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Abstract. The understanding of causes of changes inHowever, it was shown that this perturbation approach does
climate-chemistry simulations is an important, but often not provide a reliable estimate of the contribution of these
challenging task. In atmospheric chemistry, one approach i€missions to ozone and climate changéafg et al. 2009

to tag species according to their origin (e.g. emission cateGrewe et al.201Q 2012 Emmons et a).2012. For exam-
gories) and to inherit these tags to other species during sulple, when ozone production is saturated, i.e. additional NO
sequent reactions. This concept was recently employed tonolecules only lead to a very low additional ozone produc-
calculate the contribution of atmospheric processes to temtion, this very low ozone production is applied in the pertur-
perature. Here a new concept for tagging any state variablbation method to estimate the total ozone produced.

is presented. This generalized tagging method results from a On the contrary, the tagging methodology provides a use-
sensitivity analysis of the individual forcing terms of the right ful framework to obtain information on the contribution of
hand side of the governing differential equations. In a coupleindividual processes to specific quantities. It is widely used
of examples, the consistency with previous approaches angh atmospheric chemistry, but only recently well documented
the synergy by using different analysis techniques are shown(Grewe 2004 2012 Wang et al. 2009 Gromov et al.201Q
Since the method is based on a ratio describing relative sensirewe et al.201Q Butler et al, 2011 Emmons et a).2012).
tivities, singularities occur where the method is not applica-In most applications, a subset of species is regarded and
ble. For some applications, such as in atmospheric chemistryagged without non-linear interaction between the individual
these singularities can easily be removed. However, one thespecies. For example road traffic emissions and the contribu-
oretical example is given, where this method is not applicabletions to nitrogen oxide and ozone concentrations are tagged,
at all. but the interaction of, e.g. road traffic nitrogen oxides emis-
sions and ship traffic non-methane hydrocarbon emissions is
not regardedGrewe et al(2010 provided a methodology,

i which allows a complete tagging of a chemical scheme and
1 Introduction takes these non-linear interdependencies into account.

In the past, many diagnostics were developed and applied
o understand the non-linear chemistry-atmosphere system
and its response to a perturbation. The analysis of individual
reactions and reaction chains and the analysis of local ozone
Oproduction and loss changes were frequently used. Other

studies have analysed the linearization of a perturbation of

ap_pl_ications rely on the assessment O.f changes, i.e. the S.eg'(steady-state) solution. For exampteather(1998 inves-
sitivity of the atmosphere to a change in a regarded quantltytigated the chemical modes (decay times of a perturbation)

suc.h as road trafnc EMISSIONS. Sych a comparison of two ex; f a reduced system, which includes the three species ozone,
periments, one including all emissions, processes, etc. an

ethane and nitrous oxid®laas and Pop€&L992 identified

one w_here the regarded Process 1s altereql eg. rpad traﬁ% a more theoretical framework, manifolds for the linearized
emissions suppressed), provides valuable information on thgystem which contain chemistry with slow response times
sensitivity of, e.g. the atmosphere to road traffic emissions. ' '

In order to answer questions, such as: “what is the contribu—t
tion of road traffic emissions to climate change?” and “what
is the contribution of anthropogenic G@missions to cli-
mate change?”, climate (-chemistry) models were applied t
provide an answerlherek et al.201Q IPCC, 2007). Most
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and can therefore be used to simplify chemical kinetics. Bothwe definen categories, which totally partition the right hand
studies are targeting at the characterization of response timesde and, as a consequence also the left hand side o1)Eq. (
or chemical modes of a perturbation. Tagging on the other

m
hand is not primarily focusing on a perturbation nor does it p /,\ _ J
include a linearization of the system. Instead, it is merely a A= ;Pi ® @
complex budget analysis and a source-receptor relationship, "
where the source can be defined very arbitrarily, e.g. emis; (x) = Zpif (x) (3)
sions at different regions, emissions from different categories =1
(road traffic, ships, biomass burning, etc.) or from various mo
processes. The combination of all these analysis techniquess x; = le-.’, (4)
leads to a better insight in interactions within non-linear sys- j=1
tems.

Recently, this methodology was applied to a simple Obviously, the challenging part of the decomposition is to

climate-box model to investigate the impact of atmosphericderive the terms/ (x). In atmospheric chemistry a combi-
absorption on surface temperature, i.e. the greenhouse effeBgtorial approach was chosen to derive these tetnewe
(Grewe 2012. Hence it shows that in principle the tagging €t &l, 2010. That means that for a reaction of, e.g. species
methodology is also applicable to quantities other than only"ith Speciestz, every possible combination of the categories
chemical species. Jj andk of either species was calculated. Hence all possible
Here, these approaches are generalized to provide a framgombinations of the contributions; andx} of speciesry
work with which any quantity can be tagged. This general-andxz were calculated. Here, a different approach is chosen.
ized tagging approach is introduced in S@cSection3 pro- In Sect.3itis shown that both approaches are equivalent and
vides four examples, which show how this formalism can belead to identical results.
applied. These examples prove the consistency with previous The basic question is “what is the impact of categgry
approaches iGrewe et al(2010 andGrewe(2012), which on the termF; (x)?” The impact is defined as the sensitivity
were derived with a different, combinatorial, ansatz. The ap-Of the categoryj on the right hand side multiplied by state
plicability of this methodology is limited by the existence of variable of category. Or in other words, the impae®! of
singularities, which are explored in more detail in Sect.  category;j for the termF; is
Section5 provides an example of a simple non-linear system T OF ()
and how different analysis techniques can be combined. Ql! =x/ 8;_]

®)

wherex/ = (x{,...,x,{)T, the contribution of category to
x. The total impact; of all categories is then

In a very generalized form, climate-chemistry models de- m
scribe the temporal development of state variablesy;, T; = ZQ{ (6)
i=1,.,n, which can be written in vector formx’ = j=1

(x1,...,xp) € R". (An overview and summary of the def- )

inition of the main variables is given in Tabl#). This And the contributionF} (x) of the category; to F;(x) is
temporal evolution is given by differential equations, de- the relative contribution of category

scribing the dependence on external forcinggr)’ =

2 A generalized tagging method

J

(P1(0), ..., P, (1)) € R" and on the state variables themselves Fi (x) = &F (x) @
Fo)T = (Fi(x),..., F,(x)) € R": ’ T
8 . . . e j
9 = P(t)+ F(x). 1) The differential equations for the tagged quantnxésare
at then:

In general,F (x) describes a sum of individual processes, ﬂxj — pJ (t) + Fl (x) ©)
such as various reactions. Without loss of generality, this isor ' ! !
restricted to one process only. The method described below i l/
can then be applied to each summand individually. =P O+ - Fi(x). 9)

1

Now, we are interested in following the contributions of
individual processes or quantities to the state variables. FO[,, \ector notation and withi‘;’—" _ 0N a 1 fol-
example in atmospheric chemistry applications the contribu1ows: i 9xi 9xi
tion of emissions (her® (¢)) to the atmospheric composition
(herex) is of interest. Another example is climate modelling: 5 j j
the contribution of greenhouse gases to temperature. Henc@xi = P (1) + Fi(x)

IV Fi(x)

xTVF(x)’ (10)
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Table 1. Overview on used variables. The time dependericy is occasionally omitted for simplicity reasons, exqr) becomes:.

Variable Description Comment
i Index forn state variables; i=1...,n
j Index form sources contributing to state variabkgs j=1....m
x; (1) Time dependent state variable e.g. temperature or ozone concentration
x (1) Time dependent contribution of sourgeo state variable; Z’}lei] =x;
x1(7)
x(1) = : State variables
Xn (t)
x] ()
xi() = : Time dependent contribution of sourgéo x
X3 (1)
x1@) .o
X(t) = : : Contribution matrix Xxl=x
XXy ..o xm@)
Py(1)
P(r)= : Time dependent external forcings
P (1)
F1(x1,...,x0)
F(x)= : Forcings depending on state variables %x(r) =P@)+ F(x)
) Fn(x1,...,x0) )
J T ; ; J_
P; Contribution of sourcg to the external forcing®; 7’:1 Pi_ =P
. . J .
F! Contribution of sourceg to forcing F; F/ = %"Fi (see below)} ", F/ = F;
AF; (x) in vector notation
o} o/ = i TFix)
J 1 m . . i ax/
Ql :(Xi, ,)Cl ) : ImpaCtOfSOUI‘CQ OnF[ _ij<3F,-(x) 67x>_ij3F,-(x)
AF; (x) - T ax gy ) T 0x
ax;" =x/ VF;(x)
0Fi(x)
dxy
VF;(x)= : Gradient ofF;
d9F;(x)
dxp,
T, = Z’J’.’:l Qlj Total impact of all sources of;
j j
%" Contribution of category to the total impact ;'?:1 QT: =1
Obviously, the method has a singularity and hence needs0, ..., 0, f(x;),0,...,0)T:
special treatments for situations wheréV F; (x) = 0. Be- ,
. . . . . . . J g1,
fore this singularity will be discussed in more detail, exam- 8 i_pi O+ f(x-)xi S (xi) (11)
ples will be given to obtain a better understanding of the prac-3; ™ i Yoxi f(xi)
tical consequences of EdL@) and the consistency with pre- j
. . . X
vious tagging approaches Grewe et al(2010 andGrewe = pif )+ fx)—~ . (12)
X

(2012 will be shown.

1

This means that the right hand forcing term is linearly de-

3 Examples
3.1 Self-dependency

In many cases the regarded quantity depends only
on a temporal forcing and on itself, i.eF(x)=

www.geosci-model-dev.net/6/247/2013/

composed into the contributions according to the contribu-
tions of the state variablej.

Examples are tracers, such as Radon, which are emitted at
the Earth’s surfacd%j ) and decay radioactively, i.¢.(x;) =
— 2, wherer is the lifetime of the regarded species.

Geosci. Model Dev., 6, 263-2013
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Table 2. Overview on the characteristics of the non-linear systemP — x*. See Sect for details.

Description Variable Result
Steady-state solution xS —pi= Pty
Lifetime of x Ty = PlfTa

Lifetime of a perturbatiory to xS Ty = aPllJ =Ty
Steady-state solution of tagged quantity ! xl.s = P,-PIEJ = Pty
Contribution calculated with perturbation approactx? = %P,- Pa =P Ty

3.2 Bimolecular reactions and similar processes

Here a reaction of two species is regarded:

X1+ X2 —> X3, (R1)

e.g. the reaction of NO and HOwhich forms OH and N@
and latter photolyses and recombines tg Oherefore, we
consider three species only, ire= 3. The differential equa-
tion for the production of3 by this equation is

0
—x3 = F3(x) = kx1x2, (13)

at

with k the reaction rate coefficient.
In this caseFs(x) = kx1x2 with the notation of Eq.X0).

With m arbitrary categories, the differential equation for the

tagged species\ﬁ) (j=1,...,m) becomes

3 (], x3, x]) (kxz, kx1,0)T
=] — F 1°742°"3 14
908 = P G 2w (kv krs, O)T (14)
kxsz+kxjx1
= Fa(x)———2%—= (15)
2kx1x2
1 xj xj
= F3(x)= <_1 + —2> : (16)
2\x1  x2

Therefore the contribution of the categojyto the pro-

duction Ofxé is determined by the mean contribution of the

educts, i.e. 12(x{/x1+x£/x2). Hence it is identical to re-
sults inGrewe et al(2010.

3.3 Ternary and multi-body reactions

Let us now consider a chemical reaction, wheéne— 1)
educts lead to the species:

X1+ ... FXp_1—> Xpm- (R2)
The differential equation for the production is then

9 m—1
—Xm = Fu(x) =k, 1_[ Xi

(17)
ot i=1

wherek,, is the reaction rate coefficients.
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The derivative of the right hand side gives

m—1
D k) =k, I1 m=qu (18)

dx; k=1 ki X
And therefore, according to EdL(), the differential equa-
tion for the contribution results in

m—1

Zﬁ%mm

j i=1
&xrjn = Fn(x) 1 ) (19)
Z Xi 3_xl.Fm (x)
i=1
m—1 x.j
= Fn(x) =2 (20)
Y Fu(x)
i=1
m—1_J
= F(r)— (21)

Y
m—ll.:1 X;

This means that the contribution of categgrio the pro-
duction of a species,, by a (m — 1)-body chemical re-
action is the mean of the contributions of the individual
species (educts); to categoryj. This is again consistent
with the previously derived equations for, e.g. a ternary re-
action Grewe et al.2010.

3.4 Heating rates

Here an example is given for an alternative numerical ap-
proach for calculating the right hand side of the tagging
equation Eqg. 10). In the case of a tagging of temperatures
(Grewe 2012, the temperature equation includes diabatic
terms and one of them is the diabatic heating rates from ra-
diative processes. Instead of going through the math in the
radiation calculation to derive the right hand side of the tag-
ging equations, it is also possible to additionally calculate the
heating rates with perturbations for each of theategories.
Assume that the radiative transfer code provides verti-
cal profiles in heating rateH (z) (in Ks~1) for an altitude
coordinatez at any given location. For simplicity reasons,
we assume only one state variable temperafurand two
categories, which influence temperature, greenhouses gases

www.geosci-model-dev.net/6/247/2013/
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(category 1) and solar influx and shortwave absorption (cat:

egory 2). 1
The radiation code is then called additionally twice for

every “perturbation”-altitudezp with a perturbation in the

temperature and with a perturbation in the greenhouse ga 08 - N

concentration (in ppbv). This provides a change in the heat

ing rate profile per change in temperature and greenhous

gas concentration, respectively at all perturbation altitudes 0.6
Hr(z,zp) in s~t and H(z, zp) in Ks™1ppbv-1. o
The heating profiles/ (z) for the individual categories UF, (X
j depend on both the contributions of the two categories tc 0.4
the temperatur@’/ (z) and the greenhouse gas concentration X
G/ (z): . .
0.2 Singularity —
> (Hr(z.2p) T/ (zp) + Ho(z, 2p) G (zp))
J(r) = b
B ) = )~ e T T G 22 0 I I
’ 0 02 04 06 08 1
Note that the magnitude in the perturbation has to be con X

sidered carefully in order to avoid impacts from numerical

noise, if the perturbation was chosen too small and to avoidsig. 1. Example of a singularity in the tagging method. The forcing

a too large deviation from the derivative if the perturbation term Fy(x) is shown in thin lines with isolines 0., 0.1, 0.2, 0.23,

was chosen too large. 0.24, 0.245, and 0.249 with a maximum in the middle. Thick lines
indicate the location of the singularitias/ F1(x) = 0. The arrows
give an example.

4 Singularities in the tagging formula

The tagging method as described in E&0)(has an obvi- Hence, for individual cases, such as atmospheric chem-
ous disadvantage, since it may not be applicable in situationstry, singularities can consistently be removed, by setting the
wherex TV Fj(x) becomes zero. Fortunately, this situation respective forcing term to zero, with the argument that if no
does not occur for many applications, e.g. for atmospherigeaction occurs also no changes in the tagged species can oc-
chemistry or simple temperature tagging, as shown in the excur. However, as the last extreme case shows, theoretically,
amples in Sects8.1-3.3 However, some singularities remain there are constellations, where an application of the tagging
in these examples, namely if the state variables and concerformula is not possible.
tration of species become zero. In these cases it can be argued
that since no reaction occurs, the contributions of the tagged
species to the individual species remain unchanged. 5 Comparison of diagnostical methods

In generalx TV F;(x) means that the sensitivities of the

term F; are fully balanced. Figuré gives an example for a As shown in the previous section, tagging is a powerful

two-dimensional situation, with two state variahlesandx. methodplogy to provide more insights in functional chain_s
Here, the forcing term (thin isolines) & (x) = 0.25— (x — of non-linear systems. Evidently, many previously used di-
)2, with ™ = (1/2, 1/2). Hence the derivative i§ Fy(x) = agnostics also providgd insights,. however, with diffe_ren_t as-
—2(x —a). For everyx with xTV Fy(x) = 0 (thick line) the pects. Based on a simple non-linear system, a brief inter-
sensitivity of the forcing ternf; (x) with respect tocg, which ~ comparison is given here. _ _ _
is xlaixlFl(x)’ is balanced by the sensitivity with respect to As a test-bed the following non-linear system is analysed:
the second variable, and the sum equals zero. Or in other
wordsx is perpendicular t&/ F1(x) (arrows).

If we replace the forcing term by (x) =x1/x2 in this  \\herep = 0is a production term; > 0 a state variable, and

example, we obtain an extreme singularity. For this forcing 5 non-linearity parameter > 0. Note that this system is lin-
term the denominator in the tagging equation becomes zerog g, fore = 1. The results are summarized in Tab.

x=P—x*=G(x), (25)

T The production term has two sourc€s> 0 and P> > 0
xTVFl(x) = (x1,x2) ( 1 —x1> (23) with Py + P, = P. The tagged variables; and x», which

x2 x2 resemble the impact of the individual sourcesoare

X2
X1 X1

==_-2==0. (24)
X2 X2

www.geosci-model-dev.net/6/247/2013/ Geosci. Model Dev., 6, 253-2013
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In the same way, the linearized perturbation equation can

x1 be derived:
fi=P—xto (26) PotP_—1 1

X P aPy+P _— -

By R P x Tx n

iy Pz—xaﬂ 27) o1 <y2> = ( -1 aP1+P2.L,—1> <y2>' (41)

X x P X

The steady-state solutions are This analysis is hence a combination of an eigenvalue analy-
. sis, see e.g. iRrather(1998, with a tagging approach which

xS=Pa (28) allows for the analysis of how changes# and P» lead to
‘s 1, changes in the chemical modes of the tagged speg¢iaad
Xy =P Pa 29 o, respectively.

x§=PyPual, (30)
That means that the contribution of the production te#gm 6 Conclusions
to the state variable in steady-state iSc.

Using the perturbation approach, the contribufieh and
Px3 of the source term#®; and P, to the steady-state solution
xS are calculated as

In this study, a tagging approach is presented, which allows
the calculation of the contribution from individual processes
or quantities to state variables for application in climate-
chemistry models. For these contributions, also called tagged
9xS guantities or species, differential equations are presented,

pr =—~P (31) - e . . .
9P which result from a partitioning of the differential equations
1 1.4 of the primary — untagged — state variables. This partitioning
- QP“ Py (32) s pased onthe sensitivity of each individual term of the right
b.s xS hand side forcing term with respect to the state variables.
X2 = ﬁPZ (33) This methodology is fully consistent with previous ap-
1 1., proaches presented @rewe et al(201Q 2012, which were
=P b (34)  derived with a different ansatz, a combinatorial approach.

' ' _ Four examples show how to apply this formalism to climate-
Obviously, the solutions are equal, i‘e; =Px? (i=1.2)  chemistry applications. One example shows how the sensitiv-
if and only if @ = 1. In general, the factor between the two ities can be derived numerically based on model internal sub-

approaches is. routines which were, in this case the radiation code, which
The decay-time or lifetime of the state variabléand also  provides heating rates.
x;) in steady-state is An example of a very simple non-linear one-dimensional
oS system shows how different analysis methods can be com-
= (35) bined to obtain better insights. It shows that the lifetime of a
* L species and its perturbation lifetime differ in general and co-
=P, (36) incide if and only if the system becomes linear. In analogy,

] ) ) ] the change in the contribution of a perturbed source term to
whereas any perturbation to this steady state is approximately, regarded state variable fagged state variable) differs in

given by the linearized perturbation equation: general from the change in the state variable itself. Again it

) . coincides if and only if the system becomes linear.
y= 8—xG(X )y (37) Despite the large possibilities, which this methodology of-
w1 fers, there are limitations to its applicability, since it may in-
=-—aP ey (38) clude singularities. For some applications, such as for chem-

ical tagging, the singularities arise from reactions, in which

The Jacobian is in this case a one dimensional derivativeé ) involved. which totall ish. Si this impli
only. The eigenvalue analysis is simple and provides one pecies are involved, which foltally vanish. since this Implies

mode, namely, the perturbation life timg, which equals that the reaction does not occur anymore, the right hand side

1.le ) o of the tagging equation can be set to zero. This means that the

« P« = and differs from the lifetime ok by the fac- ipyolved tagged species remain unchanged, as the untagged

tor «. Or in other words, both life times are only equal in a primary species.

linear systemd, = 1). _ In a further theoretical example no consistent removal of
The contributions of; to x based on the tagging and per- hese singularities could be found and in an extreme case the

turbation approach can then be written as tagging formula is not applicable at all, since it consists of

XS = Pty (39) singularities, only.

DS Therefore, the examples show that this generalized tagging
xp=Pity . (40) method is nicely applicable to a number of variables, such as

Geosci. Model Dev., 6, 247253 2013 www.geosci-model-dev.net/6/247/2013/
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atmospheric concentrations or temperature. The limitationsGrewe, V., Tsati, E., and Hoor, P.: On the attribution of contributions
show that a careful consideration of the possible singularities of atmospheric trace gases to emissions in atmospheric model
is necessary, when applying the tagging formula. applications, Geosci. Model Dev., 3, 487-499, #8i5194/gmd-
3-487-20102010.
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