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Block 2: Lectures 5 and 6Block 2: Lectures 5 and 6

1.1. Implementation of Chemistry in ACTM:Implementation of Chemistry in ACTM:
A.A. Lumping of chemical mechanismsLumping of chemical mechanisms
B.B. How is the ODE for chemical mechanisms solved How is the ODE for chemical mechanisms solved 

numericallynumerically

2.2. Liquid phase chemistry:Liquid phase chemistry:
A.A. Basic reactionsBasic reactions
B.B. Numerical problems to solveNumerical problems to solve

3.3. Brief overview of Brief overview of ACTMsACTMs::
A.A. Examples Examples –– ChemicalChemical--AerosolAerosol--Cloud (CAC) model, Cloud (CAC) model, EnviroEnviro--

HIRLAMHIRLAM
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methane pent-2-ene 2-methylpentane m-ethyltoluene
ethane pent-1-ene 2,2-dimethylbutane p-ethyltoluene
propane butylene 2-methylhexane 1,2,3-trimethylbenzene
n-butane acetylene methylheptanes 1,2,4-trimethylbenzene
i-butane benzene methyloctanes 1,3,5-trimethylbenzene
n-pentane toluene 2-methylbut-1-ene formaldehyde
i-pentane o-xylene 3-methylbut-1-ene acetaldehyde
n-hexane m-xylene 2-methylbut-2-ene proprionalaldehyd
n-heptane p-xylene methylnonanes butyraldehyde
n-octane methanol n-undecane i-butyraldehyde
n-nonane ethanol 3-methylpentane valeraldehyde
n-decane acetone 2,3-dimethylbutane benzaldehyde
n-dodecane methylethylketone 3-methylhexane n-butyl-acetate
ethylene    methylisobutylketone ethylbenzene i-butyl-acetate
propylene methyl-acetate   n-propylbenzene methane-chloroform
but-1-ene ethyl-acetate i-propylbenzene methyl-chloroform
but-2-ene i-propyl-acetate o-ethyltoluene tetrachloroethylene

Typical VOC emissions in Europe
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Application of Chemistry in 
Atmospheric –Chemical Transport Models

Problems:
• A “Complete Mechanism” would require tens of thousands of 

chemical species and reactions.
• The reaction mechanisms and rates are not known for most of 

these.
• The ordinary differential equation for chemical mechanisms is 

very stiff, i.e. numerical standard methods are not applicable 
(described in Part 1.B).
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Application of Chemistry in 
Atmospheric –Chemical Transport Models

Way of solving it:
• Using lumped chemical mechanism (described in Part 1).
• Use a fast solver (described in Part 1.B).
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Part 1.A: Part 1.A: 
Lumping of chemical mechanismsLumping of chemical mechanisms
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Lumped Atmospheric Chemical Mechanisms

USAUSA
USAUSA
USAUSA
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USAUSA
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1561565252CBCB--0505
2112117474SAPRCSAPRC--9999
2372377777RACMRACM
1411417979EMEPEMEP
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63632727CBCB--IVIV
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Number ofNumber of
Species        ReactionsSpecies        Reactions

Mech. Mech. 
Abbreviation Abbreviation 
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Reducing comprehensive chemical mechanism into families with same 
chemistry.

Example RACM developed by W.R. Stockwell:

Reactivity weighting: account for the differences in the 
reactivity between chemical and model species.

It is based on the assumption that the effect of an emitted 
chemical species on a simulation is approximately proportional 
to the amount of the compound that reacts with HO on a daily 
basis.

What is a lumped mechanisms?
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HC3 + HO → .583 HC3P + .381 HO2 + .335 ALD + .036 ORA1 + .036 CO 
+ .036 GLY + .036 HO + .010 HCHO + H2O

HC3P + NO → .047 HCHO + .233 ALD + .623 KET + .063 GLY + .742 HO2
+ .150 MO2 + .048 ETHP + .048 XO2 + .059 ONIT + .941 NO2

HC3P + HO2 → OP2

HC3P + MO2 → .810 HCHO + .992 HO2 + .580 ALD + .018 KET + .007 MO2 
+ .005 MGLY + .085 XO2 + .119 GLY

HC3P + ACO3 → .724 ALD + .127 KET + .488 HO2 + .508 MO2 + .499 ORA2 
+ .508 MO2 + .499 ORA2 + .091 HCHO + .006 ETHP + .071 XO2 
+ .004 MGLY + .100 GLY

HC3P + NO3 → .048 HCHO + .243 ALD + .670 KET + .063 GLY + .792 HO2
+ .155 MO2 + .053 ETHP + .051 XO2 + NO2

Alkane chemistry in RACM
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Alkanes:
CH4 (1.0)    methane
ETH (2.0)   ethane
HC3 (2.9)  alkanes, alcohols, esters and 

alkynes with HO rate constant 
(298 K, 1 atm) less than  3.4×10-12

cm3s-1

HC5 (4.8)  alkanes, alcohols, esters and 
alkynes with HO rate constant 
(298 K, 1 atm) between 3.4×10-12

cm3s-1 and 6.8×10-12cm3s-1

HC8 (7.9) alkanes, alcohols, esters and 
alkynes with HO rate constant 
(298 K,  1 atm)  greater  than  6.8×
10-12cm3s-1

Alkenes: ETE (2.0) - OLT (3.8) - OLI (5.0) 
DIEN (4.0)

Stable Biogenic Alkenes: ISO (5.0) - API (10.0)
LIM (10.0) 

Aromatics: TOL (7.1) - XYL (8.9) - CSL (6.6)
Carbonyls: HCHO (1.0) - ALD (2.4) - KET (3.5)

GLY (2.0) - MGLY (3.0) - DCB (4.2) 
MACR (4.0) - UDD (4.2)- HKET(3.0)

Organic Nitrogen: ONIT (4.0) - PAN (2.0)
TPAN (4.0)

Organic Peroxides: OP1 (1.0) - OP2 (2.0) 
PAA (2.0)

Organic Acids: ORA1 (1.0) - ORA2 (2.0)
Peroxy Radicals From Alkanes:
MO2 (1.0)     methyl peroxy radical
ETHP (2.0)    peroxy radical formed from ETH 
HC3P (2.9)    peroxy radical formed from HC3
HC5P (4.8)    peroxy radical formed from HC5 
HC8P (7.9)    peroxy radical formed from HC8
Peroxy Radicals From Alkenes: ETEP (2.0) 

OLTP (3.8) - OLIP (4.8)
Peroxy Radicals From Biogenic Alkenes:

ISOP (5.0)APIP (10.0) - LIMP (10.0)
Radicals Produced From Aromatics: PHO (6.6)

ADDT (7.1) - ADDX (8.9) - ADDC (6.6)
TOLP (7.1)  - XYLP (8.9) - CSLP (6.6)

Peroxy Radicals With Carbonyl Groups:
ACO3 (2.0) - TCO3 (4.0) - KETP (3.9)

Other Peroxy Radicals: OLNN (3.0) - OLND (3.0)
XO2

Lumped Species in RACM
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Simple Example of Reactive Weighting

We have HYD1 + HO → PROD1 k1
HYD2 + HO → PROD2 k2

we want HYDR + HO → a PROD1 + b PROD2 k3

where [HYDR] = [HYD1] + [HYD2], and [PRODi]0 = 0

The differential eqs. d[HYDi] / dt = - d[PRODi] / dt = - ki [HYDi] [HO]
d[HYDR] / dt = - k3 [HYDR] [HO] 

The solutions [PRODi] = [HYDi]0 {1 - exp ( - ki ∫ [HO] d t ) }

Assumption 1: reaction 1 and 2 are weighted according to reactivity, i.e. 
a = [PROD1] / ([PROD1] + [PROD2]), b = [PROD2] / ([PROD1] + [PROD2])

Assumption 2: the loss rate of the lumped compound, HYDR, is the same as that of the 
unlumped compounds, HYD1 and HYD2, i.e.

k3 = a k1 + b k2

a = [HYD1]0 { 1-exp( - k1 ∫ [HO] dt)} / ([HYD1]0 × { 1-exp( - k1 ∫ [HO] dt)}
+ [HYD2]0 { 1-exp( - k2 ∫ [HO] dt)})

b = 1 - a
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General Example:
R1 + Reac →∑ v1j Pj k1
R2 + Reac → ∑ v2j Pj k2

•
•
•
•
•
•

Rn + Reac → ∑ vnj Pj kn

Become:
Ragg + Reac → ∑ vagg Pj kagg

where
[Ragg] = ∑aggi [Ri]

??

?
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New rates:

∫ aggi [Ri] [Reac] dt
kagg = ∑

∫ [Ragg][Reac] dt

New products yields:

∑∫vi,j ki [Ri] [Reac] dt
vagg,j = 

∑∫aggi ki [Ri] [Reac] dt
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Aggregation of Organic Compounds

•the similarity of chemical reactivity within the organic functional groups, 
and the reactivity of the organic compounds with HO.

aggi = { 1- exp(- ki,HO ∫ [HO] dt) } / { 1- exp(-km,HO ∫ [HO] dt) }

where km,HO = { ∑cat€m Ecat kcat,HO } / { ∑cat€m Ecat}

Ecat = ∑cat€m Ei

kcat,HO = {∑i€cat Ei ki,HO} / {∑i€cat Ei}

Ei: emission rate of specie i
ki,HO: rate constant of specie i with HO
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July 1, 1985, clear sky

ground albedo 0.10
solar declina. 23º
longitude 45º north
altitude 0.0 km
temperature 288.15 K
pressure 1.01315 bar

H2O 1.00  %
O3 50.0  ppbV
NO 0.20  ppbV
NO2 0.50  ppbV
HNO3 0.20  ppbV
CO 200.  ppbV
CH4 1700 ppbV
H2 500.  ppbV
H2O2 2.00  ppbV
HCHO 1.00  ppbV
O2 20.9  %
N2 78.1  %

NO 1.1×106 cm-3s-1

NO2 0.0 cm-3s-1

SO2 2.2×105 cm-3s-1

CO 2.4×106 cm-3s-1

VOC 3.0×106 cm-3s-1

Plume Case Simulations
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Comparison: Comparison: 
Regional Atmospheric Chemical Mechanism (RACM)Regional Atmospheric Chemical Mechanism (RACM)
new lumped mechanism reduction of RACM (new lumped mechanism reduction of RACM (redRACMredRACM))
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Comparison: Comparison: redRACMredRACM ↔ ↔ RACMRACM
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Part 1.BPart 1.B
How is the ODE for chemical How is the ODE for chemical 
mechanisms solved numericallymechanisms solved numerically
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Implementation of Chemistry in ACTM Implementation of Chemistry in ACTM –– ODEODE

Pi = production of ci Li = loss of ci
ci = concentration of ith species ki = ith rate constant

∂ci Pi(c, t, k)      – Li(c, t, k) × ci∂t
∂ci ∂ci+                      +
∂t   Advection ∂t   Diffusion

∂ci ∂ci ∂ci ∂ci+                   +                  +                    +
∂t   Aerosols ∂t    Clouds ∂t     Emission ∂t    Deposition

=



2020

Solving the chemical reactionsSolving the chemical reactions’’ set of ODE:set of ODE:

The big difficulty:The big difficulty:

The set of ODE is The set of ODE is ‘‘stiffstiff’’, i.e.:, i.e.:
the chemical lifetimes cover a very large range of time scalesthe chemical lifetimes cover a very large range of time scales

stiff systems are more difficult to solve than nonstiff systems are more difficult to solve than non--stiff systems.stiff systems.

Stiff systems require very small time stepsStiff systems require very small time steps..

⇒ Time step necessary to resolve all the chemical reactions?
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Lifetime of A due to Lifetime of A due to unimolecuunimolecu--
larlar reactions:reactions:

A A →→ productsproducts
givesgives

llA1A1 = k= k11
--11

Lifetime of species A:Lifetime of species A:

11
llAA ==

llA1A1
--11 + l+ lA2A2

--11 + l+ lA3A3
--11 + ••• + l+ ••• + lAnAn

--11

Lifetime of A due to bimolecular Lifetime of A due to bimolecular 
reactions:reactions:

A + B A + B →→ productsproducts
givesgives

llA2A2 = (k= (k2 2 ×× [[B]B]oo))--11

k1 k2



2222

Example Rate constant at 285 K, local noon
1. O(3P) →  O3 8.64×104 s-1 (T = 285 K)
2. O3 + NO →  NO2 + O2 1.47×10-14 cm3s-1 (T = 285 K
3. NO2 + hν → O(3P) + NO 1.70×10-2 s-1 (noon), 0.00 s-1 (night)  
4. O(1D)      → O(3P) 
5. CH4 + HO → O(3P) + H2O

l O(3P) = 1.16×10-5 s

l O3 = 6.80×1013 cm-3 s [NO]-1

l NO = 6.80×1013 cm-3 s [O3]-1

l NO2 = 58.8 s (noon),  = ∞ (night)

l CH4 = 10.2 years

l O(1D) = 2×10-9 s

O2, M

I.e. even such a simple system can be rather stiff

M
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Several methods exists to solve chemical Several methods exists to solve chemical ODEsODEs
Examples:Examples:

Taylor seriesTaylor series
Forward EulerForward Euler
Backward EulerBackward Euler
Simple exponentialSimple exponential
QuasiQuasi--steadysteady--statestate
Multistep implicitMultistep implicit--explicitexplicit
Backward differentiation (GEAR)Backward differentiation (GEAR)

Hybrid predictorHybrid predictor--corrector corrector 
methodsmethods
Parameterization methodsParameterization methods
RungeRunge--KuttaKutta--RosenbrockRosenbrock
schemesschemes
Iterative backward Euler methodsIterative backward Euler methods
Hybrid Newton Hybrid Newton RaphsonRaphson iterative iterative 
schemesschemes
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Selection of method depend onSelection of method depend on

StabileStabile
AccurateAccurate
Mass conservingMass conserving
Positive definitePositive definite
Computationally fastComputationally fast
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Explicit solvers:

“Semi”-implicit solvers:

time

Point to be predicted

time

Point to be predicted
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1. Eulerian forward

2. Eulerian backward

3. QSSA 

4. The GEAR solver

5. Family approach

Methods for solving chemical  ODEs
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1) The simplest (explicit) solver: Forward Euler (1st order Taylor

ci(t)    =    ci(t–Δt)  + Δt × dci(t–Δt) /dt

=    ci(t–Δt)  + Δt (Pi(c, t–Δt, k) – Li(c, t–Δt, k) × ci(t–Δt))

2) The simplest (“semi”-implicit) solver : Backward Euler

Simplest methods for solving chemical ODEs

ci(t)    =    ci(t–Δt)  + Δt × dci(t, t–Δt) /dt

=    ci(t–Δt)  + Δt (Pi(c, t–Δt, k) – Li(c, t–Δt, k) × ci(t))

=    (ci(t–Δt)  + Δt (Pi(c, t–Δt, k))/(1–Li(c, t–Δt, k) × Δt)
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ExampleExample

dci = Pi(c, t, k)      – Li(c, t, k) × cidt

Example Rate constant
1. O(3P) → O3 1.4 × 103 exp(1175/T) (s-1)
2. O3 + NO → NO2 + O2 1.8 × 10-12 exp(-1370/T) (cm3s-1)
3. NO2 + hν → O(3P) + NO 2.5 ×10-2 exp(-.39/cos θ) (s-1)

O2, M
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∆t Gear      Eulerian backward Eulerian forward

60 sec.
240 sec.
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∆t = 60 sec Gear      Eulerian backward Eulerian forward

Relative mass change of N

Relative mass change of O

Stiffness of system
Lifetime of O3 relative to O(3P)

Conservation of mass
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Explicit versus implicit methods, In generalExplicit versus implicit methods, In general

(+)(+)--Computational fastComputational fast
++++Positive definitePositive definite
--++Mass conservingMass conserving
++Small time steeps Small time steeps 

required.required.
AccurateAccurate

++For too stiff For too stiff ODEsODEs
become unstable. become unstable. 
Small time steeps Small time steeps 

required.required.

StableStable

(Semi(Semi--)implicit)implicitExplicitExplicit
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Quasi Steady State Approximation (QSSAQuasi Steady State Approximation (QSSA))
dci = Pi(c, t, k)      – Li(c, t, k) × cidt

For moderate lifetime of Ci is used

Ci,t = Ci,t-∆ exp(-δ Pi,t-∆) + Pi,t-∆/Li,t-∆ (1- exp(-∆ Li,t-∆))

dci,t = Pi(c, t-∆, k) – Li(c, t-∆, k) × ci,tdt
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Quasi Steady State Approximation (QSSAQuasi Steady State Approximation (QSSA))

Ci,t = Pi,t-∆/Li,t-∆

If the lifetime of Ci is short (i.e. radicals), dCi/dt ≈ 0:

For long lifetime of Ci Eulerian forward is used

Ci,t = Ci,t-∆ + ∆ (Pi,t-∆ - Li,t-∆ Ci,t-∆ )
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Quasi Steady State Approximation (QSSAQuasi Steady State Approximation (QSSA))
Summary

δ Li,t-δ: used to determined how the lifetime of the species 
slowed during the time evolution

Ni,t = Ni,t-δexp(-δ Pi,t-δ)+Pi,t-δ/Li,t-δ(1- exp(-δ Li,t-δ))    if 0.001≤δLi,t-δ≤10

Pi,t-δ/Li,t-δ if δ Li,t-δ> 10

Ni,t-δ + δ (Pi,t-δ - Li,t-δ) if δ Li,t-δ < 0.001

species’ lifetime long →
forward Eulerian equation

species’ lifetime short →
steady state equation

species’ lifetime moderate →
simple exponential method
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Photolysis reactions
1. NO2 + hv → O(3P) + NO
2. O3 + hv → O(3P) + NO
3. HCHO + hv → O(1D) + O2
4. HCHO + hv → 2 HO2 + CO
Inorganic chemistry
1. O(3P) + O2 → O3
2. O(1D) + N2 → O(3P) + N2
3. O(1D) + O2 → O(3P) O2
4. O(1D) + H2O → HO + HO
5. HO2 + NO → NO2 + HO
6. O3 + NO → NO2 + O2
7. CO + HO → HO2 + CO2
8. HO + NO2 → HNO3
9. HO2 + HO2 → H2O2 + O2
10.HO2 + HO2 H2O → H2O2 + H2O + O2

NWPNWP--ChemChem--GasGas
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Organic chemistry
1. HC + HO → RO2 + H2O
2. RO2 + NO → HCHO + HO2 + NO2
3. HCHO + HO → HO2 + CO + H2O
4. RO2 + HO2 → ROOH + O2
5. RO2 + RO2 → x HCHO + y HO2
Sulphur chemistry
1. HO + SO2 → H2SO4 + HO2
2. DMS + HO → 0.85 SO2 + 0.15 MSA
3. DMS + HO → MSIA
4. MSIA + HO → 0.85 SO2 + 0.15 MSA
Biogenic chemistry
1. BIO + HO → BIOO2
2. BIO + O3 → 1.23 HCHO + 0.14 CO + 0.28 ROOH + 0.25 HO2 + 0.18 RO2 + 0.09 H2O2 
3. BIOO2 + NO → 2.0 HCHO + HO2 + NO2
4. BIOO2 + HO2 → RO2
5. BIOO2 + BIOO2 → 2.0 HCHO + HO2

+ 1 operator reaction

NWPNWP--ChemChem--GasGas
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3) The GEAR solver:
hybrid explicit/implicit predictor-corrector method in which an explicit 
equation is used to predict the solution in the next time step. 

This solution is then corrected using an explicit method.

advantages: 
- the order and time steps are chosen by an adaptive method 

that ensure high accuracy for a minimum of computer time,

disadvantages: 
- computational very expensive.

considered as a benchmark solver
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4) The Family approach:

1. Production / Loss is calculated for each species
2. Concentrations within a family are summed over
3. The family concentration is advanced in time (e.g. with a forward Euler scheme)
4. Individual species are re-partitioned 

Example families:
Odd oxygen: [OT] = [O(3P)] + [O(1D)] + [O3] + [NO2]
Odd hydrogen: [HOT] = [HO] + [HO2] +[HO2] + [H2O2] 
Odd nitrogen: [NOT] = [NO] + [NO2] + [NO3]

Advantages:
• Computational fast
• Accurate for moderate- to low-stiffness systems

Disadvantages:
• Need to be carefully set up and validated for each set of chemistry
• Accuracy decreases with increasing stiffness
1. The forward Euler scheme often become unstable ⇒ time step most be reduced
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Summary

In a chemistry model used to solve 3D atmospheric chemistry, it is not 
possible to have too small time steps. An iterative method can also be 
computational expensive.

⇒ Need integration schemes that are non-iterative and stable when time 
steps are larger than the smallest chemical lifetime.

It is more important for a scheme to be accurate then exactly mass 
conserving.

Best methods to use are mixed explicit implicit methods. 


