Geosci. Model Dev., 3, 337-364, 2010 4 "\ . . ge

www.geosci-model-dev.net/3/337/2010/ GG Geoscientific
doi:10.5194/gmd-3-337-2010 Model Development
© Author(s) 2010. CC Attribution 3.0 License. -

A kinetic chemistry tagging technique and its application to
modelling the stable isotopic composition of atmospheric trace gases

S. Gromowt, P. Jockelt”", R. Sandet, and C. A. M. Brenninkmeijer

1Atmospheric Chemistry Department, Max Planck Institute for Chemistry, P.O. Box 3060, 55020 Mainz, Germany
“now at: Deutsches ZentruriifLuft-und Raumfahrt (DLR), Institutifr Physik der Atmospire, Oberpfaffenhofen,
82234 Welling, Germany

Received: 12 February 2010 — Published in Geosci. Model Dev. Discuss.: 23 February 2010
Revised: 10 June 2010 — Accepted: 28 June 2010 — Published: 10 August 2010

Abstract. Isotope composition, in many cases, holds uniquein the removal reaction via oxidation by OH is assessed.
information on the sources, chemical modification and sinksThe simulated ozone source effect was up to +1%. in
of atmospheric trace gases. Vital to the interpretationA1’O(CO). The versatile modelling framework we employ
and use of an increasing number of isotope analyses i¢the Modular Earth Submodel System, MESSy) opens the
appropriate modelling. However, the exact implementationway for implementation of the novel detailed isotopic
of isotopic information in chemistry-climate models is chemistry treatment in the three-dimensional atmospheric-
a challenge, and often studies use simplifications whichchemistry general circulation model EMAC. We therefore
limit their applicability. Here we implement a thorough also present estimates of the computational gain obtained by
isotopic extension in MECCA, a comprehensive kinetic the developed optimisations.

chemistry sub-model. To this end, we devise a generic
tagging technique for the kinetic chemistry mechanisms
implemented as the sub-submodel MECCA-TAG. The
technique is diagnostic and numerically efficient and1 Introduction

supports the investigation of various aspects of kinetic

chemistry schemes. We focus specifically on the applicationThe use of stable isotope information in atmospheric
to the modelling of stable isotopic composition. The chemistry research has made steady progress, and is
results of MECCA-TAG are evaluated against the referenceexpected to continue to do so, driven not only by
sub-submodel MECCA-DBL, which is implicitly full- the upsurge in environmental research, but also due to
detailed, but computationally expensive and thus subimportant analytical developments in isotope measurement
optimal in practical applications. Furthermore, we evaluatetechniques. In contrast, modelling of isotope effects has
the elaborate carbon and oxygen isotopic mechanisnbeen lagging behind to some degree and is largely ad
by simulating the multi-isotope composition of CO and hoc. This situation is not very satisfactory particularly
other trace gases in the CAABA/MECCA box-model. because many stable isotope studies purport to the bold
The mechanism realistically simulates the oxygen isotopePhrase “constraining the budget” by which is meant “to
composition of key species, as well as the carbon isotopaiSe stable isotope information for better quantifying the
signature transfer. The model adequately reproduces thBudget calculation of trace gases”. For that purpose however,
isotope chemistry features for CO, taking into account thethe sufficiently complete representation of stable isotope
limits of the modelling domain. In particular, the mass- ratios in atmospheric chemistry models is required. Without
independently fractionated (MIF) composition of CO due Proper modelling, the isotope information does not really
to reactions of ozone with unsaturated hydrocarbons (&£0nstrain a trace gas budget, but merely adds another

source effect) versus its intrinsic MIF enrichment induced poorly constrained trace gas budget, namely that of the
minor isotope labelled trace gas, el§CH4. Besides the

“practical” application of constraining trace gas budgets,
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although satellites observe the tropospheric distribution ofof reacting species, but not their concentrations. A
CO on a global scale, isotopic composition information model study illustrating the significance of oxygen isotope
allows inferences about the underlying processes and sourcexchange in the atmosphere was done by Lyons (2001),
driving this distribution. In this communication, we who elaborated the novel mechanism including oxygen
introduce a generic method for isotope treatment in aisotope exchange reactions. His column-model simulations
comprehensive kinetic chemistry modelling system that is,predicted both, tropospheric and stratospheric ozone-
due to its detalil, suitable for investigating the impacts of both,impelled isotope enrichments for oxygenated short-lived
processes and sources. We will use CO as an example due tadicals as well as notable mass-independent enrichment for
its rich isotopic information, fot3C, 180 and additionally  stratospheric water through OH. The latter was shown to
170 whose variations in abundance do not follow those oforiginate due to the isotope exchange with ,\®ignifying
180 in a straightforward mass-dependent manner. This may notable influence of the isotope exchange on the result.
eventually be of considerable importance in studying notZahn et al. (2006) incorporated this result in an extensive
only its present budget, but also its changes over the pasttudy on multiple isotopes in stratospheric® which
using ice core material. required a comprehensive mechanism for hydrogen and
Historically, process- and budget-level isotope-enabledoxygen isotopes encompassing a large set of kinetic isotope
atmospheric chemistry models diverged, embodying ratheeffects (KIEs) and isotope exchange reactions. They
different aspects of the isotope chemistry in a particularemphasised important peculiarities in isotope modelling,
modelling application. The process-oriented studiessuch as inapplicability of the “chemical families” concept.
comprise comprehensive chemistry schemes accounting fdfor instance, in common (non-isotopic) cases the conversion
isotopes and related isotope effects in full detail. Thisof one family member to another does not affect the
approach resolves certain peculiarities of the isotopicabundance of the whole family; however, if in the course
chemistry, but typically induces computational strain. Firstly, of the conversion chain the exchange with another isotope
one is compelled to simulate a greatly enlarged chemicaleservoir takes place, it alters the isotopic composition of the
mechanism (i.e. set of species and equations, whosentire family. The HQ (=HO, + OH) family is an example
numbers grow as the isotopologues and isotopomers aref such, as HQ obtains its composition from molecular
considered separately). Secondly, some of the simplificationexygen during the conversion from OH. Another aspect of
commonly used in kinetic chemistry modelling may be isotope chemistry is that the isotopic composition is usually
not applicable for isotopes, thus limiting usage of reducedmeasured as the atomic ratio of the rare isotope to the
chemical schemes (see below). Consequently, the modellingbundant one, whereas the reaction kinetics are calculated
domain is usually limited, e.g. to a column- or a box- on the basis of molecular concentrations. The removal of a
model, frequently assisting only laboratory work. For particular isotope atom from the molecule during chemical
instance, Yung et al. (1991) at an early stage applied a onereaction (for example, D or H during the oxidation of £H
dimensional photochemical model to study the he:R@ to HCHO) alters its isotope ratio differently. Pieterse et
isotope enrichment in stratospheric £Orhey showed that al. (2009) refer to the importance of this counting effect in
a model calculation with an incorporated complex chemistrytheir study on hydrogen isotope chemistry.
mechanism can account for the observed enrichment, and The above mentioned complications are, nevertheless,
attributed its origin to the chemical exchange with ozonecommonly neglected in the budgeting studies. The isotopic
mediated by O{D), supporting the hypothesis of the composition here serves as an additional constraint on the
chemical origin of the effect. In subsequent work (Yung budget of a species composed of contributions from a set
et al., 1997) the model was refined using an expandedf emission classes, each associated with a given isotopic
chemical scheme that accounted ¥®, the enrichment of  signature. The modelling domain covers scales from zero-
which in O3 does not follow that forr®0 in the expected dimensional box-models to three-dimensional atmospheric
mass-dependent manner. The refined chemical mechanistransport models with implicit (i.e. isotopic signatures and
(accounting for two rare isotopes, plus selected isotopomersgffects areapproximatedfrom a set of chemical tracer
grew many times larger. The authors remarked that thevalues) or explicit chemistry calculation schemes (e.g. Gros
calculations could be improved using a 2-D model, yetet al.,, 2002; Cuntz et al.,, 2003). A large number of
greater computational accuracy was needed for isotopi@tmosphere modelling studies use isotope variations, e.g.
species. in COp, CHy or NpO, to assess the interhemispheric,
Nonetheless, the main complication of isotope chemistrytroposphere-stratosphere and biosphere exchange (see, for
modelling lies in the intricacies of isotope composition instance, Allan et al., 2001; Boering et al., 2004; Lassey
transfer.  Although normally not discerned in regular et al., 1993; Liang et al., 2008; Liang and Yung, 2007;
chemistry reaction mechanisms, different isotopes end upMcCarthy et al., 2003; Quay et al., 1991). The key
in different reaction products, thus forming “isotopically” features of such studies are the use of relative timescales
different kinetic pathways. For example, there are of the atmospheric transport/mixing processes and isotope
isotope exchange reactions that affect the isotopic ratiosatio variations of a given tracer together with the facility
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to account for the isotope effects. To illustrate this, the precursors of CO acting in the methane chain, may shed light
isotopic composition of carbon in methane is relatively easyupon the role of the potential KIEs there. The presence of the
to parameterise since it has virtually no in situ sourcesfractionation effect in the chain will cause intermediates to
(i,e. as a product of a chemical reaction). Thus, theexhibitisotopic compositions different from that of methane,
isotopic composition is easily derived by combining direct and the model can indicate which species are sensitive to
(surface) emission, transport and removal terms. Applyingthe fractionation, thus to be subjected to further experimental
this concept in a similar manner for the species which in-work.
situ sources cannot be neglected, most implicit-chemistry At present, models explicitly calculating chemistry
transport models incorporate simplified isotopic chemistryhold the potential of providing detailed isotope chemistry
parameterisations. These account for the main chemicalreatment. This has been shown by numerous studies,
sources and sinks of the species in so-called “net reactionsbut not yet applied within atmospheric chemistry global
(without consideration of the intermediates) accompanied bycirculation models (AC-GCM) that are capable of handling
terminal KIEs (i.e. upon entering/exiting a “net reaction” comprehensive chemistry mechanisms. The advantage of the
chain). Unfortunately, such a concept is not very well-suitedcoupled AC-GCM system is also its capability to account for
for species that have multiple in situ sources or for “net physical processes affecting isotope ratios individually per
reactions” involving intermediates whose behaviour variesspecies. The holdup in development of such systems can be
in different chemical and physical regimes. Recalling the probably attributed to the large computational demands and
examples above, it is difficult to accurately account for the painstaking technical implementation of the detailed isotope
isotopic exchange of a particular intermediate with otherchemistry. The motivation of the work presented here is
disjoined reservoirs, as well as for the other individual andto give an isotope extension to the comprehensive kinetic
non-chemical processes that alter the isotopic compositionchemistry model that is implemented in the AC-GCM we
These may be transport (e.g. the advection term is governedse, to overcome the computational issues and facilitate the
by the chemical gradient of the intermediate, but not the lumpmodel configuration. The tagging technique proposed here
of them) or removal processes accompanied by KIEs. (described in Sect. 2) is generic and is well-suited for various
In the exemplary case of CO, its photochemical kinetic chemistry investigations; it is intrinsically apt for
production, initiated by methane and other VOCSs, proceedstable isotope modelling as well. In Sect. 3, we review the
via shared intermediates, some of which are removed duésotope-specific side of the kinetic chemistry modelling with
to wet scavenging or dry deposition. The methane reactiorrespect to the approximations that are introduced. Some
chain, parameterised with the “net reaction”, can be writtenaspects of the adaptation of the tagging technique to stable
as (Manning et al., 1997): isotope chemistry modelling are given in Sect. 4. The
focus of Sect. 5 is the model evaluation, with illustrative
CHa+OH— 2CO+ (products), examples followed by a performance analysis. Finally,
where the yieldr approximates the effect of the chemistry model configuration aspects are sketched in Sect. 6. We turn
regime and intermediates removal in the chain. Thethe reader’s attention to the Appendix A where the summary
estimations ofx. are hitherto inconsistent being derived or of the used notations is given.
assumed in a number of calculations (see, for instance,
Lelieveld and Crutzen, 1991, Duncan et al., 2007)2 The kinetic Chemistry System taggn’]g technique
Bergamaschi et al. (2000) studied this parameter with a
three-dimensional transport model incorporating implicit 2.1 The tagging framework
chemistry (i.e. as described above) and the inversion
technique, to date the most extensive modelling studyThetagging techniquéescribed here is intended to serve as
on CO carbon and oxygen isotopes. Since methana diagnostic method applied to simulated kinetic chemistry
carbon possesses a very distinct isotopic signature in theystems only. The concept of tagging implies that a given
atmosphere, the isotopic composition of CO is very sensitivecharacteristic (not necessarily measurable in reality, but an
to its input modulated by,. The resulting synthesised imaginarytag) is assigned to the molecules of a given subset
composition attested rather low yield values, althoughof simulated chemical species. In other words, a “tag” is
this result may not be exclusive, since the (unknown)an additional property of a “tracer” describing the species
fractionation effects in the chain may explain the CO isotopic(as defined, e.g., byoddkel et al., 2008), to trace certain
signatures even wheh equals unity. Unfortunately, the processes. For instance, one can add a tag of species “origin”
limitations of the approximation preclude further application to trace its atmospheric transport pathways and contribution
of the model results, whereas a detailed chemistry schemef the sources to regional pollution.  Similarly, the
would be of benefit here. Indeed, when the intermediatesnformation related to the chemical composition interchange
are treated individually, the yield becomes a diagnostic can be obtained by tracing the distribution of the “tags”
variable since its effect is simulated explicitly. Moreover, transferred in chemical reactions from one species to another.
tracing the composition of the intermediates, particularly theFor instance, one can tag a single species to assess its
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individual contribution to the budget of the others. Another 2.2 The modelling problem
prominent application is the isotopic tagging, when the _ . _ . o
presence of the rare isotope in the molecule constituted he tagging technique is designed to meet two criteria that

indeed a natural intrinsic “tag”. This isotope tagging is define its applicability in complex and costly simulations.
discussed below. First, it should add minimum possible computational

We first declare the studied kinetic system as beingoverhead to the entire simulated system. Second, it should

regular. It incorporates the chemicahechanism, being be diagnostic (i.e. decoupled) in such a way that the
a set of compartments (species) of molecules that interactegular system remains unaltered and produces (numerically)
via different pathways (chemical reactions) characterized bydentical results while being tagged. However, as we will
certain transfer Speeds (reaction rates)_ The mechanisrﬁOint out, the simultaneous realisation of these two objectives
defines the resulting numerical system of ordinary differ- forms a challenge. For a subsettagged speciesne needs
ential equations (ODEs) with the species’ concentrationsio formulate an approach that parameterises the chemical
as unknowns that must be solved (numerically integratedjnteraction of the molecules of each class in addition to
to find the evolution of the species’ concentrations in the regular mechanism. The natural approach to this is
time from their given initial values. In this work we to form a new kinetic system whose mechanism replicates
use MECCA (Module Efficiently Calculating the Chemistry only the set of necessary reactions, and includes sets of
of the Atmosphere; Sander et al., 2005) as the regulaspecies representing each class of tagged species. To give
kinetic system and extend it by a flexible tagging procedure.@n example, consider a subset 8f species tagged into
MECCA is an atmospheric chemistry sub-model basedM classes. To create the kinetic tagging system, we pick
on a kinetic pre-processor (KPP, Sandu and Sanderout all tagged reactionsn which theseN tagged species
2006). KPP provides a set of robust and efficientact. Then we replicate these reactiaifstimes in a new
chemistry kinetic system solvers allowing the simulation of mechanism for every set of species of each class. If
chemical mechanisms of various complexities. MECCA isthe number of tagged reactions equdls the resulting
currently interfaced via the MESSy interface (Modular Earth mechanism should include in total times M species and
Submodel Systempikel et al., 2005) to the photochemical R times M reactions. Furthermore, by imposing the initial
0-D (box) model CAABA/MECCA (Sander et al., 2010) conditions from the regular system and additionally the
and to the 3-D atmospheric chemistry AC-GCM EMAC species’ classes distributions, we integrate the tagged system
(ECHAM5/MESSy atmospheric chemistrypckel et al.,  Simultaneously with the regular one.
2006). The tagging technique for MECCA presented here is Unfortunately, in most cases it is not sufficient to replicate
implemented as the sub-sub-model MECCA-TAG accordingonly the tagged reactions and species. To illuminate this, let
to the MESSy standardddkel et al., 2005). us regard two reactions of different order. A unimolecular
Due to the nature of its application, tagging is not intendedreaction
to provide additional information on the significance of
the various chemical pathways in the mechanism (as, folA —> products
example, in Lehmann, 2004), which forms a different
diagnostic method. Nevertheless, all chemical pathwaysdescribes the decomposition of a species A. The reaction rate
(i.e. reactions) in the studied mechanism are accounted fop1 in [molecules cm®s™1] is expressed as
to trace the net species’ exchange. Although the numberd[A]
of different “tags” as such is not limited, we limit our —— =—v;=—k1-[A] (%)
approach to molecules that have not more than one single
“tag” attached. All species’ molecules are partitioned this and depends only on the concentration [A] and the first-order
way to disjoint subsets we tertagging classes. Molecules rate coefficienks [s~1]. A bimolecular reaction
with the same “tag” belong to the same and only class. This
allows us to define the (tagging) modelling problem as sucha + B N products
that it still deals with quantitative (statistical) characteristics,
namely the number of molecules of a certain class, rathedescribes the interaction of species A and B with the rate
than considering the tagging of each individual molecule. Byv2> which depends on the concentration of both reactants
definition, the total abundance of a species is represented bynd the second-order rate coefficiekg, in units of
the sum of its molecules of all classes. Consequently, thdmolec ! cm®s™1]:
resulting quantitative information one obtains is iareof d[B]  d[A]
each class in the entire budget of every species. == —vp=—ko-[A][B] (%)
Now suppose that species A is tagged. It is clear that the
rates of those reactions replicating the unimolecular reaction
in the tagged system are to be determined by concentrations
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of the respective “class” of species A. However, a problemcan be unimolecular (thermal decomposition, photolysis
arises with the bimolecular reaction when species Bas  or radioactive decay) or multi-molecular (bimolecular or
tagged and hence its concentration is unknown, if onlytermolecular reactions). For the purpose of tagging, it
tagged species are replicated. We have to somehow add important to discriminate how many tagged species are
species B and all reactions it participates in to the newpresent among theducts (the reacting species). For a
system. This will inevitably cause the same problem with reaction with a single tagged educt, the composition transfer
non-tagged species paired in reactions with B, and so oncan be formulated as:

Finally, one may end up copying a large part of the regular |

mechanism plus enlarging the tagged part withimes more ~ Ce — Z $rpCp 1)
species and reactions between them. PEP

Another perplexing case arises when both, A and BThe notation of Eqg. (1) resembles the common chemical

are tagged. . How should one parameterise .the way th(?eaction notation, but we mention only the tagged educts
educts of different classes react and contribute to the

: . .,_and products and apply the reaction rate instead of
common products? Again, a natural way is to consider P PRYY aie

. S ) the rate coefficient. So far, we will suppose to be a
all possible combinations of possible reactants, class b38efined momentary value in units of [moleculests—]

class. .Thls would require to add _anothéf 2ea(_:t|ons for In essence, Eq. (1) signifies that in course of the reaction
each bimolecular reaction of two different species and SOME, il its productsP, (i.e., the set of specie€,) are being
r r \I.€., P

M (M +1)/2 react|on.s for any_self reactlng spgmes. F!nally, created from the educt speci€s at ratev,. The coefficients
albeit that the resulting tagging system is diagnostic and

T . srp designate the stoichiometric coefficients of the respective

decoupled from the regular one, its kinetic mechanism grow: roducts.
T[O a great extent. _For compreh_enswe mechanisms (whic Now consider a reaction of two tagged educts:
include many reactions and species to tag) the tagged system
will become unwieldy, too large, and hence computationally vr
impracticable to be simulated in 3-D models. CotCn—= 2 5pCyp o

Here, we propose and describe an approximate solution
to the problem, which permits omitting species that are notHere, the molecules of eduafs andC,, are transferred with
tagged. The basic idea of the approach is to utilize thethe same rate, and become distributed among the products.
reaction rate® that are customarily calculated in course of In fact, Eq. (2) can be rewritten as the composition of two
the integration of the regular system. Indeed, in the abovesingle-educt reactions:
example, processing of the species A does not require the .
information about the concentration [B], if the rate is Ce—> Y nr Pes5yCp
already known. However, at this stage the specific kinetic Pl €)
system formulation intervenes. The decoupled regular| C, N > n P srpCp,
system is inaccessible while it is being integrated; one canno peP:
retrieve the momentary value af, but only its integral . . .
over a certain period )C/)f time. Nonethelgss, as v%e wilwhere each pair of branching ratiag. " and 7"

discuss, the latter can actually still be used under a numberregUIateS the transfer of the molecules to the particular

of assumptions. In addition, we will reconsider the species’prOdUCtC_P from_Cn andC., respectively. To malnta_ln the
composition exchange in higher order reactions on the basifa/ance in (3) with respect to (2), the sum of the ratios must
of pair exchange for the purpose of dealing clearly with the € €dual to unity for each produpt

mentioned transfer ambiguities. This also allows effective;”~7 4 p¢=r —1

optimisations to the final tagging kinetic system.

peP;

The ratiosn are the additional information required for the
2.3 Definitions and assumptions tagging. For example, one can dispense the explicit creation
of a certain producC, from C, by settingn, ”=1 and
We denote a subset of tagged species picked from the reguld =0 accordingly. When the exact transmission of the
mechanism as molecules from the educts to the products is not known, the
following setting is proposed:
C={Cy}, n=1,...,Ng

e>p  Ye n—>p __ Y4n
. nr - ’ r - (4)
and a subset of reactions between them as qe+4qn qe+aqn
R={R,}, r=1,...,Ng where g, and g, are the number of the selected isotope

atoms in the educts. Thus the branching ratios in (4) define
where Ny and Ny are the total number of tagged a proportional isotope content share of both educts in the
species and reactions, respectively. Any reactionRof products composition.
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We give an illustrative example for the formulations above, the set of tagged reactions to the equivalent set of maximum
using the reaction of quenching and interaction of@)(  2-Ns pair reactions (thus reducing the system of ODEs to

with Og: solve).
%o,+0(1D) As example for a pair reaction rate we illustrate, similar
Oz—i—O(lD) G S 0(3P) +0; (5)  tothe reaction (5), the quenching of ‘@) to OFP) with

molecular nitrogen:
First, we rewrite this bimolecular reaction as a composition

of two simpler reactions, i.e. N2+O(1D) UN2+0(1D) O<3P)+N2 ©)
i Yo,+0(1D) noz_>0(3p)_O(3P)+noﬁoz,oz In (9) the transfer of the oxygen is unambiguous, thus
n=1. The final OtD) to OCP) pair reaction encompassing
o(lD) Yo,+0(1D) no(lD)_)o(fiP) -O(3P)+no(lD)_’02-Oz reactions (5) and (9) plus assuming the transfer from (7) is:
(6) ,0(*0)~0(P)

O(*D) ————O(*P)
Given the proportional share of the educts composition in
the products, the transfer ratios for each educt-product pair?
according to Eq. (4), are

1 N 3 1
O(P)~0CP) = 3" Y0,+0(*D) T UNo+0(*D)

The pair reaction rate is always proportional to the

noﬁo(3p) _ 7702_>02=2/ concentration of the edudf, (e.g. OED) in the above
. , ) 3 (7) example). Subsequently, if Eq. (8) were replicated in the
nC(P)=0CP) — yO('D)~02 _ 1/, tagging system, then the reaction rate of each class’ replica

is proportional to the share of this class. This result, together
Alternatively, to specify the explicit transfer of the with the “class to class” concept from Eq. (3), founds the
composition from OD) to OCP), one defines the ratios as  formulation of the tagged system kinetic mechanism that we
propose below.
n We assume that a subs@tof species is tagged intd/
no(lD)%oz _0 f:lasses. Thus, in the_tagged kinetic sys_tem mechanism we

introduce sets of species termed as tagging clé&s€es
In this elementary example, the products’ stoichiometric
coefficientss,, are all equal to unity.
Equation (3) also shows thatdf, andC, were species of

different classes, each of them would create the products o
their own class. As a result: if any higher order reaction of

02,—~0(°P) _ 0 0202 _ 1

n
nO(lD)HO(SP):L
C:{mcn}, n=1,....Ng, m=1,....M

uch that every regular speci€s is represented class-by-
lass in the tagged system as:

R having multiple tagged educts can be “decomposed” into M
a set of single educt reactions, we can consider the class t6, = 1c,, ...,MCH}, = chn (20)
class exchange between particular educt species instead of m=1

dealing with combinations of the educts of different classes. " :

o2 . ) where lowercase, and™c, denote the concentration of the
This is important for the subsequent approximations that are . . .
. SpeciesC, an 1w, respectively. Note that these species
introduced. .

The use of formulation (3) and reaction ratesnables us belong to the different (i.e. regular and tagged) simulated

to reduce the total number of reactions we need to introduc@xichr;misnmss' e('::iggh\zg df(a(z‘rinz\iﬁrey ;li?fgairt]ign?n?sg t:f in
in the kinetic mechanism of the tagged system. The subset 9 g. P ' P 9ging
. A 3 . mechanism:
R may contain more than one reaction in which a particular
1 i 1 1 m,e—>p
pair of species undergoes exchange. .Ins.tead of replicating aJ,lCe v ne, (11)
of them, we can create one pair reaction:

P The rates”v¢~” must satisfy the following condition to
Ce—C)p account properly for the total transfer:
8
Ve = Z nf_)p'srp'vr M
reRe=P vaeap =P
1

in which R¢~? is the subset of reactions where speciesm=

C. producesC, and v~ ” is the pair reaction rate. For This ensures that the amounts of reacted molecules in the
the comprehensive mechanisms, this step may lighten theegular and tagged systems are equal. Recalling from (*)
numerical complexity of the tagged system by transformingthat the reaction rate is proportional to the concentration of
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the educt, for Egs. (8) and (11) we can relate the rated
and” v~ P as

%z_ve—)p:ce’ke—)p ,

d"c m,e— m e—
¢ =" P — Cg'k P s

(12)
ar

where k¢~ 7 plays the role of a first-order reaction rate o

coefficient. In factk®~? is a “superposed” rate coefficient

of all single- and multi-tagged educt reactions of reacting

C,, as resulting from the assumptions we considered. Since

there is no difference between the molecules of the regular e

specie<’, and any tagging class speclés,, the coefficient

k is identical for them. Rearranging Eq. (12) with respect

to kP and retaining from Eq. (10) that the concentrations Fig. 1. lllustration of the rate approximation example (see text).
¢, are additive to the concentratiop, we compute the final

m-th class raté& v~ 7 as:

m

myes>p _ je>p, __Ce (13)  a@pproximation or estimate, one needs to account for the
%1 specifics of the regular mechanism and kinetic solver, which
= Ce is beyond of the scope of this work. We will rely on

the fact that reaction rates constancy neither violates mass

which means that we set the reaction rate of a clasgransfer/conservation in the system, nor affects the ratios of
proportional to its share in the entire budget of the reactingiotals per class (i.e. total mass of the molecules of all species
Species. of a certain class related to the total mass of molecules

Altogether Egs. (3), (10), (11) and (13) define the taggingin the tagged system). Notwithstanding, the use of (14)
system kinetic mechanism that uses reaction rate values may introduce artificial species’ composition (hamely class
provided by the regular system and additional exchangeg class ratios) exchanges. These may happen in the case
information in the form of branching coefficiengs. of concurrent significant changes of reaction rates and the

So far, we considered the reaction rates as the reacting species composition during the internal integration.
instantaneous values obtained from the regular systemndeed, the constant reaction rates approximation holds well
However, as we mentioned, when tagging is appliedfor cases in which either the species compositimnthe
to MECCA (the kinetic chemistry modelling system we rates of reactions they are removed by, are approximately
employ), these momentary rates are not accessible dugonstant. To clarify the reasoning underlying this statement,
to the specifics of the KPP. Solving the regular kinetic we consider the following example sketched in Fig. 1.
chemistry mechanism, KPP can provide only the integral of 5 et of species is tagged into two classes with “blue” and
the particular reaction rate over a given period, namely the:qq» tags. Initially, species B and R possess exclusively
integration step. During the integration, KPP advances they,o" and “red” molecules respectively, whilst species P
solution of the regular system by an internally adjusting time ;.4 £ are empty. Now assume that during the integration
stepping procedure; the appropriate length of the externalie the chemical regime changes radically in the middle
integration step may vary from seconds to hours, depending¢ it 1t happens that B reacts to P during the first half of
on the system simulated. Therefore, the final pair rate§yg jntegration step, filling it up it with “blue” molecules.
(Eq. 8) have to be derived a posteriori from the integral valuetpon g stops, but R starts to move to P, colouring it to
of v-. In a first approximation, the estimated reaction rate ; qrtain “purple” mixture of “red” and “blue” molecules.
A, can be assumed to be constant throughout the imegratio@oncomitantly, in the first half of the integration step, P

time step: spills into E. What will be the resulting colour of E by the
to+T time the integration is finished? It is completely blue. Now
A= % [ vedt, suppose that reaction rates do not change, they are assumed
oy O e p (14) to be constant averages. During the integration, B and R
Ve =r€RZHp’7r “Srp- Ar simultaneously react to P colouring it straight with purple.

What would be the resulting colour of E? In this case, it is
Here A, is an average value of the regular reaction ratepurple. Because P changes its colour, the constancy of the
v, over the time step of length. Such a primitive rate between P and E makes the difference. Consequently,
approximation ensues from the fact that the exact evolutiorthe constant rate approximation is correct for the transfer
of the reaction rates in the regular system during its internalbf either equal portions of a variable compositionequal
integration procedure is not known. To obtain a bettercomposition at variable rates.
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The magnitude of deviation of the approximated systemis The resulting ODE system defined by Eq. (15) requires
proportional to the length of the regular system integrationconsiderably less computational operations for its integration
stepr. In the ideal case, differences disappear as thecompared to a straightforwardly replicated mechanism. The
integration step becomes so small that the rates in theate matrixJ within the current formulation consists of
regular system become virtually constant. However, forelements that remain constant while the solution is being
the range of applied KPP integration steps (from secondsdvanced; hence, during the integration iteration the amount
within the box-model to tens of minutes within the AC- of transferred molecules of each classs determined only
GCM), the corresponding rate changes appear to be stilby its fraction™ f,,. The rate matrix is evaluated only once
admissible to achieve a necessary satisfactory precision. Weefore the integration starts and used to advance every set
derive the actual precision by comparing the tagged systenof class species. This is particularly useful for tagging into
to the reference “doubled” system described below. Thea large number of classes. To compare, the straightforward
crucial point is the adequate choice of the regular system’seplication of the regular mechanism (see Sect. 2.2) would
integration step that should be short enough to adequatelyequire the calculation of at leasty - Ny - M reaction
circumvent the mentioned difficulties for each particular rates to advance all classes of tagged species, whereas in

mechanism dealt with. the formulation (15) this number reduces A3 - Ng, and
usuallyNg<Ng. In consequence, the greater the complexity

2.4 Integration of the tagged system of the simulated mechanism, the greater the expected gain in
speed.

The following sketches the numerical implementation of the Despite its simplicity, approach (15) as a rule inherits
tagged system originating from the assumptions formulatediumerical complications from the regular system, particu-
above. The systems are integrated in sequence, i.e. tharly its stiffness. The implementation of the integration
tagged system is being integrated over the same time stepcheme for Eq. (15) in the MECCA-TAG includes a selection
in immediate succession to the regular system’s integrationof different solvers (including the opportunity to plug-in
During each integration step, the regular kinetic solvera user-defined integrator) incorporating specifically those
advances the species’ concentrations in the regular systegrhemes that can cope with stiff systems. The latter are based
to the new values and provides the integrals of the reactiorPn several approaches (Bloch, 1991; Eriksson et al., 2003;
ratesv, which are used to derive the approximated rates ~ Press et al., 1992) adapted for the needs of tagging, but will
Further, by using4,, the concentrations of the class speciesnot be detailed here. Generally, every solver employed for

mC are advanced within the tagged system according to:  the tagging integration ensures that the solution of the ODE
(15) is asymptotically stable. Ordinarily, different solving

Jpe= > 0 TospAr, e#p methods _Iead to slightly _different equil_ibrium solutions_ f_or
reRe=p tagging, i.e.classes fractions, depending on the precision
Jee=— Y Art Y 0T spA, chosen._ That is simi!ar_ to what one d_iscovgrs sjmulating
reRre reRe—e thespecies concentratioms regular chemistry with different

d;rc =Ix"f (15) solvers. The regular chemistry (hence, the approximated
y reaction rates as well) is calculated by KPP for instance

A':Cn if S le, #£0 with th_e Rosenbrock solvers that have excel_lent_ stabilit_y

mp =1 Sl =1 properties (Sandu and Sander, 2006). The tagging integration
=1 intrinsically produces (again, within the given precision) the

0, else same total concentrations as in the regular mechanism. We

find also, that errors in simulatedass fractiongdue to the

We use bold-faced symbols for matrices and vectors. Hergagging integration itself are negligibly small compared to
"¢ is the class concentration vect8rf,, is the class fraction those introduced by the rates approximation in Eq. (14).
(share) in the total budget @f,,. The indicese, p refer to Hence, only the regular mechanism integration time step
the educt and product specieds the reaction index, and lengtht is decisive for the tagging precision.

is the class index. For the sake of notation convenience, we To recapitulate, our method comprises an optimised
use the vector product of the “rate matriXof the sizeNy kinetic chemistry mechanism tagging technique that is:
by Ns elements by a vector of species-th class fractions 1) diagnostic and decoupled from the regular system,
™ f. Each diagonal elemeti . contains the netreaction rate 2) simplifies calculations using the reaction rates calculated
for a certain specie€., whereas each off-diagonal element by the regular system solver, and 3) uses a computationally
Jp. contains the pair reaction rate (Eqg. 8) for spediggo lighter integration method (constant coefficients ODE
C,. The matrixJ resembles the Jacobian matrix with respectsystem). This method can be applied to a comprehensive
to its structure, since the position and value of each elementhemical mechanism for various tagging purposes. The
determines the direction and rate of the molecules’ transfetagging is diagnostic in the sense that it helps to diagnose
between the species, or its removal. the regular kinetic chemistry and does not affect the solution
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of the regular kinetic system. However, this method itself is 35CI (~24 and~76%, respectively), we would have a
based on prognostic equations. case where isotope effects affect bulk chemistry.

— Non-stochastic internal isotopic distribution is ne-
glected (thus excluding special cases such as ozone
where the central O atom has a different abundance
of 170 and of'80 compared to the terminal position
of oxygen atoms) since it has a minor effect on
the species isotopic composition in terms of kinetic
exchange. Nevertheless, the separation of certain
important species into different isotopomers (for
instance, symmetric and asymmetricz)Ocan be
introduced. On the other hand, the general reduction
of isotopomeric differences greatly reduces the number
of species (and reactions they act in) to be simulated,
and hence computational costs.

3 Modelling of isotope-enabled kinetic systems

Modelling of isotope chemistry-enabled systems requires
a special treatment of the composition exchange between
species as compared to the ordinary molecular case. The
specific characteristic of any isotopically differentiated
compartment is itssotopic ratio “ R, which is not always
equal to the molecular ratio of the isotopologues representing
it. Simulating isotopic chemistry requires that the isotopic
ratios are correctly altered by the different kinetic processes
and transfer between species.

Concerning tagging for simulating isotope ratios one
has, apart from the standard chemical interaction, to
account for isotope effects (kinetic and equilibrium isotope Resulting from these assumptions, we set the number of
fractionation). Moreover, it is often the case that for tagging classes/ to be equal to the number of considered
ensuring the correct isotopic signature to be passed ofsotopic substitutions of the elemeft or the number of
from educts to products in the regular chemical reactionsconsidered isotopologues. The molecules of different classes
the transfer of the rare and abundant isotopes has to beontain either only abundant isotopes (giving timajor
parameterised explicitly. To our knowledge, in many isotopologue) or containing a singly substituted rare isotope
approaches, essential peculiarities are inadequately treatddiving theminor isotopologues):
in the isotope-modelling literature. Below we discuss some )
shortcomings along with our approach towards the isotope-C ={Cn|Z In C,}
enabled chemistry mechanism modelling and its realisationcn — {majcn,min,lcn,m’min,Mflcn}
in MECCA-TAG. For the concepts and formulation related
to isotopes and isotopic effects, we refer to Appendix B andc — maj,. —i-Milmi”*"c
reviews referenced therein. 8 " A "

3.1 Isotope tagging assumptions where C is a subset of species containing element
The superscripts of” and ¢ indicate the major or any
We next elucidate the case dfotopic taggingof the minor isotopologues. Incidentally, any minor isotopologue
chemistry mechanism that involves the separation of allPossessing more than one atom of the selected elefhint
species of interest (those containing the isotope element o Molecule containing alwayse rareisotope ofZ, with the
the atomic numbetZ) into a number of classes equal to remainder of the isotopes being the abundant ones. Thus, for
the number of possible isotopologues considered. AlthougtgPecies of the same isotopic composition (i.e. isotopic ratio
a more detailed, complete parameterisation is possibIeZR) the molecular fractions of the minor isotopologues are
(e.g. consideration of isotopomers and multiple substituted®roportional to the number of the atoms of the element
isotopologues), the tagging presented here is restricted té these species contain. For example, for isotopic carbon in
the existence of only one isotopologue of a certain isotopicCO (¢co=1) and GHg (gcsH,=5) of the same rati®®°R, the
substitution of the elemeng; the extension to a larger fraction of molecules containing raféC differs by a factor
number of isotopologues (plus isotopomers) can be achieveff five.
analogously. Rejection of isotopologues with more than
one minor isotope substitution, as well as isotopomeric
differences is a simplification applied partly based on the
following arguments:

3.2 Isotope composition transfer

In the kinetic system, the transfer of the composition between
species in course of the reaction must occur without violation
— The abundance of the rare isotopes for the abundan?frtge mfss (t:|o r];liser;/k?tl?r}i \Il\lv%rmallzairgarc]:.tlon stoichiometry
elements (H, C, N, O) is sulfficiently low to neglect the or Eg. (1) satisfies the following co on:
presence of doubly (or more) substituted molecules. e = Z Srodlp - (16)

ep;
— Given low abundances, the differences introduced by P
isotope effects have no significant effect on the chemicalwhereg, andg, are the number of the atoms of a given

system as a whole. In contrast, for chloriféCl and isotope Z in the educt and products used to define the
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stoichiometric coefficients,, (for example, see Sect. 2.3). every product is equal; diverging cases should be considered
For the correct mass transfer, Eq. (2) must hold, if theindividually (e.g. by applying a concept analogous to that
weightingsg are substituted by the number of atoms of any introduced for Egs. 2 and 3).

elementZ in the respective species. Moreover, for the correct We provide some examples to clarify the above. Consider
transfer of isotopic composition, the respective quantity ofan oxygen isotopic tagging case (usitt9 and180) in a

the rare and abundant atoms must be preserved as well, ireaction of a peroxy molecule (HOradical) to give two
order to preserve the isotopic ratio of the transferred portiorsingle oxygen-bearing molecules (OH radicals):

of atoms. Recalling the definition of the major and minor

isotopologues, we state the correct system representing|02 H krop+H 2 OH

Eq. (1) for each isotopologue as:

. The transfer of the oxygen composition from the 46 OH

mic, L Y 5,,MAC, reservoir is:
pery (17)
[ Lo H k
min.ic, i) > S [%mm,ch_i_(l_%)majcp] H160, 4+ H HO2+H 2160H
peP; '
H180160 1 H 192", 180y, 160p

Here, superscripts of” indicate major andi-th minor

isotopologues, respectively; is the minor isotopologue Thys, each minor H@ isotopologue creates both, major
index (l<i<sM—1). Similarly to Egs. (2) and (3), any 1604 and minorl8OH. Similarly, consider a more complex
high-order reaction can be represented as a composition ¢f3se of the isotope tagging of the reaction of@)(with O,

multiple reactions of the kind of Eq. (17). So far, we have (gq 5 decomposition (6) and transfer conditions (7) from
not yet accounted for any (kinetic) isotope effect in Eq. (17). ggct. 2.3):

The first term in squared brackets describes the probability
of the rare isotope to be transferred to the current product,
while the second term describes the creation of the major| 160,
isotopologues from the abundant isotopes of the educt, X

S . . . 0,+0(1D)
eliminating discrepancies caused by neglecting of the doubly| 1816 _ 2" ~/, %130(3p) + %160(3p) + %180160
(or more) substituted isotopologues. Indeed, in agsés
smaller thary, the term (1—¢/q.) is positive and accounts ko, +o(1p
for the major isotopologue cg,, constructed from excessive 160(1D) # %160(3'3) + %1602
abundant atoms left after the decomposition @f and ko,+0(1D)
redistribution of its atoms to the minor isotopologues. When | *¥0(*D) ——— 1180(3P) + £180'%0- 1160,
gp equalsg, the term cancels, thus describing the straight (18)
transfer of the composition. In the caseqf being larger
thang, the mentioned term has a negative sign, physicallyAt first glance, the stoichiometric coefficients in Eq. (18)
describing the amount of molecules that has to be taken fronlook odd; nevertheless, they are a result of the combination
the major isotopologue pool to complete at least one validof the branching ratiog and the mass/isotopic ratio balance
minor isotopologue of the”, species. The “probability” condition (Eg. 17). One can ascertain that the number
qp/q. in all cases is greater than zero, meaning that the minoof rare and abundant isotope atoms on the left and right
isotopologue is created unconditionally. side are equal. The negative sign of the term in the last

The system (17) preserves both the mass and the isotopiequation means that we take thRD isotopes from the major
ratio in course of the reaction: the number of transferredisotopologue pool in form of on¥0, molecule in order to
rare isotopes is conserved, whereas the deficiency or exceswlild every two®0'60 isotopologues.
of the abundant atoms is eliminated at the expense of
the major isotopologue pool (see Appendix C for the 3.3 Kinetic isotope effect
calculation). Virtually, we perform the repatrtitioning of the
transferred reacted atoms to the valid isotopologues; sucbue to changes in physical properties caused by isotopic
scheme satisfies the requirements introduced in Sect. 3.kubstitution, the reaction rates of the minor isotopologues
It is essential (for any isotope kinetic chemistry modelling differ (generally only slightly) from those of the major
system) to verify that such repartitioning of the composition isotopologues. These kinetic isotope effects (KIES) in
is parameterised correctly, otherwise the system either startigreversible reactions can be attributed to various causes,
to violate mass conservation or introduces inadmissibldike differences in zero point energy etc., and are
conversion of the rare isotope atoms into abundant or viceoften quantitatively given as fractionation factass (see
versa. Obviously, formalism (17) relies on the assumptionAppendix B). Note that the definition we use deviates from
that the probability of each reactant atom to constitutethe IUPAC-recommendation as itis intuitively preferable and

k02+0(1

D) %160(3p)+%1602
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uses the rate of the minor isotopologue over that of the majoone species’ minor isotopologue to transfer its rare atom thus
one. Accounting for KIEs, Eq. (17) is modified for the minor creating the minor isotopologue of the partner. The particular
isotopologue: derivation of A.¢~? shown above relies on the assumption
b that the isotopomeric differences do not play a role in the
mini ~ ke XN e—p dp min,i dp \ maj exchange; every rare isotope@f has equal probability to be
Ce 2"y [Z € +<1_Z>' 'Cr } exchanged withyeach abun?jant isotopq€;;1fIFrJ1 some s'?ludies
(for example, by Johnston et al., 2000) the onward reaction
(29) . g )
rate is explicitly reported; then for the backward reaction,
wherethe ¢/, designate the fractionation factors for the A andp are expressed relatively to the onward reaction rate
i-th minor isotopologue ofC,, respectively. Each minor With A, =227%/147% and g, =i, — B, respectively,
isotopologue in Eq. (19) may create both, minor and majorwhile for the onward reaction they both equal to unity.
isotopologues which belong to the different tagging classes. The rates of each reaction in Eq. (20) are determined by the
Such would require essential changes to the parameterisaticibundance of the different (major and minor) isotopologues
(Eg. 15) sincepreviously disjoint classes start to exchange of both species and thus cannot be correctly approximated
their composition. Moreover, the KIE alters the reaction in the tagged system as being linearly proportional to the
rates such that they are no longer strictly proportional toreference reaction rate.. The use of Eq. (13) would
the respective class’ share, as we derived in Egs. (12jlightly (since™c, > M™"c,) change the reaction rates,
and (13). To resolve these complications, we furtherthus introducing an additional kinetic effect when product
reformulate Eq. (15) in terms of exclusiaomictagging A - p differs for onward and backward directions. In fact,
(i.e. the consideration of atomic fractions of the rare andthe linearisation (Eq. 13) can be used in case the mentioned
abundant isotope atom in the species composition), whicrartificial KIE is insignificant compared to the effect of the
makes calculations easier. Nonetheless, the rate of thepecies composition exchange in the ordinary reactions.
reaction of each isotopologue is determined byritdecular ~ Nevertheless, further we apply proper adjustments to the
fraction. tagging scheme to treat isotopic exchange in a non-linear
way.
To illustrate the formulation (20), consider an example of
the oxygen isotope exchange between OH and:NO

p=1

3.4 Isotope exchange reactions

A minor isotopologue of one species can exchange its koHeNoy

rare isotope with the abundant isotope of another species] OH+NO; ———— OH+NO;
major isotopologue (e.g. 10 + 50H = H1%0 + 80H).

When this exchange reaction is sufficiently fast, isotopic | 80H+ N160,
equilibrium is obtained. In terms of isotopic tagging, the ANO2—OHNI8OM00 8 1o o,
pnward (i.e. left tc_) right in the _example reqction above) )LOH"NOZZZ/S ANOz»OHzl/s
isotope exchange is the conversion of the mmof‘@) to '

major (H°0) isotopologues of one reagent and vice versaThe probability of 2/3 in the onward exchange reaction rate

(i.e. major®0OH to minor 8OH) for another at a given of Eq. (21) signifies the statistical expectation of #©

rate. Noteworthy, the backward (conformably, right to left) isotope exchange between OH and N@onformably, the

isotope exchange may have a different rate (compared to thbackward reaction probability is by a factor of two smaller

onward reaction), owing to the KIEs. Therefore, the general(1/3), because when minoRD®0 swaps one of its oxygen

description of an isotope exchange reaction is: atoms with!®OH, we expect that only in half of the cases the
rare180 isotope becomes exchanged.

)\OH—»NOZI:LBOHﬁ‘kOHeNOZ

160H+N*80t%0

21

majc,  majc, r, majc 4 majc,

sa~baig f 3.5 Conservative characteristics of an isotopic system

min,iCa+maij r majca_'_min,icb (20)
Ay abl Bk To assess whether the parameterisation of the described
)La%bz qb i . . . . .
r Jatas effects in the chemistry isotope modelling system is

] o ) ~adequate, we consider some of its invariable characteristics.
The first equation in (20) introduces the reference reactionrpe following features must be observed in a closed system

ratev, to which the pair of isotope exchange reaction rates(j e, when the mechanism is isolated so that no removal or
is related tow, b are the indices of exchanging species andintroduction of the molecules from outside of it is allowed,

“'f, ", denote the kinetic fractionation factors for the an reactions have no misbalanced stoichiometry):
i-th minor substitution ofC, andC}, in the pair. The ratios

A incorporated in the reaction rates are analogous to those 1. the total atomic mass and also the ratio of the rare to
introduced in Egs. (3) and (4), but describe the probability of abundant isotope(s) masses is preserved;
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2. theprevious characteristic is insensitive to the presence = Y gl ,A Le
of KIEs and isotope exchange reactions, changes o ”‘e_,eRHpn' rpfr. P
macro parameters (e.g. pressure or temperature), ang _ A e—e

. =- + “SrpA
changes of the species abundances; “e rge " ,ERXE:MU’ e

3. if there are no kinetic isotope effects introduced in the  amc _ 5, maj f (22)

system, and all compartments have the same initial | ¢’

isotopic composition, then no isotope ratio change | maif, = e
is expected for any species despite alterations in its maje, 4 Y- Minic,

abundance. =t

The rate matrix terms include the branching ratios (Eq. 4)

If these characteristics are not reproduced, the systeMyeriveq with respect to the atomic content of the selected
obviously introduces improper conversion of the rare |sotopeISOtOpe and composition transfer.  Using the already
atoms into abundant ones or vice versa. The third Conditiorbalculated “major’ rate matrixJ, we form the “minor”

points directly to incorrect isotopic transfer in the regular matrices whose elements include the correction terms that

reactions.  Note that usually the isotope ratio in the jooount for the kinetic isotope effects for the minor
system is a very sensitive characteristic. For exampleisotopologues

our reference simulations with isotope-enabled MECCA

mechan_isms show that for_a typical rat_io of the stable min,ijpesze’ Cp.Ce ¢ CKiE.

carbon isotopes corresponding to 0%. (with respect to the ' '

carbon V-PDB standardatio), a deviation of thé13C value  €lse

of the total carbon in the system (characteristic 1) larger ¢ mini; _; _ Y TP s, A ,(1_e,ia ) e p
than merely 1019 permil (equivalent to the concentrations pe—ape reREP ' e "
calculation precision of absolute and relative tolerance valuesy . KE i

of 10 molecules/cthand 10°3, correspondingly) is asignof | " Jee=Jeet > Ar-(1="'ar)

potential error. reRie
(23)

The Ckie and Rk refer to the subsets of species
and reactions experiencing kinetic isotope fractionation,

. o ) respectively. The correction terms for the production and
The following section is devoted to extending the molecular|,<q elements are of opposite signs to properly account for

tagging technique we introduce to account for the isotopeye apsolute value of the current reaction rate contributing to
chemistry specifics outlined above. We describe also some, corresponding production and loss “one-way” rates. The

additional processing of the species budgets required fOgqrection terms for each reaction are calculated just once
diagnostic tagging when it is applied to modelling systems,«tqre the integration.

like MECCA. Unless stated otherwise, the notation follows The elements of the rate matrices are referring to the

the one used in the preceding sections. molecular exchange rates, i.e. the number of molecules of
the particular class transferred per unit of time. Recalling
4.1 Alterations to the tagged system formulation due to  the isotopic composition transfer rules (Sect. 3.2) we need to
isotopic effects consider the transfer of the rare and abundant isotopes from
the minor isotopologues separately. For that, we introduce
The changes to the tagged system deal with the additionalare and abundant atom fractiop®f the minor isotopologue
processing of the classes representing minor isotopologuethat are proportional to its molecular fraction and atomic
and their interaction with the major isotopologues class.content:
To formulate the isotopically tagged system, we recur theminl
considerations described in Sects. 2.3 and 2.4 and the
specifics of the isotopic transfer from Eq. (17). For the major

4 MECCA-TAG isotopic modelling specifics

min,i
= ‘ey
- . M-1
majc, 4 3 minic,
i=1

)

isotopologue containing only abundant isotope atoms, theare.iy — 1 .mini g (24)
integration proceeds in the same way as in Eq. (15), using n
its molecular fractiori"® f,,: abuiy () min.i ¢

qn

whereg, is the number of atoms of the selected isotope in the
1The Pee-Dee Belemnite (abbreviated as PDB or V-PDB) moleculeC,. Thus, for instance, for the oxygen composition

standard ratio of 1123.72x 18 is used for§13C reporting (see  of NOs (¢,=3) we account for one raré?®x=1/3) and
Appendix B). two abundant 3% =2/3) oxygen isotopes in the minor
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isotopologue. According to the definitions (Sect. 3.1), oneFurther, y is added to Eq. (25):
transferred rare isotope implies that one minor isotopologue o o
has ended up in the product, a substitution of the molecular] Z-¢ = Mg xareiy iy
fraction of the minor isotopologues with the atomic one | my -

L e — Jxmal fq
properly accounts for the transfer of minor isotopologue { d:
molecules:

(28)

+ Mz_l[min,iJ Xabu,ix _min,ic. (g—1) _i )’]
% — min,i Xrare,ix =1
_ o1 The result_ir_lg s_ystem_(2_8) i_s integrated in the same way as
d;‘;‘lc =JIxMaf 4 [mln,iJ Xabu,ix_mln,ic_(q_l)] (15) mhermng its opt|m|sat|on. featl_Jres. Some extra work
i=1 is required to process the minor isotopologues’ abundant
(25) isotopes’ transfer term and the isotope exchange (i.e.
calculation of the vectorgy in every iteration) although the
The bracketed term in Eq. (25) accounts for the redistributionlatter is much less expensive compared to the processing of
of the abundant atoms in the products in order to create validhe ordinary kinetic exchange.
isotopologues: the positive part equals the total amount of
abundant isotopes reacted via minor isotopologues, whilethg >  Bydget corrections
negative denotes the fraction that is taken to complete the
minor isotopologue molecules. If the set of tagged speciesgn case there are kinetic isotope effects introduced in the
consists only of those having one isotope, the mentioned ternmechanism, different reaction rates for certain isotopologues
cancels out and Eq. (25) becomes identical to the one for theill result in a slight but systematic deviation of the tagged
molecular system (Eq. 15). species budgets in the tagged system compared to those
Finally, we need to account for the isotopic exchangein the regular mechanism. To avoid integration over this
as it is the pertinent process inducing interchange betweepropagating divergence the correction of the species budgets
major and minor classes. From Eq. (20) one derives the neis necessary. It is performed by scaling the class species
rate of the major-to-minor isotopologues conversion of thebudgets to the total budget of the regular mechanism, while
exchanging species: the newly obtained isotopic composition remains unaffected:

b
r € Rigx majcflto+f) - majfn .C’(110+T) i
; 29
l[ra(_)b = min,ici(lto-i-f) - min,ifn .C’(1to+f) (29)
1 a—byi,a min,i £ maj b—ayi,b min,i £ maj
==A Al - ) £, — Al - J - . . .
A pr el pr 1" a) The arrows indicate that the left-hand-side is re-defined.
ijacb _ _ihea The correction is performed after the integration of both,
" ' (26) regular and tagged, systems is finished at the timex).
The fractions™@f, and ™", are calculated as given in
For the pair of reagent€,, C;, exchanging in the subset (2.2), and (24) from not yet corrected valugs rﬁﬁf]c" and
of reactions Rigx, the conversion ratd has the same min.te . One could reformulate the KIE fractionation factors
magnitude; indeed, the net effect of the isotope exchangd® achieve the same products’ composition as from Eq. (29)

reaction is equal to the effect of the process when one reagedffithout the correction. This may be done by assigning the
swaps its rare atoms with abundant ones of the partner untiﬁollowmg fractionation factors to each (including the major)

species are in isotopic disequilibrium (i.£.is non-zero).  ISotopologue reaction rate:
Summing the contribution of all isotope exchange reactions 1 1
in which a certain species participates, we form isotope emajy — <majfe+ ) min,ife,e,iar) ,

exchange component vectdps = (30)
i)/n R Z iI;l<—>l7 (27) e,min,iar — e,iar .majar
reRiex

Here, the notation follows that of Eq. (19) aAy, and
where RIL, is the subset of isotope exchange reactions of™MMiw, denote new fractionation factors for the major and
the speciexC,, p is the index of a particular reaction minor isotopologue(s) reactions. The amount of produced
exchange partner. Every element gf, equals the net rate  molecules equals to those in the regular mechanism, whilst
of onward (or backward, when negative) “conversion” of the the effect on the reagents’ ratios change is of the same
major isotopologuddC,, into the minor™™iC, due to all ~ KIE magnitude of®a,. Unfortunately, a reformulation
isotope exchange reactions in which spedigstakes part. like Eg. (30) involves recalculation of the corresponding
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pair rates (elements of) for every isotopologue class 5 Model evaluation and examples

in every iteration of the integration of (28), which may

increase computational effort considerably. Since for typical®.1 Doubling technique

integration step lengths (see Sect. 2.3) the discrepancies to ) ) . , .

be eliminated by Eq. (29) do not significantly change theAS @n alternative to the diagnostic tagging, we introduce
chemistry, we choose the a posteriori option (Eq. 29) which is!" "j“dd't'o,” a reference method (hereafter referred to
obviously faster and does not interfere with the main function®S “doubling”) implemented in the MECCA-DBL sub-
of the isotopic tagging, namely to transfer and preserve theUPmodel. The doubling is — alike tagging — a diagnostic, but

isotopic ratios. not a decoupled method. It embodies the expansion of the
regular mechanism by additional doubled species for each
4.3 Accounting for a specific composition source tagged regular species together with additional reactions they

act in. In theexplicit doublingsetup, the original species
It is common practice in kinetic chemistry modelling, that and reactions are replaced by the doubled ones. In the
complex reactions involving several intermediate steps arémplicit setup, additional reactions become virtual. In other
approximated (or “lumped”) using one net reaction of a words they include only the doubled species thus leaving the
certain rate by omitting (usually short-lived) intermediates. regular mechanism reactions unchanged. Other, non-tagged,
Nevertheless, the latter can exchange their composition wittducts in virtual reactions are replicated as reaction products
other species in course of the reaction chain, which is ofthus becoming catalysts: only the doubles are produced
importance for the isotope chemistry and thus needs t®r consumed. The high-order reactions are decomposed
be accounted for. For example, the reaction of methand!sing Ed. (3) to a set of single-order reactions. To account
oxidation may be parameterised in the regular mechanisn®ptionally for a particular composition source (see Sect. 4.3)

as (G is omitted among the reactants): in the doubled system, a set of additional reactions with
the rate proportional to the source species’ class fraction is

k i i i i i -

CHa+ OH X™ CHa0, 4+ H,0 | introduced. In the case of isotopic doubling, the isotope

specific transfer and exchange reactions are formulated
which is a superposed sequence of two specific reaction€*actly asinEgs. (17) to (20). Similar to the tagging case, the
namely: implicitly doubled mechanism requires the doubled species
budget correction (see Sect. 4.2) when kinetic isotope effects
are introduced. The explicitly doubled mechanism replaces
the original one and thus does not need to be corrected for
KIE influence.

Both doubling setups yield the same result (within

Virtually, knetequalsk; since the rate-determining step of this the numerical precision), whereas the implicit doubling
sequence is the reaction of methane with the hydroxyl radicalntroduces no changes to the regular reactions and allows
(kr<ks at typical atmospheric concentrations of OH and s_lmultr?meous doubling of severgl dlffereqbnﬂguratmns
O2). The methyl radical reacts with molecular oxygen, which (1-€. given sets of tagged species, reactions and number
gives its signature to the methylperoxy radical, whereas thef classes).  In addition, the implicit setup enables
water molecule incorporates its oxygen atom from OH. As a@ comparison of the results obtained by doubling and
result, atmospheric oxygen resets thesChisignature, thus ~ {299ing methods implemented within the same simulated
determining the composition of all its subsequent products chemical mechanism (which is more preferable due to the
whilst OH contributes to the composition of the atmospheric'”depe”dence of the result on the numerical precision of the
water (Dubey et al., 1997). simulated system). Tables la and 1b present examples of
To account for such a particular sourcing in the taggediMPlicit and explicit doubling, respectively, of the regular
system (Eq. 28), a simple change of the correspondind“e‘:ha”'sm fpr the isotopic tagging described abqve.
production term in the rate matrikin Eq. (22) is required. The doubling usually enlarges a comprehensive mecha-

It is noteworthy that the source specification violates theiSM extensively. — We use this method (which is
isotopic composition transfer balance; it is introduced to0mputationally very expensive) as the reference, which

account for the correct isotopic source signatures in thosdS USed to assess the adequacy and accuracy of the
comprehensive mechanisms that include reactions of high99ing approach. Nevertheless, for less resource-demanding

complexity. At atmospheric conditions in the presence of@Pplications (e.g. box- or column-model), doubling extends

highly abundant species, like atmospheric water or moleculaMECCA to a fully fledged isotope-enabled kinetic chemistry

oxygen, this approach is a valid approximation. For model.
any precise setup (e.g. a laboratory experiment reproduction
within a box-model) it is adamant that all intermediates are
accounted for.

CHa+OH % CHg + H,0

CHs+Op+ M —2 CH30,+ M |
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Fig. 2. Schematic representation of carbon interchanges in the prototype mechanism. Intermediates are shown in blue; methane, carbor
dioxide and two artificial species §G Cy) are non-transient in-situ C source species. Pathway captions refer to the internal MECCA
reaction number and second reactant.

5.2 Simulations performed with isotope tagging setups — The mechanism contains intermediate and non-
intermediate species (GHas a source and CGOas
To verify whether both, the tagging and the doubling reservoir) and two artificial source speciex (Cy).

approaches, can correctly reproduce the isotopic com- . o _ N _
position, several simulations have been performed with — The species exchange their isotopic composition via
the CAABA/MECCA box-model for the carbon-12/13 and different reactions (the rates are taken from the original
oxygen-16/17/18 tagging configurations. As criterion of MECCA reactions list), some species are recycled.
proper reproduction by tagging, the absolute differences of o o

the simulated isotopic ratios of selected species for tagging — A kinetic isotope effect for the CO+OH rea30t|on is used
and doubling were required to be within? R=10-°. For equivalent to an enrichment of +6.5%. #3C(CO) at
carbon, this is equivalent to a change of less tharf p@rmil 1 bar (Rockmann et al., 1998D).

in 813C, for oxygen it is equivalent to deviations of 5x1D . .
and 2.5x103 ggrmil forsl%o ands170, respectively. This The prototype mechanism was configured for the CAABA

limit is a trade-off between the precision and speed of thebox model. A set of six simulations, in which the species’

tagged system, and is at least orders of magnitude beIO\Atr:"OtF)p'f cpmposmon't\./v as traﬁed, wgstcarrledthout to C.hECk
experimental precision. e isotopic composition exchange between the species as

In the next sections, we describe the results of thefOHOWS'
simulations. They all show a good run-time performance
and further reveal that tagging offers a remarkable speedup
compared to the doubling, due to the optimisations used.

— All species were initialised with the same isotopic
composition (setups 1, 2).

— The dominating source of carbon in the system

5.2.1 Test case with a carbon isotope prototype was either methane (3, 4) or artificially addeg C

mechanism and G, species (5, 6) with corresponding values of

813C(CHy) =-52%0 ands13C(Cx, Cy) = —32%o.

A simple, but representative test was performed on the
prototype mechanism derived from the complete MECCA - The CO+OH reaction kinetic isotope effect was
chemistry mechanism (similar to that applied kiyckel et disabled (1, 3, 5) or enabled (2, 4, 6).
al., 2006 on a global scale) but excluding NMHC chemistry.
The resulting mechanism is schematically depicted in Fig. 2 — The system was closed, except for setups 5 and 6, where
and has the following properties: methane was absent angt @1d G, were added.

2The Vienna Standard Mean Ocean Water (abbreviated as V- — Simulations were per_fqrmed with a parameterised
SMOW) standard ratios of 2005.20x19 and 386.72x10° are seasonal cycle determining the photolysis rates and the
used fors180 ands170 reporting, respectively (see Appendix B). OH concentration.
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Table 1a. Example for implicit isotopic doubling of the regular chemical mechanism.

Regular mechanism Doubled mechanism (additions to regular)
Speciegin MECCA species list)
(Cn) {majcmmin,lcm m’min,M—lcn}

Equationgin MECCA reactions list)
(regular reaction§

i & .
Ce+Cy ﬁ) Z sp-Cp MaC, +(Cy) = (Cy) + X}D nf”l’.srpmajcp
pEP" X PELy
in,i Yoy -k P .
minic, 4 (Cp) —5 (C)+ Y nfep,srp[%mm,ch_,_(l_%)majcp]
peP,

(reaction with the specified par-

ticular sourced i
Jf.& 'kr

k (Ch+Ce) ———> (Cn+Co) + Z

CetCn=> Y 5p-Cp peP P

P, s, r.min,i -k N )
re (Cot-Co—— L2 €k Cot X w7 e[ LM + (1 &) maic |
Cs—>Cp pepPT?P ) .

§—> i
s r. Srp maJCp

. kr

maJCe +(Cn) — (Cn)
. kr

(Ce)+MC, =5 (Ce)

E"las‘kr

(eductsdestructiony
MCo +(Cp) —— (Cn)

. n,i s'kr
(Co) M, —275 (C,)

(isotopeexchange reaction)

ky min, i maj rebiagg, maj min, i
Cp "Ca+ Cp ———> Ca+ Cp

Ca

Abﬁn_i,bﬁ.k

majca+min,icb r min,ica+majcb

Notationas before. Bracketed species are those from the regular mechanism used as virtual catalysts. Here we feature the reaction tatestaastasitreaction rate-.

a For this bimolecular reaction only one pair of equations in whiighis used as a catalyst is shown, another paiipis to be written in analogous way; thus one reaction of two
tagged species dff isotopologues requires 2-#¢actions to be added.

b The isotopic composition of the specific souGeis accounted via its isotopologues molecular fractignncorporated in the reaction rate coefficient. Each particular source
requires an additional set &f equations. The educts are destroyed separately in an additional set of virtual equations.

The simulated isotopic composition of CO (Fig. 3) in all the total carbon content and isotopic ratio of the system were
cases adequately reflects the dominating source signatufeund to be conserved.

as well as the kinetic isotope effect. Interestingly, in ) ,

setup 6 the system exhibits a noticeable KIE feedback vig>-2-2 The car_bpn and oxygen isotopic

the OH channel. More OH availability (summer) results composition of CO
in CO enriched in'3C due to the oxidation reaction KIE,
while less OH (winter) leads to the takeover of the transfer
of lighter composition of ¢ and G/ through HCHO
(i.e. the KIE “competes” with the precursor signature). . . .
A noticeable magnitude of the isotopic composition variation Ciﬁzé/gﬂrlijciﬁnxgt?aor?:l.h Jrrgsagﬁﬁhamfﬂra Cl:ndrlja(ljaetz d
can be explained by the low CO abundance (and hence thtgrf) ospheric chemistry. The |¥nain ur osé of this) study is
more pronounced oxidation KIE signal) caused by the mUChthepre production of theybx en isotop icF():om osition in vi)éw
smaller (compared to methane, see setup 4) source of carbor} th pd.ff  fact ygF_ 4 ti? t det POS th i
from Cx and G, whose contribution to the intermediates .O € ditreren a(? ors .(see 9. .) atde erm|pe € mass
(methanol and formaldehyde) results also from oxidationIndependent fractionation (MIF) in CO (see alsbdRmann

: et al., 1998a,b, 2002). The simulated mechanism enables
by OH. Excluding the non-closed system setups (5 and 6)Us to study the oxygen isotopic transfer through the various

Another simulation was performed with the carbon-12/13
and oxygen-16/17/18 isotope tagging of the comprehensive
mechanism (seeddkel et al., 2006, Appendix B) with the
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Table 1b. Example for explicit isotopic doubling of the regular chemical mechanism.

Regular mechanism Doubled mechanism (replacement of regular)

Speciegin MECCA species list)
(Cn) {majcmmin,lcm m’min,M—lcn}

Equationgin MECCA reactions list)
(regular reaction§

k, . . ky .
CotCp s Z s,,-Cp maJCe+maJCn N XI:, SrpmaJCp
peP: . PELy
.. . i ll'kr . .. .
minic 4 majc ¢ Z Srp [n'rl—w 'maJCp—FUf_)p (qlmln,ch+ (1_ ql)majcp>i|
peP, de qe
. . i -k . P :
majc | minic @ Z 51 [nf—w MaC 4 gt P <qlm|n,ch I (1_ ql) malcp>]
pEP,- qn qn
. . - nﬁ—m(qipmin,icer(liqip) majcp)+
mln’iCe —I—m'n’an Ao nky Z Srp ge e
pep, n;l—w(qlmln,jcp+(1_ql>majcp)
4qn qn

Notationas before. The isotope exchange and particular composition source reactions are parameterised identical to the implicit doubling case. Similarly, the doubled species are

used as the catalysts in virtual reactions.
& Shown example of bimolecular reaction of two doubled species presents only reactions of major and ith minor isotopologues anétth paid pith minor isotopologues.

Considering all possible combinations of reactants’ isotopologues, the total number of replicated reactibisofopologues amounts td%2

T T T T
-10 |- ]
s o0l Equal initial composition, no KIE (1)
o t Source: CX&CY, KIE (6)
S =30 Source: CX&CY, no KIE (5)]
~ |
M
o 40| ]
L Source: methane, KIE (4) |
(P
50 1,,,, T/ Source: methane, no KIE (3)7]
1 1 1 1

Tyr 2yr 3yr 4yr Syr

Fig. 3. Carbon monoxide isotopic composition evolution (solid lines) for different simulation setups (1-6) with the prototype mechanism
(Fig. 2). Dashed and dash-dotted lines denote the formaldehyde composition for setups 5,6 and 3,4, respectively.

intermediates together with the direct contributing factors,the anomalous (MIF) kinetic isotope effect was added for
such as alkene ozonolysis and MIF during the CO oxidationCO+OH corresponding to depletions of about 9.4%. in
by OH. 8180(C0O) and 0.2%o ins1’O(CO), which results in an
. . - __enrichment of +4.7%. inA1’O(CO). The anomalous KIE

The_taggmg s_etup was simulated within a tropospherlcwas also introduced for the ozone formation reactiopH@Q)
box with prescribed monthly averaged trace gas surface ielding enrichments 08180(03) of 90%o ands80(03) of
emissions of the cor_respondlng isotopic composition (se 8%, correspondingly, resulting in the value af70(Os)
Table 2.)' A partlgglar carbqn and oxygen transfer of about +30%.. The non-random distribution of oxygen
mechanism was speqﬂed (referring to Sander et aI.., 2005|’sotopes within the ozone molecule was not considered.
Weston, 2001, listed in the supplement, and oxygen 'Somp%\ccording to estimates (Brenninkmeijer andbdkmann

exchange reactions were added, following Lyons, 2001; ) . .
Zahn et al., 2006 and references therein). In addition,1997’ Weston, 2001), the kinetic isotope effect leading to the
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Table 2 . Emission and in-situ sources and their signatures used in

the box-model simulatioR<’. surface
€ DOX-moael simulatio sources CO+0H—
~0% in ~+4.5% in
813C (%) 5180 (%e) A0 (%0) A0 A70(CO)

Trace gas emission source

Biomass burning -24.5 17.2 0 @
Biofuel usage -27.5 17.2 0

Fossil fuel combustion -27.5 235 0

Waste burning -27.5 17.2 0 C=C+0s=> other sinks

Biogenic emission —27.0 0 0 ~0% in
A70(C0)

Chemical(in-situ) sources and KIEs for CO -

CHj oxidation 51.9 0 0 o a0 ) | other

NMHCs oxidation -27.0 0 0 from pathways

Alkenes ozonolysis A"0(0s)

(O3 signature) - 90.0 30.0

CO oxidation by OH +6.5 -9.4 +4.7

Fig. 4. Main sources and sinks determining thé’O signal in
a seelockel et al. (2006) and Pozzer et al. (2009) for emission carbon monoxide.

sources classification.

b see Brenninkmeijer andd®kmann (1997), Brenninkmeijer
etal. (1999), Gros et al. (2002), Kato et al. (1999),

Rockmann et al. (1998a),d&kmann et al. (1998b, 2002)

for references.

¢ Listed are the enrichments (depletions) in CO due to the KIE.

to the “N” class. Reacting methane fills the class “M”
of the intermediates and eventually ends up in CO. As a
result, the valué™ fco=[MCOJ/(MCO]+[NCO]) gives the
momentary fraction of CO carbon originating from methane.
Generally the box-model reproduces CO (Fig. 5, upper
production of mass-dependently fractionated (MDF) carbonleft) and its isotopic composition well. The average
monoxide 0f180(C0)~0%. from the methane source chain §13C(CO) signature (Fig. 5, lower left) for the low-latitude
was added. The ozone KIE was set to be either anomaloug_L) box is lower due to greater input from methane (from
(reference setup) or mass-dependent (MDfFs€tup) inthe  19% in the late winter to 37% in summer) compared to
different simulations. the high-latitude (HL) box (10% to 31%, correspondingly).

The isotopic carbon tagging setup included the KIE for theSince the latter has much less OH, the maxima and
CO+OH reaction of a magnitude equivalent to an enrichmeniminima in §*3C(CO) are less pronounced and shifted in
of +6.5%o in 513C(CO) The isotopic Signature of methane time towards the summer. DUring the fall-winter season
was constrained to the value 6#3C(CHs)=-47.2%. In  the HL box reflects the signature of the primary sources
combination with the introduced KIEs for methane oxidation in @ characteristic “shoulder” at —27%.. The observed
by OH and OfD) (Saueressig et al., 2001) this source composition reflects the effect of mixing of CO from lower
conclusively contributes to CO with a very negative signaturelatitudes which is longer exposed to the OH during the
of —52%0 Compared to the Other primary sources Of abouttransport. The |0W'|atitude CcoO iS IeSS inﬂuenced by the
—27%o. In the spring and summertime available OH triggerstransport effect and the LL box captures this.
the KIE-escorted sink and light methane-based refilling of The oxygen composition of CO is more influenced
the CO burden, thus the competition of these two processeby the source signatures change during the year. The
mainly determines the variability of th&#C/*2C ratio in  simulateds'80(CO) signature in both boxes (Fig. 5, upper
CO. To assess the sensitivity of the mechanism to the OHight) is overestimated by 5-7%.. We attribute this to the
level, the box was simulated in two distinctive regimes underestimated signatures of the main sources (Table 2).
of OH seasonality emerging in the box positioned at theOne reason may be that tl3é80 value of CO from CH
NH latitudes of 70N (high-latitude setup, HL) and SN or NMHC oxidation is not 0%, as we assumed, but lower.
(low-latitude setup, LL). We further introduced a subsidiary The variability of§180(CO) in the LL box is a factor of two
tagging configuration of the mechanism to estimate thelower than that of the HL box due to the increased input from
fraction of the carbon in CO that has originated from these in-situ sources in the spring-summer season. In the
CH4.  For this, all carbonaceous species were taggedall-winter season CO is refilled with heavier surface sources.
into two classes, namely “M” (methane) and “N” (non- Analogously to thé3C case, due to the absence of transport,
methane) and all molecules of GMere assigned to the class §80(CO) in the HL box starts to decrease with a delay, as
“M”, whilst the other species’ molecules were initialised OH appears later.
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Fig. 5. Simulated CO mixing ratio and isotopic composition in the box. Solid and dashed lines refer to the HL and LL box setups, respectively
(see text). Symbols denote the observations (Gros et al., 20@knRann et al., 2002) for CO for high (80!, filled symbols) and low
latitudes (36 N, open symbols). The lower right panel presents the mass-independent fractionation Afi@)l in CO and additional
results of the mass-dependently fractionateds€tup for high latitude (dash-dotted line) and low latitude (dotted line) simulations.

The essence of the oxygen isotope simulation result ighe HL box is also overestimated which can be explained
shown in the triple-isotope plot (Fig. 6, reference setup forby the imbalance between in situ MIF sources (ozonolysis
HL). The enrichments iA’O and!80 are found to be mass- of unsaturated hydrocarbons) and MDF in-situ and surface
independent (the magnitude is proportional to the verticalsources. Comparing the reference case with the MBF-O
deviation from the MDF-line) reflecting a contribution of setup, it becomes clear that the large ozone MIF signal is
the large MIF-signal of ozone. The chemical “mixing” via found to contribute to the CO anomaly with additional 1%.
the intermediates and the isotope exchange reactions causer the presented regime. This in contrast to the nitrogenated
the HQ, and NQ, groups to “move” along mixing lines of compounds whose&1’O values are directly related to that
“dilution” with the end members being ozone and the two of Oz. For the low-latitude box there are n8l’O(CO)
main oxygen reservoirs of airand HO. observations available.

The CO anomaly is reproduced and can be attributed Obviously, important processes such as transport and
dominantly to the reaction with OH. In CO+OH the isotope Mixing cannot be represented by a box-model, it is
effect for'80 is inverse and the concomitant fractionation for especially noted with the high latitude observations, which
170 is uncommonly not of about a half of that 10, butis ~ are difficult to reproduce because of the “arctic haze”
S||ght|y positive_ Thus:!-7o accumu|ates|arger than expected Conditions I’uling in the Wintel’. Our further StudieS will
for MDF composition during the OH based oxidation of focus on a better estimation of emission strengths and
CO. The AY’O(CO) maximum falls on the spring (LL) Signatures, as well as the realisation of consistent AC-GCM
and mid-summer (HL) period and is weakened during thesimulations.  Nevertheless, this comprehensive isotopic
fall-winter seasons (Fig. 5, lower right) because of surfacechemistry mechanism is able to capture the main features
and in-situ sources dominating. The seasonal cycle in thé®f seasonal changes in species compositions as well as the
HL box is delayed and the maxima are weak due to the'chemical mixing” feature.
low OH regime. In the fall-autumn seasons:’O(CO) in
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Fig. 6. Triple-isotope plot of the main oxygen-bearing gas-phase species composition simulated in the reference setup. The shaded area:
indicate typical compositions observed for certain species reported by Brenninkmeijer et al. (2003) and Thiemens (2006).

Table 3 . Comparison of selected MECCA mechanisms.

Regular Amount of Doubled
mechanism  tagged mechanism

Abbr.  Number of simulated species (reactions) Remarks, refefence

M6 26 (51) 8(15) 42 (81) Minimum (¢ carbon chemistry, used in the simulation presented in Sect. 5.2.1.
M9 42 (84) 13(27) 68 (138)  ©Includes chlorine chemistry
M7 65 (145) 47 (109) 159 (363) P

EVAL 100 (253) 60 (140) 220 (533) b.c.eUsed in EMAC evaluation simulation (seéckel et al., 2006,
Appendix B), used in the simulation presented in Sect. 5.2.2.

AR 132(342)  69(170) 270 (682) P.c.d.ecomplete gas-phase reactions set.

@ For a general MECCA mechanisms reference, see Sander et al. (2005).
b Includes higher hydrocarbons £@ isoprene) species and reactions.

¢ Includes stratospheric reactions set.

dIncludes halogen chemistry (excluded in other mechanisms).

€ Includes sulphur chemistry.

5.3 Performance analysis: tagging versus doubling “doubled” to simulate a stable carbon isotope chemistry
configuration (thus accounting for two additional isotopo-

To estimate the benefit of the optimised tagging technique!09ue classes). Each selected mechanism was repeatedly

we compare the performance of both methods (tagginggmulated in box-model setups for regular (MECCA),
and doubling) in a series of box-model simulations with doubled (MECCA-DBL) and tagged (MECCA-TAG) cases.

kinetic chemistry mechanisms of various complexity. Table 3VVe compare the wall-clock time spent for a one month
lists some MECCA mechanisms, which we “tagged” and Simulation period.
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respectively (see text for details). Right: the average additional time required for the doubled and tagged systems as a fraction of the regular
mechanism integration time. The vertical lines on the top of the bars represent the variability due to the different regimes.

For the integration of the regular and doubled mechanismgright) also depicts the estimated average additional time
we used the 3rd order Rosenbrock solver (ROS3) with(expressed as a fraction of the regular mechanism integration
adaptive time stepping; it is provided by the KPP packagetime) required to process the doubled and tagged systems.
in MECCA and is very powerful in handling stiff problems In general, the tagged system outperforms doubling, as
efficiently. The integration of the tagging mechanism expected. Speed gains of a factor 3 and larger are achieved
(Eq. 28) was performed with a simple solver based onwhen simulating the M6, M7 and AR mechanisms; for the
a modified Runge-Kutta algorithm with adaptive time-step former two the time saved is to a certain extent proportional
control (RKA). The latter is not very well suited for to the fractions of the tagged species and reactions. The least
systems of high stiffness, yet in other cases usually showspeed gain was achieved with M9, which includes sulphur
a decent performance due to its robustness (Press et athemistry accounting additionally for carbonaceous species
1992). Although MECCA-TAG incorporates other more involved in the reactive chemistry, which is inefficiently
complex solvers, this analysis is to show that even the RKAsimulated with RKA in the “forced” regime. The same
implemented in the tagged system offers a remarkable speedifficulty appears if higher hydrocarbons were included. For
gain in the competition with the highly efficient ROSS3. the EVAL mechanism the required CPU-time increased by

To make the comparison more representative, two distincB80% for tagging and by 70% (80% for M7) for doubling. The
simulation regimes, namely “free” and “forced”, were mechanism including all gas-phase reactions (AR) requires
chosen. In the “free” regime the initial conditions (species comparable CPU-times as EVAL, with slightly better results
abundances and classes ratios) are set once before tffier the tagging, potentially due to a more efficient handling
simulation starts while the system remains closed (i.e.Of the halogen chemistry by RKA.
no introduction or removal of the molecules is allowed) Evidently, each mechanism has its own individual
during the simulation. As a consequence, the systentharacteristics that may be considered individually for a
proceeds towards an equilibrium state in both, abundance anletter optimisation strategy. We note that for the molecular
isotopic signature. In the “forced” regime some species argagging case the integration time is expected to~38%
permanently emitted into the box thus keeping the systenless compared to the isotopic tagging; the latter needs one
in a perturbed state. These two regimes are the extremes dinetic exchange derivative calculation more, operating with
conditions of the chemistry grid-boxes processed in an AC-atomic fractions of the species. The overall performance of
GCM, e.g., ranging from grid-boxes positioned at the surfacethe tagging technique, however, is very promising, especially
layer (with emissions as part of the boundary conditions)in perspective of the tagging of the complex chemistry
and at the levels where the perturbation is smaller due tanechanisms in 3-D model environments.
smoother species gradients and weaker mixing terms. For
the presented simulations, the “forced” regime integrationg MECCA-TAG/DBL implementation in MESSy
required more computational time because of the larger
stiffness of the ODE system to be solved in contrast toQur realisation of the MECCA-TAG and MECCA-DBL sub-
the “free” regime. Comparing the overall results, we get asubmodels allows the simultaneous simulation of an arbitrary
rough estimate of the chemistry mechanism performance tqumber of tagging configurations (i.e. sets of tagged species
be expected in 3-D applications. and reactions). For the tagging, this concept is of a great

In Fig. 7 (left) the simulation times for the different use when more than one tagging configuration is needed to
mechanisms and regimes are shown; the average complexitye simulated with the same regular chemistry mechanism.
of the mechanisms increases along the abscissa. Figure A particular example is a single AC-GCM simulation with
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invokes the integration and processing of each particular

| e | configuration. Each of the tagging configurations resides

o (see Fig. 8) in the submodel core layer (SMCL) thus

$ | MECCA-TAG =5 MECCA | MECCA-DBL being independent from the basemodel. The driver is
SMIL; 2 4 } called from within the submodel interface layer (SMIL)
SMCL driver ® ' after the call to the regular MECCA integration. The

¥ R Dl D2 interface layer routines (which are basemodel-dependent)

T1 T2 at the BMIL layers contain subroutines processing /O

and other maintenance and provide the interface to

other MESSy submodels and base models. Being in

fact an extension of MECCA, MECCA-DBL utilises its
Fig. 8. Schematic of the MECCA-TAG and MECCA-DBL infrastructure routines. MECCA-TAG and MECCA-DBL
principal structure (SMCL level is detailed). The regular simulated are being included in the latest releases of the MESSy-
mechanism (R) provides one-way information on the taggedbased box-model CAABA/MECCA (Sander et al., 2010)
reaction rates and species budgets to the MECCA-TAG driverthus providing diagnostic and isotope modelling extensions
Further each configuration (T1, T2) uses approximated rates tqq this model.
advance the tagged species. Additional species and reactions of
the doubling configurations (D1, D2) are added to the regular7 Summary
mechanism, thus MECCA-DBL is just an extension of MECCA.

We introduce the kinetic chemistry mechanism tagging

. . . . technique intended for various applications in our modelling
various separate stable isotope configurations that tag thg stem.  Assumptions and approximations are derived
same incorporated regular chemistry mechanism. We stres;y |

in that ¢ h p tion interf ith th nd discussed; optimisations of the technique as required
again that none of each configuration Interieres wi Cor its application in the comprehensive kinetic chemistry
others or with the regular mechanism, thus remaining purel

. . Y¥module MECCA are presented. The optimised variant
diagnostic.

Th i f deul f ton trolled by th is implemented in the sub-submodel MECCA-TAG and
€ setup ot a particuiar configuration 1S COntrofied by €10 nqeq  for  the application in complex simulations

configuration file (the details are presented in the electronlc(Speciﬁcally 3-D) to reduce the computational demands but
supplement), which contains all necessary information to

perform the full (isotopic) tagging of a given mechanism with reasonable precision.
of desired complexity. The configuration files are used As a particular application, our approach for the modelling

for both. the tagqi d the doubli b-submodel of the isotope chemistry-enabled mechanisms is described.
or both, the tagging an € doubiing Sub-sUdMOCEIS\\e yeview the kinetic chemistry isotopic specifics and
that utilise the same pre-processing routines. The latte

. . i eculiarities that are required to be accounted for. In
parse the selecteq MEC.:CA chem|stry mecha_nlsm -(|.e. .th articular, a specific “isotope” transfer approach has to
species and reactions files) and tagging configuration file

d aut ticall te th b-submodel de ol applied, which differs from the original “molecular”
and automatically generate the sub-submodels code plugge change perspective. The evaluation simulations performed
into the destination simulation code. Parsing routines

significantly facilitate the model setup, additionally checking with the box-model, focusing on stable isotope tagging of the

X i . X . o 2 comprehensive mechanism, result in a reasonable agreement
for possible overlooked inconsistencies, like missing specie

imbal . f the t q " Th?/vith observational data.
or mass Imoalance in any ot the tagged reactions. € Additionally, as a reference, we introduce the sub-

latter are also diagnosed for unaccounted sources of the . 11 MECCA-DBL which comprises the implemen-

|sotopo_logu_es n the_ me_chamsm (with respept o t_hetation of a non-optimised straightforward doubling of the
approximations described in Sect. 4.3). The parsing routlneexisting MECCA chemical mechanism.  Taking over
codes are written in Pascal (it offers greater flexibility in from MECCA its thorough capabilities and precision
handling string and text information compared to Fortran)MECCA-DBL can be used as a full isotope-chemistrg/
and built with Free Pascal Compiler (http://www.freepascal. : . .
: . : enabled module intended for less resource-demanding appli-
org/). The execution of the code is controlled (switched g app

! . : cations (e.g. simulations with the box-model). Meanwhile,
on/off) via the MECCA conventional Fortran95 namelist. : e ] R
The implementation of the MECCA-TAG/DBL is in at the rather high precision/speed trade-off, MECCA-TAG

. . N shows a remarkably better performance.
copfor_mlty with the MESSy standardgckel et al., 2005). MECCA-TAG/DBL allow flexible multi-configuration
This implies the relocation of the code parts to the

: . ._tagging of the comprehensive chemistry mechanisms
dedicated layers of the MESSy interface structure accordin - L L o )
to their functionality. The interface part of MECCA-TAG %\ddltlonally supporting isotope kinetic specifics. The sub

. . . N ; models are conform to the Modular Earth Submodel System
is responsible for passing the kinetics information from

o X (MESSy), thus being automatically ready to be coupled to
MECCA to the MEC.CA'TAG Kinetics driver. _The Earth System Models by means of the MESSy framework.
latter prepares the pair rates for all tagged species an
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Appendix A

Notation used.

359

symbol meaning, [units] example or definition
Ng numberof tagged species
C subset of tagged species C= {Cl,.. ,CNS}
n particular species index in the tagged species subset n=1,...,Ng
Cn n-th tagged species concentration, [molecéin if C, refersto CO¢, =[CO]
Ng number of tagged reactions
R subset of tagged reactions R={R1.....,Rn.}
r tagged reaction index r=1,...,Ng
k, r-th reaction rate coefficient{4] or [molec 1 cm®s1]
Uy r-th reaction rate, the product of the educt(s) concentration(s) for example reactich
and specific reaction rate coefficidnt [moleccnm3s~1] Vo, + 0(3p) = ko, + o(3p) - [O2] [O(P)]
P, subset of tagged productssirth reaction for example reactichand a set of
tagged carbonaceous species:
Pr ={CHz02; H2CO},
for oxygen-bearing species:
Pg = {CH302; H,CO;0H;H,0}
e,p species indices referring to current reaction educts, products for example reactichand a set of tagged
carbonaceous species: e refers to
CH30O0H p refers to CHO2, H,CO
Srp r-th tagged reactiop-th product stoichiometric coefficient for example reactich
SCHz0, =0.7, sH,c0=0.3
qn specific stoichiometric weighting of the speci@sg if n refers to CHOg,
for the isotopic tagging: number of atoms of selected — for carborg, = 1;
chemical element (atomic numbgj in C, — for oxygeng, =2
ny P r-th reaction branching ratio, a fraction of for example reactidh
- 0;—03 _2/_ OCP)—~03_1
the contribution of the edud, to the productC,, 0y =</3. 0 =1/3
T regular mechanism (KPP) integration time step [s]
to+t
A, r-th reaction approximated rate [molecchs 1] A= % J vedt
fo
J tagged system rate matrix of the siXg by Ng if n refers to COg refers to HCHO:
elements [molec crmP s—1] J,... is the total sink rate of CO
Jy.e is the pair rate of HCHO—CO
M number of tagging classes (number of isotopologues M=2 for 12C/A3C isotopes;
considered in case of isotopic tagging) M=3 for 10/170/*80 isotopes
m tagging class index m=1...M
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me, taggedmechanism-th speciesn-th class species me={"Cq,...,""Cng}, Ca={"Cy}
M m .,

Mey tagged mechanismrth speciesn-th class species concentration =y Men, ™ fu= 52

m=1 Zlcn

1=1

mf, shareof m-th class species in totatth species molecular abundance
i minor isotopologue index i=1..M-1
m_aan, isotopically tagged mechanismith species major m?iC,1 is equivalent td-C,, .
min.ic, andi-th minor isotopologues min.ic, is equivalent ta-+iC,, i=1...M—1
mfijcn, isotopically tagged mechaniswath species major if Cy, refers to CO, for oxygen isotopes
min.i., andi-th minor isotopologues concentration major isotopologue™ac,, = [C180],

minor isotopologues™in-1¢, = [C170],
min,zcn - [ClSO]

majfn, respective shares of the major anth minor

P maj — majcn
mini £, isotopologuenolecules im-th species total molecular abundance; In maj, 4 3 mini;
maj 1, is equivalent tdt £, e
min.i ¢ is equivalent to-t f;,, i=1...M—1 mini minic,
majc’l+Mi1min.icn
i=1

abuiy, respective shares of abundant and rare isotope atoms abu.iy (’1’;7;1) .min.i ¢
rare,i, . (of the same atomic numbe) in M C,, isotopologue rare.iy  — qin .mini ¢
min.i 3 Copy of the rate matrixJ with some changed elements accounting for KIE

for i-th minor isotopologue in the isotopically tagged system [molec®s1?]
iR The isotopic ratio of theé-th rare isotope (see also Appendix B) IR(Cy) = mm"C”M_l

majfn"ln"r(‘]n_l)' 'Zl min’iCn
iz

ey, KIE fractionation factor fof™"-/C, isotopologue educt in-th reaction 13CH40[CH4+OH :k13CH4+OH/k12CH4+OH
aig, isotope exchange reaction fractionation factor¥ric, isotopologue
A‘er probability of rare isotope transfer fror6, to C; species in the isotope )L‘er = qﬂﬁqb

exchange reaction
‘I,“‘"b therate ofi-th rare isotope atom transfer frof, to Cj, species

in the isotope exchange reactiofimolec cnt3s71]
Ty net rate of gain (loss) afth rare isotope atoms i ’Z Ja<sb

by C, species due to all isotope exchange reactions Ya = Ay EX

it participates in [molec cm3s™1]

2 example reactionCHzOOH+OH — 0.7-CH30, +0.3-HoCO+0.3- OH+H,0
b example reactiond, + 0(3P)—> O3
Appendix B — Isotopomers: from “isotopic isomers”, are the set of
different isotope position configurations of a selected
Used terms and definitions for the isotopes isotopologue. Hence®N14N16O, 14N15N160 are the

isotopomers, so are GIBCH=0 and CHCD=0.
Not to be confused with different terms and definitions used
to express the isotopic composition and effects, the following (Conventional definitions)
definitions are used throughout this document. Those are:

(IUPAC definitions, McNaught and Wilkinson, 1997, — Isotopic ratioR is the atomic abundance ratiolsof any
http://goldbook.iupac.org) minor to a major abundant isotopECR (CO) = % in
CO
— Isotopologue: a molecular entity that differs only in
isotopic composition (number of isotopic substitutions), — The delta-notation is used to express the difference of
e.g. CH;, CHzD, CHoD; are isotopologues. a given sample isotopic ratio relative to the reference
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material sample, usually reported in permil: Appendix C
513C(CO) = 3CR(CO) 1 Isotope transfer calculation
13CRy-pDB

Below we elucidate the isotope transfer in the system (17).

— The isotopic fractionation constant expresses the Consider the reaction of the minor isotopologue (line 2) in

difference of one compartment isotopic ratio relative the Eq. (17):

to another, often used to describe isotopic composition

changes due to various processes (e.g. soil uptakeyn;~ k- qp min.i qp \ mai

fractionation, KIE, etc.) For example, the fractionation Co> D s |:_ Cot <1_ _) JC”}

of 180 isotopes in water due to the vapour pressure

isotope effect is defined as:

1808 (H20) = (

e e

pep;
At the left hand side (LHS), an isotopologue possessing
180p (H20),4 qe isptopes of the elem'ent of interest is' reacting. We
our_ ) consider the case whep is greater than unity; hence, the
reacting isotopologue carries one rare and-}) abundant
) ) . . ) isotopes. For example, for the ratéC-isotopologue of
— The isotopic fractionation factow determines how propene (GHg), ¢.=3 and the isotopologue composition is
much faster/slower the reaction with the minor 13c12c,1: Now, consider a case when the right hand side
isotopologue goes relative to the reaction with the major(rs) has a single produat,, with the number of the
isotopologue: isotopesg,,. The stoichiometry condition (16) requires that
srp=q./qp. Three cases are possible then:

180R (H20)jiquid

13C _13C 12C

aCH4+OH = kCH4+OH/ kCH4+OH

' 1. . =q,, i.e. number of isotopes is equal in the educt and

where ‘kcH,+oH is the CH+OH— reaction rate the product, and,,=1;
corresponding to the-th isotopologue. Note that
this definition differs from the UIPAC-recommended 2. ¢, > ¢,, i.e. the product species pool receives one rare
definition of « as the ratio of reaction rate of the and (¢,—1) abundant isotopologues;
isotopically light (lower atomic mass) species to the rate
of the heavy (higher atomic mass) ones (Coplen et al., 3. ¢, <g,, i.e. the educt is incorporated into the product.
2002).
For the case (1), the transfer of the rare and abundant isotopes
is unambiguous. In the cases 2) and 3), the stoichiometric
coefficient is not equal to unity to create the same number of
isotopes redistributed in the product molecules. Noteworthy,
the LHS has only one rare isotope, thus only one rare isotope

— The capital delta notation is used to express the
composition deviation from general, largely observed
correlation between minor isotopologues enrichments
called mass-independent isotopic fractionation (MIF):

(5170 + 1) can be created at the RHS. The additional coefficignt,
AY0= ﬁ_l next to the product minor isotopologue in the RHS ensures
(5 O+1) that; thus not more than one rare isotope is transferred as

where g determines the slope of the line on which & part of one minor isotopologue. As an artificial example

. 3 .
the data points of the mass-dependently fractionated®’ the case 2), if a'*C-propene isotopologue produces
composition fall in the three-isotope plot. The formaldehyde molecules (HCHO), thencho=3 and only
value g is close to 0.5 but varies individually for a one of these HCHO carridsC isotope, the rest two acquire

particular species and fractionation process. Here, fot€ abundant’C from propene:
universality, we use the value £0.528 derived for the 1 5

meteoric waters (Barkan and Luz, 2005) for all species.13c12c,Hg — 3[—H13CHO+ _H12c|-|o}
With relation to the atmospheric reservoir (where the 3 3
magnitude of isotope ratios deviation is not large) the

relation above can be linearly approximated as: The case 3) is somewhat intricate. Imagine, for the example

only, that now HCHO produces propene. The stoichiometric
AY0=s0-p-5%80 coefficient in this case isc,n,=1/3, i.e. one needs to
assemble three carbons from the formaldehyde molecules to
We refer the reader to the literature (Brenninkmeijer et al.,create GHg. However, we allow the minor isotopologue of
2003; Johnson et al., 2002; Kaye, 1987; Kohen and Limbachpropane to carry not more than ohi€ isotope, thus the rest
2006; Schauble, 2004) for an extensive review of the isotopidsotopes have to b&C. These can be taken only in form
effects and their application in atmospheric studies. of propene major isotopologues, so that the overall isotopic
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