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Abstract. We present an improved tagging method, which 1  Introduction
describes the combined effect of emissions of various species

from individual emission categories, e.g. the impact of both,The attribution of climate change to changes in emission of
nitrogen oxides and non-methane hydrocarbon emissions ogreenhouse gases and precursors has been an issue of seri-
ozone. This method is applied to two simplified chemistry oys concern over several decades. Recently, EU-projects like
schemes, which represent the main characteristics of atMOHUANTIFY and ATTICA aimed at identifying the impact of
pheric ozone chemistry. Analytical solutions are presented(ransport sectors on climat€yglestvedt et al2009 Hoor

for this tagging approach. In the past, besides tagging apet al, 2009 Lee et al, 2010. Wang et al(2009 pointed out
proaches, sensitivity methods were used, which estimate thgat there is a difference in the nature of the two key topics
contributions from individual sources based on differences in 1) attripution of climate change to sectoral emissions and (2)
two simulations, a base case and a simulation with a perturaya|uation of emission control scenarios, which also requires
bation in the respective emission category. We apply bothyitferent methodologies. The attribution of concentrations
methods to our simplified chemical systems and demonstratg, emissions is important to attribute climate change, which
that potentially large errors (factor of 2) occur with the sensi- yepends on absolute contributions, to sectoral emissions. In
tivity method, which depend on the degree of linearity of the contrast, emission control scenarios for attaining air quality
chemical system. This error depends on two factors, the abipy climate change goals require knowledge on the sensitivity
lity to linearise the chemical system around a base case, angf atmospheric concentrations toemissions. It is important to
second the completeness of the contributions, which meangcknowledge that these two topics might differ greatly.

that all contributions should principally add up to 100%. For Figure 1 sketches briefly the idea of either method. The
some chemical regimes the first error can be minimised by

. . ; ._’general settings are given in Figia, which shows an arbi-
employing only small perturbations of the respective emis-, ary relation between emissions of N@nd the response

I 0
sion, e.g. 5%. The second factor depends on the chemic ozone. Two simulations, a base case and a perturbation

regime and pannot be m|n|m|zeq-b-y a specific e.Xpe”memalsimulation, where an emission category is changed by the
set-up. Itis inherent to the sensitivity method. Since a com-

lete taqaing algorithm for alobal chemisiry models is diffi- factor «, are indicated. The line through both simulation
Sult to scghieg\]/e g\]/ve presentgtwo error metri:s which can b points (green) is an approximation of the tangent (dashed

applied for sensitivity methods in order to estimate the po ine). Basically (more details are given in Se8}, the sen-
pp! ity o . P sitivity method uses the tangent approximation, whereas the
tential error of this approach for a specific application.

tagging method is based on the origin line to determine the
ratio between the change in ozone mass and the emission of
NOx.

Obviously, for species, which are controlled by linear pro-

Correspondence tdv. Grewe cesses, liké22Rn or Sk, both approaches will lead to iden-
BY

(volker.grewe@dlr.de) tical results (Figlb). For non-linear systems both methods
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Fig. 1. lllustration of the sensitivity method (pair of simulations) to derive contributions from emission categories and intercomparison with
the tagging method. The ozone concentration in arbitrary units is shown as a function of the emissiopn ofvidCsimulations (base

case and a simulation in which the emissiefss changed by a factar) are indicated with stars. The derivative is added as a tangent

for the base case (dashed line). The line through the base case simulation and the origin (origin line) is dotted. The green line shows the
estimated derivative, based on the two simulatiofsg.General settings and calculation of the derivatiie) Assumption of linearity in

ozone chemistry for illustration purpose. An arbitrary N@mission (horizontal red line) is considered. The vertical red and brown lines
indicate the ozone contributions caused by this(dOurce (sensitivity method in red and tagging in brown) giving identical regak#s

(b) but for the assumption of a non-linear ozone chemistry, however in a situation, which is close to the linear case. The green and dotted
lines are used to calculate the contributions based on the sensitivity and tagging method, resp@tiel{c), but for a situation, which

is far from the linear regimge) Calculation of the ozone contributions; two emission categories are considergel(Night blue, NQ-2:

red) and the ozone contributiong@ and Q-2 indicated with vertical lineg(f) Error analysis; the two erroeg, (magenta) andg (orange),

which describe uncertainties associated with the determination of the tangent and the total estimate of all contributions (intersection of y-axis
and tangent) (see Se@). Note, the origin line for tagging represents the equality of all emittegt N©lecules to take part in a reaction,

which implies that a subset of NOmolecules, e.g. from the sources category “road traffic”, produces a sub-set of ozone molecules in a
linear relation-ship (= origin line) for a non-linear chemistry (blue line).

might deviate only little (Figlc), if the approximated tan- A large number of methodologies for both approaches ex-
gent and the origin line differ only slightly. However, as soon ist (see e.gWang et al. 2009. The tagging methodologies
as the system becomes non-linear, differences between trere differently designed and implemented, but they have in
approaches have the potential to increase largely (ig. common that additional “tagged species” are included in the
Therefore, two aspects are important, the accuracy of thenodels, to which specific emissions are assigned and which
determination of the tangent and the deviation of the tangentindergo the same loss processes as the respective un-tagged
from the origin line. species. In addition, also products arising from the respective
Generally, as pointed out Bi¥ang et al.(2009), it is im- compounds can be tagged so that the impact on the whole
portant to differentiate between the two questions concern€hemical system can be determined. For example, tagging
ing attribution and emission control scenarios and to con-hitrogen oxide emissions from road traffic implies that every
cede that the answers to these questions require two differspecies, which contains an “N” atom is doubled in the che-
ent methodologies. The attribution of atmospheric concen-mical system, tagged with a “road traffic” (rt), and all chemi-
trations to emissions (and sources in general) in a numericatal reactions doubled without changing the chemical system,
simulation framework can be obtained by a tagging metho-e.g.:
dology, whereas developing effective emission control sce-
narios is also obtained by sensitivity methods. NO2+OH — HNO3 (R1)
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is doubled by from the sensitivity method are discussed in Sécthe im-
NOf +OH —> HNO + OH. (R2)  Plications for global model studies and recommendations are
given in Sect6.
Note that on the left side of ReactioRZ) all untagged reac-
tants (educts) appear as products, which ensures that the tag-
ging diagnostic does not affect the chemistry. This metho

ensures that a cIo;gd budggt for all nitrogen €MmISsIonS can bl?\ order to investigate the differences in the various methods,
achleve_d. In addition, the |mpact on 0zone 1 included, byWhich aim at quantifying contributions of emissions to con-

calcu_latmg the ozone production by road traffic j@a the centrations of atmospheric constituents, we define two sim-

reactions ple chemical reaction systems. The two reaction systems dif-

NO-+HO, —> NO,+ OH (R3) fer .in the (_jegree of Iinearity. _The reactive cor_nponents and

their reaction system are aiming at representing main char-

acteristics of tropospheric ozone chemistry. Both reaction

Since this approach increases the amount of species an%/stems consist of 3species, X, Y, and Z, and X, ¥, dnd

chemical reaction drastically, simplifications of the tagging angzdn‘fer Onli’. mlthe forrglullatlonT(r)]f Otze loss fe?‘C“O” f%r N
chemistry scheme are applied (elgorowitz and Jacob andZ, respectively (see below). The three species can be re-

1999 Zimmermann et al.1999 Grewe 2004, which map garded as HQ NOy and ozone or more general VOC, NO

the detailed chemistry scheme onto the main families, e.g"imd ozone. The species X and Y are precursors of Z and

NOy, and ozone and employ the chemical production andZ,E respﬁctlyelly. Thehy Ea've' edm|35|%|ﬁs<ta;nd Ev ar;]d ?r? .
loss terms from the detailed chemical system, which ensured m(_)dsp Ie”% 0SS, W 'ﬁ |_'|S in ept);z_n e?l rtorr|1 ceac bo der in
a closed budget and detailed analysis even in multi-decadai "' '0€@/IS€ approach. Hence, this TeNects 1osses by dry or
climate-chemistry model simulation&fewe 2007, 2009. Wgt.deposmon, or a certain atmosphenp lifetime.For sim-
Note, that kinetics of the reactions are not affected by thesd licity reasons we choose constant lifetimgsandzy. An

methods, in contrast to isotope tagging methods @rg- OV_?_LV'EW on.thezus_ed ;]/anatile; c:z\jnbbe f(t)und ”;]Ta;bleh ical
mov et al, 2010, where the rate constants for the tagged € Species £ 1S characlerised by atmospheric chemica

iroduction and loss, only. It is produced by a reaction with

Two simplified atmospheric chemical systems

NO'" +HO; — NOJ + 05 +HO,. (R4)

species may differ from the untagged respective species; }

However, in both cases the tagging method is a diagnosti and Y.

and does not affect the simulated chemistry. X+Y — Z+X+Y, (R5)
However, to our knowledge, none of the tagging schemes, 4 destroyed by reaction with either X and Y:

take into account the competing effect of nitrogen oxides and

hydrocarbons/volatile organic compounds (VOCSs) on ozoneX +£ —> X (R6)

production and hence ozone concentration. In this investiY +Z — Y. (R7)

gation, we propose a tagging methodology, which includesyy, o second reaction system is very similar and only the loss

the non-linear impacts of emission categories (e.g. road trafReaction R7) is replaced:

fic, biomass burning, etc.). This means that each category

may include emissions of different species, like ;N&nd X+Y — Z+X+Y (R8)
VOCs. To illustrate this tagging methodology, we introduce X4+Z — X (R9)
2 slightly different, but very simple artificial chemical sys- vy 47, vy, (R10)

tems, which, however, represent the main characteristics of ) )
atmospheric ozone chemistry. They consist of two differ- 1N reaction rates of ReactionrR9)—(R10) are Pxy, Dx,
ent precursors X and Y, representing VOCs andy,N@d Dy,, andDy,. Hence these simplified atmospheric chemical
a species Z, which represents ozone. systems can be described by
These chemical systems can be solved analytically, and w& = Ex — Ty 1x Q)
further analyse differences between methodologies, which,-, — By _-ly @)
were used in the past to calculate contributions from emis-, A
sion categories, which are based either on sensitivity analysi¢ = Pxy XY —DxXZ —Dv,YZ 3
or tagging m_ethodologles. _ _  Z=PxyXY—DxXZ—Dy,YYZ )
The chemical systems are introduced in the next section . )
(Sect.2). Section3 describes the two different approaches, . Reaction R5) resembles the ozone production by Reac-
which were used in the past to attribute concentrations tdio" (R3), since this reaction is the limiting step in the pro-
emission categories. In Seet.we present the analytical duction of ozone by photolysis of NGand subsequent reac-
steady state solutions for the chemical systems and the twiion Of the gained atomic oxygen with molecular oxygen to

different attribution methodologies. The accurate contribu-Produce ozone. The loss reactions of Z ahdre referring
tions are given by the tagging method. The errors arising® ©Z0ne l0ss reactions with OH and pi@nd NO, respec-

tively.
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Table 1. Overview on variables.

Symbol/Variable  Description

XYZZ Reactants of the chemical system; can be regarded as VOGsanNDG;
non-tilded first, more linear chemical system: no tilde
tilded variables second, non-linear chemical system: with tilde for all quantities which differ from the first system

In the following all tilded variables are omitted.

Ex,Ey total emission ofX andY

Y, Ty Lifetime of X andY

Ex ;. Ey,; Emission ofX andY of emission category

X, Y, Z; Tagged species with respect to emission category

f Ozone as a function of total emissions

& f Contribution of emission categoryto the concentration of

&z Contribution of emission categoryto the concentration of

X€d yeq zeq Equilibrium solutions

E Relative error in the calculation of the contribution of emission categjtmthe concentration af
wrt. the tagging method

€q Error in the determination of the tangent (see Bfy.

€ Error in the determination of completeness of the contribution calculations,

i.e. to which content all contributions add up to 100%of

3 Methodologies > Eyi=Ey. (6)
i=1

The main focus of our investigation is the calculation of con-

tributions from individual sources to the concentration of 32  Contributions following reaction pathways
a specific trace gas. One could generally ask whether thereis  (tagging method)

a solution to this problem at all, or whether there is a unique

answer to it. Since itis generally believed that, e.g., air traffic|, this section, we define contributions of individual sectors

emissions contribute to the atmospheric ozone burden with, {he concentration of individual species by analysing the

a well defined ozone amount, this motivates a positive anysaction pathways. Each species is decomposediistab-

swer to both questions. This reduces the question to how thigpeies, which define the concentration, by which an individ-
contribution can be quantified. ual sector contributes to the regarded species.

In the following, we will concentrate on two ways the con- s respect to our chemical systems, we have then the
tribution has been quantified in the past. First, the taggingsub_Species X ;. Z;, andZ;. Their concentration&;, ¥;,

”_‘e‘h"_d .(SE’TCtS'Z)’ which represents t_he true contr_lbu'uons, Z;, andZ; are those parts of the concentratiofsy, Z, and
since it is smzlly czlalqlculated_ by following tr:Ie(SrgCié:)tlon_ [?]ath- 7. which are attributed to sector
ways. Secondly, the sensitivity approac , it . . .

which contributions are calculated by reducing the target tT_het ?L:.b'ffﬁc'ei %ret_chgracterl_seg tbybthe foll(l)V\;mg con-
emission by a given fraction. We are discussing the methog>"&Ns- firstine attribution Is required to be complete
ologies in the framework of the simplified atmospheric che-

mical systems, described in SeztAn overview on the used Z X=X @)
variables can be found in Table P

n
3.1 Emission sectors ZY,' =Y 8
i—1

All emissions can be described by a number of sectors (herg.
=n, e.g. road traffic, biomass burning, etc.), which we denoteizi =Z ©)
with i=1,...,n. Each sector has emissions of primary gases."=1
In our example we denote them wify ; andEy ;, with -

I
N

Zi
i=1

(10)

ZEXJ = Ex and %)

= Second, the sub-species follow the same reaction pathways,

Geosci. Model Dev., 3, 487499, 2010 www.geosci-model-dev.net/3/487/2010/
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which is, e.g., for ReactionRb) and R6):

1 1
Xi—i-Yj — EZi+§Zj+Xi+Yj (Rll)
1 1
Xi+Z; — Xi—EZi+§Z,~ (R12)
1 1
Yi+zj —> Yi—EZl-+§Zj (R13)

and forZ accordingly. For the Z-production reactioR11)
we consider a moleculé&;, i.e. a moleculeX, which has
been emitted by sourdeand a moleculg’;, i.e. a molecule
Y, which has been emitted by sourge The product is one
moleculeZ. Since both emission categorieand j are in-
volved equally important, the resulting species é& and
%Zj. In the case that a moleculg reacts withY;, we ob-
tain a moleculeZ;. For the Z-loss reactionfR(l2-R13) this
consideration is in analogy: When moleculésndZ react,
whereX andZ are assigned to emission categoandj, i.e.

X; andZ;, then both categories are equally important for the

destruction of on&Z molecule and the changelZ arises
from —37; — 1Z;. Starting from one molecul;, this re-

sults in—3Z; + 3Z; on the left side of ReactiorR(12).

From this we can derive the differential equations for the

sub-species:

Xi = Ex;i— 15" X; (11)
Yi = Eyi—1qY; (12)
Zi = Pzi(Xi,Yi) = Dz,i(X,Yi, Z;) (13)
21‘ = Pzi(Xi,Y:) = Dzi(Xi.Yi, Zi) (14)

with Pz; and Dz ; production and loss terms of #ith

Pzi(X;.Y;)
1 1
= Pxy XiYi+Z§Xin+Z§X-/Yi (15)
J#i J#i
1 1
= Pxy XiYi+§Xi(Y—Yi)+§(X—Xi)Yi (16)
1
= S Py (XiY +XY) 17)
Dz i(X;,Yi,Z;)
1 1
= Dx XiZi+§Xi(Z_Zi)+§(X_Xi)Zi
1 1
+DY1(Yizi+§Yi(Z_Zi)+E(Y_Yi)Zi) (18)
1 1
= ED)((X,'Z+XZI')+EDyl(Yl'Z-i—YZ,‘) (19)
and
Dzi(X:,Yi,Z;)
1 - 1, 2.
=§DX(X,-Z+XZ,-)+DYZ Yzt 3ryz (20)

www.geosci-model-dev.net/3/487/2010/
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It can easily be shown that
n
> Pzi(Xi.Y;) = Pxy XY (21)
i=1
n
Y Dzi(Xi.Yi.Z;) = DxXZ+Dvy,YZ. (22)
i=1
n ~ ~ ~ ~
ZDz,i(X,-,Y,-,zi) = DxXZ+Dy,YYZ. (23)

i=1

This tagging methodology has two major characteristics:
(1) it is invariant and (2) it is convergent. The first point
means that for any solutions of Eq4)4(3) and (1)—(13)
the constraintsf)—(9) are fullfilled, if this holds for the initial
conditions. This can easily be shown with Eqal)(@and @2).

The second point means that for any two solutions
(xL vt zY and (X2, Y2, Z?) of (11)—(13) with two differ-
entinitial conditions, the difference in the solutions exponen-
tially converge to zero (see Append®.

Figure 1c, d sketches the principle idea behind the tag-
ging, namley that all emissions have the same ozone forma-
tion potential indicated by the origin line. Or in other words,
molecules, which potentially undergo a certain reaction have
all the same probability to undergo this reaction, independent
from the emission category. This implies that the break down
into categories follows a linear relationship (origin line) for
a non-linear chemistry (blue curve).

Note that for simplicity reasons the simple sketch holds
only for a well mixed zero-dimensional box model chemi-
stry. Emitted species experience very different chemical con-
ditions, which cannot be visualized in a simple sketch.

For applications in real chemistry schemes, the tagging
method is in principle not different from the described one.
To each species, (number of regarded emission categories)
tagged species are associated. For each of this tagged
species, production and loss terms have to be deduced. This
decomposition of the production and loss terms into the con-
tributions from individual emission categories is essential to
the tagging methodology. This is a combinatorical problem,
which can be solved in analogy to the above mentioned cases
for 2 and 3-body reactions. A general approach is given in
AppendixB. However, since the tagging of a whole chemical
system is likely to be too computational demanding a map-
ping of the complex chemical system, including the produc-
tion and loss terms, onto a simpler family concept might be
helpful. Then only the families need to be tagg&tdwe
2009.

3.3 Contributions by pairs of simulations
(sensitivity method)

Most studies, which concentrate on the impact of a cer-
tain emission on the composition, derive the contribution
of the emission category to the concentration of a species
(e.g. ozone) by comparing two simulations, one simulation

Geosci. Model Dev., 3,489-2010
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with all emissions and one simulation with a perturbation of the consistency and comparability in the contribution calcu-
the respective emission category (sensitivity method). Anlations based on the sensitivity methods for global chemistry
overview is given in a sketch (Fi@), which shows the ozone models. We call this indicator: errey, (see also Figlf).
response to a certain N@mission. (Since there is basically =~ We obtain for the estimated contributiéhf:

a monotonic relationship between the Némission and con-

o
centration, this can also be regarded as concentrations.) Twg f = — A ) (31)
simulation results are shown with stars, representing a base o
case (blue) and a perturbation simulation (red). Note that the calculation of the contribution is mathemati-

Mathematically, this approach is based on a Taylor ap-cally a scaling of the difference of two model simulations
proximation of the regarded quantityy as a function of the  in which an emission source is scaled by the vahe 1.
emissions around a base case, i.e. the case where all emidowever, conceptuallyy is only used to calculate most ac-
sions gg) are employed: curately the derivative, which is then multiplied by the total

emission of the respective source (2@).
f (eo+ae) ~ f (eo) +eae’f' (o) (24) In Fig. 1f two emission categories for NGare considered
= f(eo+ae®), (25)  (NOx-1: light blue and N@-2: red) and the results fé¥ O3
c . o are indicated as vertical lines with the respective colour. Sim-
wheree® denotes a certain emission category anef—1, 1] ply from the sketch it is already obvious that the sum of the

the st.reng.th of the perturbapop. The case —1 repre;ents contributions (@-1+03-2) does not equal the actual ozone
the situation, where all emissions from the respective cate-

gory are excludedy” (o) (black dashed line in Figla), the contribution and an error (orange) remains, which is due to

s - . the non linear response of;@o NOy emissions. As a con-
derlvf’:ltlve, 'S thg eff|C|ency OT thg production 9f the regardecjsequence of this non-linearity, the tangent to the ozone curve
species per emission. Considering the contribution of a spe--

T e . ) . In eg is affine linear, i.e. it has, in generalyantercept. This
cific emission to the concentration ¢f with this approach €0 9 ‘ P

N . . ._y-intercept is the part of the ozone concentration, which can-
implies that all categories experience the same producnorﬁot be explained by the sensitivity method. Therefore this
efficiency, since the derivativg’ is evaluated atg.

o . o . method exhibits a principle error.
The contributions/ of a certain emission categoef is In global chemistry simulations this error applies only to

then the ozone fraction, which is produced by tropospheric che-
85f=f (eo+e°) — f(eo) (26) mi;try. In Sect6 we demonstrat@T how t_o estimate this error,
= ¢/ (e0). 27) which we calleg in global chemistry simulations (see also
Fig. 1f).
The main focus is now to determine the derivatji/e This To summarize, the sensitivity method is in principle in-

can be done by a pair of simulations, one with all emissionsappropriate for source attribution, but well suited to address
and one with a perturbation of an emission category, withimpacts of e.g. future emission policies.
A% f (green line in Figla) the difference iry between both

simulations: 4 Steadv-stat uti
eady-state solutions
F(eo) ~ f(e0) — f (eo+ae®) (28)
eo— (eo+aec) In order to investigate the impact of a specific emission on the
-1 concentration of a species, chemistry-climate or chemistry
_ _ cy) = '
- (f(EO) f(e°+“€ )) aeC (29) transport models are run in a quasi-equilibrium state. Here,
A f we are considering the same approach and concentrate on the
T T e (30) steady-state solution 9, Y©9, Z€4, Z®9) of Egs. () to (4)

and the respective solutions’", ¥4 z74 Z*9, for (12) to

o . . . .
whereA* f is the difference in two simulations. The smaller (14), hence the left side equals zero:

a the less different is the chemical background in the two
simulations, but the more difficult it will be to obtain a sta- x€4 — gy 7y (32)
tistical robust perturbation of. Within QUANTIFY a value Yo = Ey 1y (33)
a=-—0.05 has been selecteHdor et al, 2009. Other mod-

; ; Pxy X®dy©d
elling studies used also other values, e.g. +308akisen A A S — (34)
2003, +5% (Grewe 2004, —20% and—100% \Vu et al, Dx X®94 Dy, Y®4
2009 Fiore et al, 2009. _ PxyExtxEvty (35)
Furthermore, a smadt, which guarantees that the chemi- ~ DxExtx+Dy,Eyty
cal background is comparable in the simulations, also guar-. Pxy X©dyed
antees that the estimated contributions from different sectoral = Dx X®9+ Dy, Yeyed (36)

emissions are consistently calculated and thereby compara-
ble. In Sect.6 we will introduce an indicator, which tests

Geosci. Model Dev., 3, 487499, 2010 www.geosci-model-dev.net/3/487/2010/
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Table 2. Information on chosen reaction rates for the two chemical
reaction systems.

Reaction Rate Constant

[cm3molec s~ [ppbv—1s71

X+Y — Z 3.5x 10714 =8.9x 104
X+Z — X 1.0x 10714 =25x 1074
Y+Z — Y 1.0x 10714 =25x 1074
X+Y — Z 3.5x 10714 =8.9x 104
X+Z — X 1.0x 10714 =25x 1074
Y+Y+Z — Y+Y 3.4x10°27* =25x 1072 *

* the units differ for this reaction, since it is a three-body reaction:
cmP molec2s~1 and ppbv2s~1, respectively.
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Fig. 2. Equilibrium concentrations for species Z (top) ahdoot-
tom) [ppbv] as a function of the concentrations of X and Y.

We consider reaction rates foR9—(R7) (Table2). The
equilibrium concentrations 29 and Z®% are shown in
Fig. 2. They show typical ozone characteristics: for a cer-

tain relation between the precursors X and Y, the equilib-

rium concentration of Z is maximum. The concentration in-
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Fig. 3. Equilibrium concentrations for Z (red line) a@d(blue line)
[ppbv] as a function of the concentration of Y for a constant con-
centration of X =20 ppbv (solid) and a constant ratio between the
concentration of species X and Y of 1:10.

X andY is further increased. This represents a X (VOC) and
Y (NOy) limited region Geinfeld and Pandi2006. The
equilibrium concentrations af shows an additional feature:
for increasing concentrations of Y (NPthe destruction of

Z is increasing more strongly, leading to a decrease, which
can be observed for ozone in N@ch environments (ozone
titration). Figure3 shows the concentration of Z (red line)
and Z (blue line) as a function of the concentrati@nfor

two cases: a constar¥ concentration X=20 ppbv, solid
lines) and constant ratio between tkieandY concentration
(X=Y/10, dotted lines). Clearly, for a constant concentra-
tion of X, the concentration of Z steadily increases, however
with a very small rate for high Y concentrations (X lim-
ited region), whereag shows a decrease for Y concen-
tration larger than approximately 40 ppbv (titration effect).
Both chemical systems also show a very different behaviour,
when the ratio between the precursors X and Y is constant
(dotted line). In this case, the concentration of Z increases
linearly, whereas the concentration Hfshows a saturation
effect (X limited region). Since the equation fdr (3) de-
scribes a cone, a constant ratio refers to an edge of the cone.
And hence the systems have two different degrees of linear-
ity. Mathematically, this can be described by:

e
vzeq@eg) =z
~ Dy X®4

vzed X =7
yed Dx X€94 Dy, Yedyed

Therefore the second chemical system (B8) does not
show any linearity in contrast to the first chemical system
(Eg. 37). The smallest deviations from linearity occur for
large X9 and smally 9.

Figure 4 describes for a constant background situation
(X=20ppbv andZ=40ppbv) the net Z and produc-

(37)

eq < Zeq

(38)

creases only slightly, when only one of either concentrationtion rates. In the first chemical system the net-production
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term increases linearly with increasing concentration of Y,
whereas the net production @fdecreases for large concen- 4r
trations of Y leading to an effective depletion&f The shape

of the net-production is similar to the ozone response to in-
creasing concentrations of NQEhhalt and Rohrer1994).

To summarise, both atmospheric reaction systems repre-
sent the main characteristics of observed tropospheric ozone’s IS
chemistry. They cannot replace a detailed chemical calcula- 8
tion nor can they be used to interpret observational data. But
they are simple enough to be solved analytically and hence
can be used as test cases for diagnostic methods.

fZ (O3) [ppbv]

-Prod

Ne

NP-Z (X=20 ppbv)
NP-Z-tilde (X=20 ppbv)

For the tagged species steady-state solutions can easily be

derived:

100
Y (=NOy) [ppbv]*

150 200

XY= Ex.itx (39) _ _ _
eq Fig. 4. Net production rates [ppbvi/s] for a constant concentration
Y= EY ity (40) of Z (red line) andZ (blue line) of 40 ppbv and a mixing ratio of
b X=2 g
780 = 9 7 zea yith (41) 0 ppbv
C c
a; = Pxy tx Ty (Ex,iEY +Ex EY,i) (42)
e e
= Pxv (X; 7 *94 X°Y) (43) Therefore the results from both methods (Se@<
bi = DxEx,itx+ Dy,Ey ; ty (44) and3.3) agree for the species X and Y, whereas they normally
= Dy X294 Dy, Y% (45) ]Ejiffer folrI species Z and. However, the solutions converge
¢ = DxExtx+Dv,Eyty (46) or smaf.
— Dx X%+ Dy, v @7) &z 7% (60)
730 = 4 _ bTZ ed with (48) wherleas they do not converge in general for the second che-
¢ ¢ mical system:
b = Dy X%+ 2y yo9yea 49
P = X i +§ Yo i ( ) B 0 a; b_gD quYe q
5 §2= = - (61)
¢ = Dx X®94 Z Dy, y®dy®d (50) ot ¢+
3 #+ 7.0 (62)
Steady-state solutions féf X, 67 Y, 67 Z (Eqs.32-34) can . L
easily be derived by inserting the solutions #6794 and Y4 This also implies that
for the 2 regarded emission scenarios in Bq):( o
. ZX 9= Zs"x x©d (63)
&X = Ex;tx =X 1 (51)
— o — yed
GY =Eyity=Y, (52) Zyeq Z(S"‘Y y®d (64)
57 = aj aPxytxty ExiEy (53)
ct+ab; ct+ab; .
_ bi PXY X TY Ex EY (54) ZZl q = Zeq, but (65)
c(c+ab) i=1
n
= ai:a:i _ +bi - 789 with (55) Y .8'Z # z°%in general, and (66)
CToD; CToD; i=1
di = PxytxtyEx iEv,; and (56) Zn: ~ B
F 8*Z #+ Z%%in general (67)
~ . d: b — & 5
ez = GO DTS geq i =
C+h c+h+alb;—gi) .
2 . oa o The last two equations clearly show that the method of de-
gi = §DY2Y5 leq—aDyzYl. qYl. a (58)  termining contributions of emissions to trace gases by pairs
o1 of simulations is not able to consistently decompose a con-
h= §DY2ququ. (59) centration into contributions from individual sources, even

Geosci. Model Dev., 3, 487499 2010

for the simpler chemistry considered here.
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Fig. 5. Probability density function for the errors of the contribu- 1E 0‘;:+¢/_1g8:;g 4
tion calculation based in the sensitivity method: erfo(red) and - o= +/- 10% — T
E (blue) [%], i.e. for the first and second chemical system. A range F o= +/-5% ——
of values forX, Y, X;, ¥;, anda is taken into account with a Monte- 01 ¢ o= +/-1% 5
Carlo Simulation. See text for details. |
w 0.01
. D i
5 Error analysis o I
0.001
In the previous sections, we have revealed that the methodo-
logy of calculating the contributions from individual sources 1404 |
to concentration changes by pairs of simulations leads to
a potentially large error. In this section we actually calculate

this error for the two chemical systems, which we presented 1e-05 ‘_300 200 -100

in Sect.2. Figure5 shows the probability density function
(PDF) for the relative errorg (red) andE (blue), i.e.

Percent Difference [%0]

MZ-2; 0 Fig. 6. Probability density function for the error [%)] for specific
E= 7. -100% (68) values ofu for the first chemical system (top) and the second che-
5 ' 5 mical system (bottom).
E = z— -100% (69)
i

The PDF is derived with a Monte Carlo simulation covering In contrast, only a small reduction of the errors can be

the parameter ranges between 10 and 200 ppb¥ fandy,  found for the second chemical system (Fét). However,

fractions for % and Y; between 5% and 95% and values of this result largely depends on two conditions: first, the de-

« ranging between-100 and 100%. Clearly, the error for gree of non-linearity of the chemical system and second on

the first chemical system is close to zero for most cases (notthe degree of the deviation of expressi@8)(from equality.

the logarithmic scale) and less than a factor of two for all For small concentrations of X and Y both chemical systems

except a very few cases. In contrast, the second chemicghow a quite linear behaviour (Fig). If additionally the

system, which is characterised by a stronger non-linearityconcentratiort’ is much smaller than the concentration of X

reveals a much broader PDF, i.e. there is a large probabilitghen both conditions have a much smaller impact (Fignd

for large errors, e.g. the probability that the erBt is larger ~ the errorsE and £ show a more similar behaviour.

than 50% is 35.6% for the second chemical system compared Although the shapes of the functio#sand Z are compa-

to 0.4% for the first system. rable for small concentrations of X and Y and the probability
The errors are dependent on the choice ods discussed of a small error is large, the mean value of the errors (not

in Sect.4 and Eq. 60) and converge to zero for decreasing shown) and the standard deviation (R&)y.are large for the

«, at least for the first chemical system. This convergence isecond chemical system (bottom). The mean value of the er-

shown in Fig.6a, where the error probability decreases al- ror represents a bias, which might be corrected. However, if

most to zero for values dfv| decreasing from 100 to 5%. the standard deviation is large then the method of calculating

Generally the relative error is larger for negative perturba-the contributions from emission categories to the concentra-

tions, i.e. negative, than for positive perturbations. tion of Z largely depends on the fractiof)y andY; as well as

www.geosci-model-dev.net/3/487/2010/ Geosci. Model Dev., 3,489-2010
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minimise the errors: 10 ppkyX <20 ppbv; 0.1 ppb¥ Y <1 ppbv. Error [%]

200 :
the choice ofx. The gradient ofZ is estimated by a differ- 3 175 E 3
ence method, which depends @risee discussion Se@&.3), 2 150 o
but also on ¥;, Y;), which is used to calculate the perturba- - 125 4 3
tion. Therefore, although the two systems show similarities S 1 .
in certain regions, which leads to an agreement in the most § 100 4 3
probable error (Fig7), the total error characteristic is very S 75 =
different. It turns out that both, the mean error (not shown) § 50 EL g
and the standard deviation (Fig) are minimal in regions o ] :
where both concentration$ andY are comparable, and no 25 2

large curvature occurs. R
25 50 75 100125150175 200

Concentration X [ppbv]
6 Implications and recommendations for attribution

studies e .
0 5 10 20 40 70 100150200900

Our analysis is based on (a) simplified chemical systems and Error [%]
(b) a zero dimensional box model. Here, we give some indi-
cations how our results can be used for global chemistry simig. 8. Standard deviation of the errdr (top) andE (bottom) [%].
ulations. The contributions from a source to, e.g., the 0zoneverlaid are the contour lines of the valuesZodndZ, respectively.
concentration by pairs of simulations (see S8&tave un-
certainties, which we address here. For simplicity reasons,
we concentrate on ozone. In general, this can be applied ttion of the gradient of ozone. On the other hand the statis-
any species. And further, we take as examples the studies biycal significance of the results decreases greatly i too
Hoor et al.(2009 andGrewe(2004). small. And hence the best choicewfis a tradeoff between

In Sect.3.3, we discussed two types of errors (which we accuracy in the determination of the gradient and detection
denotee, andeg) in the determination of the attribution of of a significant result. In practice, a good indicator whether
species to emission categoriessf) with the methodology — « has been chosen appropriately is to test, if the sum of indi-
employing pairs of simulations. First the accuracy of the vidual contributions? (i=1,...,k) equals the contribution of
determination of the contributiodf depends o, via the  the sum of the emissiongg£=e1+...+¢x) from categories 1
estimation of the gradient of the respective species (here Z)to k (=8%), which is a necessary, but not sufficient condition.
Note, that we found a convergence of the attribution metho-An error estimate, can be given by:
dology by pairs of simulations to the real solution defined by

the tagging methodology for the first and more linear chemi- i 757
cal system. We now focus on global chemistry simulations. /=1 ! K 20
Obviously, the smallet the more accurate is the calcula- “* = &z ) (70)
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This type of error was investigated Hoor et al.(2009 It has to be clearly mentioned that the erregsandeg
by the intercomparison of the results from their experimentsare only estimates based on global averages. Both locally
“ROAD", “SHIP”, and “AIR” with results of their experi- and temporally (e.qg. for different seasons) this can veWy:
ment “ALL”". Based on their Table 5, we calculate global er- et al. (2009 investigated the impact of 20% versus 100%
rors e, for two atmospheric regions: the lower atmospherelocal emission reductions for various source and receptor
(1000-800hPa) and the upper troposphere (300-200 hPaggions and found no differences in summer but large de-
of 0% and 0.6%, respectively. Therefore, their choice ofcrepancies in other seasons and also large differences for
o =5% was well chosen to derive a good estimate of thedifferent source regions. Additionally, individual contribu-
gradient of ozone by pairs of simulations. tions can have larger errors, which may compensate when

In Fig. 1f this error indicates whether the estimated deriva- adding. Although the errors may vary with time and loca-
tive (green line) is equal for all calculated cases, which im-tion, the method underestimates the contributions, as long
plies that the change in the background ozone chemistry beas the atmospheric chemistry acts like the second chemi-
tween the base case and the perturbation simulation is irrelecal system, i.e. Fig2 (bottom). This can be deduced from
vant. Eqg. 38), where the left side represents the contribution from

The second errot is based on the completeness of the all sources and the right side the actual concentration.
decomposition of the species Z into the contributions by the TO summarize, it has to be noted that the sensitivity
individual categories, i.e. a measure on how large the expreghethod is in principle inappropriate for source attribution,

sions ©66) and ©7) deviate from equality: but well suited to address impacts of e.g. future emission
policies. Therefore, we recommend to use a tagging metho-

5 7 — (Z _ Zstrat) dology for deriving contributions from emissions to species.

€g = , (72) However, a full implementation of a tagging method as in-

(Z _ Zstrat) R . .
troduced in this paper was, to our knowledge, not imple-

S o ) mented in any global chemistry model. Further, a full tag-
wheredy, Z is, similar tody Z, the contribution of all emis-  ging method is to computational demanding, since it ampli-
sions to the concentration of Z derived with the method of o< the whole chemistry scheme, if not mapped onto a more
“ H H H ” H H trat ; ]

pairs of simulations” for all & N) emissions andZ*™is  gimpjified system. Altough we showed the clear disadvan-

the contribution of other sources than those considered. FO(ages of the methodology of using pairs of simulations for
ozone this is Fhe cont'ribuFipn from the stratosphere, which isthe calculation of contributions of emissions to the concen-
not included in the simplified chemical systems. However,yation of a species, the arguments above justify its further
this has to be included when discussing the consequences folca  However. we recommend to calculate the emp@nd

global tropospheric chemistry simulations. In Fifthe er- c» and to take a correction of the results by the fa
L X . B y Cl-‘éf_ r
ror €g is indicated by the orange vertical line. The eregr into account

is independent from the contribution of stratospheric ozone. . . S o .

. . , S . Note again that the investigation of future policy impact is
The erroreg is associated with the contribution calculation of . ) .

: o totally unaffected by this consideration (see Sect. 1).

the part of the ozone concentration, which is produced by tro-
pospheric chemistry, i.e. by emissions of jN@tc. This tro-
pospheric ozone is equal ®©—Z5" |n general, it does not
equal the sum of all contributions for the individual sources,

because the tangent has a significant y-intercept #igin  Tywo methodologies have been compared, which calculate
the case ot, equals 0, the erross describes the theoreti- {he contribution of an emission category, e.g. road traffic,
cal error of the sensitivity method based on the exact tangeﬁhdustry, biomass burning, etc. on the atmospheric concen-
(dashed line). The errey is independent from the erref,  tration of gases, which depend on the concentration of the
which represents the fraction of the ozone concentration begmitted species via chemical reactions. The first method is
tween the two y-intercepts of the tangent (black line) and thegn accounting system, following the relevant reaction path-
estimated tangent (green line). ways, called tagging method. The second is the calculation
Grewe(2004) investigated this error (Eq. 6 and following of the contributions via two simulations, where one includes
text in that paper) and found maximum errors in the tropo-a change ofx in the regarded emission category. Concep-
sphere of 40% and-5% in the tropopause region. That im- tually, the contribution is calculated by multiplying the total
plies arescaling of the results derived 8ty ﬁ toobtain  emission of the respective category with the sensitivity of the
a complete decomposition of the species Z into their contri-system, which is the derivative with respect to the emissions.
butions. Or in other words the methodology to calculate theTo calculate the derivative most accuratley a small value of
contributions with pairs of simulations underestimates thea is recommendable.
contributions of tropospheric emissions on ozone in the or- Both methods were previously used in global modelling
der of 5 to 25%, assuming that the respective mgais in studies, though the tagging method was only applied in

the order of 5 to 20%. a more simplified manner, e.g. not considering the combined

7 Conclusions
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effect of different emitted species of one category on the re-Appendix A
garded species, e.g. the combined effect of road traffig NO
and non-methane hydrocarbon emissions on ozone. Convergence of the tagging method

Note, that the sensitivity method, based on its concept, is
inappropriate for source attribution, but well suited to addresg=or two given solutiongx}. Y}, z}) and (X2, Y2, Z?) of
impacts of e.g. future emission policies. However, since nei{(11)—(13) with two different initial conditions the solutions
ther a full tagging of the modelled chemistry schemes, noréxponentially converge to zero: We consider the difference
a tagging system with interrelationships between,N@d ~ AX = X} — X2, which fullfills the following differential
VOC emissions has been implemented in models, we see th@quation:
need for a further use of the sensitivity method, though inap- 4 11 1o
proriate for source attribution. In order to assess some princi=; AX = (EX,i — T X ) - (EX,i — T X ) (A1)
ple short-comings, we have introduced two error calculations 1

: = —1y AKX, (A2)

(see below), which we recommend. X

Two very simplified chemical schemes, which representand hence converges to zero for any initial differenck.
the main characteristics of atmospheric ozone chemistry(Similar with the differenceYiZ— Yil)' Therefore we can
e.g. NG-limited and VOC limited regions, ozone titration yrite X,-2=Xl-1+6x and YiZZYi1+€Y with ex,ey converging
effects, were developed to test the methodologies. They arg, sero. The differenc&Z:Ziz—Zil fullfills the equation
based on 3 species, two emitted pre-cursors and one chem-
ically controlled species, which can be regarded as;,NO iAZ — —Pyy (exY +ey X)

VOCs and ozone. dt

Since the two chemical schemes are simple enough, we —(Dxex+Dvey)Z
were able to provide analytical solutions for the steady-state —(DxX+DyY)AZ (A3)
concentrations and the contributions based on either method. — 0 —(DxX+DyY)AZ, (A4)

And hence the calculated contributions via the method based
on pairs of simulations can be tested against the exact contrwhereQ converges to zero and therefore alsd.
butions calculated via the tagging methodology.

These theoretical examples show large errors in the calcu- .
lated contributions for the method, which is based on pairs O]Appendlx B
simulations, which can easily be a factor of 2. The erroris re—G | taqging f |
duced in many cases when the emission chaayes(small, eneraltagging formufa

0, i i . . . .
€.g. 5%. However, a strict convergence is only found for they, 4y ospheric chemical reaction systems, most reactions are
first chemical system, which is characterised by a more I'nea’fhree body reactions at most. Here we consider more gener-
system, compared to the second chemical system. ally an arbitrary reaction with: species and emission cat-
For global scale chemical simulations, these results ar%gories (Note that we have used=t) 2 and 2=) 3 body

likely to be valid for specific local conditions, e.g. in the reactions in our analysis.) We denote the specfeand the
boundary layer of urban areas. However, on the global Ortagged species?(for kell,...n}=N andj € {1,....m)=M
hemispheric scale a more linear behaviour of the chemlstryand hence the reactions

is often found, e.g. for air traffic emission&iewe et al.

1999 or lightning emissionswild, 2007). X4 X2%+...+X"™ — Products (R14)
We have provided two error characteristics, which can bex? +x§2+.__+x;!jn —> Prod;, +...+Prod},, (R15)

calculated quite easily in global simulations and which pro- . ) .

vide an estimate on how accurate the calculation of the atWith Jji,.... jn€M. Note that in our chemical reaction sys-

tribution of ozone contributions to individual emission cate- t€MSs (Sect2) X, Y, Z would equal X, X2, X2 in this nota-

gories are. The first errag, gives an indication whether the tion; and the tagged species XY ;, and Z equal X, X3,

valuea has been chosen appropriately, which implies that the)(?.

contribution from different emissions categories can be inter- - Both the loss of a speciesand the Productghave con-

compared, though the absolute value might have a bias. Thgibutions from all involved tagged species. Sineepecies

second erroeg describes this bias. Earlier studies showed gre involved each contributes with the fractién The reac-

that values betweer40% to 5% are likely. tion rate of ReactionR14) is the rate coefficient times the
product[ ] X*, which equals

m n

[1>xi=>0/ (81)
1 =

k=1j=

whereQ ; is the contribution from emission categofyo this
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reaction. To obtain the reaction rate for either a losX6f  Grewe, V.: Impact of lightning on air chemistry and climate, in:
or the Productjsthis product has to be resorted as indicated, Lightning: Principles, Instruments and Applications, edited by:

which gives Betz, H. D., Schumann, U., and Laroche, P., Springer Sci-
ence+Business Media B.V., doi:10.1007/978-1-4020-90719-0
m=1__ 2009.
m-—s
Q=) - STTTXE TT X (B2)  Gromov, S., ackel, P., Sander, R., and Brenninkmeijer, C. A. M.: A
s=0 GeGp geG LellnleL  keM\L kinetic chemistry tagging technique and its application to mod-
G" ={G={g1.....8s}|g1<...<gs € N\{j}} and (B3) elling the stable isotopic composition_of atmospheric trace gases,
m Geosci. Model Dev., 3, 337-364, doi:10.5194/gmd-3-337-2010,
LY ={L={l1,...k}lh<...<lg e M}. (B4) 2010.

The indexs indicates how many elements in the product 109" P~ Borken-Kleefeld, J., Caro, D., Dessens, O., Endresen,
1 2 m . . 0., Gauss, M., Grewe, V., Hauglustaine, D., Isaksen, I. S. A,
X- X5 ... X" are not from categoryi or in other words " : . .
Ji’ g2 m, L Jockel, P., Lelieveld, J., Myhre, G., Meijer, E., Olivie, D.,
s=|{jilieM, ji#j}|. And hencen—s species in the product

! . . 3 Lo Prather, M., Schnadt Poberaj, C., Shine, K. P., Staehelin, J.,
are from category, which givesm—s times the individual Tang, Q., van Aardenne, J., van Velthoven, P., and Sausen, R.:
contribution ¥m, which is the factor inB2).

The impact of traffic emissions on atmospheric ozone and OH:
results from QUANTIFY, Atmos. Chem. Phys., 9, 3113-3136,
] doi:10.5194/acp-9-3113-2009, 2009.
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