~Ihe univcrsal gas constan!. U = 831.1 KJ/ll101.
T is lhe atlllosphcric Icmpt:ralurc assullled lo he conslanl in
lhi\ llIolle!' The pholo-chemical reacliolls arc assullled wilh
an awraged I¡ght inlL'nsily. Alllhe elemenlal")' chemical rcac-
lions :1'..\lIlJ1cd in Ihis wmk arlo'displa)'ed in Taole 1.

Thc solulion or lhe gm.crning El). (1), logelhcr wilh the
corresponding initial condiliollS, C'¡ = C¡(J al f = (J. is oh-
laillcd lI\ing lhe slill differclllial L'qlltlli(lnS (()de "Flal1lL'l\las-
ter". dC\l'loplo'd in Aachlo'l1. Germany [9J. Parallel lo Ihi\ nu-
rnerical ((H.Ic. a eSI' (com¡Jutalional singular perlurhali(llls)
rOlllinc has bL'L'n bllilt. The proccdurc clllployed in on1er 10
ohlain Illl' n:dw.:ed killelic lllecl1anislTl is hy drooping out lhat
n.'ac(ion~ \\ilh ;1 p;lrlicipatioll indcx [8] lowL'r than a critical
\'aluL' in l/ll' wholt: c\.cnl. This crilical \'aluc i" Ihe maxilllum
\'aluL' ohlaincd \vhl..'ll no apprL'ciahle changL' in lhe lIItlXilllUIIl
0/0111..'conl'l'ntralioll al a gi\'cn limc H homs), arter dropping

RC\'. .un, Fis. -W (6) (II}<)X) Sl54-)XX
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()¡Ol1l' O:l is produccd in this schclllc onl)' through rcac-
lion

(::1 O2 + O +:11 --; O., + ,\1.

is 01"ordcr 01' a l'ollplL' minutes and thcn i" loo fast cOl11parcd
\\'ilh lhe pholo-cl1l'lllil'al rC<lclions aS"iOCialed to the fuel con.
sumplion, The eleJllcnlary chelllicaJ reacli(lll (.1) Irallsforllls
lo

wilh free (l\ygcn aloms lihcralcd hy Ihe pholo-chclllical rc-
¡[l'lion

(JI)

(1) ';02 + IJI' --; ';0 + O.

Thl' L'\trl'lllcly 10\\ sCnsili\"ily nI" fCal'lioll (:3). in Ihc O/OIlC
prodUl'lioll int!icales Ihal t!lis fCílL'tion is fast cnollgh wilh Ihe
ríltl' Jilllill'd hy Ihc pholo fCtlcliOIl (1). Thcreforc, alolllil' oxy-
,;.'ClIl',lll he a'iSlllllCd lo be in slL'ady slate. Thc sccond impor-
lalll lillliting cl1clllil'al reai..'lioll is lhc photo-chcnlical fe<ll'li()ll

( 1) CII20 + IJI' --; IICO + 11.

wilh Ihe ral(' gi\l'll by "11 = kICCIl~O.The COIlSlllllPlioll 01"
;'\0 throll,;.'h Ihe glohal rC<lclion inl.:rl';t"'l'S the COllc(,lllration
01' o.~IhwlIgl1 lhc fOl"ward reaclioll (1 j. The Jasl glohal stcp
is cxactly Ihe l'kll1clllary feaclioll (G)

(J lJ)

wilh Ihe rate giVL'n by /'111 = 1"(iC('lr~u.

Th(' go\'crning l'quations asslIlIling Ihcse Ihrce glohal rc-
a((ions afe givell hy

Thi .••rl':lclinll COllsumes Ihe fue!. producing hOlh ({eO and
,llolllic h)droge-Il. Both an: l'onsulIled very fapidl)' by rC<lC-
lions

(7)

and

(,)

O2 + 11+ ~I --; 110, + ~I

IICO + " --;CO + 11+ ".

r/(';-.;{ )

di
lI('u:

1

di
d('('I1~(l

di

(3)

(4)

(S)

Rl',lL'linn (~) produces HOl which feacts wilh NO thmugh
l"I..'ílL'tioll

Thlo'''l' eqllation'i ;lfe lo h(' sol\"L'd wilh Ihe rollowing initial
condilions

,;.'l'lll'fating N02 to hc convertctl lo o/onc w¡th Ihe aid of I"C-
;ll'lion .•.(1) and (>>¡. 011 is rapidly consumed hy reaclitHl (D)

(.-, ) 1102 + ';0 --; ~O, + 011 .
(':"J(l~ = {(':"J()~)o.

C(,II,~()= « '('r r~())o . ('0
1
= (J . (6)

()/llIlC re;h.:h ",ith NO lhrough rcaclion

TIlL'rclúrl' O, 11. Hen. 1I0l alHl also OH are rapidly COII-
.••ulIll'd and thlo'n can hl' aS'iulllL'l1 to he in stcady Slatc. Thel"c-
Inrl' i...pos .•.ihk to rcduú' the nUlllhcr of global feaclions alHl
.••PlTil ..••.Rl'<ll'lion

Introducing tillo'following nondil11ellsiollal \"ariahle~

(\0
{C\())(I .

el 'Il~U
(( '('Ir~o)o '

y=

1/=

T = "1 t

( ',\()

( ','\( l~ )11 .

('( l,\

(('"J, .

.l'=

Ihe go\'erning l'quatitlns transforTn in Ilolldilllcllsional form 10

o., + ';0 --;O,+ ';02(:!)

CII20 + 111' ~ 112 + CO

l'llll"'Ullll'" 111L'fue-l pfodlKing unly rebti\"ely stahll' chclllicaJ
"'pL'L'iL's.Tlle inl1uenn' uf Ibis feactioll is lo reducc Ihl' fucl
l"IllllTlltratioll (O/Olll' prccursor) and then has;¡ llegaliVL' SCll-
"ilidl)', Usillg Il1lo'stcad)' statc rOl"thc atomic oxyglo'll. thc lilll-
ilill~ l"i..';ll'lioll (1) lh •..•n Iran .••forms lo 111•..•global 'ite(l

I/) ';02 + O, ;=" SO + 0.1 '

d./"

dT
dy

dT
d:
liT

-,1' + y:.

I
- (.1" - y: - '21\'I~i'¡l/)
"

(X)

(9)

( 10)

( 1 1)

\\hich is Ilw hack\\'ard 01"Ihe ckmcnlary rcaction (:!). Th •..•
~loh,lI rL';lclion ralc is Ihen givcn hy rl = 1"1 (';"Hl~ -

¡,.:!( ','\U(\)¡, Thc CharnCIL'fislic lime nI' Ihis glohaJ reaction

WhCfC

le2(( """),,

le,
( 12)

1\('\'. Mi'.\' h\. -1-1 (6) (199X) 5X-I-5XX
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arL' 01' onkr unit)' and = = 10-:1 (showing the disparity in
lhe charaCIL'rislic lime scaks 01' Ihe process). The rcslllting
llondimensional paramclers are defined hy

d~ _2-=- = J,'"nr - (1 + J,'",,): - :...., (I~)
dT n

£Ir = O. (15)
dT
d,,, = -2/\',¡,dEII. (16)
di

which dclenninc the relativc conccntratiolls uf lhe %lle pre-
L'lIrSOr species. The charaC1L'ristic %ne concentralion is
IIJcll dclined hy (('0])(' = ""1/ (1.'2(1), The nondimension~ll
i,:haraclerislk lime of lhe photo-decomposition of N01 is 01'
ol\kl' 01' unil:' whik lhe characlerislic time of lhe pholo-
decillllposilion of Ihe fuel is 01' ortler [-l. In order lO dilll4

inalL' Ihe non linear terms in 1\\'0 01' the governing equa-
tions \'iL' detlne conservalive scalars in the shorl time scale
as" = ,1' + ,-:/(1\-20) aml,-; = Illl - :/(1\''1,0). reducing the
sl'l ollllL' govcrning equatiolls lo

J,t. Inner stage

(21)

= ti.

(22)

dZo ~ ,)- = l - 'IZo - Z.d( '. o'

dZ¡ -'- Z (.1 .'Z) - - Z (-1- , ~1 - + - -o - I ~o .
( (

etc. Here ,-1 (1 + /'"II)/~ 1 and "
'!.j7\;/\.I.:3 1. The illilia! conditiolls are then Z¡(O)
!"tlr all i, The solutillll lo 1!lL'Ricatli Eq, (21) is

17m values of ( 01" onle, unily. we aSSlIllle a solution nf lhe
forlll Z = L~nE 1 Z¡. I'L'sulting in the following sel (Jf L'qua-
Iion s

l'tlllL'enlralion incn:ases rapidly frolll O up to an equilihriulll
vallle diclaled hy Ihe glohal slCp (1). A second or (lulrr slage
is foJlo\\'ed wherc (he %ne cOlH.:entration incrcases slowly
in times nf order ( "-' E -1, dile In the slo\\' photo-chelllical
I'cactions 01' the fucl dectllllposilion. Here E = E / ~ « 1,
In physicalullils. the inllcr tone cOlTcsponL!s 10 characteristic
limes 01' nrtler nI' a l'ouplL' nI' minutes. \vhich is ver)' fasl ror
practical purposes, TIlL'oule!" 10th: is associatctl to lime scales
01' se\'l'ral hours,

( l.1)/J= (('CII,O)O,

(C"o,)"
and(('NO )0

(('NO, )"
(\ =

r = l.

The solulion to the last lhree equations considering Ihe inilial
l'lml!itiolls are:

(2.1)

(25)

z() =

wherL'

II(() = ..1 + ~Z".

J.2. ()utcr sta~l'

.1" [1 - <,xp(-~()]
..l.,
,,1;+ <,xp( - J ..1" + .I()

\\here,.I¡ = (~-.I)nal1dA" = (IV +.I+ ..I)/~.
The equilihriulll o/tlne cOllcenlralioll in this initial slagc is
l!len Zo ----t .-:1.1 for ( -'> "" The flrsl on..lcr solulion is givt,.'1lhy

-----/(¡,U;)"XP [l' O(I/)d¡l] dE., (2~)
I'XP [.I;~(/(Od~] , 11 ' o

(1 X)

( IY)

( 17)

= l - F(,.,)Z - Z".dZ
d(

du '/' .- = -( \,1 + 1\1;)[11.
dr

Whl'l'e (1 is the large lime selle. (1 = ET, Equalioll ( l--l) can he
J'l'\\Tiltell as

For large values (Ir ( and valucs of (J nI" order unily. Ihe go\'-
cl'ning Eq. (ISI) (a"'es 11lL'forlll

ami

Z--.-
~- ~n' (=~r

dZ
E-=d,.,

1 - F(,.,)2 - 2" wl1ere z = Z("').

Assllllling a solutioll nI' lile fonu Z = L~o fiZ¡, \Ve ohtain
lhe rollowing sel nf equaliolls

l
. 1 J,'¡rJ
.=1+---

/,'"n o(h'¡ + 1\',;)

x {I-¡'xp[-(J,'.¡ + /,',;),.,]}~II. (20)

lo he snlved wilh lhe initial conl!itioll 2(0) = O. Thc Ricatti
Eq, (llJ). gives Ihe Ilontlimensional o/one concenlralion as a
fUIH.'lion 01' lime. This equation has Ilot a doscJ forlll solu-
¡ion, \Ve use lhe boundary layer technique in order lo have <In
approximatc solution to this equ:llion. The inner stage (OITL'-

"ponds lo {he lime scale ( "'-' 1, {1 -+ (J, wherc lhe 0/,011(,

2(f + F Z(J - 1 = ().
- • .' dZoZ,U +2Zo)=--. da

l'tc. The solulion lo Eqs, (27) and (2X) are

JI'" +.1- l'
~()= ------ ~

(27)

(2X)
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