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Abstract. The implementation of processes related to chem-allows the definition of tracers via a Fortran95 namelist, as a
istry into Earth System Models and their coupling within complement to the standard tracer definition by application
such systems requires the consistent description of the chenof the TRACER interface routines in the code. TRACER

ical species involved. We provide a tool (written in For- with its submodels and PTRAC can readily be applied to a
tran95) to structure and manage information about con-ariety of models without further requirements. The code

stituents, hereinafter referred to as tracers, namely the Modand a documentation are included in the electronic supple-
ular Earth Submodel System (MESSy) generic (i.e., infras-ment.

tructure) submodel TRACER. With TRACER it is possi-
ble to define a multitude of tracer sets, depending on the
spatio-temporal representation (i.e., the grid structure) of the
model. The required information about a specific chemi-

cal species is split into the static meta-information about theThe Earth climate system is characterised by the cycling of
characteristics of the species, and its (generally in time an¢onstituents through different domains, such as the carbon,
space variable) abundance in the corresponding representgitrogen, and sulphur cycles. This cycling results in a chem-
tion. TRACER moreover includes two submodels. One isica| Coup”ng7 which is controlled by a |arge Variety of pro-
TRACERFAMILY, an implementation of the tracer family = cesses on a wide range of spatial and temporal scales. For the
concept. It distinguishes between two types: type-1 fam-correct representation of this chemical coupling in Earth Sys-
ilies are usually applied to handle strongly related tracersem Models (ESMs), a consistent treatment of all involved
(e.g., fast equilibrating species) for a specific process (e.g.¢hemical species in the specific processes is required. For
advection). In contrast to this, type-2 families are applied forinstance, the fate of a given species in the atmosphere needs
tagging techniques. Tagging means the artificial decompotg pe tracked from its primary emissions, through the chem-
sition of one or more species into parts, which are addition-ica| transformations (reactions with other species in the gas,
ally labelled (e.g., by the region of their primary emission) aqueous and aerosol phases), transport through the atmo-
and then processed as the species itself. The type-2 famil¥phere (e.g., advection, convection, diffusion, mixing), up to
concept is designed to conserve the linear relationship bethe removal from the atmosphere, i.e., transition into another
tween the family and its members. The second submodel igjomain, e.g., by deposition to the surface (land or ocean) or
TRACERPDEF, which corrects and budgets numerical neg-yptake by the biosphere.

ative overshoots that arise in many process implementations for the implementation of this chemical coupling into
due to the numerical limitations (e.g., rounding errors). ThegsMms, it is desirable to have a flexible framework for
submodel therefore guarantees the positive definiteness ¢f straightforward and easy expansion by additional con-
the tracers and stabilises the integration scheme. As a bystituents (or constituent characteristics). This allows the cre-
product, it further provides a global tracer mass diagnostic ation of tailor-made model setups to address specific sci-
Last but not least, we present the submodel PTRAC, whichentific questions. If the access to the tracer information
is standardised for all processes, a high degree of consis-
tency is reached and the code is very transparent for the user.

Correspondence tcP. Dckel This flexibility and user-friendliness can be achieved without
BY

(joeckel@mpch-mainz.mpg.de) a significant loss of computational performance, since the
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model setup including the chemical coupling is determinedvided by TRACER is théracer setwhich contains all tracers
and fixed during the initialisation phase of the model simula-of a specific representation. Different co-existing tracer sets

tion and does not slow down the time integration.
Here, we provide a comprehensive framework for the

can be defined within the model.

implementation of chemical species into ESMs, the Mod-2.1 The meta-information structure

ular Earth Submodel System (MESSy) generic submodel

provides a part of the overall MESSy infrastructure and is it- Stored in a concatenated list of nested Fortran95 structures.

self structured as a MESSy submodéidkel et al., 2005).

The stored information is grouped into the following top-

The electronic supplement (http://www.atmos-chem-phys.level structures:

net/8/1677/2008/acp-8-1677-2008-supplement.zip) of this
technical note contains the complete source code, a simple
example application code, and a documentation of the in-
terface routines. The code is written in standard Fortran95
(ISO/IEC 1539-1). We stress that this generic submodel
TRACER can be used for other ESMs, general circulation
models, chemistry transport models etc., without requiring
the complete MESSy implementation, in a similar way as
the generic submodel NCREGRIDdgkel, 2006).

In this technical note we describe the basic ideas
behind and the overall implementation of TRACER
(Sect. 2). TRACER contains two optional submod-
els: TRACERFAMILY (Sect. 3) provides a namelist-
controllable implementation of two different tracer family
concepts. TRACERPDEF (Sect. 4) guarantees the positive
definiteness of the chemical species by correcting and bal-
ancing numerically produced negative values and provides
a global tracer mass diagnostic. Furthermore, the MESSy
submodel PTRAC, which is also included in the electronic

— t_ident contains the information for the identification of
a given species.

— t_meta contains values, flags and switches related to spe-
cific processes.

The identification of the tracer_{tlent) consists of
— a uniquefullnamecomposed of dasenameand an ad-
ditional optionalsubnamede.g., for tagging, isotopic in-

formation, phase information, etc.),

— the name of thsubmodethat defined the tracer in the
tracer set,

— a uniqueindex which is the number of the tracer in
the tracer set that can also be used to address the cor-
responding data (see Sect. 2.2),

— themediunof the tracer (e.qg., air, aerosol, cloud, ocean,

supplementtfttp://www.atmos-chem-phys.net/8/1677/2008/
acp-8-1677-2008-supplement.zip), allows the definition of
tracers by a Fortran95 namelist (Sect. 5).

Throughout this technical note “tracer” is used in a con-
ceptual manner as a synonym for all kinds of constituents,
i.e., reactive chemical species, long-lived species, substances
of different phases (e.g., water vapour and liquid water), etc.

etc.),

— the quantity describing the abundance of the tracer
(amountfraction, numberdensity, or concentration), and
its unit,

— thetypeof the tracer (e.qg., single tracer, family, isotopo-
logue).

The additional information in_tneta comprises containers
for integer, real and string values, respectively (one Fortran95
The information about a specific chemical speciesgeer) array of rank 1 for each type). These containers can be as-
is divided into two parts: thdata which describe the abun- sociated with specific information about the species (e.g.,
dance of the species at a given location (and time), andhe molar mass), and/or switches for the corresponding pro-
the meta-information which describe the characteristics of cesses (e.g., advection on or off). Additional containers can
the species that are independent of space and/or time (seeadily be added and used in those processes where they
Sect. 2.1 below). The data part requires an advanced menare required without any interference with already imple-
ory management, since the structure depends on the underlyaented processes/characteristics. More information on the
ing representatiorof the location information in the model. meta-information structure can be found in the electronic
Examples ofrepresentationsre 3-dimensional grids (grid- supplementtfttp://www.atmos-chem-phys.net/8/1677/2008/
point representation, e.g., latitude, longitude, level), spectrahcp-8-1677-2008-supplement.zip).

coefficients (spectral representation), or the positions of tra- TRACER provides high-level interface routines to define
jectories (Lagrangian representation). Furthermore, the reprew tracers, to set the tracer meta-information, and to receive
resentation may vary with the domain, e.qg., the grids appliednformation from the meta-information structure (see elec-
in ocean models are usually different from the grids appliedtronic supplement http://www.atmos-chem-phys.net/8/1677/
in atmospheric models. Therefore, the top-level entity pro-2008/acp-8-1677-2008-supplement.zip).

2 TRACER
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2.2 The data structure TRACER-SET
The data representation of a tracer set can use up to three ar- RANK /112131456 @
ray ranks (e.g., for 3 spatial dimensions). Every tracer set can S Bl = >(b)
provide an arbitrary number (1 or larger; only limited by the t_ident _Talel 1ol 1o ~0)
available memory) oflata-instancese.g., for the different x| > PS)TG RIR| [R
stages of a time-integration scheme. The first three instances Q ,9 E|E|l |E
can optionally convey the specific meaning of the data at time & <§t t_meta . E E E |
stepr, the tracer tendency, and the data at time stefy, re- g ggzt—'r((-_)) <|e|e|, || [v
spectively. All data-instances of one tracer set are internally W cask_s()) SNEENEEE
stored in a contiguous array of rank 6, where i "\5‘ E 5 E 4 X
— rank 1, 2 and 4 are the tracer set specific representation t_ident /%ﬁ( /T\ g
dimensions, o name 71l |7 |E
w % IDX i |
— rank 3 is the number of the tracer in the tracer satcer 2 = olo| |o
. 14 < t_meta
indey), - cask_i(:) < NIN| [N
. =0 cask_r(:) —=
— rank 5 is of length 1, '-'§J = cask_s(}) <

— rank 6 is the index of the data-instance in the tracer set.

o . ) Fig. 1. Diagram showing the context of 2 exemplary tracers
This implementation of the data as a contiguous array and thgjith meta-information and data) stored in a tracer set. The meta-
chosen distribution of the ranks allows an elegant and effiinformation is contained in a concatenated list (indicated by the red
cient addressing of meaningful sub-arrays through Fortran9%onnector) of nested Fortran95 structures. The unique tracer index

pointers. (IDX) can be used to directly access the data corresponding to the
The meta-information and data structure of a tracer setracer. The contiguous data array allows the straightforward pointer
with 2 tracers is sketched in Fig. 1. based access to the tracer memory as indicated by 3 examples; the
circles indicate the full range along the respective rank; ranks with-
2.3 The setup procedure out circles are fixed by a specific inde¢a) rank-4 pointer to one

instance of all tracers in a tracer séb) rank-3 pointer to one in-
Since the model setup including the number of tracers in astance of one tracefc) rank-4 pointer to all instances of one tracer.
specific tracer set is determined at runtime and the chemicdf@nk 5 is currently unused and intended for future use, e.g., for data
information, especially the data, is quite memory consuming "ePresentations which require 4 indices.
a dynamical memory allocation is desirable. For the sake of
an optimal runtime performance, however, storage of all trac-
ers in a tracer set in a contiguous array (for optimal memory
access in loops) is also desirable. A hard-coded pre-set max-
imum number of tracers per tracer set is either a waste of
memory, or requires recompilation if a change of the setup
changes the number of tracers. In order to avoid both prob-
lems, the tracer setup is performed during ithi§alisation
phaseof the model simulation in the following steps: 4. Chemical coupling: The submodels (in the SMIL)

o . can receive information (e.g., availability, index, molar
1. Definition of tracer sets: The tracer sets are defined by mass, etc.) about specific tracers and set local pointers

representation. The required pointers to the sub-arrays
(e.g., to the various data instances) are set. In addition,
the concatenated lists of meta-information structures are
transformed into arrays, to allow an efficient access via
the tracer index (e.g., for usage within loops).

the base model interface layer (BMIL; for definition see to the corresponding data.
Jockel et al., 2005; see also Fig. 3); each tracer set is
identified by a unique name. After the initialisation phase, the chemical coupling be-

2. Tracer definition: The submodels (in the submodel in-tWeen the submodels does not change technically (i.e.,
terface layer (SMIL); details indtkel et al., 2005) de- w.r.t. the memory/pointer assignment) and the tracer data

fine their tracers within the tracer sets. At this stage only¢@n be accessed efficiently during thiene integration
the meta-information is stored. phaseof the model simulation. In thdinalising phase

of the model simulation data and meta-information of
3. Setup of tracer sets: The tracer sets are fixed (lockedall tracer sets are removed from the memory by the
by the BMIL; after this, no more tracers can be added.BMIL. TRACER provides the interface routines for these
The memory of each tracer set is allocated according tooperations (http://www.atmos-chem-phys.net/8/1677/2008/
the number of tracers in the tracer set and the associatedcp-8-1677-2008-supplement.zip).
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3 TRACER_FAMILY the original tracerc in addition to its partscy, x2, ..., x,
and is further denoted agpe-2 familyconcept (Sect. 3.2).

The application of tracer families is a well-established ap-The MESSy sub-submodel TRACERAMILY provides the
proach to overcome numerical issues and unrealistic inconmfrastructure for both concepts.
sistencies arising from calculating coupled processes with \We will denote the standard mode, in which each tracer
the common operator splitting technique. For instance, if(data and meta-information) represents a specific chemi-
changing boundary conditions (e.g., sunrise) cause the kical species, aracer mode In contrast to this, the mode
netic operator to establish a sudden disequilibrium amongyhere two or more Species are combined into one or more
otherwise well equilibrated, related species (i.e., which arefamilies is calledfamily mode The implementation of
exchanged by rapid reactions) within a model time StepTRACERFAMILY is general w.r.t. the two modes in the
At, large temporal and spatial gradients of short-lived com-sense that conversions between tracer mode and family mode
pounds result. A subsequent application of the advection op¢and vice versa) are possible at any time during a model time
erator results in an unrealistic transport of short-lived speciestep. Thus, the simulated processes (not limited to kinetics or
and therefore in an unrealistic initial condition for the kinetic advection) can affect the single tracers and/or the tracer fam-
operator in the next time step. In reality these two processesiies. For this purpose, the TRACERAMILY conversion
act simultaneously and during the transport the equilibriumroutines can be called directly from the submodel interface
between the related species is re-established. One possibigyer (SMIL) of MESSy submodels.
solution is to combine the related (fast equilibrating) species
into atracer familyand to transport only this family keeping 3.1 Type-1 tracer families
the ratio among the family member mixing ratios constant
during the model time steps (e.g., Sheela et al., 2005; Steil In the tracer mode of the type-1 families, the tracer data in-
et al., 2003; Carver and Stott, 2000). stances; ;—a; andx; , contain the abundance (e.g., the mix-

The same family concept can also be applied to reducdnd ratio) of species numbérat two stagesr¢-Ar andr) of
the stiffness of chemical reaction sets (e.g., Wayne, 2000the time integration scheme, respectively. The third data in-

pp. 147/148, Austin et al., 2003). If fast chemical reactionsstance, denoted s% , contains the corresponding to-
., t+7

lead to a steady state condition among a subset of tragers 5] tendency of the species within the operator splitting time
x2, ..., xn, these chemical reactions need not be explicitly jntegration scheme, i.e., taking into account the tracer ten-
calculated. Their effect can be imitated by setting the ratiosgencies of all processes calculated for the present time step
within the tracer family constant: up to the conversion into the family mode, therefore the nota-
X . tion <Ar. For conversion into the family mode (e.qg., before
x_j =const Vi, j € {l2....n. (1) the advection operator is applied), first the weighted sum of

. . . the family memberss calculated for each family and stored
Besides this concept (further denotedyase-1 familycon- in a new tracer with index f:

cept, Sect. 3.1), another family concept is used to overcome

unrealistic slight non-linearities, for instance tagging Xft—At = Z Xit—Ar " Ki ()
techniques, where additional characteristics, not necessarily ieF
measurable in reality, are assigned to the tracers. A com- Xip = Z Xit o Ki 4)
mon example is the tagging of specific species with the re- ieF

gion of their primary emissions, or with an isotopic signa- [/ Ax; Ax;
= Z —_— - Kj (5)
t+t t+t

ture. Another example is the joined transport of different \ "o, At
aerosol components of one mode or bin. Advection in reality ) ieF o )
is linear, i.e., the result of advecting a tragegives the same  Here, 7 is the set of tracer indices of the family members.
result as arbitrarily splitting into parts §1, x2, ..., x,) and Thexi are arbnrary wglghts tha_t can be applied for conserva-
advecting these separately. Depending on the implementdlon constraints. For instance, if

tion and due to numerical limitations, the advection operatork; = 1; Vi € F, (6)

in the model might not be linear. As a result the two solu-
tiqns .(advectingc VErsus advec'ting the tagge‘?' co.mponents)of the species, the total mass is conserved. And if the

will diverge during the integration. One solution is to force number of chlorine atoms per molecule, the total number of

the linearity in each model time step by adjusting the Valueschlorine atoms is conserved. These examples illustrate that

the number of molecules is conservedk;lfs the molar mass

Of x1, x2, . .., X, SUCh that only one selected property can be conserved.
n As second step of the transformation from tracer mode into
in =X () family mode, the (weighted) fractiorgs of the family mem-
i=1 bers in the family are calculated:
by concurrently keeping the ratios between the family mem- Xit—At - Ki

ber mixing ratios. This approach requires the processing ofi/—Af = XF 1 As @
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Xit * Ki

&= (8) If type-1 families are used as “transport families”, the cal-
Mot culation of the respective transport process (e.g., advection)
. 1 (Au A is not required for the family members. This can be used to
LA AL Jitq i reduce the computational burden of a model. To achieve this
Girve = ©) b ; ’

Ax the transport algorithm must make use of the tracer meta-
Xti—Ar + | A7 - At . A . . .
1+t information, e.g., the switch for advection (on/off), to skip
£ .4+ is, as above, the fraction taking into account all processin€ respective tracers during the calculation. The correspond-
tendencies of the current model time step up to the converi"d Meta-information for the family members is correctly set
sion, therefore the notation with< Az. To reduce the mem- by the tracer-to-family conversion routines for type-1 fami-
ory usage, all three fractions are stored in the memory of thei€s-

tracer, i.e., -
3.2 Type-2 tracer families

Xijt—At < gi,t—At; Xit < fi,ﬁ (10)
Ax; . Implementation of the type-2 family concept (e.g., for tracer
(E)HT < S ViET . tagging) is even simpler, since in contrast to the type-1 fam-
ily mode, the type-2 family mode does not require a con-
Atthis stage, the process operators (e.g., advection) calCUersjon of the family members into fractions of the family.

late and add additional tendencies for the family tracer: Thus, a conversion into family mode (before a process oper-
<Axf> <AXf> (AXf) 1) ator ?étingsonS;amilies) consists only of the first conversion
~ - ~ : ste s. 3-5).
At t+t At t+t At process p q

After the process, the backward conversion into tracer
The fractions; ;—as, & » andg; 4. are unchanged according mode applies the forced linearisation, whereby the family
to the assumption that the ratios among the family membersracer is the base, and the tagged family members are ad-
are constant. justed (rescaled). For this, first the (weighted) sum of the
For the backward conversion from the family mode into tracers at the current stage (accounting for the current total
the tracer mode after the processes affecting the families, theendency) is calculated:
tracer information is reconstructed:

. . Ax;
Xijt—At = HrArSiooAr Sie—Ar (12) X+t = Z(xi,t—At + (A_tl> <AL -k (15)
Ki ieF t+1
Xt Ei,r . . .
Xig = = (13)  with this sum and the current value of the family,
1
. Axi
Ax; Xf i+t = Xfr—Ar T (—> <At (16)
A_ = (14) At t+t1
U Jir
X 4+ (Axt At the tracer tendencies are rescaled (denoted by the prime, see

- MM A ) e Appendix A)

e ‘i:i,tJrr — Xi,t—At pp

At Ki

Ax; ' Xit+1 — Xi,t—At
. . . — = — = (a7)
Note that the sequence of operations is not arbitraiy: A, At ), . At
must be reconstructed first, because it is USE((%) . (Ax,-) Xt 14t n Xit—At ()Ef,,ﬂ 1)
t+1 —_— .= - = — s
One special case w.r.t. the family concept occurs in the \ At J, . X4 At Xf,r+t

sequence of operators. At some stage within the time

step the tracer data are output into files for later analysissuch thatthe time integration scheme yields consistent results
of the results. At this stage the data should be in tracePetween family and family members.

mode, however, it is also desirable to consistently output In TRACERFAMILY the rescaling of the type-2 family
the family tracer. For this, just before the output, only members (Egs. 15-17) is optional. This allows the applica-
the first step of the conversion into the family mode (i.e., tion of the type-2 family concept for purely diagnostic pur-
Egs. 3-5) needs to be applied. Calculation of the frac-poses, e.g., to define a family that contains all chlorine com-
tions (Egs. 7-9) and storage in the tracer data instancegonents.

(Eq. 10) must be omitted. The respective conversion routine In contrast to type-1 families, type-2 families applied for
of TRACER FAMILY contains a specific switch to account tagging cannot be used to decrease the computational burden,
for this special case (see http://www.atmos-chem-phys.netgince it is required that the type-2 family and its members are
8/1677/2008/acp-8-1677-2008-supplement.zip). equally treated by all processes.
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3.3 Implementation 4 TRACER_PDEF

The definiton of type-1 and type-2 families in The abundances of tracers (mixing ratios, concentrations,
TRACERFAMILY is controlled via a Fortran95 namelist. etc.) are defined as non-negative quantities. A basic re-

A family definition consists of quirement of the implementation of processes that change
, the amounts of tracers in ESMs is therefore the positive def-
— the tracer set of the family, initeness of the corresponding operators. This is for instance

a crucial requirement for the design of numerical transport
schemes (e.g., Prather, 1986; Bott, 1989; Smolarkiewicz and
— a switch for the rescaling (relevant for type-2 only) Rasch, 1991, Chlond, 1994).
Nevertheless, in the operator sequence of comprehensive
— the name of the family tracer with an optional subname, models, negative values can still occur for several reasons.
and Some implementations, e.g., for tracer transport, can produce
negative values in cases where very strong tracer gradients
in time and/or space are present. Approximate parameter-
isations (e.g., linearised sinks) can produce negative over-
shoots. In any case there are numerical limitations; negative

The first valid tracer in the family member list determines values can occur due to the limited precision and rounding
the characteristics (meta-information) of the family, e.g., the®0rs, €.g., as (small) negative overshoots of the numerical
molar mass. Listed family members which are not presengIVer for the stiff kinetic system. These negative values are
in the chosen model setup are ignored. Empty families (i.e. UnPhysical and can lead to instabilities in other process op-
with no members) are also ignored. The following limita- €rators (which expect positive tracer values), e.g., resulting

tions apply to the families and family members: in illegal instructions, such as for instance the logarithm or
square root of negative values. Furthermore, subsequently

— Families can only have members of the same tracer setapplied process operators will spread the problem (even if

— the family type (1 or 2),

— the list of tracer names of the family members and their
weights. The default weight for all members of a family
is 1.

due to the representation constraints. their implementation is accurately positive definite), e.g., by
N ] transporting the negative values.
— Families cannot be family members. TRACER PDEF provides the functionality to correct (i.e.,

set to zero) and to budget these “technically caused” negative
values. As a by-product, TRACERDEF provides an online
Sglobal mass diagnostic for all tracers.

To accomplish this, first the global masses of all tragers
are calculated

— A tracer cannot be a member of more than one family
in one setup, with only one exception: Type-2 family
members of a family without rescaling can be member
of type-1 families.

3.4 Bxamples M = Zx Sy - majr; Yx >0, (18)
For calculating the stratospheric chemistry in a model setup]‘/[)gﬂ = Zx sy -mair; Yx <0, (19)
as presented indgkel et al. (2006) or similar, it is recom-
mended to apply the type-1 family concept for the reactivewhere the sum in both equations is over all grid-boxes (ac-
chlorine, bromine, and nitrogen compounds, respectively, forcording to the representation of the corresponding tracer set).
the advection operator: majr IS the mass of air in the respective grid-box, apds
a tracer-specific factor for the conversion of the unit into a
ClOz: ClI, CIO, HOCI, OCIO, C} (kc, = 2), ChO2 mass mixing ratio. With these definitions, a positive mass
(kci,0, = 2) M§+) and a negative masi\zﬁ_) for each species is calcu-
BrOz: Br, BrO, HOBY, BrCl, Bb (kgr, = 2) !a.tgd. If all p_perators were perfectly positivg definite, and the
initial condition wasx>0; Vx, then the negative mass would
NOz: N, NO, NO,, NOsz, N2Os (kn,05 = 2) be zero. In general, this is not the case. Therefore, as a sec-
ond step the negative values are (optionally) reset to zero.
As indicated in parentheses, the weighting factors are chosepor this, an additional tendency is added to achieve a value
to conserve the number of chlorine, bromine, and nitrogenof zero at the end of the time integration scheme.
atoms, respectively. The procedure so far may mask severe implementation er-
An example for the application of the type-2 families is to rors of other submodels. However, the rafioof the nega-
transport aerosol components of a specific mode (or bin) ofjve mass to the conserved total mass
an aerosol dynamical model together as one family.
The corresponding namelist including both examples is My
shown in Appendix B. fe= 5 =) (20)
My + My
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Mass diagnostics for Tracer NH3 Mass diagnostics for Tracer BrQO

Fig. 2. Positive (black line, left axis) and negative (red line, right axis) global tracer masses in kg foflédtpanel) and BrO (right panel)
for a simulation period of six years (1999 to 2004).

provides a measure for the severity of the positive definite-the positive mass. We therefore conclude that the correction
ness violation for every specigs This can be used to define hardly affects the global budget, but indeed increases the sta-
a (tracer-specific) threshold above which TRACPREF bility of the integration scheme and guarantees the overall
will terminate the model integration, since the violation is positive definiteness for other process operators. We further
most likely caused by a severe error| M| is sufficiently ~ point out that negative values such as those seen in the ex-
small, the positive definiteness violation can be considered t@mples do not occur for all species. For longer-lived species,
be caused by numerical noise. The tracer-specific thresholtike Oz, but also for short-lived tracers, like H, negative val-
and the option to reset the negative values of a specific tracew€s never occurred in the simulation and the correction was
are set in a Fortran95 namelist (see Appendix B). not required.

4.1 Examples 4.2 Discussion

The sub-submodel TRACERDEF has been applied in the We emphasise that a meaningful application of
simulations described bydkel et al. (2006). As an example, TRACERPDEF requires a proper positive definite imple-
Fig. 2 shows the global tracer masses (positive and negativenentation of all tracer related processes. TRACEHBEF
for NHz and BrO. NH occurs mainly in the troposphere, is solely designed to correct and budget technically caused
while BrO has higher mixing ratios in the stratosphere com-negative overshoots such as rounding errors. It is neither
pared to the troposphere. suited to correct for process-specific misconceptions, nor

Both masses of both tracers show strong variations. Theapable of correcting positive overshoots, which can anyway
variations in the positive tracer mass result from the variationnot be fixed a posteriori.
of sources (emissions, chemistry) and sinks (chemistry, dry Based on this prerequisite, the locally occurring negative
and wet deposition) depending on the meteorological convalues are simply reset to zero, accepting a small mass con-
ditions. For both species, a seasonal cycle is evident. Thservation violation due to the artificially created mass. Meth-
negative values result from numerical limitations. While for ods to redistribute this mass either globally or locally are not
NHs (left panel of Fig. 2) the negative tracer mass occursimplemented since such attempts likely introduce other prob-
only sporadically, for BrO negative values are calculated al-lems such as unphysical instantaneous long-range transport,
most continuously. This is a consequence of the higher phoviolation of the monotonicity constraints etc. Nevertheless,
tochemical activity (shorter lifetime) of BrO and its strong the mass conservation violation is diagnosed, thus provid-
changes during sunrise and sunset. In contrast to thig, NHing a quality control measure. And indeed, as the examples
in the applied kinetic setup is only indirectly influenced by above show, the global mass conservation violation is negli-
the photochemistry. gible.

For both species, the negative values are considered to re- The local impact of such a correction procedure, however,
sult only from numerical noise, because the negative masss not controlled by the simple “global mass based” threshold
is 25 (NHg) and 28 (BrO) orders of magnitude lower than mechanism. Yet, with the prerequisite above, only negligible
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|
= BASEMODEL
m
_ .| names of tracer sets
- . tracer_mem_bi
& Ry EJTL
I family
=] | conversion
s tracer_family_si || tracer_pdef_si | | xy_si
m | —_ = — 4 —_ —
| tracer
Q tracer_family tracer_pdef tracer Xy
= - - interface
N ] routines
MESSy
sub-submodel sub-submodel submodel

Fig. 3. Module structure of the generic submodel TRACER with its submodels TRAEARILY and TRACER PDEF. The names of

the corresponding Fortran95 modules aressymain X.f90 where the “X” is a placeholder for the names in the boxes. The suffixes

andbi denote modules of the submodel interface layer (SMIL) and the base model interface layer, respectively. The meaning of “generic
submodel” is indicated by the dashed boxes and red arrows: A generic submodel is itself coded as an ordinary submodel (i.e., splitinto SMCL
and SMIL), but it provides a part of the MESSy infrastructure (BMIL) and therefore can be used (in the Fortran95 sense) directly by ordinary
submodels (here the submodel “xy”). Thus, the SMCL and SMIL of TRACER are shifted to the SMIL and to the BMIL, respectively.

negative overshoots are to be expected. Nevertheless, altetonstant in time and space. For this it provides a number of

native, more local threshold conditions can easily be imple-modes with the corresponding radii, radii standard deviations

mented into TRACERPDEF. (sigma) and aerosol densities. These mode properties are de-
fined in the namelist along with the specification of the trac-
ers (more details are explained in Appendix C). This feature

5 PTRAC can be used in simplified model setups to test the coupling to

the Processes which operate on aerosol tracers, such as aerosol

The standard method of defining tracers is scavenging (Tost et al., 2006).

application of the TRACER interface routines
(see http://www.atmos-chem-phys.net/8/1677/2008/
acp-8-1677-2008-supplement.zip) from within the SMIL
of submodels. Any modification, however, requires recom-
pilation, which is not in all cases desirable. The MESSy6 The implementation in the MESSy structure
submodel PTRAC (foprognostictracers) allows in addition

the alternative definition of tracers via a Fortran95 namelisttrRaAcER with its submodels TRACERAMILY and

The namelist entries (as shown in more detail in Appendix C)TRACERPDEF is implemented according to the MESSy
correspond directly to the tracer meta-information as eX-gyandard (gckel et al., 2005), i.e., within the four layer struc-
plained in Sect. 2.1. Tracers can be defined independentlyure_ TRACER constitutes generic submodel.e., a sub-

for different tracer sets. o _ model providing a part of the MESSy infrastructure. The
If a tracer is an aerosol species, its evolution depends,,oqule structure is sketched in Fig. 3

largely on the aerosol dynamical model operator which de- o .

fines the corresponding aerosol properties (e.g., radius, den- AS such, the MESSy submodels (within their submodel
sity, radius standard deviation, etc.). Thus, for aerosol tracerdterface layer (SMIL)) are allowed to directly use routines
the name of the aerosol dynamical submodel, the correspondf®™m the submodel core layer (SMCL) of TRACER. Direct
ing method (modal or bin), the corresponding mode (or bin)2CcCess to the sub-submodel routines of TRACERMILY

number and the density of the specific aerosol component ar@Nd/0r TRACERPDEF is not required. The interface rou-
stored in the tracer meta-information. This information cantines for.conversmns of tracer families (explained in Sect. 3)
then be used by the aerosol dynamical models (and by othei"® Provided by the TRACER BMIL.
aerosol process operators) to select the tracers they process.PTRAC is implemented as an “ordinary” (as opposed to
An example for such an application is described in detail by“generic”) MESSy submodel, in the same way as sketched
Kerkweg et al. (2007, and references therein). for the submodel “xy” in Fig. 3. Details about the implemen-
In addition to this, PTRAC can also be used as a simpli-tation of submodels have been documenteddnkdl et al.
fied modal aerosol model, in which the aerosol properties ar¢2005).
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to keep the ratios between the family members unchanged.
Only the tendency on the left side is primed, since the sec-
The generic submodel TRACER provides the framework forond condition is that the valuessat At must not be changed.
the implementation of chemical species into Earth Systemsubstitutingyr,;— , with its definition (Eq. 3) on the left side,
Models. A tracer is split into its meta-information (charac- replacing the primed tendency with Eq. (5), i.e., with a sum
teristics that do not change with space and/or time) and itf primed tracer tendencies, and solving for the sum over the
data (the abundance of the tracer in space and time). A mulprimed tracer tendencies yields Eq. (17), since the equation
titude of tracer sets can be defined and associated with difmust be valid for each family membeyr independently.
ferent representations (grid, spectral coefficients, etc.) of the
ESM. Each tracer set can store an arbitrary number of data
instances (limited only by the physical memory), e.g., for Appendix B
different stages of the time integration scheme of the model.

TRACER includes two submodels, one for the application Figure B1 shows an example namelist file as required by the

7 Summary

of tracer families (TRACERFAMILY) and one for correct-

generic MESSy submodel TRACER. In t@RLnamelist,

ing numerical negative overshoots to enforce the positive defthe submodels TRACERAMILY and TRACER PDEF are

initeness of tracer-related processes (TRACHEBPEF). As
by-product, TRACERPDEF also provides a global tracer
mass diagnostic.

TRACERFAMILY comprises two different concepts,

switched on (T) or off (F), respectively.
The CTRL_FAMILY namelist controls the submodel

TRACER FAMILY. Most important are the definitions of the

tracer families TF(.) ) as explained in Sect. 3.3. The num-

type-1 families for strongly related species (e.g., fast equili-bern of the family is arbitrary (<50 in the current im-
brating species during advection), and type-2 families for theplementation), but it must be unique. Here, numbers 1 to 3
linearisation of tagging techniques. Both concepts can be apeorrespond to the examples of type-1 families in Sect. 3.4.
plied simultaneously and the conversion routines can be usetthe weights are defined after the colon. Numbers 10 and
by every MESSy submodel. In the current implementation,11 are examples of type-2 tracer families, one with and one
tracer families for tracer sets with three data instances reprewithout rescaling, respectively.
senting the tracer at time step At, the tracer tendency, and The CTRL PDEF namelist controls the submodel
the tracer at time step respectively, are handled. TRACERPDEF. TheTPD_DEFAULT(.) entries (one for
The MESSy submodel PTRAC can be applied to easilyeach tracer set) determine the default settings for all species
define prognostic tracers via a Fortran95 namelist. Furtherof a tracer set. The numbers are arbitrary, but must be unique.
more, it can serve as a highly simplified aerosol model (with|n the example, the default for the tracer set “gp” is to reset
static aerosol properties) for the technical testing of aerosolthe negative values (T) and to terminate (T) the simulation
related processes (such as dry deposition or scavenging). above the thresholdf(=0.01). This default value can then
The code with documentation is part of the electronic be overwritten for individual tracers with tHEPD(.) en-
supplement (http://www.atmos-chem-phys.net/8/1677/2008tries (HNO3nat and N in the example). The enumeration of
acp-8-1677-2008-supplement.zip). It can be applied toTPD(.) is also arbitrary (500 per tracer set), but the num-
ESMs, general circulation models and chemistry transporbers need to be unique.
models without further adaptations (such as other parts of
the MESSYy infrastructure).
Appendix C
Appendix A Figure C1 shows an example namelist for the MESSy sub-
. . model PTRAC for the definition of tracers. Since “ordi-
The rescaling for the_ type-2 fa”_“'y tracers (E_q. 17) re- nary” submodels must access the infrastructure from their
sultg from two conditions. The first .condltlon is that the SMIL, the namelist is - following the MESSy standard nam-
(weighted) sum.of the rescaled fam|l}/ members must bemg convention — name@PL Depending on the type of the
equal to the family (cf. Eqs. 16 and 17): information, the corresponding variable names begin with
Ftoge = a - Rfope (A1) I for Fortran95 integer values, wiR_for real values and
Axe’ C_ for character _(stnng) values, respectively. _In th_e ex-
Xfi—Ar + <_) AL = ample a tracer with the name SF6_(NAME(1)) in units
' At Jiye of “mol/mol” (C_UNIT(1) ) is defined for the tracer set
Ax; “gp” (C_SETS(1) ). The identification of the tracer (i.e.,
a- i;r(x’?’—m + (E)HT FAL) ki the structure ident, see Sect. 2.1) is completed by speci-
where the prime denotes adjusted quantities.

fying O (single tracer) as the typé TYPE(1) ), 1 (air) as
The familythe medium (_MEDIUM(1) ) and 1 (amountfraction) as the
members are all rescaled by the same faetoin order

quantity ( QUANTITY(1) ) of the tracer.
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&CTRL
L_FAMILY
L_PDEF

/

T, '# USE TRACER FAMILIES (SEE CTRL_FAMILY BELOW)
T, '# SWITCH TRACER SUBMODEL PDEF (SEE CTRL_PDEF BELOW)

&CTRL_FAMILY

I# SYNTAX:

I# tracer set, family-type, rescaling switch (type-2 only, default=T),
# family-name, family-subname, LIST OF TRACERS ...

I# ... name[_subname][:weight]

TF@1) = 'gp’,1, ,/CIOX,”,’CI',/'CIO’,HOCI'’OCIO’,'CI202:2.0’,'CI2:2.0’,
TF(2) = 'gp’.,1, ,/BrOX,”,Br,’BrO’,/HOBr" 'BrCI'Br2:2.0’,

TF@) = 'gp’.1, /NOX,”’N'/NO’’NO2'’'NO3’'N205:2.0’,

TF(10) = 'gp’,2, ,/AERO’, 'cs’,’'SO4_cs’,’OC_cs','BC_cs','SS_cs’,'DU_cs’
TF(11) = 'gp’,2,F,AERONOSCAL’’as’/SO4_as’,/OC_as’,/'BC_as’,’'SS_as','DU_as’
/

&CTRL_PDEF

L_DIAGOUT = T, # diagnostic output ?
I# SYNTAX: set-name, tracer-name, subname,

4 reset to zero?, stop on exceed?, relative tolerance
TPD_DEFAULT(1) = 'gp’, T, T, 0.01,
!
TPD(1) = ‘gp’, 'HNO3', 'nat’, T, F, ,
= 'gp’, ‘N, T, F, ,

TPD(2)
!

/

The generic MESSy submodel TRACER

Fig. B1. Example namelist file of the generic submodel TRACER with its submodels TRABEWRILY and TRACER PDEF.

&CPL

! NOTES:

! - MAX 100 TRACERS !l!

! - AEROSOL PROPERTIES:

! -> FIRST TRACER IN EACH MODE DETERMINES RADIUS, SIGMA, and DENSITY
|\ B TRACER 1 B

C_SETS(1) = gpt
C_NAME(1) = 'SF6'”, | NAME, SUBNAME

C_UNIT(1) = 'mol/mol’, ! UNIT

I_TYPE(1) =0, ! SINGLE = 0, FAMILY = 1, ISOTOPE = 2
I_MEDIUM(1) = 1, I AR = 1, AEROSOL = 2, CLOUD = 3, OCEAN = 4,
! ! LAKE = 5, RIVER = 6, LANDICE = 7, SEAICE = 8,
! ! VEGETATION = 9

I_QUANTITY(1) = 1, I AMOUNTFRACTION = 1, NUMBERDENSITY = 2,

! ! CONCENTRATION = 3

1

R_AEROSOL_SIGMA(1) = 0.0, K|

~AEROSOL_RADIUS(1) = 0.0, 1 [m]

-3

! ADVECT, CONVECT, VDIFF, WETDEP, DRYDEP, SEDI, SCAV, MIX, FORCE_COL

! INTEGRATE, TIMEFILTER, FORCE_INIT, AEROSOL_METHOD, AEROSOL_MODE, AEROSOL_SOL
! 0=OFF, 1=ON, 2=MODAL, 3=BIN

CASK_I(1,;) = 1,11, 0,0,1, 0,0,1, 1,1,0, 24,1

! MOLAR MASS, HENRY, DRYREAC_SF, VINI, AEROSOL_DENSITY

! [g/mol] , [mol/L/atm], [1], [<unit>], [kg/m"3]

CASK_R(1,;) = 146.07, 1.0, 0.1, 0.0, 2000.0,

! AEROSOL MODEL

CASK_S(1,;) = 7,

U R T R R T R R R
/

Fig. C1. Example coupling (CPL) namelist of the MESSy submodel PTRAC.
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The entriesCASK_X(1,:) (with X=I,R,S for For- Bott, A.: A positive definite advection scheme obtained by non-
tran95 integer, real or string values, respectively) specify linear renormalization of the advective fluxes, Mon. Weather
the further characteristics (i.e., the contents of the meta- Rev.,117,1006-1015, 1989.
information containers of tneta) for a specific tracer (here Carver, G.D.and Stott, P. A.- IMPACT: an .ir'nplicit time integration
for tracer number 1) as explained in Sect. 2.1 and the ggk;ergj(afozro%%emlcal species and families, Ann. Geophys., 18,
supplement (http://www.atmos-chem-phys.net/8/1677/2008/ hit o '

. . p://www.ann-geophys.net/18/337/2000/.
acp-8-1677-2008-supplement.zip). .Note that for a IVENChiond, A.: Locally Modified Version of Bott's Advection scheme,
Fortran_95 type thg order of the entries must correspond 0 \;on Weather Rev., 122, 111-125, 1994.
the defined container numbers. In the example here, the Sepckel, p: Technical Note: Recursive rediscretisation of geo-
quences of the entries (e.g., the switches for the processes scientific data in multiple dimensions in the Modular Earth Sub-
like advection, convection, vertical diffusion etc.) are indi- model System (MESSy) data import interface, Atmos. Chem.
cated in the comment lines of the namelist. The molar mass Phys., 6, 3557-3562, 2006,
of the tracer SF6 is 146.07/mol (CASK_R(1,1) ). http://www.atmos-chem-phys.net/6/3557/2006/.

All container numbers (number at 2nd rank of the Jockel, P Sander, R., Kerkweg, A., Tost, H., and Lelieveld, J.:
CASK_X used here (see below) are provided as For- Technical Note: The Modular Earth Submodel Systgm (MESSy)
tran95_PARAMETER for usage in the code, thus the - a new approach towards Earth System Modeling, Atmos.

| ft ber 1 will b d Chem. Phys., 5, 433-444, 2005,
molar mass ot tracer number wi € accessed as http://www.atmos-chem-phys.net/5/433/2005/.

CASK_R(1,R_MOLARMASS) Jockel, P., Tost, H., Pozzer, A., Bnl, C., Buchholz, J., Ganzeveld,
For |_MEDIUM(.)=2 , the tracer will reside in the L., Hoor, P., Kerkweg, A., Lawrence, M. G., Sander, R., Steil,
medium “aerosol”. In this case, the corresponding entries B., Stiller, G., Tanarhte, M., Taraborrelli, D., van Aardenne, J.,
determine which aerosol dynamical model should handle the and Lelieveld, J.: The atmospheric chemistry general circulation
tracer CASK_S(.,1) ), the density of this aerosol com- model ECHAM5/MESSy1: consistent simulation of ozone from
ponent, CASK_R(.,5) ), whether it is a modal or a bin the surface to the mesosphere, Atmos. Chem. Phys., 6, 5067—
aerosol dynamical modelCASK I(.,13) ), and which 5104, 2006,
mode or bin this tracer should reside BASK_I(.,14) ) http://www.atmos-chem-phys.net/6/5067/2006/.

i ) Kerkweg, A., Sander, R., Tost, H.pckel, P., and Lelieveld, J.:
In contrast to this, the entrie® AEROSOL_SIGMA(.) Technical Note: Simulation of detailed aerosol chemistry on

andR_AEROSOL_RADIUS(.) do not specify tracer char- the global scale using MECCA-AERO, Atmos. Chem. Phys., 7,
acteristics, but rather define a radius standard deviation 2973-2985, 2007,
(sigma) and a radius for the mo@ASK_I(.,14) , when http://www.atmos-chem-phys.net/7/2973/2007/.
PTRAC is applied as a simplified modal aerosol model. Prather, M. J.: Numerical advection by conservation of second order
Since sigma, radius and the aerosol density are common for moments, J. Geophys. Res., 91, 66716681, 1986. _
a given mode, they are defined by the first tracer in the listSheela, V., Lal, S., and Bhl, C.: Validation of a 2D model using
(tracer enumeration) for a specific mode. In this case the ‘ézs,erg’r‘fd%02'2655502‘?2’1’“20”82'” focus on the tropics, Atmos.
L - viron., 39, — , :

aero_sol density is set to 2/3 of the ae_r(_)sol componer_lt denSItgmolarkiewicz, P. K. and Rasch, P. J.: Advection on the Sphere: An
of this tracer CASK_R(.,5) ), providing an approximate Euleri : . .

. . ulerian Versus Semi-Lagrangian Approach, J. Atmos. Sci., 48,
ambient aerosol density. 793-810, 1991.
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