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Abstract. An algorithm for the sequential analysis of the at- as greenhouse gas, and is an important component of photo-
mospheric oxidation of chemical species using output fromchemical smog.
a photochemical model is presented. Starting at a “root For decades, numerical models of this system have been
species”, the algorithm traverses all possible reaction seused in order to improve our understanding of these pro-
guences which consume this species, and lead, via intermesesses. Unfortunately these models are often so complex that
diate products, to final products. The algorithm keeps trackit can be difficult to understand why they produce the results
of the effects of all of these reactions on their respective rethey do; analysis of the output of atmospheric chemical mod-
actants and products. Upon completion, the algorithm hagls remains challengind.ehmann(2004 describes an algo-
built a detailed picture of the effects of the oxidation of the rithm for the automatic determination of dominant pathways
root species on its chemical surroundings. The output of thén chemical systems. The algorithm lofhmann(2004 can
algorithm can be used to determine product yields, radicadetect cyclic sequences which yield net production or loss
recycling fractions, and ozone production potentials of arbi-of a species of interest, and as such is especially well suited
trary chemical species. to the discovery of catalytic cycles of ozone depletion in the
stratosphere.

A different approach has been used for the analysis of
the effects of specific chemical species on their environment
during their degradation, for example the calculation of to-

The chemistry of reactive trace gasses in the atmosphere ¢fl 0zone yields due to the oxidation of individual VOC.
the Earth is a highly complex, nonlinear system. The manyMeéthane (CH), the S|m_plest and longest I_Ived VOC in thg
thousands of volatile organic compounds (VOC) in the tro- atmosphere, can contribute Fo tropospheric ozone formau'on
posphere are generally removed by initial attack from thefar away from its source regions. The reactions involved in
hydroxyl radical (OH), which is formed primarily by pho- the OH-initiated oxidation of Cidare shown in Tabl&. Af-
tolysis of ozone (@) and subsequent reaction of an excited ter the initial attack by OH arjd subsequent formatlc_)n of the
oxygen atom (@Q'D)) with water vapour. The resulting par- methyl peroxy r§d|cal (Reaction R1), the peroxy radlpal may
tially oxidised species may be deposited to surfaces, conf®act in seven different ways (R2-R9), some of which ulti-
dense into the aerosol phase, or undergo further reactiondately lead to production of N& and some of which do
until they ultimately form unreactive carbon dioxide (g0  Not- The products of this second step may themselves be oxi-
This series of further reactions can involve photolysis stepsdiséd via a number of different pathways. Each of these pos-
further loss and/or regeneration of OH and hydroperoxy rad_SIbIlItI(.ES has a different impact on the atmospheric budgets
icals (HOy), and conversion of nitric oxide (NO) to nitrogen Of radicals and N (collectively NO and NQ are known as
dioxide (NOy). The conversion of NO to N®leads sub- NOx), and therefore also on the amount of ozone formed.
sequently via photolysis of Nto the production of @, In order to analyse the effects of methane oxidation on at-

which in turn influences the atmospheric radical budget, actgnospheric chemistryJohnston and Kinniso(1.999), build-
ing on earlier work done byCrutzen (1973, identified

34 possible reaction sequences by which,@kly degrade
Correspondence tar. M. Butler to carbon monoxide (CO), and derived analytic equations
BY (tim.butler@mpic.de) for the combined effect of all of these sequences ofsCH
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In this paper a numerical implementation of the sequence

Table 1. Listing of reactions involved in oxidation of CH i ) . . . .
method is presented, which, given a list of chemical reactions

CHy + OH . CHs0, R1 a}nd their reaction rates, gutomatically trqverses all degrgda—
tion sequences for any given VOC, keeping track of radical
CH3O2+NO  —  CH3O+NQ; R2 and NQ, conversions. This approach differs from the “his-
CHz0,+NO —>  CHgNOs R3 tory matrix” approach offonnesor(1995 in that it analyses
a single set of averaged or steady state reaction rates, rather
CHg02+NO3  — CH3O+NO, R4 than following the time steps of a time-dependant model sim-
CH3O02+HO;  —  CH3OO0H R5 ulation. It is shown how the output of this algorithm can be
CH30, (+RO;) —> CH30 R6 used to provio!e information on_the effects of a 'Farg_et VOC
on atmospheric budgets of radicals and,N@pplications
CHzO2 (+*RGz) —  HCHO R7 of this information are discussed. This algorithm has al-
CH30, (+R0O;)  —>  CH3OH RS ready been applied in the literature to determine the yields
CHgO, +NO, . CHs0,NO, RO of product species from |sopren§a(raborr.elll gt al.2009), .
and the amount of radical recycling during isoprene oxida-
CH302NO; —>  CHz02+NO, R10 tion (Lelieveld et al, 2008 Butler et al, 2008, although the
CH0 — >  HCHO+HO, R11 algorithm it.self was not desc_ribed in th.is !orevious work. _This
paper provides the first detailed description and evaluation of
CH3NO3+OH  — HCHO+NOQ; R12 the algorithm, and makes a sample implementation available
CH3NO3 +hv — CHz3O+NO, R13 as an electronic supplemetittp://www.geosci-model-dev.
CHzOOH+OH —> CHz0, R14 net/2/_145/2009/gm(_j-2-145-ZQOQ-suppIemen_t.SpctlonZ
describes the algorithm and its implementation, Seécte-
CH3OOH+OH — HCHO+OH R15 scribes our modelling approach, Settevaluates the algo-
CHgOOH+hy  —> CHgO+OH R16 rithm with some relatively simple chemical systems, Sict.
CHAOH + OH HCHO + H R17 explores a potential application of the algorithm (calculation
sOR+ - THO of ozone production potentials).
HCHO + OH — CO+HO R18
HCHO +hv —> CO+HO,+HO, R19 _
2 Automating the sequence method
HCHO +hv — CO+H2 R20
HCHO +NO;3 —> CO+HNO3+HO, R21 The sequence algorithm is presented in pseudocode id.Fig.

The basic idea behind the algorithm is to start at a “root
species”, and determine its oxidation products and the side
effects of its oxidation reactions. Each of the oxidation prod-
oxidation on the formation and loss of OH ang @ the ucts is then treated as an intermediate product for which the
atmosphere. In principle, such an analytic approach to theprocess is repeated.

determination of of the effects of individual VOC on the at-  The algorithm is recursive, and is initially called with the
mosphere is possible for any VOC. In practice, the very largeroot species and the total rate of destruction of this root
number of possible reaction sequences for VOC other tharspecies as arguments. All rates of production and loss within
CH, makes this approach too complicated. Instead, increthe algorithm are specified in molcris™1. The first ac-
mental reactivity methods (e.Garter 1994 Derwent et al.  tion performed is a check that the production ratspécies
1998 have been used to estimate the effects of higher-ordeas a fraction of the total rate of consumption of the root
VOC on ozone production, particularly in the context of ur- species is greater thamin_rate. In this way, minor reac-
ban photochemical smog. Using these methods, several rurt®n sequences are not computed. The next step is the cal-
of a photochemical model are performed, each with a slightculation offraction, which represents the fraction of the to-
perturbation to the amount of a particular target VOC. Thetal production ofspeciesraceable back to the root species
change, or increment, in the amount of ozone produced byt the current stage of the current sequence. The effective
the model is then used to determine the incremental reactivrates at the current stage of the current sequence of each of
ity of each VOC under consideration. Disadvantages of thethe reactions consumirgpeciesare the reaction rates from
incremental reactivity approach compared with the sequencéhe model output multiplied bfraction. The contribution of
approach are that a model run must be performed for eackach of these consumption reactions to each species on which
individual VOC under consideration, and that the resultingthe given reaction has an effect (the list of affected species is
incremental reactivities contain no information about the un-read from the arragffectlist) is calculated based on these
derlying mechanisms of ozone production (or removal) dueeffective rates and the reaction stoichiometry (read from the
to each VOC and all intermediate oxidation products. arraystoichiometry, and accumulated in the global variable
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SEQUENCE(species, rate)
1 return if (rate/root_destruction) < min_rate
2 fraction < rate/total_production(species)

3 for consumer — consuming(species)

147

4 do

5 reaction_rate < rates(consumer) x fraction

6 for species — ef fect_list(consumer)

7 do

8 rate «— stoichiometry(consumer, species) x reaction_rate
9

contribution(consumer, species) < contribution(consumer, species) + rate

10 SEQUENCE(species, rate) if is_intermediate(species)

Fig. 1. Pseudocode description of the sequence algorithm.

contribution Each of the products of the consumption reac-
tions is itself the subject of a call toEQUENCEIf it is an
intermediate product.

As the reaction sequence is followed through the recursive
subroutine calls past more and more intermediate products,
the rate gets progressively smaller. Recursion is terminated
either when the sequence reaches its end, or when the rate
falls below min_rate and the remainder of the sequence is
ignored.

is easier to specify as false which species are not inter-
mediates (e.g. OH, Hf) etc.), rather than to explicitly
set all potential intermediate products to true. The true
entries in this array may however be specified manually
if the user is interested in computing only certain reac-
tion sequences.

— min_fraction, as described above, is used to decide when

the rate of the remainder of a sequence is small enough

to be ignored. The value of this variable is specified by
the user. When using the algorithm to analyse a chemi-
cal system, several runs should be performed using pro-
gressively smaller values dfin_fractionas a test of the
potential contribution of uncomputed sequences to the
final result.

The algorithm makes use of a number of read-only global
variables which must be initialised before the @JENCE
subroutine is called.

— Theratesarray contains the rates of each reaction in the
system, and is initialised from the output of a photo-

chemical model. The algorithm does not count individual sequences, but

h rather integrates the effects of all significant sequences on all

Orelevant species in the chemical system. The final result of

the algorithm is stored in the global arragntribution For

each species in the chemical system, the array contains a list

of all reactions which contribute to the budget of that species,

along with the rates of these contributions due ultimately to

— root_destructionis a scalar variable containing the sum the oxidation of the root species. The nett effect of the ox-
of the rates of all chemical reactions which consume theidation of the root species on each of the other species in
root species. This is initialised from model output. the system can be determined by summing the rates (posi-

tive for production, negative for loss) of the contributions to

— Theconsumingarray contains an entry for each species gach species. When the chemical system is in steady state,
comprising of a list of reactions which consume that the production and loss of the intermediate oxidation prod-
species. This array is initialised from the specifica- ycts of the root species (e.g. alkyl peroxy radicals) should
tion of the chemical system used by the photochemicalapproximately balance, there should be nett production of
model. chain termination species (e.g. €Xand there may be nett

— The effectlist and stoichiometryarrays, containing the prc_)rc:]Léctlg:}(;)rrr:;snscgfor? Sr:gafjllagcrjitﬁr??sgzs.en dant on its im-
list of reactants and products of each reaction and their P 9 P

- . e . . . plementation, the choice ahinfraction, and also on the
stoichiometric coefficients, respectively, are also ini- : ; . .
tialised from the chemical system specification complexity of the chemical mechanism under analysis. An

' implementation of the SQUENCE algorithm in the Perl 5
— Theis.intermediatearray is a boolean array containing Programming language, complete with self-contained input
an entry for each species, which is true if the species irom the BASE model run (Sec8) is available in the elec-
an intermediate product, and false otherwise. In order tdfronic supplemenhttp://www.geosci-model-dev.net/2/145/
compute all sequences of a complex chemical system, i2009/gmd-2-145-2009-supplement. zipthis article.

— The total_productionarray contains an entry for eac
species consisting of the sum of any emissions an
the rates of all chemical reactions which produce that
species. This array is also initialised from the output of
a photochemical model.
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3 Modelling approach 4 Validation with CH 4

To investigate the performance of thee@JENCE algo-  Despite being the simplest of the VOC, the MCM still re-
rithm, simulations are performed with the photochemical boxquires 21 reactions to oxidise Gib CO (Tablel). There are
model MECCA (Module Efficiently Calculating the Chem- many different possible sequences of different length through
istry of the AtmosphereSander et al.2009, which is  these 21reactions, some of which potentially involve cycles
based on a version of KPP (Kinetic Pre-ProcesBamian  (e.g. R9 followed by R10 followed by R9, etc.). At first the
et al, 2009 modified to produce FORTRAN 90 code. All use of the 8QUENCEalgorithm is demonstrated using a sim-
model runs in this study are performed using the near-explicifpler case, the oxidation of HCHO to CO. This process has
Master Chemical Mechanism (MCM) v3.B54unders et al.  four possible sequences (R18, R19, R20, and R21 from Ta-
2003. The specification of the chemical reactions for the ble 1) each consisting of a single step. Using the output of
MCM was downloaded fronttp://mcm.leeds.ac.uk/MCM  the model at the last timestep of the BASE simulation, the
Photolysis rates are parameterised as a function of solaBeQueNcEalgorithm is run with HCHO as the root species.
zenith angle. The output is summarised in Tab® The algorithm cor-

The atmospheric oxidation of GHo CO is chosen as the rectly identifies the four sequences, and assigns rates to the
process used to validate the @UENCEalgorithm. The reac-  contributionarray which are equal to the rates of the reac-
tions involved in this process are shown in Tabld-or clar- tions from the model. In this simple case, the@@ENCEal-
ity, only the reactions directly involved in transformation of gorithm has not told us anything which could not have been
CH,4 and its oxidation intermediates to CO are shown. Thelearnt by simply inspecting the output of the model. It shows,
MCM also includes explicit representations of other atmo- however, that the algorithm provides a sensible result for this
spheric processes such as the inorganic reactions involvingimple case.
OH, HO,, NOy and @, as well as near-explicit represen-  The output of the BQUENCE algorithm with CH, speci-
tations of the reactions of over 100 primary VOC and their fied as the root species (BASE simulation) is shown in Ta-
oxidation products. ble 3. The CO yield of 0.9994 (rounded to 1 in Taldg and

The model is run in a perpetual midday state, in whichthe fact that the Cldoxidation mechanism listed in Table
photolysis rates are kept constant at those calculated for lois carbon conserving shows us that the algorithm is correctly
cal midday at 45 latitude for the equinox. Mixing ratios of  following the reaction sequences leading from £ CO.
CHg, CO, Qs and NO are held constant at 1.75 mmolmol  The algorithm does not explicitly give the sequences as lists
200 nmol mof?, 40nmolmot?, and 100 pmolmall, re-  of reactions, but an idea of the relative importance of various
spectively. Temperature is held constant at 293K, pressequences in the oxidation of Gldan be obtained by inspec-
sure at 101 325 Pa, relative humidity at 81%, and all speciesion of Table3. For example, most C4D, is lost by reaction
are assumed to be well mixed up to an altitude of 1000 mwith NO in Reaction (R2), with the majority of the remain-
Three different model simulations are performed. Theder reacting with H@ via Reaction (R5) to form CEDOH,
BASE simulation contains only CHchemistry, with no  and a smaller amount reacting with the general pool of or-
deposition processes. The DEP simulation is the sameanic peroxy (R) radicals (which in the BASE model run
as the BASE simulation but with deposition velocities for consists only of the methyl peroxy radical, €Bb) via Re-
formaldehyde (HCHO), methyl hydroperoxide (@BIOH)  actions (R6), (R7), and (R8). Most HCHO is formed by de-
and methy! nitrate (CENO3) of 0.33cms?, 0.55cms?t,  composition of the alkoxy radical GJ@. This process also
1.1cms?, respectively. The MIX simulation is the same forms approximately half of the Hthe other half coming
as the BASE simulation, but includes constant emissions ofrom HCHO photolysis. The magnitude of the (R9)—(R10)
1x10° mol cn? s7* of each of the non-halogenated primary cycle can also be seen. There is a small amount of OH re-
VOC in the MCM (117 species in all, which are set to zero generation through photolysis of GAOH.
during the BASE and DEP runs). For all runs the model As CH, is the 0n|y VOC present in this model run, Ta-
timestep is 20 min, and a run time of 30d is sufficient to en-ple 3 can be reproduced by simply substituting the reaction
sure that all species are near steady state. Proximity to stead¥te output of the model for the output of the SJENCE
state is not a strict requirement of the @JENCEalgorithm, algorithm. The result (not shown) is an exact copy of Ta-
but is desirable for validation purposes. ble 3, again confirming that the ERUENCE algorithm has

The SEQUENCEalgorithm is run on output from the last found the correct sequences. A summary of the nett effect
timestep of each simulation. A value for the parameterof CH, oxidation is shown at the bottom line of Tak®e
min_fraction of 1x10~2 is sufficient to ensure that uncom- The oxidation of one mole of Ciproduces one mole of CO
puted reaction sequences do not significantly affect the outand 0.26 mol of H. Along the way, 1.7 mol of OH are con-
put of the algorithm; a value of110~1° produces a change verted to 1.7 mol of H®, and 0.93 mol of NO are converted
in the order of 0.001% in the results. to 0.93mol of NQ. In principle, in a steady-state system

with no loss of intermediate products, the nett effect of;CH
oxidation on the intermediate species (3, HCHO, etc.)
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Table 2. The output of the BQUENCEalgorithm using HCHO as the root species. The numbers in the table are rates in moleciias &ém

HCHO hv OH NOg HO» HNO3 Hy (e{0)
R18 —1.2e+06 — —1.2e+06 — 1.2e+06 - — 1.2e+06
R19 —-3.3e+05 —-3.3e+05 - — 6.6e+05 - —  3.3e+05
R20 —5.6e+05 —5.6e+05 - - - — b5.6e+05 5.6e+05
R21 -12 - - -12 12 12 - 12
Nett effect —2.1e+06 —8.9e+05 —1.2e+06 —12 1.9e+06 12 5.6e+05 2.1e+06
Normalised effect -1 —-0.42 -0.58 —-5.7e-06 0.89 5.7e06 0.26 1

Table 3. The output of the BQUENCEalgorithm for CH;, in the BASE run. All rates have been normalised to the loss rate @f CH

CHy  OH HO, v CH30;, CHzO0  CHgOOH CHiOH  HCHO  CHNO3  CHgO;NO, NO NO, NO3 HNO3  Hy co

R1 -1 -1 - - 1 - - - - - - - - - - - -
R2 - - - - —0.93 0.93 - - - - - -093 0.93 - - - -
R3 - - - —  —0.00093 - - - - 0.00093 — —0.00093 - - - - -
R4 - - - —82e05 82805 - - - - - — 8205 -82e05 - - -
R5 - - -016 - ~0.16 - 0.16 - - - - - - - - -
R6 - - - - 00019 0.0019 - - - - - - - - - - -
R7 - - - - —0.0019 - - - 0.0019 - - - - - - - -
R8 - - - - -0.0019 - - 0.0019 - - - - - - - - -
R9 - - - - —1.4 - - - - 1.4 - 14 - - - -
R10 - - - - 1.4 - - - - —14 - 14 - - -
R11 - - 0.94 - - —094 - 0.94 - - - - - - - -
R12 ~  -0.00077 - - - - - - 0.00077 —0.00077 - — 0.00077 - - - -
R13 - - — —0.00016 - 000016 - - — —0.00016 - - 0.00016 - - - -
R14 - —0.1 - - 0.1 - —0.1 - - - - - - - - - -
R15 - - - - - - —0052 - 0.052 - - - - - - - -
R16 - 0.013 - —0013 - 0.013  —0.013 - - - - - - - - - -
R17 -~ -0.0019  0.0019 - - - ~  —0.0019 0.0019 - - - - - - - -
R18 - -0.58 0.58 - - - - - -058 - - - - - - - 0.58
R19 - - 031 015 - - - - —0.15 - - - - - - - 0.15
R20 - - - —026 - - - - ~0.26 - - - - - - 026 0.26
R21 - - 57e06 - - - - - —5.7e-06 - - - - -57e-06 57¢-06 - 5706
Netteffect —1 -17 17  -043 —6e-05 —6.3e-05 —0.00048 —5.2¢-06 00014 95607  —0.00016  —0.93 0.93 —8.7e-05 57e-06 0.26 1

Table 4. The output of the BQUENCEalgorithm for CH, in the DEP run, with deposition of intermediates.

to the loss rate of Cll

All rates have been normalised

CHy OH HO, hv CH30; CH30 CHsOOH CHOH  HCHO  CHNO3  CHzOpNO; NO NO, NO3 HNO3  Hy co

R1 -1 -1 - - 1 - - - - - - - - - - - -
R2 - - - - ~0.92 0.92 - - - - - 092 0.92 - - - -
R3 - - - —  -0.00092 - - - - 0.00092 — —0.00092 - - - - -
R4 - - - - -58¢05 58e05 - - - - - - 5805 -58e05 - - -
R5 - - -016 - ~0.16 - 0.16 - - - - - - - - - -
R6 - - - —  -0.0019  0.0019 - - - - - - - - - - -
R7 - - - - —0.002 - - - 0.002 - - - - - - - -
R8 - - - - —0.002 - - 0.002 - - - - - - - - -
R9 - - - - —1.4 - - - - - 14 - 14 - - - -
R10 - - - - 1.4 - - - - - —14 - 14 - - - -
R11 - - 0.93 - - —093 - - 0.93 - - - - - - - -
R12 ~  -0.0002 - - - - - - 0.0002 —0.0002 - - 0.0002 - - - -
R13 - - - —4.2e-05 - 42e05 - - - —42e05 - - 42e05 - - - -
R14 —  —0.089 - - 0.089 - —0089 - - - - - - - - -
R15 - - - - - - 0047 - 0.047 - - - - - - -
R16 - 0012 - 0012 - 0012  —0.012 - - - - - - - - - -
R17 -~ —0002  0.002 - - - - —0.002 0.002 - - - - - - - -
R18 - —055 0.55 - - - - - —055 - - - - - - - 0.55
R19 - - 0.3 ~0.15 - - - - —0.15 - - - - - - - 0.15
R20 - - - ~0.26 - - - - —0.26 - - - - - - 026 0.26
R21 - - 3.8e06 - - - - - —3.8¢-06 - - - - —38e-06 38¢06 - 3.8¢06
Normalised — —1 -1.6 16 —042  0.00016 —0.00017 0.015 —6.9e-06 0025 000068 —0.0003  —0.92 092 —6.1e-05 3.8¢-06 0.26 0.96

should be zero. As seen in Tal8ethis is not the case. The from the output of the photochemical model. They could be
fact that Table3 can be reproduced by simply substituting due to minor deviations from steady state, or small numerical
the reaction rate output from the photochemical model showsnaccuracies in the reaction rate output from the photochem-

that these nonzero terms in Tal8eare not artifacts intro-
duced by the BQUENCEalgorithm, but rather result directly

www.geosci-model-dev.net/2/145/2009/
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Table 5. The output of the BQUENCEalgorithm for CHj, in the MIX run, including 117 other VOC. All rates have been normalised to the
loss rate of CH.

CHy  OH HO, v CH30;, CHsO0  CH300H CHGOH  HCHO  CHNO3  CHzO,NO;, NO NO, NO3 HNO3  Hy co
R1 -1 -1 - - 1 - - - - - - - - - - - -
R2 - - - - —0.92 0.92 - - - - - -092 0.92 - - - -
R3 - - - —  —0.00093 - - - - 0.00093 — —0.00093 - - - - -
R4 - - - - —65e-05 6.56-05 - - - - - - 65e05 —6.56-05 - - -
R5 - - —014 - —0.14 - 0.14 - - - - - - - - -
R6 - - - - —0.0056 0.0056 - - - - - - - - - - -
R7 - - - - —0.0057 - - - 0.0057 - - - - - - - -
R8 - - - - —0.0057 - - 0.0057 - - - - - - - - -
R9 - - - - -15 - - - - - 15 - -15 - - - -
R10 - - - - 15 - - - - -15 - 15 - - - -
R11 - - 0.95 - - -095 - - 0.95 - - - - - - - -
R12 —  —0.00067 - - - - - - 0.00067 —0.00067 - —  0.00067 - - - -
R13 - - — -0.00025 - 000025 - ~ —0.00025 - - 0.00025 - - - -
R14 - —0077 - - 0.077 - —0077 - - - - - - - - -
R15 - - - - - - 0041 - 0.041 - - - - - - - -
R16 - 0.017 - —0017 - 0017  —0.017 - - - - - - - - - -
R17 —  —0.0056  0.0056 - - - — —0.0056 0.0056 - - - - - - - -
R18 - —0.44 0.44 - - - - - —044 - - - - - - - 0.44
R19 - - 041  -0.21 - - - - —0.21 - - - - - - - 0.21
R20 - - - -035 - - - - ~0.35 - - - - - - 035 0.35
R21 - - 6.3¢06 - - - - - —6.3e-06 - - - - —63¢-06 63606 - 6.3¢-06

Normalised ~ —1 -15 17  —057 -46e-05 -47e-05 —000018 2.4e05 0.0013 9.2¢06 —8.1e-05 —0.93 093 —7.1e-05 6.3e-06 0.35 1

The output of the BQUENCEalgorithm from the DEP run  CO produced due to oxidation of GHand CO produced
with CH4 as the root species is shown in TaBleNith depo-  from oxidation of all other species.
sition of intermediates, the yield of CO from Gldxidation The addition of the other VOC to the model in the MIX
is no longer 1, but rather 0.96. For each mol of Obki-  run has the effect of reducing the modelled OH concentra-
dised, 0.04 mol of carbon are lost via deposition. It can betion by about 40%, and increasing the total concentration
seen at the bottom line of Tabkethat the residual produc- of organic peroxy radicals (R by about threefold. This
tion of the three deposited species (HCHO,f0®H, and  changed chemical environment has led to changes in the CH
CH3NO3) has changed from a small fraction of the total pro- oxidation sequences, which are visible in Tahl&he lower
duction (as seen in Tablésand5) to a significant fraction  concentration of OH has led to a greater importance for pho-
of the total production of each of those intermediate speciestolysis reactions, in particular for HCHO. In the BASE run,
This is because theERUENCE algorithm does not explic-  58% of HCHO was removed by OH, in this run that amount
itly follow deposition as part of reaction sequences. Any has decreased to 44%. The threefold increase ind®@cen-
molecules which are deposited are subsequently unavailablgation is noticeable in the approximate threefold increases in
to continue reacting in the chemical system. The chemicakhe contribution of R@reactions (Reactions R6, R7, and R8)
production rate of deposited species is larger than their chemto the loss of CHO,. This extra competition from RgJeads
ical loss rate. This is reflected in the rate output of the chem+o a smaller contribution from NO to the removal of gBp
ical model, and subsequently also in tlagesarray used by  (Reaction R2), and thus also to a slightly reduced total yield
the SEQUENCEalgorithm (Sect2). of NO, from CH, oxidation compared with the BASE run.

The SEQUENCEalgorithm is also capable of correctly fol-
lowing reaction sequences when the intermediate species
have other production mechanisms. This is illustrated by5 Application to ozone production potential
analysis of the MIX run, which includes emissions of all non-
halogenated primary VOC in the MCM (Se8}. Allofthese ~ The amount of N@ produced during the atmospheric oxida-
species share common intermediates with,Q@H30,, tion of VOC is closely related to the amount of @hich can
HCHO, etc.), and most of the carbon which they contain ulti- be formed (Sectl). The current state of the art for the de-
mately forms CO. The total chemical production rate of CO termination of ozone production potentials of VOC is the use
from this new run increases by 2.2 times compared with theof incremental reactivity methods (Set}, which do not ex-
BASE run. It is therefore no longer possible to duplicate plicitly account for this production of N§) but rather relate
the output of the BQUENCE algorithm solely from inspec- incremental changes ingQo incremental changes in VOC.
tion of the photochemical model output. If this were to be By allowing the computation of N®yields from VOC ox-
done, then the total production of CO would be greater tharidation, the $QUENCE algorithm potentially represents an
the total consumption of CH The output of the SQUENCE  alternative method for the calculation of ozone production
algorithm from the MIX run with CH specified as the root potentials of VOC.
species is shown in Table The CO yield is still 1, indicat- The NQ vyields from the oxidation of the emitted VOC
ing that the algorithm is capable of differentiating betweenin the MIX run (Sect.3) are shown in Fig2. As for CH,
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Fig. 2. The NG yields from oxidation of emitted VOC species. Bars are coloured according to the number of carbon atoms in each species.
Only species with a yield of more than 0.5 mol of pl@re shown.

(Table3), most of the NQ produced during the oxidation of 6 Discussion and conclusions
other VOC is formed from reaction of RQvith NO. Larger
VOC molecules can potentially produce moreRfagments  Sequential analysis of atmospheric oxidation pathways has
during their oxidation chain than smaller molecules. Thebeen a part of the scientific literature for several decades,
ozone production potential is thus expected to be highebut has until now been performed “by hand”. Its application
for larger molecules. To illustrate the relationship betweenwas therefore limited to simple cases such as the oxidation
molecular size and N®production, the bars representing of CH4. This paper presents the first detailed description and
the emitted VOC in Fig2 have been coloured according to evaluation of the 8QUENCEalgorithm, which is capable of
the number of carbon atoms in the molecule. In generalextending the sequential analysis concept to oxidation sys-
larger molecules produce more N@uring their oxidation  tems with arbitrary levels of complexity, such as VOC oxida-
than smaller molecules, but there are exceptions. For exantion in the state of the art near-explicit MCM. The output of
ple, ethylene glycol produces about half as much ozone ashe algorithm for each VOC is a matrix showing the effects
methane despite having twice as many carbon atoms, andf all reactions involved in the oxidation of that VOC on all
benzaldehyde and styrene, despite having only seven anchemical species involved in that oxidation.
eight carbon atoms, respectively, produce more;bQring The correctness of the algorithm has been verified for the
their oxidation than n-dodecane, which has twelve carbonsimplest of cases, the oxidation of HCHO to CO, and it has
atoms. Other factors such as molecular structure and funcheen shown that this also extends to the oxidation of.CH
tionality clearly influence the production potential of BlO |t has also been shown that the algorithm can distinguish
and thus also of @ The SEQUENCE algorithm provides  petween the effects of individual VOC present in mixtures,
a method with which to understand the mechanistic differ-calculating product yields, OH regeneration efficiencies, and
ences between ozone production potentials of various VOQNO, yields. Results for many of the VOC in the MCM have
by providing information about the contribution of individ- been presented. A potentially interesting application of the
ual reactions to the overall yield of products from those VOC SEQUENCEalgorithm is the calculation of ozone production
(e.g. Table). potentials of VOC. Work is currently underway exploring the
A full application of the &QUENCEalgorithm to the de-  potential of the algorithm for this application.
termination of ozone production potentials of all VOC in the
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