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ProblemProblem

•• WhileWhile inin thethe airair, a , a substancesubstance cancan bebe chemicallychemically alteredaltered inin oneone ofof twotwo
waysways. . 

•• FirstFirst, , thethe sunlightsunlight itselfitself maymay containcontain sufficientsufficient energyenergy toto breakbreak thethe
moleculemolecule apartapart, a , a soso--calledcalled photochemicalphotochemical reactionreaction. . 

•• TheThe moremore frequentlyfrequently occurringoccurring chemicalchemical alterationalteration, , howeverhowever,, takestakes
placeplace whenwhen twotwo moleculesmolecules interactinteract andand undergoundergo a a chemicalchemical reactionreaction
toto produceproduce newnew speciesspecies. . 

•• AtmosphericAtmospheric chemicalchemical transformationstransformations cancan occuroccur homogeneouslyhomogeneously oror
heterogeneouslyheterogeneously..

•• HomogeneousHomogeneous reactionsreactions occuroccur entirelyentirely inin oneone phasephase; ; 
•• HHeterogeneouseterogeneous reactionsreactions involveinvolve moremore thanthan oneone phasephase, , suchsuch asas a a 

gasgas interactinginteracting withwith a a liquidliquid oror withwith a a solidsolid surfacesurface..
•• How to estimate the rate of chemical destruction or production oHow to estimate the rate of chemical destruction or production of f 

the gaseous species? the gaseous species? 



PPhysicalhysical PPrinciplerincipless

•• TheThe fundamentalfundamental physicalphysical principleprinciple governinggoverning thethe behaviorbehavior ofof a a chemicalchemical inin
thethe atmosphereatmosphere isis conservationconservation ofof massmass..

•• InIn anyany imaginaryimaginary volumevolume ofof airair thethe followingfollowing balancebalance mustmust holdhold::

•• This balance must hold from the smallest volume of air all the wThis balance must hold from the smallest volume of air all the way up to ay up to 
the entire atmosphere.the entire atmosphere.



CConservationonservation ofof MMassass

•• IfIf wewe letlet Q Q denotedenote thethe totaltotal
massmass ofof thethe substancesubstance inin thethe
volumevolume ofof airair; ; 

•• FiFinn andand FFoutout thethe massmass flowflow ratesrates
ofof thethe substancesubstance inin andand outout ofof
thethe airair volumevolume, , respectivelyrespectively; ; 

•• P P thethe raterate ofof introductionintroduction ofof
thethe speciesspecies fromfrom chemical chemical 
sourcessources; ; 

•• andand R R thethe raterate ofof chemical chemical 
removalremoval ofof thethe speciesspecies



SSteadyteady--SStatetate CConditionsonditions

•• IfIf thethe amountamount Q Q ofof thethe
substancesubstance inin thethe volumevolume oror
reservoirreservoir isis notnot changingchanging withwith
timetime,, thenthen

•• Q Q isis a a constantconstant andand dQdQ//dtdt = = 0. 0. 
InIn orderorder forfor Q Q toto bebe
unchangingunchanging, , allall thethe sourcessources ofof
thethe substancesubstance toto thethe reservoirreservoir
mustmust bebe preciselyprecisely balancedbalanced byby
thethe sinkssinks ofof thethe substancesubstance..

•• InIn suchsuch a a casecase steadysteady--statestate
conditionsconditions areare saidsaid toto holdhold..



REACTION RATES

• A reaction rate is the time rate of
change of concentration of any reactant in
a reaction. 

• The rate of an elementary chemical
reaction equals a rate coefficient
multiplied by the concentration of each
reactant.



Reactant ConcentrationReactant Concentration
•• TheThe SI SI unitunit forfor thethe amountamount ofof a a substancesubstance isis

thethe molemole ((molmol). ). TheThe numbernumber ofof atomsatoms oror
moleculesmolecules inin 1 1 molmol isis Avogadro'sAvogadro's numbernumber, , 
NA = NA = 6.022  106.022  102323 molmol--11. . 

•• ConcentrationConcentration isis thethe amountamount ((oror massmass) ) ofof a a 
substancesubstance inin a a givengiven volumevolume divideddivided byby thatthat
volumevolume. . 

•• MixingMixing ratioratio inin atmosphericatmospheric chemistrychemistry isis
defineddefined asas thethe ratioratio ofof thethe amountamount ((oror massmass) ) 
ofof thethe substancesubstance inin aa givengiven volumevolume toto thethe
totaltotal amountamount ((oror massmass) ) ofof allall constituentsconstituents inin
thatthat volumevolume..

•• InIn thisthis definitiondefinition forfor a a gaseousgaseous substancesubstance
thethe sumsum ofof allall constituentsconstituents includesincludes allall
gaseousgaseous substancessubstances, , includingincluding waterwater vaporvapor, , 
butbut notnot includingincluding particulateparticulate mattermatter oror
condensedcondensed phasephase waterwater. . 

•• ThusThus mixingmixing ratioratio isis justjust thethe fractionfraction ofof thethe
totaltotal amountamount ((oror massmass) ) contributedcontributed byby thethe
substancesubstance ofof interestinterest..



Units of Reaction RateUnits of Reaction Rate

• If reactant concentrations are expressed in units
of molecules of gas per cubic centimeter of air, 
the rate of reaction is in units of molec cm−3 s−1, 
regardless of whether the reaction has a first-, 
second-, or third-order rate coefficient;

• A rate coefficient relates concentrations to a 
reaction rate and depends on the reaction order.



ORDER OF REACTIONORDER OF REACTION

We consider three types of chemical reaction:



Air ConcentrationAir Concentration
• The concentration (molecules per cubic 

centimeter of air) of M is that of total 
air, and is estimated based on ideal gas 
law;

• where pa is total air pressure (hPa), kB is 
Boltzmann’s constant (1.380658 ×
10−19 cm3 hPa K−1 molec.−1), and T is 
absolute temperature (K).

• The concentration of molecular
nitrogen and molecular oxygen in the
air, often needed to calculate reaction
rates;

• where χN2= 0.7808 and χO2= 0.2095 are
the volume mixing ratios of molecular
nitrogen and oxygen, respectively



FFirstirst--orderorder reactionreaction raterate

•• TheThe raterate ofof a a firstfirst--
orderorder reactionreaction isis
expressedexpressed inin
moleculesmolecules cmcm--33 ss--11

•• thethe firstfirst--orderorder raterate
coefficientcoefficient kk11 hashas
unitsunits ofof ss--11 ((reciprocalreciprocal
secondsseconds))

CBA +>−

Ak
dt

dC
dt

dB
1==



TTruerue firstfirst--orderorder rreactioneactionss

•• FewFew reactionsreactions areare
trulytruly firstfirst--orderorder, , inin
thatthat theythey involveinvolve
decompositiondecomposition ofof a a 
moleculemolecule withoutwithout
interventionintervention ofof a a 
secondsecond moleculemolecule..

•• The classic example The classic example 
of a true firstof a true first--order order 
reaction is radioactive reaction is radioactive 
decaydecay



PPhotodissociationhotodissociation RReactionseactions

•• InIn thethe atmosphereatmosphere, , byby farfar
thethe mostmost importantimportant classclass
ofof firstfirst--orderorder reactionsreactions isis
photodissociationphotodissociation
reactionsreactions inin whichwhich
absorptionabsorption ofof a a photonphoton ofof
lightlight ((hvhv) ) byby thethe moleculemolecule
inducesinduces chemicalchemical changechange;;

•• hvhv representsrepresents a a photonphoton ofof
lightlight ofof frequencyfrequency v. v. 

•• InIn thethe photolysisphotolysis ofof
speciesspecies A, A, thethe raterate
coefficientcoefficient isis customarilycustomarily
denoteddenoted byby thethe symbolsymbol jjAA

AJ
dt
dA

dt
dC

dt
dB

A=−==









ThermalThermal decompositiondecomposition

•• ThermalThermal decompositiondecomposition ofof
a a moleculemolecule isis oftenoften
representedrepresented asas firstfirst--
orderorder, , butbut thethe energyenergy
requiredrequired forfor
decompositiondecomposition isis usuallyusually
suppliedsupplied throughthrough collisioncollision
withwith anotheranother moleculemolecule..

•• IfIf thethe otherother moleculemolecule isis
anan airair moleculemolecule, , itit isis
denoteddenoted asas MM

MAk
dt
dA

dt
dC

dt
dB

T ⋅⋅=−==

Mkk T ⋅=1



Two Stages of Thermal Two Stages of Thermal 
DecompositionDecomposition

RkCBA ,* +→

• Apparently 
unimolecular reaction is
really the result of the
processes of activation, 
reaction and 
deactivation

DkMAMA ,* +→+

AkMAMA ,*+>−+

OR



Rate of two stage reactionRate of two stage reaction

• The rate of
decomposition of A 
(which is equal to the
rate of formation of B or
C);

• The steady state
concentration of A∗ is
derived;

• and the effective first
order reaction rate ku
(sec−1) 



SSecondecond--orderorder reactionsreactions

•• TheThe raterate ofof a a secondsecond--
orderorder, , oror bimolecularbimolecular, , 
reactionreaction isis

•• wherewhere thethe secondsecond--
orderorder raterate coefficientcoefficient
kk22 hashas unitsunits ofof cmcm33

moleculemolecule--11 ss--11..



CollisionCollision TheoryTheory

•• ConsiderConsider thethe bimolecularbimolecular
reactionreaction

•• IfIf reactionreaction occurredoccurred withwith everyevery
collisioncollision, , thenthen thethe raterate ofof
reactionreaction betweenbetween A A andand B B 
wouldwould bebe justjust

•• NotNot everyevery collisioncollision willwill resultresult inin
reactionreaction; ; onlyonly thosethose collisionscollisions
thatthat havehave sufficientsufficient kinetickinetic
energyenergy toto surmountsurmount thethe energyenergy
barrierbarrier forfor reactionreaction willwill leadlead toto
reactionreaction. . ForFor a a MaxwellMaxwell
distributiondistribution thethe fractionfraction ofof
encountersencounters thatthat havehave energyenergy
greatergreater thanthan a a barrierbarrier E E ((kJkJ
molmol--1)1) isis expexp((——E/RT). E/RT). 

•• TheThe raterate ofof reactionreaction isis thenthen



ArrheniusArrhenius formform

•• As indicated, the terms multiplying As indicated, the terms multiplying 
the exponential are customarily the exponential are customarily 
denoted by denoted by A, A, the the collision collision 
frequency factor, frequency factor, or simply the or simply the 
preexponentialpreexponential factor. factor. 

•• Thus, the reaction rate coefficient Thus, the reaction rate coefficient 
consists of two components, the consists of two components, the 
frequency with which the frequency with which the 
reactants collide and the fraction reactants collide and the fraction 
of collisions that have enough of collisions that have enough 
energy to overcome the barrier to energy to overcome the barrier to 
reaction.reaction.

•• InIn manymany casescases thethe preexponentialpreexponential
factorfactor cancan bebe consideredconsidered toto bebe
independentindependent ofof temperaturetemperature, , andand
thethe raterate coefficientcoefficient isis writtenwritten asas



TTermolecularermolecular reactionreactionss

•• TheThe termoleculartermolecular reactionreaction actuallyactually
doesdoes notnot taketake placeplace asas thethe resultresult
ofof thethe simultaneoussimultaneous collisioncollision ofof allall
threethree moleculesmolecules A, B, A, B, andand M. M. 

•• TheThe probabilityprobability ofof suchsuch anan eventevent
happeninghappening isis practicallypractically zerozero. . 

•• RatherRather, , whatwhat actuallyactually occursoccurs isis
thatthat moleculesmolecules A A andand B B collidecollide toto
produceproduce anan energeticenergetic intermediateintermediate
ABAB†† ((thethe daggerdagger representingrepresenting
vibrationalvibrational excitationexcitation))

•• InIn orderorder forfor ABAB†† toto proceedproceed toto thethe
productproduct AB, AB, itsits excessexcess energyenergy
mustmust bebe removedremoved throughthrough collisioncollision
withwith anotheranother moleculemolecule denoteddenoted byby
M, M, toto whichwhich thethe excessexcess energyenergy isis
transferredtransferred



LLifetimeifetime

•• TheThe averageaverage residenceresidence
timetime oror lifetimelifetime x, x, inin
termsterms ofof thethe quantitiesquantities
introducedintroduced earlierearlier

•• CalculationsCalculations ofof lifetimeslifetimes
cancan bebe usefuluseful inin
estimatingestimating howhow farfar fromfrom
itsits sourcesource a a speciesspecies isis
likelylikely toto remainremain airborneairborne
beforebefore itit isis removedremoved fromfrom
thethe atmosphereatmosphere..



EE--foldingfolding timetime ofof thethe reactionreaction

•• TheThe raterate equationequation cancan bebe
integratedintegrated toto givegive

•• ThusThus, , speciesspecies A A decaysdecays toto
1/1/e e ofof itsits initialinitial
concentrationconcentration inin timetime

•• ThisThis timetime isis referredreferred toto asas
thethe ee--foldingfolding timetime ofof thethe
reactionreaction, , oror thethe meanmean
lifetimelifetime ofof A A againstagainst thisthis
reactionreaction..



SPATIAL AND TEMPORAL SCALES OF SPATIAL AND TEMPORAL SCALES OF 
ATMOSPHERIC ATMOSPHERIC SPECIESSPECIES

•• TheThe verageverage lifetimelifetime ofof a a gasgas
moleculemolecule introducedintroduced intointo thethe
atmosphereatmosphere cancan rangerange fromfrom secondsseconds
toto millionsmillions ofof yearsyears, , dependingdepending onon
thethe effectivenesseffectiveness ofof thethe removalremoval
processesprocesses. . 

•• MostMost ofof thethe speciesspecies consideredconsidered airair
pollutantspollutants ((inin a a regionregion inin whichwhich theirtheir
concentrationsconcentrations exceedexceed substantiallysubstantially
thethe normalnormal backgroundbackground levelslevels) ) havehave
naturalnatural asas wellwell asas manman--mademade
sourcessources..

•• ThereforeTherefore, , inin orderorder toto assessassess thethe
effecteffect humanhuman--mademade emissionsemissions maymay
havehave onon thethe atmosphereatmosphere asas a a wholewhole, , 
itit isis essentialessential toto understandunderstand thethe
atmosphericatmospheric cyclescycles ofof thethe tracetrace
gasesgases, , includingincluding naturalnatural andand
anthropogenicanthropogenic sourcessources asas wellwell asas
predominantpredominant removalremoval mechanismsmechanisms..



FourFour roughrough categoriescategories havehave provedproved convenientconvenient toto
classifyclassify atmosphericatmospheric scalesscales ofof motionmotion::

•• 1. 1. MicroscaleMicroscale. . PhenomenaPhenomena occurringoccurring onon scalesscales ofof thethe
orderorder ofof 00--100 m, 100 m, suchsuch asas thethe meanderingmeandering andand
dispersiondispersion ofof a a chimneychimney plumeplume andand thethe complicatedcomplicated flowflow
regimeregime inin thethe wakewake ofof a a largelarge buildingbuilding..

•• 2. 2. MesoscaleMesoscale. . PhenomenaPhenomena occurringoccurring onon scalesscales ofof tenstens toto
hundredshundreds ofof kilometerskilometers, , suchsuch asas landland--seasea breezesbreezes, , 
mountainmountain--valleyvalley windswinds, , andand migratorymigratory highhigh-- andand lowlow--
pressurepressure frontsfronts..

•• 3. 3. SynopticSynoptic ScaleScale. . MotionsMotions ofof wholewhole weatherweather systemssystems, , onon
scalesscales ofof hundredshundreds toto thousandsthousands ofof kilometerskilometers..

•• 4. 4. GlobalGlobal ScaleScale. . PhenomenaPhenomena occurringoccurring onon scalesscales
exceedingexceeding 5 . 105 . 1033 kmkm..



SpatialSpatial ScalesScales ofof AtmosphericAtmospheric
ChemicalChemical PhenomenaPhenomena



SETS OF REACTIONSSETS OF REACTIONS

•• AtmosphericAtmospheric chemicalchemical
problemsproblems requirerequire thethe
determinationdetermination ofof gasgas
concentrationsconcentrations whenwhen
manymany reactionsreactions occuroccur
atat thethe samesame timetime. . 

•• A A difficultydifficulty arisesarises
becausebecause a a speciesspecies isis
usuallyusually producedproduced
andand//oror destroyeddestroyed byby
severalseveral reactionsreactions..





STIFF SYSTEMSSTIFF SYSTEMS

•• GasGas andand aqueousaqueous chemicalchemical reactionreaction
setssets areare stiffstiff. . 

•• StiffStiff systemssystems ofof reactionsreactions areare moremore
difficultdifficult toto solvesolve numericallynumerically thanthan
nonstiffnonstiff systemssystems. . 

•• A A stiffstiff systemsystem ofof reactionsreactions isis oneone inin
whichwhich thethe lifetimeslifetimes ((oror timetime scalesscales) ) ofof
speciesspecies takingtaking partpart inin thethe reactionsreactions
differdiffer significantlysignificantly fromfrom oneone anotheranother. . 
SpeciesSpecies lifetimeslifetimes areare expressedexpressed asas ee--
foldingfolding oror

•• halfhalf--lifetimeslifetimes. . AnAn ee--foldingfolding lifetimelifetime
isis thethe timetime requiredrequired forfor a a speciesspecies
concentrationconcentration

•• toto decreasedecrease toto 11//e e itsits originaloriginal valuevalue. A . A 
halfhalf--lifetimelifetime isis thethe timetime requiredrequired forfor
a a speciesspecies

•• concentrationconcentration toto decreasedecrease toto 11//2 2 itsits
originaloriginal valuevalue..



Chemical FamiliesChemical Families

Species are grouped together so Species are grouped together so 
that the fast reactions donthat the fast reactions don‘‘t t 
change the group concentration.change the group concentration.
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CondensedCondensed mechanismsmechanisms forfor
organicorganic chemistrychemistry

•• TheThe numbernumber ofof chemicalchemical reactionsreactions involvinginvolving organicorganic
gasesgases inin urbanurban airair isis largelarge..

•• ExplicitExplicit chemicalchemical mechanismsmechanisms withwith thousandsthousands ofof organicorganic
reactionsreactions havehave beenbeen developeddeveloped ((MadronichMadronich andand CalvertCalvert
1989; 1989; JenkinJenkin etet alal. 2003; . 2003; SaundersSaunders etet alal. 2003).. 2003).

•• AlthoughAlthough suchsuch mechanismsmechanisms cancan nownow bebe solvedsolved inin a a 
threethree--dimensionaldimensional atmosphericatmospheric modelmodel forfor a a periodperiod ofof a a 
fewfew daysdays (e.g., (e.g., LiangLiang andand JacobsonJacobson 2000), 2000), 

•• TThehe computationalcomputational demanddemand forfor longlong--termterm andand mostmost
practicalpractical simulationssimulations requiresrequires thatthat thethe numbernumber ofof speciesspecies
andand reactionsreactions bebe reducedreduced..



MMethodsethods ofof reducingreducing thethe numbernumber ofof
organicorganic reactionsreactions

•• ThreeThree methodsmethods ofof reducingreducing thethe numbernumber ofof
organicorganic reactionsreactions inin a a modelmodel areare thethe carboncarbon--
bondbond lumpinglumping methodmethod (e.g., (e.g., WhittenWhitten etet alal. 1980; . 1980; 
GeryGery etet alal. 1989), . 1989), 

•• TheThe surrogatesurrogate--speciesspecies methodmethod (e.g., (e.g., AtkinsonAtkinson etet
alal. 1982; . 1982; LurmannLurmann etet alal. 1987; . 1987; GriffinGriffin etet alal. . 
2002), 2002), andand

•• TThehe lumpedlumped--speciesspecies methodmethod (e.g., (e.g., StockwellStockwell
1986; 1986; CarterCarter 1990,1990, 2000).2000).



CCarbonarbon--BBondond LLumpingumping MMethodethod

•• WithWith thethe carboncarbon--bondbond lumpinglumping methodmethod, , 
individualindividual organicorganic gasesgases areare segregatedsegregated intointo oneone
oror moremore bondbond groupsgroups thatthat havehave similarsimilar chemicalchemical
reactivityreactivity. . 

•• ForFor exampleexample,, a a butanebutane moleculemolecule, , whichwhich hashas fourfour
carbonscarbons connectedconnected byby singlesingle bondsbonds, , isis divideddivided
intointo fourfour singlesingle carboncarbon atomsatoms, , eacheach representedrepresented
byby thethe paraffinparaffin (PAR) (PAR) bondbond groupgroup..





•• CyclopentaneCyclopentane, , whichwhich hashas fivefive singlesingle--bondedbonded carbonscarbons, , isis brokenbroken intointo fivefive
PAR PAR bondbond groupsgroups. . AllAll PAR PAR bondsbonds areare assumedassumed toto havehave thethe samesame chemicalchemical
reactivityreactivity, , regardlessregardless ofof whetherwhether theythey originatedoriginated fromfrom butanebutane oror
cyclopentanecyclopentane. . 

•• A A terminalterminal carboncarbon atomatom pairpair withwith a a doubledouble bondbond betweenbetween thethe twotwo atomsatoms isis
representedrepresented byby anan olefinolefin (OLE). (OLE). NonterminalNonterminal carboncarbon--atomatom pairspairs withwith a a 
doubledouble bondbond attachedattached toto oneone ofof thethe carbonscarbons andand terminalterminal twotwo--carboncarbon
carbonylcarbonyl groupsgroups [C[C––C(=O)H] C(=O)H] areare lumpedlumped asas ALD2. ALD2. 

•• SingleSingle--carboncarbon ketoneketone groupsgroups (C=O) (C=O) areare lumpedlumped asas KET, sevenKET, seven--
carbonaromaticscarbonaromatics areare simulatedsimulated asas toluenetoluene (TOL), eight(TOL), eight--carboncarbon aromatics aromatics 
areare simulatedsimulated asas mm--xylenexylene (XYL), (XYL), andand terpenesterpenes areare groupedgrouped asas isopreneisoprene
(ISOP). (ISOP). 

•• MethaneMethane (CH4),(CH4), etheneethene (ETH), (ETH), formaldehydeformaldehyde (FORM), (FORM), methanolmethanol
(MEOH), (MEOH), ethanolethanol (ETOH),(ETOH), acetoneacetone (AONE), (AONE), andand severalseveral otherother speciesspecies
areare notnot lumpedlumped. . 

•• NonreactiveNonreactive carboncarbon atomsatoms inin certaincertain organicorganic gasesgases areare labeledlabeled
unreactiveunreactive (UNR). (UNR). 

•• InIn somesome casescases, , carboncarbon atomsatoms withwith a a doubledouble oror tripletriple bondbond thatthat havehave
similarsimilar reactivityreactivity toto carboncarbon atomsatoms withwith a a singlesingle bondbond areare labeledlabeled asas PAR.PAR.



SSurrogateurrogate--SSpeciespecies MMethodethod

•• WithWith thethe surrogatesurrogate--speciesspecies methodmethod, , allall
speciesspecies ofof similarsimilar reactivityreactivity areare groupedgrouped
togethertogether. . 

•• PropanePropane andand pentanepentane areare assumedassumed toto
havehave thethe samesame reactivityreactivity asas nn--butanebutane,,

•• AAndnd allall threethree speciesspecies areare groupedgrouped asas oneone
surrogatesurrogate speciesspecies..



LLumpedumped--SSpeciespecies MMethodethod

•• WithWith thethe lumpedlumped--speciesspecies methodmethod, , speciesspecies ofof similarsimilar
reactivityreactivity areare lumpedlumped togethertogether, , justjust asas withwith thethe
surrogatesurrogate speciesspecies methodmethod. . 

•• TheThe differencedifference isis thatthat withwith thethe surrogatesurrogate--speciesspecies methodmethod
thethe reactionreaction raterate coefficientcoefficient forfor eacheach surrogatesurrogate speciesspecies isis
setset equalequal toto thatthat ofof a a particularparticular gasgas. . 

•• TheThe reactionreaction raterate coefficientcoefficient ofof a a lumpedlumped speciesspecies isis
determineddetermined beforebefore a a modelmodel simulationsimulation byby takingtaking a a molemole--
fractionfraction--weightedweighted averageaverage ofof thethe reactionreaction ratesrates ofof eacheach
speciesspecies inin thethe lumpedlumped groupgroup



SummarySummary ofof urbanurban chemistrychemistry

•• PhotochemicalPhotochemical smogsmog productionproduction isis governedgoverned byby emissionemission ofof oxidesoxides
ofof nitrogennitrogen andand reactivereactive organicorganic gasesgases. . 

•• EmittedEmitted gasesgases, , calledcalled primaryprimary pollutantspollutants, , reactreact inin thethe presencepresence ofof
sunlightsunlight toto produceproduce secondarysecondary pollutantspollutants, , suchsuch asas ozoneozone andand
peroxyacetylperoxyacetyl nitratenitrate. . 

•• TheThe radicalsradicals thatthat breakbreak downdown emittedemitted reactivereactive organicorganic gasesgases areare
OH,OH, HO2, O3, NO3 , HO2, O3, NO3 , andand O. O. 

•• PhotolysisPhotolysis alsoalso breaksbreaks downdown certaincertain organicsorganics..
•• BecauseBecause reactivereactive organicorganic gasgas radicalsradicals competecompete withwith O3 O3 toto produceproduce

NO2 NO2 fromfrom NO, NO, thethe photostationaryphotostationary--statestate relationshiprelationship doesdoes notnot
usuallyusually holdhold inin urbanurban airair. . 

•• BecauseBecause gasphasegasphase organicorganic chemistrychemistry involvesinvolves reactionsreactions amongamong
thousandsthousands ofof speciesspecies, , condensedcondensed reactionreaction mechanismsmechanisms havehave beenbeen
developeddeveloped toto simplifysimplify thethe simulationsimulation ofof organicorganic chemistrychemistry inin
numericalnumerical modelsmodels..



CHARACTERISTICS OF CHARACTERISTICS OF 
CHEMICAL CHEMICAL EQUATIONSEQUATIONS

•• GasGas--phasephase chemicalchemical reactionsreactions areare describeddescribed byby
firstfirst--orderorder, , firstfirst--degreedegree, , homogeneoushomogeneous ordinaryordinary
differentialdifferential equationsequations;;

•• SetsSets ofof gasgas--phasephase reactionsreactions areare stiffstiff inin thatthat thethe
chemicalchemical ee--foldingfolding lifetimeslifetimes ofof individualindividual gasesgases
varyvary byby manymany ordersorders ofof magnitudemagnitude..

•• EExplicitxplicit methodsmethods resultresult inin inefficientinefficient ((slowslow) ) 
solutionssolutions toto stiffstiff ODE ODE problemsproblems..



EExplicitxplicit MMethodsethods

•• WithWith anan explicitexplicit methodmethod, , finalfinal concentrationsconcentrations atat timetime t t areare
obtainedobtained byby evaluatingevaluating derivativesderivatives atat thethe beginningbeginning ofof thethe currentcurrent
andand previousprevious timetime stepssteps (e.g., (e.g., atat timestimes t t −− hh, , t t −− 2h2h, . . .), , . . .), wherewhere a a 
timetime stepstep (s) (s) h h isis thethe differencedifference

•• betweenbetween thethe currentcurrent timetime ((tt) ) andand thethe timetime ofof thethe previousprevious timetime stepstep
((t t −− hh). ). 

•• WhenWhen anan explicitexplicit techniquetechnique isis usedused toto solvesolve a a stiffstiff setset ofof equationsequations, , 
thethe timetime stepstep ((hh) ) isis limitedlimited byby thethe ee--foldingfolding lifetimelifetime ofof thethe shortestshortest--
livedlived chemicalchemical. . ThisThis lifetimelifetime maymay bebe 1010−−6 s 6 s oror lessless. . 

•• TimeTime stepssteps longerlonger thanthan thethe lifetimelifetime ofof thethe shortestshortest--livedlived chemicalchemical
maymay destabilizedestabilize thethe solutionsolution schemescheme..

•• WhenWhen a a timetime stepstep isis alwaysalways smallsmall, , integrationintegration ofof manymany reactionsreactions
overover daysdays toto monthsmonths andand overover a a largelarge threethree--dimensionaldimensional gridgrid
requiresrequires a a significantsignificant amountamount ofof computationalcomputational powerpower andand isis oftenoften
impracticalimpractical..



Implicit MethodsImplicit Methods

•• WhileWhile inin thethe airair, a , a substancesubstance cancan bebe chemicallychemically alteredaltered inin oneone ofof twotwo
waysways. . 

•• FirstFirst, , thethe sunlightsunlight itselfitself maymay containcontain sufficientsufficient energyenergy toto breakbreak thethe
moleculemolecule apartapart, a , a soso--calledcalled photochemicalphotochemical reactionreaction. . 

•• TheThe moremore frequentlyfrequently occurringoccurring chemicalchemical alterationalteration, , howeverhowever,, takestakes
placeplace whenwhen twotwo moleculesmolecules interactinteract andand undergoundergo a a chemicalchemical reactionreaction
toto produceproduce newnew speciesspecies. . 

•• AtmosphericAtmospheric chemicalchemical transformationstransformations cancan occuroccur homogeneouslyhomogeneously oror
heterogeneouslyheterogeneously..

•• HomogeneousHomogeneous reactionsreactions occuroccur entirelyentirely inin oneone phasephase; ; 
•• HHeterogeneouseterogeneous reactionsreactions involveinvolve moremore thanthan oneone phasephase, , suchsuch asas a a 

gasgas interactinginteracting withwith a a liquidliquid oror withwith a a solidsolid surfacesurface..



SSemiimplicitemiimplicit MethodsMethods

•• EfficientEfficient solverssolvers ofof stiffstiff ODEsODEs areare semiimplicitsemiimplicit inin thatthat theirtheir
solutionssolutions atat currentcurrent timetime t t dependdepend onon derivativesderivatives evaluatedevaluated atat thethe
currentcurrent timetime, , thethe beginningbeginning ofof thethe currentcurrent timetime stepstep, , andand//oror thethe
beginningbeginning ofof previousprevious timetime stepssteps ((timestimes tt, , t t −− hh,, t t −− 2h2h, . . .). , . . .). 

•• SemiimplicitSemiimplicit solverssolvers cancan taketake timetime stepssteps muchmuch longerlonger thanthan thethe ee--
foldingfolding lifetimelifetime ofof thethe shortestshortest--livedlived speciesspecies andand remainremain stablestable. . 

•• SomeSome accurateaccurate semiimplicitsemiimplicit schemesschemes usedused forfor solvingsolving stiffstiff ODEsODEs areare
GearGear’’ss methodmethod ((GearGear 1971), 1971), RungeRunge––KuttaKutta––RosenbrockRosenbrock schemesschemes
((KapsKaps andand RentropRentrop 1979; 1979; HairerHairer andand WannerWanner 1991; 1991; PressPress

•• etet alal. 1992), . 1992), andand semiimplicitsemiimplicit BulirschBulirsch––StoerStoer schemesschemes ((BaderBader andand
DeuflhardDeuflhard 1983;1983; PressPress etet alal. 1992), . 1992), amongamong othersothers..



InitialInitial valuevalue problemsproblems
•• ProblemsProblems requiringrequiring thethe useuse ofof chemicalchemical ordinaryordinary differentialdifferential equationsequations areare
initialinitial valuevalue problemsproblems wherebywhereby thethe initialinitial concentrationconcentration ofof eacheach speciesspecies isis
knownknown atat timetime t t = 0, = 0, andand a a solutionsolution isis desireddesired atat a a finalfinal timetime, , ttff > > 0. 0. 

•• SolutionsSolutions areare foundfound byby integratingintegrating a a setset ofof chemicalchemical ODEsODEs oneone timetime stepstep ((hh) ) 
atat a a timetime betweenbetween t t = 0 = 0 andand t t = = ttff..

•• AtAt thethe beginningbeginning ofof thethe firstfirst timetime stepstep, , concentrationsconcentrations ofof allall speciesspecies areare setset
toto initialinitial concentrationsconcentrations..

•• DuringDuring a a timetime stepstep, , anan ODE ODE schemescheme solvessolves forfor allall gasesgases..
•• OnceOnce valuesvalues atat timetime tt areare foundfound, , t t isis replacedreplaced withwith t t −− h h andand a a newnew timetime stepstep

isis solvedsolved forfor. . 
•• WithWith somesome techniquestechniques, , solutionssolutions dependdepend onon concentrationsconcentrations fromfrom severalseveral

timetime stepssteps backwardbackward ((timestimes t t −− hh, , t t −− 22h, . . .h, . . .). ). 
•• IfIf thethe techniquetechnique reliesrelies onon valuesvalues fromfrom twotwo timetime stepssteps backwardbackward, , thethe firstfirst

timetime stepstep isis solvedsolved forfor withwith a a techniquetechnique thatthat dependsdepends onon onlyonly oneone timetime stepstep
backwardbackward, , andand subsequentsubsequent timetime stepssteps areare solvedsolved forfor withwith thethe schemescheme thatthat
dependsdepends onon twotwo timetime stepssteps backwardbackward



PropertiesProperties ofof ODE ODE solverssolvers
•• ForFor a a chemicalchemical ODE ODE solutionsolution schemescheme toto bebe usefuluseful, , itit

mustmust bebe stablestable, , accurateaccurate,, massmass--conservingconserving, , positivepositive
definitedefinite, , andand computationallycomputationally fastfast..

•• AA numericalnumerical schemescheme iis s defineddefined toto bebe stablestable
ifif thethe absoluteabsolute--valuevalue differencedifference betweenbetween thethe
numericalnumerical andand thethe exactexact solutionsolution diddid notnot
growgrow overover timetime..

•• SolutionsSolutions mustmust bebe accurateaccurate asas wellwell asas
stablestable. A . A methodmethod ofof testingtesting a a solversolver’’ss
accuracyaccuracy isis toto comparecompare thethe timetime--dependentdependent
solutionsolution fromfrom itit withwith anan exactexact solutionsolution..

•• A A normalizednormalized grossgross errorerror (NGE) (NGE) isis thenthen
calculatedcalculated asas

•• A A solversolver ofof chemicalchemical ODEsODEs shouldshould bebe massmass--
conservingconserving. A . A schemescheme isis massconservingmassconserving ifif
thethe massmass ofof eacheach elementelement (e.g., N, O, H, (e.g., N, O, H, oror
C) C) summedsummed overover allall speciesspecies atat thethe beginningbeginning
ofof a a simulationsimulation equalsequals thethe massmass ofof thethe
elementelement summedsummed overover allall speciesspecies atat thethe endend
ofof thethe simulationsimulation, , providedprovided nono externalexternal
sourcessources oror sinkssinks existexist..



PositivePositive definitedefinite and fastand fast
•• ConcentrationsConcentrations predictedpredicted byby chemicalchemical ODE ODE solverssolvers mustmust exceedexceed oror equalequal

zerozero.. ThisThis shouldshould notnot bebe a a surprisesurprise, , sincesince inin thethe atmosphereatmosphere, , gasgas
concentrationsconcentrations exceedexceed oror equalequal zerozero. . 

•• IfIf a a schemescheme alwaysalways predictspredicts nonnegativenonnegative concentrationsconcentrations, , itit isis positivepositive
definitedefinite. . AnAn accurateaccurate chemicalchemical ODE ODE solversolver isis usuallyusually positivepositive definitedefinite, , 
sincesince correctcorrect solutionssolutions areare alwaysalways nonnegativenonnegative. . 

•• IfIf a a solversolver isis unstableunstable andand//oror inaccurateinaccurate,, concentrationsconcentrations maymay fallfall belowbelow
zerozero. . IfIf atat leastleast oneone concentrationconcentration fallsfalls belowbelow zerozero afterafter a a timetime stepstep, , thethe timetime
stepstep mustmust eithereither bebe rere--solvedsolved withwith a a shortershorter timetime stepstep oror withwith a a newnew solutionsolution
methodmethod, , oror thethe concentrationconcentration mustmust bebe setset toto zerozero oror aboveabove, , inin whichwhich casecase
massmass isis gainedgained. . 

•• A A goodgood solversolver ofof chemicalchemical ODEsODEs cancan predictpredict thethe timetime stepstep requiredrequired toto keepkeep
solutionssolutions stablestable andand positivepositive--definitedefinite..

•• WhenWhen usedused inin atmosphericatmospheric modelsmodels, , chemicalchemical ODE ODE solverssolvers shouldshould bebe fastfast asas
wellwell asas accurateaccurate. . AllAll chemicalchemical ODE ODE solverssolvers areare exactlyexactly accurateaccurate atat a a smallsmall
enoughenough timetime stepstep. . 

•• A A goodgood solversolver cancan taketake a a longlong stepstep andand maintainmaintain accuracyaccuracy. . ForFor threethree--
dimensionaldimensional modelingmodeling, , accuracyaccuracy withwith longlong stepssteps isis generallygenerally notnot enoughenough..

•• AccurateAccurate solutionssolutions toto chemicalchemical ODEsODEs mustmust bebe foundfound overover largelarge modelmodel
gridsgrids..



ANALYTICAL SOLUTIONS TO ANALYTICAL SOLUTIONS TO 
ODESODES

•• TheThe mostmost accurateaccurate solutionsolution toto
a a setset ofof chemicalchemical ODEsODEs isis anan
analyticalanalytical solutionsolution..

•• AnalyticalAnalytical solutionssolutions toto a a singlesingle
equationequation oror a a smallsmall setset ofof
equationsequations areare readilyreadily foundfound..

•• WhereasWhereas thethe solutionsolution toto (12.5) (12.5) 
waswas foundfound easilyeasily, , analyticalanalytical
solutionssolutions toto a a setset ofof

•• moremore thanthan a a fewfew equationsequations areare
usuallyusually impracticalimpractical toto obtainobtain. . 
ThusThus, , setssets ofof chemicalchemical

•• ordinaryordinary differentialdifferential equationsequations
areare notnot solvedsolved analyticallyanalytically inin
atmosphericatmospheric modelsmodels..



TAYLOR SERIES SOLUTION TO TAYLOR SERIES SOLUTION TO 
ODESODES

•• BecauseBecause analyticalanalytical
solutionssolutions areare difficultdifficult toto
derivederive forfor chemicalchemical ODEsODEs, , 
numericalnumerical

•• solutionssolutions areare neededneeded. A . A 
usefuluseful methodmethod ofof solvingsolving
setssets ofof ODEsODEs wouldwould
appearappear toto bebe

•• anan explicitexplicit TaylorTaylor seriesseries
expansionexpansion ofof speciesspecies
concentrationsconcentrations..



Further reading

•• This lecture is based on the materials of the This lecture is based on the materials of the 
following books that are recommended for further following books that are recommended for further 
readingreading

•• J.H.J.H.SeinfeldSeinfeld andand S.N.S.N.PandisPandis. ATMOSPHERIC CHEMISTRY . ATMOSPHERIC CHEMISTRY 
AND PHYSICSAND PHYSICS:: FromFrom AirAir PollutionPollution toto ClimateClimate ChangeChange. . 
JOHN WILEY & SONS, INC. 2006. JOHN WILEY & SONS, INC. 2006. 

•• MARK Z. JACOBSON. MARK Z. JACOBSON. FundamentalsFundamentals ofof AtmosphericAtmospheric
ModelingModeling. . CambridgeCambridge UniversityUniversity PressPress 2005. 2005. 

•• DanielDaniel J. J. JacobJacob. INTRODUCTION TO ATMOSPHERIC . INTRODUCTION TO ATMOSPHERIC 
CHEMISTRY. CHEMISTRY. PrincetonPrinceton UniversityUniversity PressPress. 1999. . 1999. 
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