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Abstract

Isotope composition, in many cases, holds unique information on sources, chemical
modification and sinks of atmospheric trace gases. Vital to the interpretation and use
of an increasing number of isotope analyses is appropriate modelling. However, the
exact implementation of isotopic information is a challenge, and often studies use sim-
plifications which limit their applicability. Here we confer a thorough isotopic extension
to MECCA, a comprehensive kinetic 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 constitutes a diagnostic tool that can bene-
fit the investigation of various aspects of kinetic chemistry schemes; at the same time,
the designed numerical optimisation reduces the computational effort while keeping
important details unaffected. We further focus specifically on the modelling of stable
isotopic composition, including the required extensions of the approach. The results of
MECCA-TAG are evaluated against the reference sub-submodel MECCA-DBL, which
is implicitly full-detailed, but necessarily is sub-optimal in practical applications due to
its high computational demands. Furthermore, we evaluate the elaborate carbon and
oxygen isotopic mechanism by simulating the multi-isotope composition of CO and
other trace gases in the CAABA/MECCA box-model. The mechanism realistically simu-
lates the oxygen isotope composition of key species resulting from the interchange with
ozone and main atmospheric reservoirs, as well as the carbon isotope signature trans-
fer. The model adequately reproduces the isotope chemistry features for CO under the
limitation of the modelling domain. In particular, the mass-independently fractionated
(MIF) composition of CO due to reactions of ozone with unsaturated hydrocarbons (a
source effect) versus its intrinsic MIF enrichment induced in the removal reaction via
oxidation by OH is assessed. As for the simulated conditions, the ozone source effect
was found to be up to +1%oin A17O(CO). The versatile modelling framework we employ
(the Modular Earth Submodel System, MESSy) opens the way for implementation of
the novel detailed isotopic chemistry treatment in the three-dimensional atmospheric-
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chemistry general circulation model EMAC. We therefore also present estimates of the
computational gain obtained by the developed optimisations.

1 Introduction

The use of stable isotope information in atmospheric chemistry research has made
steady progress, and is expected to continue to do so driven not only by the upsurge in
environmental research, but also due to important analytical developments in isotope
measurement techniques. In contrast, modelling of isotope effects has been lagging
behind to some degree and has been largely ad hoc with general schemes lacking
so far. This situation is not very satisfactory particularly because many stable isotope
studies contain the pertinent phase “constraining the budget” by which is meant “to use
stable isotope information for better quantifying the budget calculation of trace gases”.
For that purpose however, the sufficiently complete representation of stable isotope
ratios in atmospheric chemistry models is required. Without proper modelling, the iso-
tope information does not really constrain a trace gas budget, but merely loads another
poorly constrained trace gas budget on our plate, namely that of the minor isotope la-
belled trace gas, e.qg. 13CH4. Besides the “practical” application to constrain trace gas
budgets, stable isotope research has its value in understanding several processes bet-
ter. A case in point may be that although satellite information shows the tropospheric
distribution of CO on global scale, isotopic composition information allows inferences
at the process and source level. In this communication, we will introduce a generic
method for isotope treatment in a comprehensive kinetic chemistry modelling system
that is, due to its detail, suitable for accounting for both, process and source, levels.
We will use CO as an example given its rich isotopic information, for 13C, 80 and
additionally 70 whose variations in abundance do not follow those of 20 in a straight-
forward mass- dependent manner. This all eventually may be not only of considerable
importance studying its present budget but also its changes over the past using ice
core material.
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Historically, process- and budget-level isotope-enabled atmospheric chemistry mod-
els diverged embodying rather different levels of the respective chemistry of a particular
modelling application. The process-oriented studies comprise comprehensive chem-
istry schemes accounting for isotopes and related isotope effects to a full detail level.
This resolves certain peculiarities of the isotopic chemistry, but typically induces com-
putational strain on the modelling application. Firstly, one is compelled to simulate
greatly enlarged chemical mechanism (i.e. set of species and equations, whose num-
bers grow as the isotopologues and isotopomers are considered separately). Secondly,
some of the simplifications commonly used in kinetic chemistry modelling may be not
applicable for isotopes thus limiting usage of the reduced chemical schemes (see be-
low). Consequently, the modelling domain is usually limited, e.g. to a column- or a
box-model, frequently assisting only laboratory work. For instance, (Yung et al., 1991)
at an early stage applied a one-dimensional photochemical model to study the heavy
80 isotope enrichment in stratospheric CO,. They showed that a model calculation
with an incorporated complex chemistry mechanism can account for the observed en-
richment, and attributed its origin to the chemical exchange with ozone mediated by
O(1D), supporting the hypothesis of the chemical origin of the effect. In subsequent
work (Yung et al., 1997) the model was refined using an expanded chemical scheme
that accounted for 17O, the enrichment of which in O3 does not follow that for 80 in
the expected mass-dependent manner. The refined chemical mechanism (accounting
for two rare isotopes, plus selected isotopomers) grew many times larger. The authors
remarked that the calculations could be improved using a 2-D model, yet the computa-
tional accuracy of a greater order was needed for isotopic species.

Nonetheless, the main complicacy of isotope chemistry modelling lies in the intri-
cate isotope composition transfer compared to the regular exchange. Not discerned in
regular chemistry, different isotopes end up in different reaction products thus form-
ing “isotopically” different pathways and shortcuts. An example of the latter is the
isotope exchange reactions that affect the isotopic ratios of reacting species, but not
their concentrations. A model study illustrating the significance of isotope exchange in

204

GMDD
3,201-272, 2010

A tagging technique
and isotope
chemistry modelling

S. Gromov et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/3/201/2010/gmdd-3-201-2010-print.pdf
http://www.geosci-model-dev-discuss.net/3/201/2010/gmdd-3-201-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

the atmosphere was done by (Lyons, 2001), who elaborated the mechanism including
novel oxygen isotope exchange reactions. His simulations performed with the column-
model predicted both, tropospheric and stratospheric, ozone-impelled enrichments for
oxygenated short-lived radicals as well as notable mass-independent enrichment for
stratospheric water through OH. The latter was shown to be enriched due to the iso-
tope exchange with NO,, rendering a notable influence of the isotope exchange on the
result. Zahn et al. (2006) amended this result following with an extensive study on mul-
tiple isotopes in stratospheric H,O, which required a comprehensive mechanism for hy-
drogen and oxygen isotopes encompassing a large set of kinetic isotope effects (KIEs)
and isotope exchange reactions. They emphasised important peculiarities in isotope
modelling, such as inapplicability of the “chemical families” concept. For instance, in
common (non-isotopic) cases the conversion of one family member to another does not
affect the abundance of the whole family; however, if in the course of the conversion
chain the exchange with another isotope reservoir takes place, it alters the isotopic
composition of the entire family. The HO, (=HO,+OH) family is an example in case,
as HO, obtains its composition from molecular oxygen during the conversion from OH.
Another trait of the isotope chemistry is that the isotopic composition transfer should be
contemplated from the side of atoms rather than molecules. The isotopic composition
is usually measured as the atomic ratio (i.e. of the rare isotope over the abundant one),
whereas the reaction kinetics are calculated on the molecular basis. The removal of
a particular isotope atom from the molecule (for example, D or H during the oxidation
of CH, to HCHO) alters its isotope ratio specifically. Pieterse et al. (2009) refer to the
importance of this counting effect in their study on hydrogen isotope chemistry utilising
a statistical approach to calculate the deuterium KIEs and isotope branching factors
based on the probabilities of abstraction of the D/H atoms in various reactions.
Abovementioned complications are, nevertheless, commonly overridden in the
budget-level studies. The isotopic composition here serves as an additional constraint
on the budget of a species composed of contributions from a set of emission classes
associated with a given isotopic signature. The modelling domain covers scales from
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zero-dimensional box-models to three-dimensional atmospheric transport models with
implicit (i.e. isotopic signatures and effects are approximated from a set of chemical
tracer values) or explicit chemistry calculation schemes. An eminent illustration of a
box-scale modelling study combining budget- and process-level information with ex-
plicit chemistry is given by Gros et al. (2002). They present the original application of
independent signals of 14¢, 80 and "0 to differentiate the origin of various observed
CO plume events. While the “co signature pointed to either biomass or fossil fuel
combustion origin of the plume, the oxygen isotope enrichment allowed determining
its “age” (i.e. time of exposure of a freshly emitted plume to photochemistry escorted
by KIEs) upon assuming a certain composition of background CO. Another noteworthy
“‘inter-scale” example (although with an emphasis on the atmosphere-biosphere inter-
action) is presented by (Cuntz et al., 2003) with a comprehensive atmospheric global
circulation model (AGCM) development for 80 isotope variations in CO,.

A large number of atmosphere modelling studies use isotope variations, e.g. in CO,,
CH, or N,O, to assess the interhemispheric, troposphere-stratosphere and biosphere
exchange (see, for instance, Allan et al., 2001; Boering et al., 2004; Lassey et al.,
1993; Liang et al., 2008; Liang and Yung, 2007; McCarthy et al., 2003; Quay et al.,
1991). The key features practiced in similar studies are the comparative timescales
of the atmospheric transport/mixing processes and isotope ratio variations in a given
tracer conjointly with the facility in accounting for the isotope effects. To illustrate this,
the isotopic composition of carbon in methane is relatively easy to parameterise since
it has virtually no in situ (i.e. as a product of a chemical reaction) sources; thus, the iso-
topic composition is easily derived combining direct (surface) emission, transport and
removal terms. Resorting to this concept in a similar manner for the other, more tan-
gled species, most of implicit-chemistry transport models incorporate simplified isotopic
chemistry parameterisations which account for the main chemical sources and sinks
of the species (in so-called “net reactions” without consideration of the intermediates)
accompanied by terminal KIEs (i.e. upon entering/exiting a “net reaction” chain). Un-
fortunately, such concept is not very suited for species that have various in situ sources
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or for “net reactions” involving intermediates disparately acting in various chemical and
physical regimes. Recalling examples above, it is difficult to accurately account for the
isotopic exchange of a particular intermediate with other disjoined reservoirs, as well as
for the other (of non-chemical origin) individual processes that alter the isotopic com-
position. These may be transport (e.g. the advection term is governed by the chemical
gradient of the intermediate, but not the lump of them) or removal processes escorted
by KIEs.

To put it in perspective of CO, its photochemical production, initiated by methane
and other VOCs, proceeds via shared intermediates, some of which are removed due
to wet scavenging or dry deposition. The methane reaction chain, parameterised with
the “net reaction”, can be written as (Manning et al., 1997):

CH,4 + OH — ACO + (products),

where the yield 1 approximates the effect of the chemistry regime and intermediates
removal in the chain. The estimations of 1 are hitherto inconsistent being derived or
assumed in a number of calculations (see, for instance, Lelieveld and Crutzen, 1991;
Duncan et al., 2007). Bergamaschi et al. (2000) studied this parameter with three-
dimensional transport model incorporating implicit chemistry (i.e. as described above)
and the inversion technique, to date the most extensive modelling study on CO car-
bon and oxygen isotopes. Since methane carbon possesses a very distinct isotopic
signature in the atmosphere, the isotopic composition of CO is very sensitive to its in-
put modulated by 1. The resulting synthesised composition attested significantly low
yields, although this result may not be exclusive, since the (unknown) fractionation ef-
fects in the chain may explain the CO isotopic signatures even whilst 1 equals unity.
Unfortunately, the limitations caused by the approximation do not let to exercise the
model results further, whereas a detailed chemistry scheme would be of benefit here.
Indeed, if the intermediates are treated individually, the yield 1 becomes a diagnos-
tic variable since its effect is modelled explicitly. Moreover, tracing the composition of
the intermediates, particularly the precursors of CO acting in the methane chain, may
shed light upon the role of the potential KIEs there. The presence of the fractionation
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effect in the chain will cause intermediates to exhibit different compositions from that of
methane, and the model can indicate which species are to be the sensitive ones, thus
to be subjected to further experimental work.

At present, models explicitly calculating chemistry hold the potential of providing
detailed isotope chemistry treatment; it is shown by numerous studies, although not
being represented in the segment of atmospheric chemistry global circulation models
(AC-GCM) that are capable of handling comprehensive chemistry mechanisms. The
advantage of the coupled AC-GCM system is also in its capability to account for phys-
ical processes affecting isotope ratios individually per species. The holdup expected
here is in the fact that isotopic extension brings the application on the verge of possi-
bility to compute; even the technical preparation of the modelling application itself may
be a painstaking job. The motivation of the work presented here is to give an isotope
extension to the comprehensive kinetic chemistry model (that serves in the AC-GCM
we actuate), to overcome the computational issues and facilitate the model configura-
tion. The tagging technique proposed here (described in Sect. 2) is generic and is well
suited for various kinetic chemistry investigations; it is intrinsically apt for stable isotope
modelling as well. In Sect. 3 we review the isotope-specific side of the kinetic chem-
istry modelling with respect to the approximations that are introduced. Some aspects
of the adaptation of the tagging technique to stable isotope chemistry modelling are
given in Sect. 4. The focus of Sect. 5 is set on the model evaluation with illustrative
examples followed by the performance analysis. Finally, model configuration aspects
are sketched in Sect. 6.

2 The kinetic chemistry system tagging technique

2.1 The tagging framework

The tagging technique described here is intended to serve as a diagnostic method
applied to modelled kinetic chemistry systems. The concept of tagging implies that a
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given characteristic (not necessarily measurable in reality, but an imaginary “tag”) is
assigned to the molecules of a given subset of simulated chemical species. In addition
to the regular quantitative information (i.e. species abundance), certain information re-
lated to the composition interchange can be obtained by tracing the distribution of the
“tags” transferred in chemical reactions from one species to another. This concept is
analogous to the “tracer” techniques used in atmospheric transport modelling studies
(for instance, see Jockel et al., 2008), but accounts for processes that are induced by
chemical interaction only. A common example of the “tracer” technique is the partition-
ing of selected species according to their emission region or source (e.g. compounds
emitted by fossil fuel, biomass burning and vegetation) in an AGCM. In the chemical
system certain species can be likewise “tagged”. For instance, one can tag a certain
species to assess its individual contribution to the budget of the others. Another promi-
nent application is the isotopic tagging, when the presence of the rare isotope in the
molecule constitutes indeed a natural intrinsic “tag”. This isotope tagging is discussed
complementary in the following.

We first declare the studied kinetic system as being regular. It incorporates the
chemical mechanism, being a set of compartments (species) of molecules that interact
via different pathways (chemical reactions) characterized by certain transfer speeds
(reaction rates). The mechanism defines the resulting numerical system of ordinary
differential equations (ODEs) with the species’ concentrations as unknowns that must
be solved (numerically integrated) to find the evolution of the species’ concentrations in
time from their given initial values. In this work we use MECCA (Module Efficiently Cal-
culating the Chemistry of the Atmosphere, Sander et al., 2005) as the regular kinetic
system and extend it by a flexible tagging procedure. MECCA is an atmospheric chem-
istry sub-model based on a kinetic pre-processor (KPP, Sandu and Sander, 2006). KPP
provides a set of robust and efficient chemistry kinetic system solvers allowing the sim-
ulation of chemical mechanisms of various complexities. MECCA is currently interfaced
via the MESSy interface (Modular Earth Submodel System (Jockel et al., 2005), to the
photochemical 0-D (box) model CAABA/MECCA (Sander et al., 2010) and to the 3-
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D atmospheric chemistry AC-GCM EMAC (ECHAM5/MESSy atmospheric chemistry,
Jockel et al., 2006). The tagging technique for MECCA presented here is implemented
as the sub-sub-model MECCA-TAG according to the MESSy standard (Jockel et al.,
2005).

Due to the nature of its application, tagging is not intended to provide additional infor-
mation on the significance of the various chemical pathways in the mechanism (as, for
example, in Lehmann, 2004), which forms a different diagnostic method. Nevertheless,
all chemical pathways (i.e. reactions) in the studied mechanism are accounted for to
trace the net species’ exchange. Although the number of different “tags” as such is not
limited, we limit our approach to molecules that have not more than one single “tag”
attached. All species’ molecules are partitioned this way to disjoint subsets we term
tagging classes. Molecules with the same “tag” belong to the same and only class.
This allows us to define the (tagging) modelling problem as such that it still deals with
quantitative (statistical) characteristics, namely the number of molecules of a certain
class, rather than considering the tagging of each individual molecule. By definition,
the total abundance of a species is represented by the sum of its molecules of all
classes. Consequently, the resulting quantitative information one obtains is the share
of each class in the entire budget of every species.

2.2 The modelling problem

The tagging technique is designed to meet two criteria that define its applicability in
complex and costly simulations. First, it should add minimum possible computational
overhead to the entire simulated system. Second, it should be diagnostic (i.e. decou-
pled) in such a way that the regular system remains unaltered and produces (numeri-
cally) identical results while being tagged. However, as we will point out, the simulta-
neous realisation of these two objectives forms a challenge. For a subset of tagged
species one needs to formulate an approach that parameterises the chemical interac-
tion of the molecules of each class in addition to the regular mechanism. The natural
approach to this is to form a new kinetic system whose mechanism replicates only
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the set of necessary reactions, and includes sets of species representing each class
of tagged species. To give an example, consider a subset of N species tagged into
M classes. To create the kinetic tagging system, we pick out all tagged reactions in
which these N tagged species act. Then we replicate these reactions M times in a new
mechanism for every set of species of each class. If the number of tagged reactions
equals R, the resulting mechanism should include in total N times M species and R
times M reactions. Furthermore, by imposing the initial conditions from the regular sys-
tem and additionally the species’ classes distributions, we integrate the tagged system
simultaneously with the regular one.

Unfortunately, in most cases it is not sufficient to replicate only the tagged reactions
and species. To illuminate this, let us regard two reactions of different order. A uni-
molecular reaction

A =%, products

describes the decomposition of a species A. The reaction rate k4 in [molecules cm™3

s"1] is expressed as
d[A
O k=t ()

and depends only on the concentration [A] and the first-order rate coefficient ¢, [3_1].
A bimolecular reaction

A+B -2 products

describes the interaction of species A and B with the rate k, which depends on the
concentration of both reactants and the second-order rate coefficient &5, in units of
[molec‘1 cm®s™! I:

d[B] d[A] _ s ”
= gp = ke=-&[AIB] (x+)
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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 of the respective “class” of species A. However, a problem arises with
the bimolecular reaction when species B is not tagged and hence its concentration is
unknown, if only tagged species are replicated. We have to somehow add species B
and all reactions it participates in to the new system. This will inevitably cause the same
problem with non-tagged species paired in reactions with B, and so on. Finally, one
may end up copying a large part of the regular mechanism plus enlarging the tagged
part with M times more species and reactions between them.

Another perplexing case arises when both, A and B are tagged. How should one pa-
rameterise the way the educts of different classes react and contribute to the common
products? Again, a natural way is to consider all possible combinations of possible
reactants, class by class. This would require to add another 2M reactions for each
bimolecular reaction of two different species and some M*(M+1)/2 reactions for any
self-reacting species. Finally, albeit that the resulting tagging system is diagnostic and
decoupled from the regular one, its kinetic mechanism grows to a great extent. For
comprehensive mechanisms (which include many reactions and species to tag) the
tagged system will become unwieldy, too large, and hence computationally impractica-
ble to be simulated in 3-dimensional models.

Here, we propose and describe an approximate solution to the problem which per-
mits omitting species that are not tagged. The basic idea of the approach is to utilize
the reaction rates k that are customarily calculated in course of the integration of the
regular system. Indeed, in the above example, processing of the species A does not
require the information about the concentration [B], if the rate k, is already known.
However, at this stage the specific kinetic system formulation intervenes. The decou-
pled regular system is inaccessible while it is being integrated; one cannot retrieve the
momentary value of k, but only its integral over a certain period of time. Nonetheless,
as we will discuss, the latter can actually still be used under a number of assump-
tions. In addition, we will reconsider the species’ composition exchange in higher order
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reactions on the basis of pair exchange for the purpose of dealing clearly with the men-
tioned transfer ambiguities. This also allows effective optimisations to the final tagging
kinetic system. Before proceeding, we note that appendix A gives a summary of the
notations used.

2.3 Definitions and assumptions

Let us denote a subset of tagged species picked from the regular mechanism as

where Ng and Ny are the total number of tagged species and reactions, respectively.
Any reaction of R can be unimolecular (thermal decomposition, photolysis or radioac-
tive decay) or multi-molecular (bimolecular or termolecular reactions). For the purpose
of tagging, it is important to discriminate how many tagged species are present among
the educts (the reacting species). For a reaction with a single tagged educt, the com-
position transfer can be formulated as:

Kr
C,— z SpCp (1)
Per;

The notation of Eq. (1) resembles the common chemical reaction notation, but we
mention only the tagged educts and products and apply the reaction rate k, instead of
the rate coefficient. So far, we will suppose k, to be a defined momentary value in units
of [molecules cm3s7! ]. In essence, Eq. (1) signifies that in course of the reaction R, all
its products P, are being created from the educt species C,, at rate k,. The coefficients

S,p designate the products’ respective stoichiometric coefficients.
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Now let us consider a reaction of two tagged educts:
kr
Co+Cr—5 D 5,C,p ()
peP,

Here, the molecules of C, and C,, are transferred with the same rate &, and become
distributed among the products. In fact, Eq. (2) can be rewritten as the composition of
two single-educt reactions:

Cei> Z 'ﬁ_'p's C

P rpCp
r 3)
k, n—p (
Cn > Z nr 'Srpcp
peP;
where each pair of branching ratios 7, " and n. " regulates the transfer of the

molecules to the particular product C,, from C,, and C,, respectively. To maintain the
balance in Eq. (3) with respect to Eq. (2), the sum of ratios must be equal to unity for
each product p:

n—p e—p _ 1

n —+n,

The ratios n are the additional information required for the tagging. For example, one

can dispense the explicit creation of a certain product C, from C), by setting rzf_’p:1

and rz,e_’p=0, accordingly. When the exact transmission of the molecules from the
educts to the products is not known, the following setting is proposed:

e—p qe n—p Qn
—_- _—, | — 4
g Go+q, " Qe+, )

where g, and g, are the specific weights of the educts used to determine the stoi-
chiometric coefficients in Eq. (2). Thus the branching ratios in Eq. (4) will define a
proportional (e.g. to molecular mass or to atomic content) share of both educts in the
products composition.
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Equation (3) also shows that if C, and C,, were species of different classes, each
of them would create the products of their own class. As a result: if any higher order
reaction of R having multiple tagged educts can be “decomposed” into a set of single
educt reactions, we can consider the class to class exchange between particular educt
species instead of dealing with combinations of the educts of different classes. This is
important for the subsequent approximations that are introduced.

The use of formulation (3) and reaction rates k enables us to reduce the total number
of reactions we need to introduce in the kinetic mechanism of the tagged system. The
subset R may contain more than one reaction in which a particular pair of species un-
dergoes exchange. Instead of replicating all of them, we can create one pair reaction:

Col 5 Ch kP = S T 500k, (5)

rp’
reRe—P

in which R” is the subset of reactions where species C,, produces C, and k°~” is the

pair reaction rate. For the comprehensive mechanisms, this step may lighten the nu-
merical complexity of the tagged system by transforming the set of tagged reactions to
the equivalent set of maximum 2-Ng pair reactions (thus reducing the system of ODEs
to solve). Practically, the pair reaction rate is always proportional to the concentration
of the educt C,. Subsequently, if Eq. (5) were replicated in the tagging system, then
the reaction rate of each class’ replica is proportional to the share of this class. This
result, together with the “class to class” concept from Eq. (3), founds the formulation of
the tagged system kinetic mechanism that we propose below.

We assume that a subset C of species is tagged into M classes. Thus, in the tagged
kinetic system mechanism we introduce sets of species termed as tagging classes "'C:

mC={an})n=1 ----- Ng,m=1,..., M
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such that every regular species C,, is represented class-by-class in the tagged system
as:

Mo (6)

where lowercase ¢, and "¢, denote the concentration of the species C, and "'C,,
respectively. Note that these species belong to the different (i.e. regular and tagged)
simulated mechanisms. Further, for every class m and a pair of exchanging species,
we define the pair reaction in the tagging mechanism:

mye—p

— "C, (7)

mCe
The rates " k°~P must satisfy the following condition to account properly for the total
transfer:

M

z mje—p _ je—p

m=1
This ensures that the amounts of reacted molecules in the regular and tagged systems
are equal. Recalling from Eq. (*) that the reaction rate is proportional to the concentra-
tion of the educt, for Egs. (5) and (7) we can relate the rates k°~” and "k°~* as

dce _ e—p _ e—p
dn;e =-k _Ce'§ ,
d'ce _ mpe—-p_m e—p
gt == Kk T=Tce T

(8)

e—p e—p

where ¢ plays the role of a first-order reaction rate coefficient. In fact, ¢ is a “su-

perposed” 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 species C, and any tagging class species "'C,, the coef-

ficient ¢ is identical for them. Rearranging Eq. (8) with respect to ¢°~” and retaining
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from Eq. (6) that the concentrations of classes "'C,, are additive to the concentration of
C,, we compute the final m'" class rate "k°~" as:

e
mke—>p = ke—»p_ e

M
2 /e
/=1

which means that we set the reaction rate of a class proportional to its share in the
entire budget of the reacting species.

Altogether Egs. (3), (6), (7) and (9) define the tagging system kinetic mechanism that
uses reaction rate values k, provided by the regular system and additional exchange
information in the form of branching coefficients n,.

So far, we considered the reaction rates k, as the instantaneous values obtained
from the regular system. However, as we mentioned, when tagging is applied to
MECCA (the kinetic chemistry modelling system we employ), these momentary rates
are not accessible due to the specifics of the KPP. Solving the regular kinetic chemistry
mechanism, KPP can provide only the integral of the particular reaction rate over a
given period, namely the integration step. During the integration, KPP advances the
solution of the regular system by an internally adjusting time stepping procedure; the
appropriate length of the external integration step may vary from seconds to hours,
depending on the system simulated. Therefore, the final pair rates (Eq. 5) have to
be derived a posteriori from the integral values. In a first approximation, k, can be
assumed to be constant throughout the accomplished integration time step:

9)

] to+7
A=1] kat,
A . (10)
KoP = Z r p'sr
reRe—pP

p'Ar

Here A, denotes the approximated reaction rate derived from the integral of the regular
reaction rate k, over the time step of length 7. Such primitive approximation ensues
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from the fact that the exact evolution of the reaction rates in the regular system dur-
ing its internal integration procedure is not known. To obtain a better approximation or
estimate, one needs to account for the specifics of the regular mechanism and kinetic
solver, which is beyond of the scope of this work. We will rely on the fact that reaction
rates constancy neither violates mass transfer/conservation in the system, nor affects
the ratios of totals per class (i.e. total mass of the molecules of all species of a certain
class related to the total mass of molecules in the tagged system). Notwithstanding,
the use of Eq. (10) may introduce artificial species’ composition (namely class to class
ratios) exchanges. These may happen in the case of concurrent significant changes of
reaction rates and the reacting species composition during the internal integration. In-
deed, the constant reaction rates approximation holds well for cases in which either the
species composition or the rates of reactions they are removed by, are approximately
constant. To clarify the reasoning underlying this statement, we consider the following
example sketched in Fig. 1.

A set of species is tagged into 2 classes with “blue” and “red” tags. Initially, species
B and R possess exclusively “blue” and “red” molecules respectively, whilst species P
and E are empty. Now assume that during the integration step the chemical regime
changes radically in the middle of it. It happens that B reacts to P during the first half
of the integration step, filling it up it with “blue” molecules. Then B stops, but R starts
to move to P, colouring it to a certain “purple” mixture of “red” and “blue” molecules.
Concomitantly, in the first half of the integration step, P spills into E. What will be the
resulting colour of E by the time the integration is finished? It is completely blue. Now
let us suppose, that reaction rates do not change, they are assumed to be constant.
During the integration, B and R simultaneously react to P colouring it straight with
purple. What would be the resulting colour of E? In this case it is purple. Because P
changes its colour, the constancy of the rate between P and E makes the difference.
Consequently, the constant rate approximation is correct for the transfer of either equal
portions of a variable composition or equal composition at variable rates.
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The magnitude of deviation of the approximated system is proportional to the length
of the regular system integration step 7. In the ideal case, differences disappear as the
integration step becomes so small that the rates in the regular system become virtually
constant. However, for the range of applied KPP integration steps (from seconds within
the box-model to tens of minutes within the AC-GCM), the corresponding rate changes
appear to be still admissible to achieve a necessary satisfactory precision. We derive
the actual precision by comparing the tagged system to the reference “doubled” system
described below. The crucial point is the adequate choice of the regular system’s
integration step that should be short enough to adequately circumvent the mentioned
difficulties for each particular mechanism dealt with.

2.4 Integration of the tagged system

The following sketches the numerical implementation of the tagged system originat-
ing from the assumptions formulated above. The systems are integrated in sequence,
i.e. the tagged system is being integrated over the same time step in immediate suc-
cession to the regular system’s integration. During each integration step, the regular
kinetic solver advances the species’ concentrations in the regular system to the new
values and provides the integrals of the reaction rates k, which are used to derive the
approximated rates A,. Further, by using A,, the concentrations of the class species
M are advanced within the tagged system according to:

Jpe= 2 N PS,AL 64D
reRe—n

Joo=— 2 A+ 2 n;e “SrpAr

m reRe— reRe—e

dd——JX’"f (11)

if c, A0
man % /=z1
O_ else
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We use bold-faced symbols for matrices and vectors. Here "¢ is the class concentra-
tion vector, '”f,7 is the class fraction (share) in the total budget of C,,. The indices e, p
refer to the educt and product species, r is the reaction index, and m is the class index.
For the sake of notation convenience, we use the vector product of the “rate matrix”
J of the size Ng by Ng elements by a vector of species’ m'" class fractions "'f. Each
diagonal element J, , contains the net reaction rate for a certain species C,, whereas
each off-diagonal element J,, , contains the pair reaction rate (Eqg. 5) for species C, to
Cp- The matrix J resembles the Jacobian matrix with respect to its structure, since the
position and value of each element determines the direction and rate of the molecules’
transfer between the species, or its removal.

The resulting ODE system defined by Eq. (11) requires considerably less computa-
tional operations for its integration compared to a straightforwardly replicated mecha-
nism. The rate matrix J within the current formulation consists of elements that remain
constant while the solution is being advanced; hence, during the integration iteration
the amount of transferred molecules of each class m is determined only by its fraction
"f,. The rate matrix is evaluated only once before the integration starts and used to
advance every set of class species. This is particularly useful for tagging into a large
number of classes. To compare, the straightforward replication of the regular mecha-
nism (see Sect. 2.2) would require the calculation of at least Ng-Ng-M reaction rates
to advance all classes of tagged species, whereas in the formulation (11) this number
reduces to Ns-Ng, and usually Ng < Ng. In consequence, the greater the complexity
of the simulated mechanism, the greater the expected gain in speed.

Despite its simplicity, approach (11) as a rule inherits numerical complications from
the regular system, particularly its stiffness. The implementation of the integration
scheme for Eq. (11) in the MECCA-TAG includes a selection of different solvers (in-
cluding the opportunity to plug-in a user-defined integrator) incorporating specifically
those schemes that can cope with stiff systems. The latter are based on several ap-
proaches (Bloch, 1991; Eriksson et al., 2003; Press et al., 1992) adapted for the needs
of tagging, but will not be detailed here.
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To recapitulate, our method comprises an optimised kinetic chemistry mechanism
tagging technique that is: 1) diagnostic and decoupled from the regular system, 2)
simplifies calculations using the reaction rates calculated by the regular system solver,
and 3) uses a computationally lighter integration method (constant coefficients ODE
system). This method can be applied to a comprehensive chemical mechanism for
various tagging purposes.

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 its isotopic
ratio, which is not always equal to the molecular ratio of the molecules representing it.
Simulating isotopic chemistry prerequisites that the isotopic ratios are correctly altered
by the different kinetic processes and transfer between species.

Concerning tagging for modelling isotope ratios one has, apart from the standard
chemical interaction, to account for isotope effects (kinetic and equilibrium isotope
fractionation). Moreover, it is often the case that for ensuring the correct isotopic sig-
nature to be passed on from educts to products in the regular chemical reactions, the
transfer of the rare and abundant isotopes has to be parameterised explicitely. To our
knowledge, in many approaches, essential peculiarities are inadequately treated in
the isotope-modelling literature. Below we discuss some shortcomings along with our
approach towards the isotope-enabled chemistry mechanism modelling and its realisa-
tion in MECCA-TAG. For the concepts and formulation related to isotopes and isotopic
effects, we refer to appendix B and reviews referenced therein.
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3.1 Isotope tagging assumptions

We next elucidate the case of isotopic tagging of the chemistry mechanism that in-
volves the separation of all species of interest (those containing the isotope element of
the atomic number Z) into a number of classes equal to the number of possible isotopo-
logues considered. Although a more detailed, complete parameterisation is possible
(e.g. consideration of isotopomers and multiple substituted isotopologues), the tagging
presented here is restricted to the existence of only one isotopologue of a certain iso-
topic substitution of the element Z; the extension to a larger number of isotopologues
(plus isotopomers) can be achieved analogously. Rejection of isotopologues with more
than one minor isotope substitution, as well as isotopomeric differences is a simplifica-
tion applied partly based on the following arguments:

— The abundance of the rare isotopes for the abundant elements (H, C, N, O) is
sufficiently low to neglect the presence of doubly (or more) substituted molecules.

— Given low abundances, the differences introduced by isotope effects have no sig-
nificant effect on the chemical system as a whole. In contrast, for chlorine, 3¢
and *°C (~24 and ~76% respectively), we would have a case where isotope
effects affect bulk chemistry.

— Non-stochastic internal isotopic distribution is neglected (thus excluding special
cases such as ozone where the central O atom has a different abundance of '’O
and of 180 compared to the terminal position of oxygen atoms) since it has a minor
effect on the species isotopic composition in terms of kinetic exchange. Never-
theless, the separation of certain important species into different isotopomers (for
instance, symmetric and asymmetric O3) can 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.
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Resulting from these assumptions, we set the number of tagging classes M to be equal
to the number of considered isotopic substitutions of the element Z, or the number
of considered isotopologues. The molecules of different classes contain either only
abundant isotopes (giving the major isotopologue) or containing a singly substituted
rare isotope (giving the minor isotopologues):

C={C,|ZinC,}
C, = {majcnlminjcf7 ..... min,M—1cn}

. M-1_. .
Cn — ma]cn + Z mln,/cn
i=1

where C is a subset of species containing element Z. The superscripts of C and ¢
indicate the major or any minor isotopologues. Incidentally, any minor isotopologue
possessing more than one atom of the selected element Z is a molecule containing
always one rare isotope of Z, with the remainder of the isotopes being the abundant
ones. Thus, for species of the same isotopic composition (i.e. isotopic ratio ZR) the
molecular fractions of the minor isotopologues are proportional to the number of the
atoms of Z these species contain. For example, for CO and CzHg of the same 1Ch
value, the fraction of molecules containing rare 13¢C differs by a factor of five.

3.2 Isotopic composition transfer

In the kinetic system, the transfer of the composition between species in course of
the reaction must occur without violation of the mass conservation. Normally, reaction
stoichiometry for Eq. (1) satisfies the following condition:

e = z SrpAp: (12)
per;

where g, and g, are the specific weights (masses) of the molecules used to define
the stoichiometric coefficients s, ,. For the correct mass transfer of the isotope element
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Z, Eq. (12) must hold, if the weights g are substituted by the number of atoms of Z
in the respective species. Moreover, for the correct transfer of isotopic composition,
the respective quantity of the rare and abundant atoms must be preserved as well, in
order to preserve the isotopic ratio of the transferred portion of atoms. Recalling the
definition of the major and minor abundant isotopologues, we state the correct system
representing Eq. (1) for each isotopologue as:

maj r maj
Co— > Sp Cp

min, i k,pepr dpmin,i ap \ maj (13)
Cotr 3 sip[2™Cpt (1-32) ™0,

Here, superscripts of C indicate major and " minor isotopologues, respectively; 7 is
the minor isotopologue index. Similarly to Egs. (2) and (3), any high-order reaction can
be represented as a composition of multiple reactions of the kind of Eq. (13). So far,
we have not yet accounted for any (kinetic) isotope effect in Eq. (13).

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 isotopologues from the abundant isotopes of the educt, eliminating discrepan-
cies caused by neglecting of the doubly (or more) substituted isotopologues. Indeed,
in case g, is smaller than g, the term (1-q,/q,) is positive and accounts for the major
isotopologue of C, constructed from excessive abundant atoms left after the decompo-
sition of C, and redistribution of its atoms to the minor isotopologues. When g, equals
g, the term cancels, thus describing the straight transfer of the composition. In the
case of g, being larger than g, the mentioned term has a negative sign, physically de-
scribing the amount of molecules that has to be taken from the major isotopologue pool
to complete at least one valid minor isotopologue of the C,, species. The “probability”
4,/q. in all cases is greater than zero, meaning that the minor isotopologue is created
unconditionally.
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The system (13) preserves both the mass and the isotopic ratio in course of the
reaction: the number of transferred rare isotopes is conserved, whereas the deficiency
or excess of the abundant atoms is eliminated at the expense of the major isotopologue
pool. Virtually, we perform the repartitioning of the transferred reacted atoms to the
valid isotopologues; such scheme satisfies the requirements introduced in Sect. 3.1.
It is essential (for any isotope kinetic chemistry modelling system) to verify that such
repartitioning of the composition is parameterised correctly, otherwise the system either
starts to violate mass conservation or introduces inadmissible conversion of the rare
isotope atoms into abundant or vice versa. Obviously, formalism (13) relies on the
assumption that the probability of each reactant atom to constitute every product is
equal; diverging cases should be considered individually (e.g. by applying a concept
analogous to that introduced for Egs. 2 and 3).

3.3 Kinetic isotope effect

Due to changes in physical properties caused by isotopic substitution, the reaction
rates of the minor isotopologues differ (generally only slightly) from those of the major
isotopologues. These kinetic isotope effects (KIEs) in irreversible reactions can be
attributed to various causes, like differences in zero point energy etc., and are often
quantitatively given as fractionation factors a (see Appendix B). Note that the definition
we use deviates from the IUPAC-recommendation as it is intuitively preferable and uses
the rate of the rare isotopologue over that of the abundant one. Accounting for KIEs,
Eq. (13) is modified for the minor isotopologue:

. P

o e r . q - q ;

G Y g s [ 22, 4 (1-22) mac (14)
p=1 qe qe

where the e’/ar designate the fractionation factors for the it minor isotopologue of

C,, respectively. Each minor isotopologue in Eqg. (14) may create both, minor and

major isotopologues which belong to the different tagging classes. Such would require
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essential changes to the parameterisation (Eq. 11) since previously disjoint classes
start to exchange their composition. Moreover, the KIE alters the reaction rates such
that they are no longer strictly proportional to the respective class’ share, as we derived
in Egs. (8) and (9). To resolve these complications, we further reformulate Eq. (11) in
terms of exclusive atomic tagging (i.e. the consideration of atomic fractions of the rare
and abundant isotope atom in the species composition), which makes calculations
easier. Nonetheless, the rate of the reaction of each isotopologue is determined by its
molecular fraction.

3.4 Isotope exchange reactions

A minor isotopologue of one species can exchange its rare isotope with the abun-
dant isotope of another species major isotopologue (e.g. H;80+16OH = H;6O+180H).
When this exchange reaction is sufficiently fast, isotopic equilibrium is obtained. In
terms of isotopic tagging, the onward (i.e. left to right in the example reaction above)
isotope exchange is the conversion of the minor (HZBO) to major (H;60) isotopologues
of one reagent and vice versa (i.e. major ®OH to minor 18OH) for another at a given
rate. Noteworthy, the backward (conformabily, right to left) isotope exchange may have
a different rate (compared to the onward reaction), owing to the KIEs. Therefore, the
general description of an isotope exchange reaction is:

{majca+majcb r majca+majcb

H H H H a—b a,[ . H H
mln,lca + majcbma] ﬁ’r a, kr N Ca + mln,lcb
N lb—)a .b,i
"

— (15)

a—b _ qp n
/]'f - Qatqp
The first equation in (15) introduces the reference reaction rate k, to which the pair of
isotope exchange reaction rates is related to; a, b are the indices of exchanging species
and #'a,, b”a, denote the kinetic fractionation factors for the /" minor substitution of
C, and C, in the pair. The ratios A incorporated in the reaction rates are analogous
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to those introduced in Egs. (3) and (4), but describe the probability of one species’
minor isotopologue to transfer its rare atom thus creating the minor isotopologue of the
partner. The particular derivation of Af"b shown above relies on the assumption that
the isotopomeric differences do not play a role in the exchange; every rare isotope of
C, has equal probability to be exchanged with each abundant isotope of C,. In some
studies (for example, by Johnston et al., 2000) the onward reaction rate is explicitly
reported; then for the backward reaction, A and a are expressed relatively to the onward
reaction rate with 1,=A°72/22" and a, ="'a,-*'a,, respectively, while for the onward
reaction they both equal to unity.

The rates of each reaction in Eq. (15) are determined by the abundance of the dif-
ferent (major and minor) isotopologues of both species and thus cannot be correctly
approximated in the tagged system as being linearly proportional to the reference reac-
tion rate k,. The use of Eq. (9) would slightly (since "¢, »>™"" ¢,) change the reaction
rates, thus introducing an additional kinetic effect when product A-a differs for onward
and backward directions. In fact, the linearisation (Eq. 9) can be used in case the
mentioned artificial KIE is insignificant compared to the effect of species composition
exchange in the ordinary reactions. Nevertheless, further we apply proper adjustments
to the tagging scheme to treat isotopic exchange in a non-linear way.

3.5 Conservative characteristics of an isotopic system

To assess whether the parameterisation of the described effects in the chemistry iso-
tope modelling system is adequate, we consider some of its invariable characteristics.
The following features must be observed in a closed system (i.e. when the mecha-
nism is isolated so that no removal or introduction of the molecules from outside of it is
allowed, and reactions have no misbalanced stoichiometry):

1. the total atomic mass and also the ratio of the rare to abundant isotope(s) masses
is preserved;

2. the previous characteristic is insensitive to the presence of KIEs and isotope ex-
227
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change reactions, changes of macro parameters (e.g. pressure or temperature),
and changes of the species abundances;

3. if there are no kinetic isotope effects introduced in the system, and all compart-
ments have the same initial isotopic composition, then for every species no iso-
tope ratio change is expected despite alterations in its abundance.

If these characteristics are not reproduced, the system obviously introduces improper
conversion of the rare isotope atoms into abundant ones or vice versa. The third con-
dition points directly to incorrect isotopic transfer in the regular reactions. Note that
usually the isotope ratio in the system is a very sensitive characteristic. For example,
our reference simulations with isotope-enabled MECCA mechanisms show that for a
typical ratio of the stable carbon isotopes corresponding to 0%. (with respect to the car-
bon V-PDB standard ratio), a deviation of the 5"3C value of the total carbon in the sys-
tem (characteristic 1) larger than merely 10710 permil (equivalent to the concentrations
calculation precision of absolute and relative tolerance values of 10 molecules/cm® and
1073, correspondingly) is a sign of potential error.

3.6 Some examples

We provide some examples to clarify the above. Let us consider an oxygen isotopic
tagging case (using %0 and 18O) in a reaction of a peroxy molecule (HO, radical) to
give two single oxygen-bearing molecules (OH radicals):

k +
HO, +H 25" 20H
Under the above assumptions the transfer of the oxygen composition from the HO, to
OH reservoir is:

Ksiog-+
H'®0,+H =%"2'°0H
18

180, +H ez 180y 1601
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Here, ’02 indicates the single oxygen atom substitution in the isotopologue (as ‘0’0,
i refers to different oxygen isotopes of masses 16 and 18), so each minor HO, isotopo-
logue creates both, major and minor OH. Similarly, consider a more complex case of
the quenching and interaction of O(1 D) with O,:

k
0,+0('D) 2% 0(P) +0,
Recalling that we consider the probability of each reactant atom to constitute every
product to be equal, the transfer of the oxygen isotopes from each educt using Eq. (13)
and the decomposition Eq. (3) is described as:

16 02+01D 216 216
0218 O( P)+ 3 O,

0o
v
18 002+0(1D)118 3 116~/3 218
0, — 3 OCP)+3 "O(CP)+5 70,

1%0('D) Ko,+0(10) 1150(p) + 110,
180(1 )ak 1

180(1D) @0p+0(') 1180( P)+ 21802 11602
At first glance, the stoichiometric coefficients in Eq. (16) look odd; nevertheless, they
are a result of the combination of the branching ratios n and the mass/isotopic ratio
balance condition (Eq. 13). One can ascertain that the number of rare and abundant
isotope atoms on the left and right side are equal. The negative sign of the term in the
last equation means that we take two 0 isotopes from the major isotopologue pool in
form of one 16O2 molecule in order to build every two 1802 isotopologues.

A third and last example is the exchange reaction between OH and NO,:

OH+NO, o102 OH +NO,
18 16 o 16 18 (17)
OH+N "0, Y3 ooy OH+N "0,
13N Bk,
The probability of 2/3 in the onward exchange reaction rate of Eq. (17) is twice that of
the backward one, because in both cases when '®OH shares its rare atom with N1602 it
229
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creates an N1802 isotopologue. On the contrary, when N1802 swaps one of its oxygen
atoms with 16OH, we assume that only in half of the cases the 80 atom becomes
exchanged.

4 MECCA-TAG isotopic modelling specifics

The following section is devoted to extending the molecular tagging technique we in-
troduce to account for the isotope chemistry specifics outlined above. We describe
also some additional processing of the species budgets required for diagnostic tag-
ging when it is applied to modelling systems like MECCA. Unless stated otherwise, the
notation follows the one used in the preceding sections.

4.1 Alterations to the tagged system formulation due to isotopic effects

The changes to the tagged system deal with the additional processing of the classes
representing minor isotopologues and their interaction with the major isotopologues
class. To formulate the isotopically tagged system, we recur the considerations de-
scribed in Sects. (2.3) and (2.4) and the specifics of the isotopic transfer from Eq. (13).
For the major isotopologue containing only abundant isotope atoms, the integration
proceeds in the same way as in Eq. (11), using its molecular fraction "¥f,:

o= D N s,A e

reRe—n
e—»e
Joo== 2 At 2 I
reRe— reRe—e

dma'c —Jx maj f

maj
malp o™, (18)
n M—qmin.i
majon+ Z Cn
i=1
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The rate matrix terms include the branching ratios (Eq. 4) derived with respect to the
atomic content of the selected isotope and composition transfer. Using the already cal-
culated “major” rate matrix J, we form the “minor” matrices whose elements include the
correction terms that account for the kinetic isotope effects for the minor isotopologues:
mf””_Jp,e =Jpe. Cp.Co # Cye. else
mln,/Jp,e — Jp,e_

- Z ’qup'srpAr'(‘l_e'/ar)le#p (19)
reRge” .
mm’lJe,e=Je,e+ Z Ar'(‘l_e'lar)

reR-

KIE

The Cxe and Ry refer to the subsets of species and reactions experiencing kinetic
isotope fractionation, respectively. The correction terms for the production and loss
elements are of opposite signs to properly account for the absolute value of the current
reaction rate contributing to the corresponding production and loss “one-way” rates.
The correction terms for each reaction are calculated just once before the integration.

The elements of the rate matrices are referring to the molecular exchange rates, i.e.
the number of molecules of the particular class transferred per unit of time. Recalling
the isotopic composition transfer rules (Sect. 3.2) we need to consider the transfer of
the rare and abundant isotopes from the minor isotopologues separately. For that,
we introduce rare and abundant atom fractions y of the minor isotopologue that are
proportional to its molecular fraction and atomic content:

min,/

min,/'f — c,

n= M1 ,

majcn+ z min,icn
j=1

rare,i _ 1 mi/n,/'f (20)

Xn = q, n:
abu,j ., _ (g,=1) min,/

Yn==g="Tn.

where q,, is the number of atoms of the selected isotope in the moleculeC,,. Owing to
the fact that in terms of our definitions (Sect. 3.1) one transferred rare isotope implies
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that one minor isotopologue has ended up in the product, a substitution of the molec-
ular fraction of the minor isotopologues with the atomic one properly accounts for the
transfer of minor isotopologue molecules:
dm(;nt,ic — min,iJ < rare,iX
d™e _ | maj
=Jx f+ (21)

dat
M-1

+ [min,/‘J 9 abu,/l_ min,/c.(q _ 1)]

i=1

The bracketed term in Eq. (21) accounts for the redistribution of the abundant atoms
in the products in order to create valid isotopologues: the positive part equals the
total amount of abundant isotopes reacted via minor isotopologues, while the negative
denotes the fraction that is taken to complete the minor isotopologue molecules. If
the set of tagged species consists only of those having one isotope the mentioned
term cancels out and Eq. (21) becomes identical to the one for the molecular system
(Eq. 11).

Finally, we need to account for the isotopic exchange as it is the pertinent process
inducing interchange between major and minor classes. From Eq. (15) one derives the
net rate of the major-to-minor isotopologues conversion of the exchanging species:

aeb
re€ Ry

i/ra<—>b _ %Ar (a—»blli,aﬂr _min,/famajfb _ b—»a/li,bﬁr ‘min,/fbmajfa> (22)
//f<—>b — _/'lfﬁ—»a

For the pair of reagents C,, C, exchanging in the subset of reactions R gy, the con-
version rate / has the same magnitude; indeed, the net effect of the isotope exchange
reaction is equal to the effect of the process when one reagent swaps its rare atoms
with abundant ones of the partner until species are in isotopic disequilibrium (i.e. /
is non-zero). Summing the contribution of all isotope exchange reactions in which a
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certain species participates, we form isotope exchange component vectors 'y:

Vo== D2 I/ (23)

n
reRIEX

where R{{EX is the subset of isotope exchange reactions of the species C,,, p is the
index of a particular reaction r exchange partner. Every element of ’y,, equals the net
rate of onward (or backward, when negative) “conversion” of the major isotopologue
M into the minor ™™'C,, due to all isotope exchange reactions in which species C,,
takes part. Further, iy is added to Eq. (21):

min.j o . .
d s c _mind gy rare,/l,_i_ IY

maj i
ddtc =J x4

M1 min, i abu,i min, i i
+3 [ x 2 - (g - 1) -y ]
1=

(24)

The resulting system (24) is integrated in the same way as (11) inheriting its opti-
misation features. Some extra work is required to process the minor isotopologues’
abundant isotopes’ transfer term and the isotope exchange (i.e. calculation of the vec-
tors 'y in every iteration) although the latter is much less expensive compared to the
processing of the ordinary kinetic exchange.

4.2 Budget corrections

In case there are kinetic or equilibrium isotope effects introduced in the mechanism,
different reaction rates for certain isotopologues will result in a slight but systematic
deviation of the tagged species budgets in the tagged system compared to those in the
regular mechanism. To avoid integration over this propagating divergence the correc-
tion of the species budgets is necessary; it is performed by scaling the class species
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budgets to the total budget of the regular mechanism, while the newly obtained isotopic
composition remains unaffected:

min.j J(fo+7) _minic  (fo+7) (25)
n - n n

The correction is performed after the integration of both, regular and tagged, systems

is finished. One could reformulate the KIE fractionation factors to achieve the same

products’ composition as from Eq. (25) without the correction. This may be done by

assigning the following fractionation factors to each (including the major) isotopologue

reaction rate:

e.maj maj M ini, e -
Tar= fe"'z ’fe',ar ,

i=1
e,min,j a,r_majar

(26)
a, = e,
Here, the notation follows that of Eq. (14) and ®™a, and ®™" @, denote new fractiona-
tion factors for the major and minor isotopologue(s) reactions. The amount of produced
molecules equals to those in the regular mechanism, whilst the effect on the reagents’
ratios change is of the same KIE magnitude of ®'a,. Unfortunately, a reformulation
like Eq. (26) involves recalculation of the corresponding pair rates (elements of J) for
every isotopologue class in every iteration of the integration of Eq. (24), which may in-
crease computational effort considerably. Since for typical integration step lengths (see
Sect. 2.3) the discrepancies to be eliminated by Eq. (26) do not significantly change
the chemistry, we choose the a posteriori option (Eqg. 25) which is obviously faster and
does not interfere with the main function of the isotopic tagging, namely to transfer and
preserve the isotopic ratios.

4.3 Accounting for a specific composition source

It is common practice in kinetic chemistry modelling, that complex reactions involving
several intermediate steps are approximated (or “lumped”) using one net reaction of
234
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a certain rate by omitting (usually short-lived) intermediates. Nevertheless, the latter
can exchange their composition with other species in course of the reaction chain,
which is of importance for the isotope chemistry and thus needs to be accounted for.
For example, the reaction of methane oxidation may be parameterised in the regular
mechanism as (O, is omitted among the reactants):

CH,+OH % CH,0,+H,0,

which is a superposed sequence of two specific reactions, namely:

CH,+OH % CH, +H,0
CHg+0,+M 2, CH;0,+M

Virtually, ket €quals k4 since the rate-determining step of this sequence is the reaction
of methane with the hydroxyl radical (k; <« k, at typical atmospheric concentrations of
OH and O,). The methyl radical reacts with molecular oxygen, which gives its signa-
ture to the methylperoxy radical, whereas the water molecule incorporates its oxygen
atom from OH. As a result, atmospheric oxygen resets the CH;0, signature, thus de-
termining the composition of all its subsequent products, whilst OH contributes to the
composition of the atmospheric water (Dubey et al., 1997).

To account for such a particular sourcing in the tagged system (Eq. 24), a simple
change of the corresponding production term in the rate matrix J in Eq. (18) is re-
quired. It is noteworthy that the source specification violates the isotopic composition
transfer balance; it is introduced to account for the correct isotopic source signatures in
those comprehensive mechanisms that include reactions of high complexity. At atmo-
spheric conditions in the presence of highly abundant species, like atmospheric water
or molecular oxygen, this approach is a valid approximation. For any precise setup
(e.g. a laboratory experiment reproduction within a box-model) it is adamant that all
intermediates are accounted for.
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5 Model evaluation and examples
5.1 Doubling technique

As an alternative to the diagnostic tagging, we introduce in addition a reference method
(hereafter referred to as “doubling”) implemented in the MECCA-DBL sub-submodel.
The doubling is — as the tagging — a diagnostic, but not a decoupled method. It em-
bodies the expansion of the regular mechanism by additional doubled species for each
tagged regular species together with additional reactions they act in. In the explicit
doubling setup, the original species and reactions are replaced by the doubled ones.
In the implicit setup, additional reactions become virtual. In other words they include
only the doubled species thus leaving the regular mechanism reactions unchanged.
Other, non-tagged, educts in virtual reactions are replicated as reaction products thus
becoming catalysts: only the doubles are produced or consumed. The high-order re-
actions are decomposed using Eq. (3) to a set of single-order reactions. To account
optionally for a particular composition source (see Sect. 4.3) in the doubled system,
a set of additional reactions with the rate proportional to the source species’ class
fraction is introduced. In the case of isotopic doubling, the isotope-specific transfer
and exchange reactions are formulated exactly as in Egs. (13) to (15). Similar to the
tagging case, the 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 the numerical precision), whereas
the implicit doubling introduces no changes to the regular reactions and allows simul-
taneous doubling of several different configurations (i.e. given sets of tagged species,
reactions and number of classes). In addition, the implicit setup enables a comparison
of the results obtained by doubling and tagging methods implemented within the same
simulated chemical mechanism (which is more preferable due to the independence of
the result on the numerical precision of the simulated system). Tables 1a and b present
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examples of implicit and explicit doubling, respectively, of the regular mechanism for the
isotopic tagging described above.

The doubling usually enlarges a comprehensive mechanism extensively. We use
this method (which is computationally very expensive) as the reference, which is used
to assess the adequacy and accuracy of the tagging approach. Nevertheless, for
less resource-demanding applications (e.g. box- or column-model), doubling extends
MECCA to a fully fledged isotope-enabled kinetic chemistry model.

5.2 Simulations performed with isotope tagging setups

To verify whether both, the tagging and the doubling approaches, can correctly re-
produce the isotopic composition, several simulations have been performed with the
CAABA/MECCA box-model for the carbon-12/13 and oxygen-16/17/18 tagging config-
urations. As criterion of proper reproduction by tagging, the absolute differences of the
simulated isotopic ratios of selected species for tagging and doubling were required
to be within A°R =107°. For carbon, this is equivalent to a change of less than 107
permil in 6130, for oxygen it is equivalent to deviations of 5x10™* and 2.5x107° per
mil for 6'%0 and 670, respectively. This limit is a trade-off between the precision and
speed of the tagged system, and is at least orders of magnitude below experimental
precision.

In the next sections, we describe the results of the 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.

5.2.1 Test case with a carbon isotope prototype mechanism

A simple, but representative test was performed on the prototype mechanism derived
from a typical MECCA chemistry mechanism (as applied for instance by Jockel et
al. (2006) on a global scale) by excluding halogen, sulphur and NMHC chemistry. The
resulting mechanism is schematically depicted in Fig. 2 and has the following proper-
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ties:

— The mechanism contains intermediate and non-intermediate species (CH, as a
source and CO, as reservoir) and two artificial source species (C,, Cy).

— The species exchange their isotopic composition via different reactions (the rates
are taken from the original MECCA reactions list), some species are recycled.

— A kinetic isotope effect for the CO+OH reaction is used equivalent to an enrich-
ment of +6.5%o in 61SC(CO) at 1 bar (Réckmann et al., 1998b).

The prototype mechanism was configured for CAABA box-model. A set of six simula-
tions, in which the species’ isotopic composition was traced, was carried out to check
the isotopic composition exchange between the species as follows:

— all species were initialised with the same isotopic composition (setups 1, 2);

— the dominating source of carbon in the system was either methane (3, 4)
or artificially added C, and Cy species (5, 6) with corresponding values of
5"3C(CH,)=-52%. and 6'3C(C,, Cy)=-32%o;

— the CO+OH reaction kinetic isotope effect was disabled (1, 3, 5) or enabled (2, 4,
6);

— the system was closed, except for setups 5 and 6, where methane was absent
and C, and Cy were added,;

— simulations were performed with a parameterised seasonal cycle determining the
photolysis rates and the OH concentration.

The simulated isotopic composition of CO (Fig. 3) in all cases adequately reflects the

dominating source signature as well as the kinetic isotope effect. Interestingly, in setup

6 the system exhibits a noticeable KIE feedback via the OH channel. More OH avail-

ability (summer) results in CO enriched in 13C due to the oxidation reaction KIE, while
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less OH (winter) leads to the takeover of the transfer of lighter composition of C, and
Cy through HCHO (i.e. the KIE “competes” with the precursor signature). A noticeable
magnitude of the isotopic composition variation can be explained by the low CO abun-
dance (and hence the more pronounced oxidation KIE signal) caused by the much
smaller (compared to methane, see setup 4) source of carbon from C, and Cy, whose
contribution to the intermediates (methanol and formaldehyde) results also from oxida-
tion by OH. Excluding the non-closed system setups (5 and 6), the total carbon content
and isotopic ratio of the system were found to be conserved.

5.2.2 The carbon and oxygen isotopic composition of CO

Another simulation was performed with the carbon-12/13 and oxygen-16/17/18 isotope
tagging of the comprehensive mechanism (see Jockel et al., 2006), Appendix B) with
the CAABA/MECCA box-model. This mechanism includes ozone- and non-methane
hydrocarbon (NMHC) related tropospheric chemistry. The main purpose of this study
is the reproduction of the oxygen isotopic composition in view of the different factors
(see Fig. 4) that determine the mass-independent fractionation (MIF) in CO (see also
Rockmann et al.,, 1998a, b, 2002). The simulated mechanism enables us to study
the oxygen isotopic transfer through the various intermediates together with the direct
contributing factors, such as alkene ozonolysis and MIF during the CO oxidation by
OH.

The tagging setup was simulated within a tropospheric box with prescribed
monthly averaged trace gas surface emissions of the corresponding iso-
topic composition (see Table 2). A particular carbon and oxygen transfer
mechanism was specified (referring to Sander et al., 2005; Weston, 2001,
listed in the supplement, see http://www.geosci-model-dev-discuss.net/3/201/2010/
gmdd-3-201-2010-supplement.zip) and oxygen isotope exchange reactions were
added (following Lyons, 2001; Zahn et al., 2006 and references therein). In addition,
the anomalous (MIF) kinetic isotope effect was added for CO+OH corresponding to
depletions of about 9.4%. in 6180(00) and 0.2%o in 617O(CO), which results in an en-
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richment of +4.7%. in A'”O(CO). The anomalous KIE was also introduced for the ozone
formation reaction (O,+0) yielding enrichments of '20(0j) of 90%. and & '20(05) of
78%o, correspondingly, resulting in the value of A17O(O3) of about +30%.. The non-
random distribution of oxygen isotopes within the ozone molecule was not considered.
According to estimations (Brenninkmeijer and Rockmann, 1997; Weston, 2001), the ki-
netic isotope effect leading to the production of mass-dependently fractionated (MDF)
carbon monoxide of 6180(00) ~0%. from the methane source chain was added. The
ozone KIE was set to be either anomalous (reference setup) or mass-dependent (MDF-
Oj setup) in the different simulations.

The isotopic carbon tagging setup included the KIE for the CO+OH reaction of a
magnitude equivalent to an enrichment of +6.5%. in 61SC(CO). The isotopic signa-
ture of methane was constrained to the value of 6130(CH4)=—47.2%0. In combination
with the introduced KIEs for methane oxidation by OH and O(1D) (Saueressig et al.,
2001) this source conclusively contributes to CO with a very negative signature of
-52%. compared to the other primary sources of about —27%.. In the spring and sum-
mertime available OH triggers the KIE-escorted sink and light methane-based refilling
of the CO inventory, thus the competition of these two processes mainly determines
the variability of the 8¢/'2C ratio in CO. To assess the sensitivity of the mechanism
to the OH level, the box was simulated in two distinctive regimes of OH seasonal-
ity emerging in the box positioned at 70°N (HL setup) and 30°N (LL setup) latitude.
We further introduced a subsidiary tagging configuration of the mechanism to esti-
mate the fraction of the carbon in CO that has originated from CH,. For this, all
carbonaceous species were tagged into two classes, namely “M” (methane) and “N”
(non-methane) and all molecules of CH, were assigned to the class “M”, whilst the
other species’ molecules were initialised to the “N” class. Reacting methane fills the
class “M” of the intermediates and eventually ends up in CO. As a result, the value
CH4fCo:[MCO]/([MCO]+[NCO]) gives the momentary fraction of CO carbon originating
from methane.

Generally the box-model reproduces CO (Fig. 5, upper left) and its isotopic compo-
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sition well. The average 61SC(CO) signature (Fig. 5, lower left) for the low-latitude (LL)
box is lower due to greater input from methane (from 19% in the late winter to 37% in
summer) compared to the high-latitude (HL) box (10% to 31%, correspondingly). Since
the latter has much less OH, the maxima and minima in 6130(00) are less pronounced
and shifted in time towards the summer. During the fall-winter season the HL box re-
flects the signature of the primary sources in a characteristic “shoulder” at —27%.. The
observed composition reflects the effect of mixing of CO from lower latitudes which is
longer exposed to the OH during the transport. The low-latitude CO is less influenced
by the transport effect and the LL box captures this.

The oxygen composition of CO is more influenced by the source signatures change
during the year. The simulated 6180(00) signature in both boxes (Fig. 5, upper right)
is overestimated by 5 to 7 permil. We attribute this to the underestimated signatures of
the main sources (Table 2). One reason may be that the 5'80 value of CO from CH,
or NMHC oxidation is not 0%. as we assumed, but lower. The variability of 6180(00)
in the LL box is a factor of two lower than that of the HL box due to the increased input
from these in-situ sources in the spring-summer season. In the fall-winter season CO is
refilled with heavier surface sources. Analogously to the 8¢ case, due to the absence
of transport, §'80(CO) in the HL box starts to decrease with a delay, as OH appears
later.

The essence of the oxygen isotope simulation result is shown in the triple-isotope plot
(Fig. 6, reference setup for HL). The enrichments in 70 and '®0 are found to be mass-
independent (the magnitude is proportional to the vertical deviation from the MDF-line)
reflecting a contribution of the large MIF-signal of ozone. The chemical “mixing” via the
intermediates and the isotope exchange reactions cause the HO, and NO, groups to
“move” along mixing lines of “dilution” with the end members being ozone and the two
main oxygen reservoirs of air O, and H,O.

The CO anomaly is reproduced and can be attributed dominantly to the reaction with
OH. In CO+OH the isotope effect for '80 is inverse and the concomitant fractionation
for O is uncommonly not of about a half of that of 180, but is slightly positive. Thus,
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70 accumulates Iarger than expected for MDF composition during the OH based oxi-
dation of CO. The A'’O(CO) maximum falls on the spring (LL) and mid-summer (HL)
period and is weakened during the fall-winter seasons (Fig. 5, lower right) because
of surface and in-situ sources dominating. The seasonal cycle in the HL box is de-
layed and the maxima are weak due to the low OH regime. In the fall-autumn seasons,
A17O(CO) in the HL box is also overestimated which can be explained by the imbal-
ance between in situ MIF sources (ozonolysis of unsaturated hydrocarbons) and MDF
in-situ and surface sources. Comparing the reference case with the MDF-O4 setup, it
becomes clear that the large ozone MIF signal is found to contribute to the CO anomaly
with additional 1%. for the presented regime. This in contrast to the nitrogenated com-
pounds whose A0 values are directly related to that of O5. For the low-latitude box
there are no A17O(CO) observations available.

Obviously, important processes such as transport and mixing cannot be represented
by a box-model, it is especially noted with the high latitude observations, which are
difficult to reproduce because of the “arctic haze” conditions ruling in the winter. Our
further studies will focus on a better estimation of emission strengths and signatures, as
well as the realisation of consistent AC-GCM simulations. Nevertheless, this compre-
hensive isotopic chemistry mechanism is able to capture the main features of seasonal
changes in species compositions as well as the “chemical mixing” feature.

5.3 Performance analysis: tagging versus doubling

To estimate the benefit of the optimised tagging technique, we compare the per-
formance of both methods (tagging and doubling) in a series of box-model simula-
tions with kinetic chemistry mechanisms of various complexity. Table 3 lists some
MECCA mechanisms, which we “tagged” and “doubled” to simulate a stable carbon iso-
tope chemistry configuration (thus accounting for two additional isotopologue classes).
Each selected mechanism was repeatedly simulated in box-model setups for regular
(MECCA), doubled (MECCA-DBL) and tagged (MECCA-TAG) cases. We compare the
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wall-clock time spent for a one month simulation period.

For the integration of the regular and doubled mechanisms we used the 3rd order
Rosenbrock solver (ROS3) with adaptive time stepping; it is provided by the KPP pack-
age in MECCA and is very powerful in handling stiff problems efficiently. The integra-
tion of the tagging mechanism (Eq. 24) was performed with a simple solver based on
a modified Runge-Kutta algorithm with adaptive time-step control (RKA). The latter is
not very well suited for systems of high stiffness, yet in other cases usually shows a
decent performance due to its robustness (Press et al., 1992). Although MECCA-TAG
incorporates other more complex solvers, this analysis is to show that even the RKA
implemented in the tagged system offers a remarkable speed gain in the competition
with the highly efficient ROS3.

To make the comparison more representative, two distinct simulation regimes,
namely “free” and “forced”, were chosen. In the “free” regime the initial conditions
(species abundances and classes ratios) are set once before the simulation starts while
the system remains closed (i.e. no introduction or removal of the molecules is allowed)
during the simulation. As a consequence, the system proceeds towards an equilib-
rium state in both, abundance and isotopic signature. In the “forced” regime some
species are permanently emitted into the box thus keeping the system in a perturbed
state. These two regimes are the extremes of conditions of the chemistry grid-boxes
processed in an AC-GCM, e.g. ranging from grid-boxes positioned at the surface layer
(with emissions as part of the boundary conditions) and at the levels where the per-
turbation is smaller due to smoother species gradients and weaker mixing terms. For
the presented simulations, the “forced” regime integration required more computational
time because of the larger stiffness of the ODE system to be solved in contrast to the
“free” regime. Comparing the overall results, we get a rough estimate of the chemistry
mechanism performance to be expected in 3-D applications.

In Fig. 7 (left) the simulation times for the different mechanisms and regimes are
shown; the average complexity of the mechanisms increases along the abscissa. Fig-
ure 7 (right) also depicts the estimated average additional time (expressed as a fraction
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of the regular mechanism integration time) required to process the doubled and tagged
systems. In general, the tagged system outperforms doubling, as expected. Speed
gains of a factor 3 and larger are achieved when simulating the M6, M7 and AR mech-
anisms; for the former two the time saved is to a certain extent proportional to the
fractions of the tagged species and reactions. The least speed gain was achieved
with M9, which includes sulphur chemistry accounting additionally for carbonaceous
species involved in the reactive chemistry, which is inefficiently simulated with RKA in
the “forced” regime. The same difficulty appears if higher hydrocarbons were included.
For the EVAL mechanism the required CPU-time increased by 30% for tagging and
by 70% (80% for M7) for doubling. The mechanism including all gas-phase reactions
(AR) requires comparable CPU-times as EVAL, with slightly better results for the tag-
ging, potentially due to a more efficient handling of the halogen chemistry by RKA.

Evidently, each mechanism has its own individual characteristics that may be con-
sidered individually for a better optimisation strategy. We note that for the molecular
tagging case the integration time is expected to be ~30% less compared to the isotopic
tagging; the latter needs one kinetic exchange derivative calculation more, operating
with atomic fractions of the species. The overall performance of the tagging technique,
however, is very promising, especially in perspective of the tagging of the complex
chemistry mechanisms in 3-D model environments.

6 MECCA-TAG/DBL implementation in MESSy

Our realisation of the MECCA-TAG and MECCA-DBL sub-submodels allows the simul-
taneous simulation of an arbitrary number of tagging configurations (i.e. sets of tagged
species and reactions). For the tagging, this concept is of a great use when more than
one tagging configuration is needed to be simulated with the same regular chemistry
mechanism. A particular example is a single AC-GCM simulation with various separate
stable isotope configurations that tag the same incorporated regular chemistry mech-
anism. We stress again that none of each configuration interferes with the other ones
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or with the regular mechanism thus remaining purely diagnostic.

The setup of a particular configuration is controlled by the configuration file (the
details are presented in the Appendix C) which contains all necessary information to
perform the full (isotopic) tagging of a given mechanism of desired complexity. The
configuration files are used for both, the tagging and the doubling sub-submodels that
utilise the same pre-processing routines. The latter parse the selected MECCA chem-
istry mechanism (i.e. the species and reactions files) and tagging configuration files and
automatically generate the sub-submodels code plugged into the destination simula-
tion code. Parsing routines significantly facilitate the model setup, additionally checking
for possible overlooked inconsistencies, like missing species or mass imbalance in any
of the tagged reactions. The latter are also diagnosed for unaccounted sources of
the isotopologues in the mechanism (with respect to the approximations described in
Sect. 4.3). The execution of the code is controlled (switched on/off) via the MECCA
conventional Fortran95 namelist.

The implementation of the MECCA-TAG/DBL is in conformity with the MESSy stan-
dard (Jockel et al., 2005). This implies the relocation of the code parts to the dedicated
layers of the MESSy interface structure according to their functionality. The interface
part of MECCA-TAG is responsible for passing the kinetics information from MECCA to
the MECCA-TAG kinetics driver. The latter prepares the pair rates for all tagged species
and invokes the integration and processing of each particular configuration. Each of
the tagging configurations resides (see Fig. 8) in the submodel core layer (SMCL)
thus being independent from the base model choice. The driver is called from within
the submodel interface layer (SMIL) after the call to the regular MECCA integration.
The interface layers’ routines (which are base model-dependent) at the BMIL layers
contain subroutines processing I/O and other maintenance and provide the interface
to other MESSy submodels and base model. Being in fact an extension of MECCA,
MECCA-DBL utilises its infrastructure routines. MECCA-TAG and MECCA-DBL are
being included in the latest releases of the MESSy-based box-model CAABA/MECCA
(Sander et al., 2010) thus providing diagnostic and isotope modelling extensions to this
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model.

7 Summary

We introduce the kinetic chemistry mechanism tagging technique intended for various
applications in our modelling system. Assumptions and approximations are derived
and discussed; optimisations of the technique as required for its application in the
comprehensive kinetic chemistry module MECCA are presented. The optimised vari-
ant is implemented in the sub-submodel MECCA-TAG and intended for the application
in complex simulations (specifically 3-D) to reduce the computational demands but with
reasonable precision.

As a particular application, our approach for the modelling of the isotope chemistry-
enabled mechanisms is described. We review the kinetic chemistry isotopic specifics
and peculiarities that are required to be accounted for. In particular, a specific “isotope”
transfer approach has to be applied, which differs from the original “molecular’ ex-
change perspective. The evaluation simulations performed with the box-model, focus-
ing on stable isotope tagging of the comprehensive mechanism, result in a reasonable
agreement with observational data.

Additionally, as a reference, we introduce the sub-submodel MECCA-DBL which
comprises the implementation of a non-optimised straightforward doubling of the exist-
ing MECCA chemical mechanism. Taking over from MECCA its thorough capabilities
and precision, MECCA-DBL can be used as a full isotope-chemistry enabled mod-
ule intended for less resource-demanding applications (e.g. simulations with the box-
model). Meanwhile, at the rather high precision/speed trade-off, MECCA-TAG shows a
remarkably better performance.

MECCA-TAG/DBL allow flexible multi-configuration tagging of the comprehensive
chemistry mechanisms additionally supporting isotope kinetic specifics. The sub-
models are conform to the Modular Earth Submodel System (MESSy), thus being
automatically ready to be coupled to Earth System Models by means of the MESSy
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Appendix A

See Table A1.

Appendix B

Used terms and definitions for the isotopes

Not to be confused with different terms and definitions used to express the isotopic
composition and effects, the following definitions are used throughout this document.
Those are:

(IUPAC definitions, see McNaught and Wilkinson (1997) for details)

— Isotopologue: a molecular entity that differs only in isotopic composition (number
of isotopic substitutions), e.g. CH,, CH3D, CH,D, are isotopologues.

— Isotopomers: from “isotopic isomers”, are the set of different isotope position con-
figurations of a selected isotopologue. Hence, PN™N®0, N'°N'0 are the
isotopomers, so are CH,DCH=0 and CH;CD=0.

(Conventional definitions)

— Isotopic ratio R is the atomic abundance ratio of any minor to a major abundant
isotope:

136 '°c
R(CO):Em coO
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— The delta-notation is used to express the difference of a given sample isotopic

ratio relative to the reference material sample, usually reported in permil:

13C
8'3C(CO)= (ﬂq) -1000

13CRyppB

The isotopic fractionation constant £ expresses the difference of one compartment
isotopic ratio relatively to another, often used to describe isotopic composition
changes due to various processes (e.g. soil uptake fractionation, vapour pressure
isotope effect, KIE, etc.):

"8OR(H,0)\apour
180R (H,0)jiquid

8180(H20)v.p.i.e.= 1] -1000

The isotopic fractionation factor a determines how much faster/slower the reaction
with the minor isotopologue goes relative to the reaction with the major isotopo-
logue:

13 _13 12
ACH, +OH = kCH4+OH/ KcH,+oH

where lkCH4+OH is the CH,+OH — reaction rate corresponding to the i*" isotopo-
logue. Note that this definition differs from the UIPAC-recommended definition of
a as the ratio of reaction rate of the isotopically light (lower atomic mass) species
to the rate of the heavy (higher atomic mass) ones (Coplen et al., 2002).

— The capital delta notation is used to express the composition deviation from

general, largely observed correlation between minor isotopologues enrichments,
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called mass-independent isotopic fractionation (MIF):
<617O + 1)

A0 — =
(6180 +1)”

where G determines the slope of the line on which the data points of the mass-
dependently fractionated composition fall in the three-isotope plot. The value G is
close to 0.5 but varies individually for a particular species and fractionation pro-
cess. Here, for universality, we use the value of 3=0.528 derived for the meteoric
waters (Barkan and Luz, 2005) for all species. With relation to the atmospheric
reservoir (where the magnitude of isotope ratios deviation is not large) the relation
above can be linearly approximated as:

A17O ~ 6170—,8-6180

We refer the reader to the literature (Brenninkmeijer et al., 2003; Johnson et al., 2002;
Kaye, 1987; Kohen and Limbach, 2006; Schauble, 2004) for an extensive review of the
isotopic effects and their application in atmospheric studies.

Appendix C

Example of the tagging configuration file

The tagging/doubling configuration file contains dedicated sections (each starts with a
section name framed with the squared braces, an example is presented in Fig. 9), that
provide the following input data:

TAG : the general tagging information including the unique tagging name, the number
of classes and their names, the selection of the integrator (for tagging), other
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SPC

parameters (omitted here). When the isotopic tagging is performed, this section
includes also the reference (name) of the tagged isotope element and the atomic
masses of considered isotopes.

: the list of species intended to be tagged, including the number of atoms of the
tagged isotope element constituting the molecule. The latter, if not set to unity,
indicates that the tagging should be performed accounting for the isotope transfer,
otherwise the molecular tagging is performed. Optionally one can specify the
initial distribution of classes or isotope ratios (both fraction and §-permil values
are supported).

10 SRC : the optional information on particular composition transfer (see Sect. 4) in

15

20

25

KIE

IEX

selected reactions, referring to the corresponding reaction abbreviations in the
MECCA equation file. The particular entry describing educt-to-product exchange
is given in a form of an equation; one can specify the arbitrary branching ratio
coefficients (rzf_’p) for the products. During the parsing, all branching ratios are
normalized to unity for each pair of products in a selected reaction.

. the list of kinetic isotope effects included in the setup. The syntax is similar to
that in the [SRC] section, i.e. includes the reaction abbreviation, the isotopologue
and the rate modifier (e.g. an expression that should be added to the reaction
rate, in form of “* @” where a is substituted by the fractionation factor).

: this section lists the additional reactions to be introduced to account for the iso-
tope exchange in the mechanism. The new reactions will be added to the MECCA
equation according to Eq. (15) in case of doubling. The record for each reac-
tion (syntax is depicted below) includes the reaction abbreviation, two exchanging
species names and the reaction rate. The kinetic isotope effects for the forward
and backward reactions must be listed in the [KIE] section.
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the clarification of the isotope transfer in the studied chemical mechanism, particularly
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Table 1a. Example for implicit isotopic doubling of the regular chemical mechanism.

Regular mechanism Doubled mechanism (additions to regular)

Species (in MECCA species list)

{C"} {‘Micn’ mm,lcn’. " min, M IC"}
Equations (in MECCA reactions list)
ion)® maj g e maj
(regular recfctzon) iC, +(Cn) AN (C”) + Z neos, "Cp
[+ pek,

Ce+c”*>21sp‘cp ’

PpeP, )

mm,;cu +(Cﬂ ) z 77/.~>p S qn mm,:cp + [1 _ﬂ} nIZIJCp
peP, 9q. 9.

(reaction with the specified C +C mifLg C +C )+ sop g maic
particular source)® ( " ”) ( " ‘)) p;v K S
C+C,—>3s,C o , .

= p (Cﬂ +C€) C +C z an |:‘1,z m\n,rCP +[17q7p} ma|Cp}

peb " q, 4q;

C,—>C, per;

e, +(C,)——(C,)
(educts destruction) (Cf)Jr e, — (C )

mini +(C/z) Yach

C)

(
e —

(isotope exchange reaction) mimC " maic g umiC +mnic,
Ca —;\_’—‘ C[7 I“d_]C 4 min. 'C @pE min, ’C + mdjc

Notation as before. Bracketed species are those from the regular mechanism used as virtual catalysts. Here we feature
the reaction rate constant ¢, instead of reaction rate k.
& For this bimolecular reaction only one pair of equations in which C, is used as a catalyst is shown, another pair for C,
is to be written in analogous way; thus one reaction of two tagged species of M isotopologues requires 2-M reactions
to be added.

The isotopic composition of the specific source C, is accounted via its isotopologues molecular fractions f, incorpo-
rated in the reaction rate coefficient. Each particular source requires an additional set of M equations. The educts are
destroyed separately in an additional set of virtual equations.
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Table 1b. Example for explicit isotopic doubling of the regular chemical mechanism.

Regular mechanism Doubled mechanism (replacement of regular)

Species (in MECCA species list)
{G} {mc

n>

min,1 min, M —1
C,..., )

Equations (in MECCA reactions list)

(regular reaction)® e 4 e R Z s, majcp
py
C.+C,—53"s,-C, g
P
per min,i maj iq,& nop  ma esp| Dp mini Dp | maj
C,+™C —e z Syl Cp +1; £ Cp + ]_[7 C,y
peb, e o

ey, i 3 {nfﬂ,,_mcﬁ o [ﬂ mm“-cﬁ[l_ 49 ] mﬂjcpﬂ
Pep, 4q, 4q,

- [ 9y s +[1 KA ] .m_icpj .
. g q. 9.
mnic 4 miniC o z s

.
e [ 9y s +(1 4, J .mjcp]
9, 9,

Notation as 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 i*" minor isotopologues and a pair of i*" and j“’ minor isotopologues. Considering
all possible combinations of reactants’ isotopologues, the total number of replicated reactions
for M isotopologues amounts to oM.
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Table 2. Emission and in-situ sources and their signatures used in the box-model
simulations®®.

Trace gas emission source 5'3C (%) 6'%0 (%) A" O (%0) S. Gromov et al
Biomass burning -24.5 17.2 0

Biofuel usage -27.5 17.2 0

Fossil fuel combustion -27.5 23.5 0 Title Page

Waste burning -27.5 17.2 0

Biogenic emission -27.0 0 0 Abstract Introduction

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

CH, oxidation -51.9 0 0 :
NMHCs oxidation ~27.0 0 0 fables Figures
Alkenes ozonolysis (O3 signature) - 90.0 30.0
CO oxidation by OH° +6.5 -9.4 +4.7 1< >
& See Jockel et al. (2006) for emission sources classification. = "
® See Brenninkmeijer and Réckmann, 1997; Brenninkmeijer et al., 1999; Gros et al., 2002; Bhak Cllose
Kato et al., 1999; Rockmann et al., 1998a, b, 2002) for references.
¢ Listed are the enrichments (depletions) in CO due to the KIE. Full Screen / Esc

Printer-friendly Version

Interactive Discussion
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Table 3. Comparison of selected MECCA mechanisms.

Regular mechanism Amount of tagged Doubled mechanism

GMDD
3,201-272, 2010

Abbr. Number of simulated species (reactions)

Remarks, reference®

M6 26 (51) 8 (15) 42 (81)

M9 42 (84) 13 (27) 68 (138)

M7 65 (145) 47 (109) 159 (363)

EVAL 100 (253) 60 (140) 220 (533)

AR 132 (342) 69 (170) 270 (682)

Minimum (C1) carbon
chemistry, used in the
simulation presented in
Sect. 5.2.1.

¢ Includes chlorine
chemistry

b

P Used in EMAC evalu-
ation simulation (see
Jockel et al., 2006, Ap-
pendix B), used in the
simulation presented in
Sect. 5.2.2.

bede Complete
gas-phase reactions set

A tagging technique
and isotope
chemistry modelling

S. Gromov et al.

@ for a general MECCA mechanisms reference, see Sander et al. (2005).
® Includes higher hydrocarbons (C, to isoprene) species and reactions.
¢ Includes stratospheric reactions set.

9 Includes halogen chemistry (excluded in other mechanisms).

¢ Includes sulphur chemistry.
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Table A1. Notation used.

symbol  meaning, [units] example or definition

Ng number of tagged species

C subset of tagged species C= {01 ..... CNS}

n particular species index in the tagged species subset n=1,..,Ng

c, nth tagged species concentration, [molec cm's] if C, refers to CO, ¢, = [CO]

Ng number of tagged reactions

R subset of tagged reactions R={Ry,....An,}

r tagged reaction index r=1,..,Ng

k, " reaction rate, the product of the educt(s) concentration(s) and

specific reaction rate coefficient, [molec cm™2 s‘1]

P, subset of tagged products in ' reaction for example reaction® and a set of
tagged carbonaceous species:
Pr ={CH30,;H,CO},
for oxygen-bearing species:
Pz ={CH;30,;H,CO;0H;H,0}

e,.p species indices referring to current reaction educts, products for example reaction® and a set of
tagged carbonaceous species:
e refers to CH;OOH
p refers to CH;0,, H,CO

Srp rth tagged reaction p”7 product stoichiometric coefficient for example reaction®
Schy0, =0.7, 5,00 =0.3

q, specific stoichiometric weight of the species C,;; if n refers to CH30,,

for the isotopic tagging: number of atoms of selected chemical
element (atomic number Z) in C,

—for carbon g, = 1;
—foroxygeng, =2
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Table A1. Continued.
GMDD

symbol  meaning, [units] example or definition
= 3,201-272, 2010
P r'" reaction branching ratio, a fraction of the contribution of the  for example reaction”
0,-0. 0o(°P)—0
educt C, to the product C,, 2% = 2/3' ,Z/'( )—0s _ 1/3
Ng number of tagged species

A tagging technique
T regular mechanism (KPP) integration time step [s] and isotope
chemistry modelling

to+T
A, ' reaction approximated rate [molec cm™® s'1] A = } [ k.dt
to S. Gromov et al.
J tagged system rate matrix of the size Ng by Ng elements [molec if n refers to CO, e refers to HCHO:
em™®s™] J,, » is the total sink rate of CO
J,, ¢ is the pair rate of HCHO—CO Title Page
) . . _ 1218 .
M _number of _taggm_g class_es (number of isotopologues considered M= 2 for 16C/ 17C |1sgoto.pes, P — TieliEte
in case of isotopic tagging) M= 3 for "0/ O/ "0 isotopes
m tagging class index m=1... M Conclusions References
m m
: . _ c={"c,...."cy,} :
c, tagged mechanism n'" species m'” class species {" ! Ns Tables Figures
C,= {M C,}
e, tagged mechanism ot species m'" class species concentration ¢, = > "¢,,"f, = ;Cﬂ " .
m=1 >'e,
mf, share of m'" class species in total n'” species molecular abun- B
dance < >
i minor isotopologue index i=1...M-1 Back Close
mf"jC,, ,  isotopically tagged mechanism n'” species major and /" minor ™IC, is equivalent to 'CJ""'C, is Full Screen / Esc
mnic ~ isotopologues equivalentto '*'C,, i = 1...M-1
mf‘jqn ,  isotopically tagged mechanism n'”" species major and /" minor  if C, refers to CO, for oxygen isotopes Printer-friendly Version
minie isotopologues concentration major isotopologue: ™¢, = [C'®Q],
minor isotopologues: Interactive Discussion

min,1cn= [CWO], min,zcn= [C180]

261


http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/3/201/2010/gmdd-3-201-2010-print.pdf
http://www.geosci-model-dev-discuss.net/3/201/2010/gmdd-3-201-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table A1. Continued.

symbol  meaning, [units] example or definition
. meig
"= ic 43 i
) maic 4 3 minic,
ma’f_,, , respective shares of the major and i minor isotopologue min.j i,
mnr molecules in n'" species total molecular abundance; = e =
P . ini, . . i . maic, minie,
maif is equivalent to 'fM™'f is equivalent to "*'f,, i = 1...M-1 nt ™
rare, i _l.min,/’f
abu,i . . Xn= q n
Xn, respective shares of abundant and rare isotope atoms (of the (dr=1) min,i ¢
rrely . same atomic number Z) in ™"'C,, isotopologue In="g =" I
min/ y copy of the rate matrix J with some changed elements account-
ing for KIE for " minor isotopologue in the isotopically tagged
system [molec cm™ s'1]
. - 13
®a, KIE fractionation factor for ™’'C,, isotopologue educt in r'” reac-  “™acy, ,on = Kisgy, som/ Kizch, +om
tion
al B, isotope exchange reaction fractionation factor for rnin”'Ca isotopo-
logue
Af*b probability of rare isotope transfer from C, to C, species in the Af*b = qu%
isotope exchange reaction r
'ja=h the rate of /" rare isotope atom transfer from C, to C, species
in the isotope exchange reaction r [molec cm™ s’1]
iya net rate of gain (loss) of it rare isotope atoms by C, species ’ya =- i/fj;:b

due to all isotope exchange reactions it participates in [molec
em3 s

Tex
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& example reaction: CH;00H + OH — 0.7-CH30, +0.3-H,CO +0.3-OH + H,0
® example reaction: O, + O(*P) — Oj.
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Fig. 1. lllustration to the rate approximation example (see text).
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<0.7> G4IDT[+0H]

S. Gromov et al.

BB

— BHOBLHI
BN

R T

GAIDI[+OH] GA4I08[+0H]

GA4II0+0H] *KIE

BU0Rb()
BUOBA0H)

GAIDBX[+OH]

‘ G4102y(+0H) //

Fig. 2. Schematic representation of carbon interchanges in the prototype mechanism. Inter-
mediates are shown in blue; methane, carbon dioxide and two artificial species (C,, Cy) are
non-transient in-situ C source species. Pathway captions refer to the internal MECCA reaction
number and second reactant.
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Tyr 2yr 3yr 4yr

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.
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other sinks
~0%o N
AV0(CO)

other

Fig. 4. Main sources and sinks determining the A0 signal in carbon monoxide.
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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 observa-
tions (Gros et al., 2001; Réckmann et al., 2002) for CO for high (80° N, filled symbols) and low
latitudes (30° N, open symbols). The lower right panel presents the mass-independent fraction-
ation signal (A17O) in CO and additional results of the mass-dependently fractionated O; setup
for HL (dash-dotted line) and LL (dotted line) simulations.
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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 areas indicate typical compositions observed for certain
species reported by Brenninkmeijer et al. (2003) and Thiemens (2006). _
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Fig. 7. Left: total time spent to integrate the regular, doubled and tagged systems. Solid and
dashed lines denote “free” and “forced” regimes, 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.
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BASE MODEL (EMAC/CAABA)

“;f MECCA-TAG MECCA MECCA-DBL
SMIL i &
SMCL driver ¥
wrlveﬂr ([ R Dl D2

Tl T2

Fig. 8. Schematic of the MECCA-TAG and MECCA-DBL principal structure (SMCL level is
detailed). The regular simulated mechanism (R) provides one-way information on the tagged
reaction rates and species budgets to the MECCA-TAG driver. Further each configuration (T1,
T2) uses approximated rates to advance the tagged species. Additional species and reactions
of the doubling configurations (D1, D2) are added to the regular mechanism, thus MECCA-DBL
is just an extension of MECCA.
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; tagging/doubling configuration file GMDD

; #N# STABLE ISOTOPIC OXYGEN 16/17/18
; #K# o

3, 201-272, 2010

; === general tagging information

; semicolon denotes the start of a commentary
[

TAG] q 0
classes=I16 I17 I18 ; tagging classes (for isotopologues: masses) A tagg'“g teChanue
iatom=0 ; atom name: optional =
imasses=15.994915 16.999133 17.999160 ; isotope masses and isotope
; units in delta-permil, RKA integrator (INT_LINMAX is for (Bloch 1991)) Chemlstry mOde"Ing
parameters=ISO INIUNIT DELTAPM INT RKA xINT CGl xINT_LINMAX
; === list of species to tag S Gromov et al
[SPC]
; syntax: SPEC [atoms] = set of d-values for minor isotopologues
; or = set fractions for tagging classes
; - optional [atoms] value overrides those picked from MECCA SPC file )
; - for molecular/fractional tagging all atomic quantities Title Page
; should be set to 1 (suppresses specific isotopic transfer)
; species initial composition Abstract Introduction
; species O-atoms d170 d180 (permil)
02 2= 12.41 23.50 Conclusions  References
03 3 = 50.52 95.50
H20 1= 0.00 0.00
H202 2 = 21.16 40.00 .
N20 - 12,41  23.50 Tables Figures
NO 1= 12.41 23.50
NO2 2 = 12.41 23.50
NO3 3 = 12.41 23.50
N205 5 = 12.41  23.50 (R !
HNO3 3= 12.41 23.50
CH30H 1= 7.92 15.00
CH300H 2 = 7.92 15.00 <4 >
HCHO 1= 7.92 15.00
co 1= 0.00 0.00 ; zeroed intentionally
Back Close
; === composition transfer/source specification section
[SRC] Full Screen / Esc

; syntax: REAC source species = list of destination species

. . . . . . . . Printer-friendly Version
Fig. C1. Example of the tagging/doubling configuration file for stable oxygen isotopes; it in-
cludes 3 isotopes, 14 species, 2 isotope exchange reactions, 2 KIEs and 4 composition transfer Interactive Discussion

records. Note that this is only an illustrative example but not the setup used for the simulations

presented.
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<G2104> OH + 03 = HO2 + 02
G2104 OH = HO2
G2104 03 = HO2 02

<G3106> NO2 + 03 = NO3 + 02
NO2 accounts for 2/3 of NO3
; 03 1/3 of NO3
G3106 NO2 = 2 NO3

G3106 03 = 1 NO3 02

<G4101> CH4 + OH = CH302 + H20

[Weston, 2001]: CH4 + OH -> CH3 + H20
i CH3 + 02 + M -> CH302 + M
G4101 02 = CH302
G4101 OH = H20

isoprene ozonolysis in lumped r-n G4500
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<G4500> 1ISOP + O3 = .28 HCOOH + .65 MVK + .1 MVKO2 + .1 PA +
.14 CO + .58 HCHO + .09 H202 + .08 CH302 +

; .25 OH + .25 HO2 : {%TrGC} 7.86E-15*EXP(-1913./temp);
G4500 03 = 1 HCOOH MVK 1 MVKO2 1 PA CO 0.081 HCHO 1 H202
G4500 02 = 2 MVKO2 2 PA 0.919 HCHO CH302
G4500 H20 = 1 HCOOH 1 H202

; === kinetic isotope effect section

[KIE]

; syntax: REAC isotopologue = expression (*-like)

; G1000 11802 = *1.001

; --- 03

Johnston et al. (2000)

G1001 11802 = *1.1775
G1001 I1702 = *1.1575

isotope exchange

IOE07 11702 = *0.9611
IOEQ7 1I1802 = *0.9235

<G1001> 02 + O3P = 03 : {%StTrG} 6.E-34*((temp/300.)**(-2.4))*cair;

; === isotope exchange reactions section

[IEX]

; syntax: REAC = exchanging species : {%Spec} rate ; (syntax after ":" follows MECCA)
; -—-- Lyons (2001) and references therein

; QH + H20 <-> OH + H2Q () -> Greenblatt and Howard (1989)

IOEOl = OH H20 : {%StTrG} 1.6E-13*EXP(-2100./temp);

; —-—-- Johnston et al. (2000)
Q + 00 --> 0 + 0Q (R10a-d)
IOEQ7 = O3P 02 : {%StTrG} 2.9E-12;

Fig. C1. Continued.
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