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Proplem

WIIENAIthE aif, a substance cani belchemically altered in one of two
er\/y*

FiStAtie sunlight itself may contain sufficient energy to break the
rriglee SUlelapart, a so-called photochemical reaction.

dlENTore freguently occurring chemical alteration, however, takes

I).k EMWhRER two moelecules interact and undergo a ‘chemical reaction
to Produce new species.

= -ﬂ SAtmospheric chemical transformations can occur homogeneously or
— = heterogeneously.

Homoegeneous. reactions occur entirely in one phase;

IHeteregeneous reactions involve more than one phase, such as a
gas interacting with a liquid or with a solid surface.

How. to estimate the rate of chemical destruction or production of
the gaseous species?
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Physicali Pranciplecs®™

SINCH T amecntal principle governing the behavior of' a chemical in
MOSPHCTHE 1S, conservation of mass.

e zuie
>
. ) rate of rate of
Rate of the rate of : . rate of .
. . introduction ] accumulation
species -  specles  + . ., —removalof =
. (ermssion ) of , of species in
~ flowing in  flowing out ° . species . :
= species imaginary volume

This balance must hold from the smallest volume of air all the way up to
the entire atmosphere.
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conservation of+Mass

dQ . |
: E = 'I.F'Ln - FnutJ' + lF _R,}

IFwe let 'Q denote the total
mass of the substance in the
volume of air;

Fi, and F, the mass flow rates
of the substance in and out of
the air volume, respectively;

P the of introduction of
the species from chemical
Sources;

and R the rate of chemical
removal of the species
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rezleli=Jre)ra Colriclitions

-l

s [ithe amount Q of the
substance in the volume or
reservoir Is not changing with
time, then

Qs a constant and dQ/at = 0.
In order for Q to be
unchanging, all the sources of
the substance to the reservoir
must be precisely balanced by
the sinks of the substance.

In such a case steady-state
conditions are said to hold.
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REACTION RATES

__raction rate is the time rate of
ange of of any
:é-acUon

:_,_p “The rate of an elementary chemical

_--__.._-l—l.-

— reaction equals a rate coefficient
multiplied by the concentration of each
reactant.




———

REGCLaNt Concentration

e The SI unit for the amount of a substance. is
IENNGIEN(NIGE HEe NUMBER G atoms) or
MOIECUIES N1 MOI'IS AVvodadro's nUMmBber,
NVA =6.022 10% mol=.

IS the amount (or mass) of a
substance in a given volume divided by that
volume.

Mixing ratio in atmospheric chemistry is
defined as the ratio of the amount (or mass)
of the substance in a given volume to the
total amount (or mass) of all constituents in
that volume.

In this definition for a gaseous substance
the sum of all constituents includes all
gaseous substances, including water vapor,

ut notincluding particulate matter or
condensed phase water.

Thus mixing ratio is just the fraction of the
total amount (or mass) contributed by the
substance of interest.




UAts or Reaction_ R_a_;e

‘eactant concentrations are expressed in units
T 'Iecules of gas per cubic centimeter of air,
8 rate of reaction is in units of molec cm=3 s1,
Ye ardless of whether the reaction has a first-,
~$econd or third-order rate coefficient;
— ‘¢ A rate coefficient relates concentrations to a
~— reaction rate and depends on the reaction order.
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B ORDER'OFEREACTION

":_'-We consider three types of chemical reaction:
o L

= _ Fl["*‘-t-ﬂfdﬂl* (unimolecular) A —B+C
~ — Second-order (bimolecular) A+B—C+D
& Third-order (termolecular) A4+B+M— AB+M




Al ConCERLaLIORE

he concentration (molecules per cubic
centimeter of air) of M 1is that of total
air, and 1s estimated based on i1deal gas
law;

where p, 1s total air pressure (hPa), kg 1s
Boltzmann’s constant (1.380658 x
10712 cm3 hPa K~! molec.™!), and T'is

absolute temperature (K).

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

where X,= 0.7808 and x,,= 0.2095 are
the volume mixing ratios of molecular
nitrogen and oxygen, respectively




HISEOICERIEACHOINEILE

® The rate of a first-
order reaction Is
expressed In
molecules cm= s1

® the first-order rate
coefficient k; has
units of s! (reciprocal
seconds)
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IUENST0dEl EaEHBIIS==

S FeW reactions’ are
truly first-order, in
that they involve

T wm  decomposition of a
~ “Rn—="Po+ EIE-[JEI].'lIEli’.‘-!i molecule without
— intervention of a
. second molecule.

® The classic example
of a true first-order
reaction is radioactive
decay

=
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Phic odissogciation Reaections™™

¢ Inthe atmosphere Py far
the most important class
of first-order reactions is
photodissociation
reactions in which
absorption of a photon of:
light (Av) by the molecule
induces chemical change;

fv represents a photon of
light of frequency v.

In the photolysis of
species A, the rate
coefficient is customarily
denoted by the symbol j,




Photodissociation rate parameters depend on
spectrally resolved actinic flux.

Photolysis Rate Parameter

e
J=I/|(k)xc(?t,)x (1) d

Actinic Flux

Absorption
Cross-Section

Quantum Yield

Wavelength




Actinic Flux is total flux
enterin%a spherical volume element of air.

Scattered
el [ > Sky Radiation
Direct )
Solar Radiation
f Volume |
of Air Scattered
Reflected

Radiation

Reflected
Radiation



QUANTUM YIELD: NO, + hv - NO + O(°P)
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ngrgEledeggigdsition

: s [ihermal decomposition of
1"51 -|- M — H -|- C -|- | a molecule is often
- represented as first-
e order, but the energy

______.;;_:d_B € __dd e am required for

5 CL— decomposition is usually

supplied through collision
k =k, -M with another molecule.

If the other molecule is
an air molecule, it is
denoted as M
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VG Stages of inenmel

[DECOMIPOSItIoN

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

A+M—>4 +M, k,

A —>B+C, k,

el
= |

! A :
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e O W EASIa G ENEREU DT

e The rate E)f
decomposition of A
(which is equal to the

d(A®)

e rate of formation of B or

C);
A7) - 200 ® The steady state
g concentration of A* is
derived;
- (=25 and the effective first
e order reaction rate k,
(sec™)

'1'
kr + ka(M)
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aco)plcl=0reldr rezicriops

A+-B—=0C4D ® The rate of a second-
order, or bimolecular,
reaction IS

® where the second-
order rate coefficient
K, has units of cm?
molecule?! s,
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collisionyiheoR”

3 Consider'th_e pimolecular
5 reaction

If reaction occurred with every.
collision, then the rate of
reaction between A and B
would be just

Not every collision will result in
reaction; onI%/ those collisions
that have sufficient kinetic
energy to surmount the energy
barrier for reaction will lead to
reaction. For a Maxwell
distribution the fraction of
encounters that have energy
greater than a barrier £ (kJ
mol-1) is exp(—E/RT).

The rate of reaction is then

dng dng 8k T) 12
— [ TI:I.{"( RN
di T
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Alerrlerits recrr

e As Indicated, the terms multiplying
the exponential are customarily.
denoted by A, the collision
freguency rfactor, or simply the
preexponential factor.

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

In many cases the preexponential
factor can be considered to be
independent of temperature, and
the rate coefficient is written as
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BNIETITOIEGLI aIFEREHBINS

A+B+M— AB + M

o

" A+B— AB'

’ AB' +M — AB = M

Iihe termolecular reaction actually
does not take place as the result
of the simultaneous collision of all
three molecules A, B, and M.

The probability of such an event
happening is practically zero.

Rather, what actually occurs is
that molecules A and B collide to
produce an energetic intermediate
ABT (the dagger representing
vibrational excitation)

In order for ABT to proceed to the
product AB, its excess energy
must be removed through collision
with another molecule denoted by
M, to which the excess energy is
transferred




[Sietime

®' [lhe average residence
time or lifetime x, in
terms of the guantities
introduced earlier

Calculations of lifetimes
can be useful in
estimating how far from
ItS source a species is
likely to remain airborne
before it is removed from
the atmosphere.
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E-foldigleftinNeRif[erez|gie)fu

®" ihe rate eguation can be
Integrated to give

Thus, species A decays to
1/eof its initial
concentration in time

This time is referred to as
the e-folding time of the
reaction, or the mean
lifetime of A against this
reaction.
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PATIATMAND TEMPORAL SCALES,OF

ATMOSPHERIC SPECIES

Urban or  Regional or Synoptic to

Microscale| Local scale Mesoscale | Global scale

Aong-lived R
| Species ¢ CFCs
N

| O CH,
| OcH.CcCl,
\®CH, Br

[ Moderately Long
Lived Species

| ® Acrosols

| Trop O; |

| Noxg®y o, :

H

IC“." %MS |

Yo \|

pecies
o CH;0,

[ %y,

| ONO, E

®oH, A | | I |

Ahort-lived
| e

0|

—a_,_‘_______/

l

=— Inter-hemispheric
Mixing Time

-— Intra-hemispheric
Mixing Time

~— Boundary Layer
Mixing Time

Im 10m 100m 1km [Okm 100km 1000 km 10,000 km

Spatial Scale

I

hEeWEradelifetimeeiaiges
molectlenntroduced intorthe
atmosphere can range from seconds
to millions of years, depending on
the effectiveness of the removal
Processes.

Most of the species considered air
pollutants (in a region in which their
concentrations exceed substantially
the normal background levels) have
natural as well as man-made
sources.

Therefore, in order to assess the
effect human-made emissions may
have on the atmosphere as a whole,
it is essential to understand the
atmospheric cycles of the trace
gases, including natural and
anthropogenic sources as well as
predominant removal mechanisms.




Four rougl Ziggesles hye proved co_gyement ep -
asmfy AmoSPHEHc scales Ol oL Ion:

. Miereggez)le) Phenomena OCCcUrring on scales of the
orrlé 0=100 ' m, such as the meandering and
rlbx Ol a chlmney Flume and the complicated flow

EYIMENtne wake of a large building.
22 /=v lE50565/2, Phenomena occurring on scales of tens to
— ihdreds of kilometers, such as land-sea breezes,
': ﬂ-fzmountaln -Vvalley winds, "and migratory high- and low-
— pressure fronts.

8. 3. Syrnioptic Scale. Motions of whole weather systems, on
Scales of hundreds to thousands of kilometers.

e 4. G/opal Scale. Phenomena occurring on scales
exceeding 5 . 103 km.
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atiallScales of Atmospheric..
amical Phenomena

=

r

<)
G

i

Phenomenon Length scale, km

Urban air pollution 1-100
Regional air pollution 10-1000
- Acid rain/deposition 100-2000
- Toxic air pollutants 0.1-100
" Stratospheric ozone depletion 100040040

| Greenhouse gas increases 1(00—-40,000
Acrosol—climate interactions 100—H0.000)
Tropospheric transport and oxidation processes 140,000
Stratospheric-tropospheric exchange (0.1-100

Stratospheric transport and oxidation processes 1-40,000
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TS OEREACTIONS

s Atmospheric chemical
problems require the

\NTOTSTENEVRRE R  determination of gas
| o concentrations when
NOj+hv —NO+0.  Ratey = J|NO;] many reactions occur
at the same time.

e A difficulty arises
because a species is
usually produced

and/or destroyed by
several reactions.

I:'I':' +0y — I:J 40y Raey =k [H{:'”{:I 3]

I:'I 0 1+ 0— I:J O+0 1 R:-.'it':4 = .tE!!, [HE’ :][D]




d[NO]

1 = . — .. = Ratcy; + Batey — Ratey

= J[MNO2] 4+ E3[NOR][O] — & [NO][Oa]

4[NO,J _ P - I = Rate; — Rate; — Rarey

dt
= ky [NOJ[O3] = JINOy| = k3[NO, ] [O]
% = P,; - L; = R.alt:g - Rﬂt:}_, - R;-.ltn,

= [[NOy] = & [O][O][M] = ks [NO, O]

% = I — L. = Rate; — Ratey = &y [O]]0][M] = & [NO][O4]
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STIFE SYSTEMSF

Gas and agueous chemicall reaction
sets are stiff.

Stiff' systems of reactions are more
difficult to solve numerically than
nonstiff systems.

A stiff system of reactions is one in
which the lifetimes (or time scales) of
species taking part in the reactions
differ significantly from one another.
Species lifetimes are expressed as e-
folding or

half-lifetimes. An e-folding lifetime
is the time required for a species
concentration

to decrease to 1/ its original value. A
half-lifetime is the time required for
a species

concentration to decrease to 1/2 its
original value.




Neemical*Eamilies

dNO, _ dNO _dNO,
dt  dt  dt

= Emissions — &, - NO, - OH — deposition




Biogenic Hydrocarbon Emissions

a-pinene

isoprene

: -pinene
limonene B-P




SOr densed mechanlsms (o] r—
) organlc chemlstry

— T

SENUIMPER O Chemical reactions Involving organic
er; NRrUdan air s large.

> EXY ;I_t cremical mechanisms with thousands of organic

ref IOS Mave been developed (Madronich and Calvert
=10 980 Jenkini et a/. 2003; Saunders et a/. 2003).

SEAlthough such mechanisms can now be solved in a

,_j = three-dimensional atmospheric model for a period of a
~ few days (e.g., Liang and Jacobson 2000),

® The computational demand for long-term and most

practical simulations requires that the humber of species
and reactions be reduced.
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PELIE6S 0ff reducing the NUMLERGE
F organic releilonis

R

o [riree methods Ol reducing| the number of
ore genicreactions in'aimodel are the carbon-
pERENUmMping method (e.g., Whitten et a/. 1980;
GENY et al. 1989),

_E"!“ﬂ _he surrogate-species method (e.g., Atkinson et

= g/ 1982; Lurmann et a/. 1987; Griffin et &l.
~—— 2002), and

® [he lumped-species method (e.g., Stockwell
1986; Carter 1990, 2000).
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sarLT*Bond LumpingiMethot™

SAVirthercarbon-bond lumping method,
REVidbialierganic gases are segregated into one
giamere bond groups that have similar chemical

ez SACtIVItY:

S Eor example, a butane molecule, which has four
carbons connected by single bonds, is divided
into four single carbon atoms, each represented
by the paraffin (PAR) bond group.




Carbon boed group
C e ==l sorariieT
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C clopentane‘flvm!lhas five single-bonded carbons, is broken,into five
PARNIERENGEUPS. All PAR bonds are assumed to have the samerchemical
EaEUVINEGeRdIEss ol whether they erginated fHiom, but-ane Or a—
(“\/(“Jor)ér sanes -

ANEHIeICarbon atom pair withia double bond between| the two atomsiis
EpIEsEnieu oy an olefin (OLE). Nonterminall canbon=atompairs with a

S BIIIENIENEREtiE CHEN OGN E Ol thE CaldonNSs and terminal tWo=carbon
scipyiNareUps [{C=C(=0)H] are IUmped'as ALD2.

Sir) Jle~cqrs Ketone groups (C=0) are lumped as KET, seven-
seldBIiEeMmMaticsiaie simulated as toluene (TOL), elght -carbon aromatics
aiesmulaied as m-xylene (XYL), and terpenes are grouped as isoprene

(ISOP)

SEMeth ane (CH4), ethene (ETH), formaldehyde (FORM? methanol

==V Hﬁ, ethanol (ETOH), acetone (AONE), and severa
= -aﬂmt [UmpEed.

5 Nonreactive carbon atoms in certain organic gases are labeled
“unreactive (UNR).

e, Th some cases, carbon atoms with a double or triple bond that have
similar reactivity to carbon atoms with a single bond are labeled as PAR.

other species
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SHilTvYate-SpeciesiMettiod ™

"NVibiirtne surrogate-species me_th_od all
Jr)rv IES Off similar reactivity are grouped
ether

— o ropane and pentane are assumed to
: ‘—_" = have the same reactivity as r-butane,

~» And all three species are grouped as one
surrogate species.
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pedESpeciessMethod™™

SVisrtIe lumped-species method, speciégof_similar
EaeuVity are lumped together, just as with the
SUIIHO gate SPEecies method.
e diference is that with the surrogate-species method
—u Jerreaction rate coefficient for each surrogate species is
= S5t equal to that of a particular gas.
.———" The reaction rate coefficient of a lumped species is

determined before a model simulation by taking a mole-
fraction-weighted average of the reaction rates of each

species in the lumped group
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SIifanryofiurbanchermistry™

HIBHOGHEMICA] SIOG Production 1S governed oy emission of oxides
of mr @UENI and reactive organic gases.
e aases) called primary: pollutants, react in the presence of
Sillighifterproduce secondary pollutants, suchias ozone and
PETO) Aacetyl nitrate.
= .J 9e fadicals that break down emitted reactive organic gases are
J_HOZ 03, NO3', and O.

ﬂhotolyss also breaks down certain organics.

—— % Because reactive organic gas radicals compete with O3 to produce
~  NO2 from NO, the photostationary-state relationship does not
: usually hold in urban air.
Because gasphase organic chemistry involves reactions among
thousands of species, condensed reaction mechanisms have been
developed to simplify the simulation of organic chemistry in
numerical models.
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HARACTERISTICS OF o0
CHEMICALL EQUATIONS

PNEEEEPIESE CEmIical reactions’ are described by
iIBIEOKAET, first-degree, homogeneous ordinary
JiifiErential eguations;

3» ts Off gas-phase reactions are stiff in that the
= Ghemical e-folding lifetimes of individual gases
= vary Py many orders of magnitude.

e Explicit methods result in inefficient (slow)
solutions to stiff ODE problems.
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EXPlIGIRIMEtIoEEE

Withsenrexplicit method, final"'concentrations at time zare
SLINED By evallating derivatives at the beginning of the current
giiENPIEVIeUS time steps (e.g., at times £— /7, t= 2h, . . .), Where a
timestepi(s) /1is the difference

SRNEIWEENI the current time (£) and the time of the previous time step

(e=7)

+1_':\ aniexplicit technique is used to solve a stiff set of equations,
= uiEitime step (/) is limited by the e-folding lifetime of the shortest-

= = ivedichemical. This lifetime may be 10-6 s or less.
. =gy

Time steps longer than the lifetime of the shortest-lived chemical
may destabilize the solution scheme.

When a time step is always small, integration of many reactions
over days to months and over a large three-dimensional grid
requires a significant amount of computational power and is often
Impractical.



.
ImpliciaMetieese

SN IIENRICHENAIK, a sUStance cani be chiemically altered in one off two
el
Sistthe sunlight itselff may contain sufficient energy to break the
mola ule apart;, a so-called photochemical reaction.
IETmore firiequently occurring chemical alteration, however, takes
pk enwihen twer molecules interact and undergo a ‘chemical reaction
to ‘produce new species.
= ;__“g'!‘:‘fAftmospherlc chemical transformations can occur homogeneously or
~— — ‘heterogeneously.
- ® Homogeneous reactions occur entirely in one phase;

s Heterogeneous reactions involve more than one phase, such as a
gas interacting with a liquid or with a solid surface.
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Smimplicit Methods™

] r- sEIVers off sufir ODESs are semiimplicit in that their
s ati curent time £depend on derivatives evaluated at the
it time, the Peginning of the current time step, and/or the
mg of: previous time steps (times ¢, t— h, t- 2h, . . .).

o 1mpIIC|t splvers can take time steps much longer than the e-
mg lifetime of the shortest-lived species and remain stable.

cme accurate semiimplicit schemes used for solving stiff ODEs are
= _.r;_mﬁ?ears method (Gear 1971), Runge—Kutta—Rosenbrock schemes
&= = (Kaps and Rentrop 1979; Hairer and Wanner 1991; Press

= 8 efal. 1992), and semiimplicit Bulirsch—Stoer schemes (Bader and
Peufihard 1983; Press erf a/. 1992), among others.




'mél value'problems

Snequiring the use of: chemlcal ordlnary differential equations ane
oblemsyvhiereby the mitial concentration ofi each species;is
ey — 0, andla solution 15 desired'at 2 final time, | t:> 0.

g srare fiound by integrating a set of chemical ODEs one time step (/)

o M

_r‘ eibetween ¢ — 0and 7 = z;.

e begmning of the first time step, concentrations of all species are set
1al concentrations.

mg a time step, an ODE scheme solves for all gases.

..._--—‘:Iu..p"q- -

= -—-Dnce values at time 7 are found, ¢ is replaced with 7 — /2 and a new time step
~1s'solved for.

__—-

With some techniques, solutions depend on concentrations from several
time steps backward (times ¢ — 4, t = 24, . . .).

[f the technique relies on values from two time steps backward, the first
time step 1s solved for with a technique that depends on only one time step
backward, and subsequent time steps are solved for with the scheme that
depends on two time steps backward




S — N
BIGPERESIoR 0D ENSOIVENSH S

For'a chemical ODE solution scheme to be useful, it
must be stable, accurate, mass-conserving, positive
definite, and computationally fast.

A numerical scheme is defined to be stable
if the absolute-value difference between the
numerical and the exact solution did not
grow over time.

Solutions must be accurate as well as
stable. A method of testing a solver’s
accuracy is to compare the time-dependent
solution from it with an exact solution.

A normalized gross error (NGE) is then
calculated as

A solver of chemical ODEs should be mass-
conservin?. A scheme is massconserving if
the mass of each element (e.g., N, O, H, or
C? summed over all species at the beginning
of a simulation equals the mass of the
element summed over all species at the end
of the simulation, provided no external
sources or sinks exist.




JpsItvedefimte and fastas

—_—

chiiations predicted by cliemical ODE solvers must exceed of equal
ditiisishiould not be a surprise, sincein the atmosphere, gas
L'D‘-L.sb,l exceed onequaliZeno)

e always predicts nonnegative concentrations, it 1S positive
; An accurate chemical ODE solver 1s usually positive definite,
et solutions are always nonnegative.

'a Je Veris unstable and/or inaccurate, concentrations may fall below
OMIEab [Cast one concentration falls below zero after a time step, the time

Imust either be re-solved with a shorter time step or with a new solution

STiciod, on the concentration must be set to zero or above, in which case

= [Nass i3 gamed

—_—

=_'7:;_'-_-fA g00d solver of chemical ODEs can predict the time step required to keep

,_‘_—_'_——‘:- = solutions stable and positive-definite.
~ * Wihen used in atmospheric models, chemical ODE solvers should be fast as
~  well as accurate. All chemical ODE solvers are exactly accurate at a small
enough time step.
A good solver can take a long step and maintain accuracy. For three-
dimensional modeling, accuracy with long steps is generally not enough.
Accurate solutions to chemical ODEs must be found over large model
grids.
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.
ANALYTICAL SOLUTIONSHIO
ODES

e The msf gc_curéte solution to
a set of chemical ODES is an
analytical solution.

Analytical solutions to a single
equation or a small set of
eduations are readily found.

Whereas the solution to (12.5)
was found easily, analytical
solutions to a set of

more than a few equations are
usually impractical to obtain.
Thus, sets of chemical

ordinary differential equations
are not solved analytically in
atmospheric models.

NO; + b — NO + O- il




S N
OR SERIES SOLUTION TO...

ODES

s' Because analytical

solutions are difficult to
f | derive for chemical ODEs,
Ny PENes PNy numgrlcal
Nz Neth— =t 5 — ot solutions are needed. A
= useful method of solving
= sets of ODEs would
- ' appear to be

an explicit Taylor series
expansion of species
concentrations.

_||—
e
|~—— S




""‘F‘urther reading_ -

SIS ecture IS based on the materlals of the
elloWimg booKksS thatarerrecommended for further
LEAC ng

SNISEnfield and S.N.Pandis. ATMOSPHERIC CHEMISTRY
ENDIPHYSICS: From Air Pollution to Climate Change.

16); N WILEY & SONS, INC. 2006.

- '_)_,v Z. JACOBSON. Fundamentals of Atmospheric
; -‘ffModeImg Cambridge University Press 2005.
— _. s" Daniel J. Jacob. INTRODUCTION TO ATMOSPHERIC
CHEMISTRY. Princeton University Press. 1999.
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