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Abstract. Nitrogen oxide (NQ=NO+NGQ,) emissions from (1) The difference of two model simulations one with and

various sources contribute to the ozone budget. The identi-  one with a changed or even disregarded distincty NO

fication of these contributions is important, e.g. for the as- emission yields the contribution of that source to the in-
sessment of emissions from traffic. The non-linear character  dividual budgets (e.g. Grewe et al., 2002a; Granier and
of ozone chemistry complicates the online diagnosis during Brasseur, 2003 and many others).

multi-decadal chemistry-climate simulations. A methodol-

ogy is suggested, which is efficient enough to be incorporated e z
in multi-decadal simulations. Eight types of N®missions the contribution to the NQor NOy budget (e.g. Meijer
are included in the model. For each a NG=all N com- etal., 2000).

ponents, except Nand NO) tracer and an ozone tracer is  The approaches differ in that (1) leads to a different com-
included in the model, which experience the same emissiongosition of the atmosphere in either simulation, which in turn
and loss processes like the online chemistry fields. To calxffects non-linearly also the NCand ozone concentration.
culate the ozone changes caused by an individugd &@is-  For example, switching on lightning emissions can locally
sion, the assumption is made that the,N@lative contribu-  |ead to a decrease of NGas well as NQ. This occurs in
tions from various sources are identical to the N®lative regions far away from the source, where the emitted, NO
contributions. To evaluate this method each,Néhission  pag already been washed-out (after conversion to N0t
has been increased by 5% and a detailed error analysis iszone increases are still present caused by its longer lifetime.
given. Inthe regions of the main impact of individual sources Thjs additional ozone leads to more OH and changes the NO
the potential error of the calculated contribution is signifi- partitioning in favor of HNQ, leading to a decrease of NO
cantly smaller than the contribution. Moreover, the changesyy additional wash-out (Grewe et al., 2002b). In order to
caused by an increase of the emissions of 5% were detecteginimize this non-linearity emission reductions or enhance-
with a. h|gher aCCUracy than the pOtential error of the absolut%ents by a re'ative'y Sma” percentage of 10% has been pro_
contribution. posed previously, e.g. by Berntsen et al. (2004). However,
this is also limited, since a too small perturbation implies
numerical deficiencies in the calculation of the contribution,
1 Introduction §ince itis the quotiept of the differences of r.egarded species
in the two model simulations and of the difference in the

The impact of NQ emissions on the ozone budget has been€Missions relative to the background' valuel of the s_pecie._ Ap-
discussed recently, e.g. for aircraft emissions (IPCC, 1999Proach (1) also needs a number of simulations, to investigate
Grewe et al., 2002a) as well as other emissions (e.g. Corbedl! Possible NQ sources. Furthermore, the sum of all con-
etal., 1999: Granier and Brasseur, 2003: Grewe et al., 2001)ty|but|ons from individual sources equals to 85% to 110% of
In general, two different approaches were used to determind€ total NQ (Grewe et al., 2001), because of the above men-
the effect of an individual NQsource on the NQand ozone tioned non-linear effects. In the present study an even smaller

(2) The tagging of emitted Nomolecules yields directly

budget: change of 5% is regarded to minimize this effect, but still to
be able to calculate precisely enough the contributions.

Correspondence tov. Grewe Approach (2) has the advantage that a correct mass budget

(volker.grewe @dlir.de) can be calculated. However, for each individual emission the
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730 V. Grewe: Ozone diagnostic

Table 1. Description of variables used in the approach (vmr means

volume mixing ratios). =) 85 ! ! ! !
2, 80
n number of emission types (here n=8) 2 75
i =1..., n emission index 2 70
E; Emission of NQ from typei m3/m3/s 2 65
x NOy vmr m3/m3 S 60
X NOx vmr resulting from emission m3/m3 =
X NOy vmr m*/m3 8 05
X; NOy vmr resulting from emissioh m3/m3 =< 90
Y O3 vmr m3/m3 O 45
Y; O3 vmr resulting from emission m3/m3 z 40
Yni1 O3 vmr resulting from Q photolysis m/m3 0 1 2 3 4 5
X, loss rate for NQ m3/m3/s )
Yy O3 production by NG photolysis rﬁ/mzls Time [days]
I;f 82 zg:::f;g;by @ photolysis rr§;23;z Fig. 1. Temporal development of the NCand NG, contribu-

3m3 tions (%) from a NQ source simulated with a two-box model with
characteristics of a GCM simulation representing mid latitudes at
300 hPa (see text and appendix for details).

i vmr analyzed with new diagnostic

iz vmr in the simulation where emission m3/m3
is increased by 5%

iyliy2  Two estimates for ozone contributions  3fm3
derived from 5% increase simulations

2 Methodology

Before introducing the methodology a box model calculation

is presented, which aims at clarifying the impact of the sim-
whole set of chemical species has to be chemically integrategification on the proposed method. Individual sources con-
and transported, which vastly increases computing time S@ripute differently to the NQand NG, budgets. This is illus-
that this approach has never been implemented in long-teMated in Fig. 1. It shows the evolution of the contribution of
simulations. a NOy source (e.g. lightning) to the N@nd NG, concentra-

One can also argue that method (]_) is more adequate fd.ion simulated with a Simple two-box model. The model in-
analyzing the total impact of an emissions source, takingcludes chemical conversion, temporally varying sources and
also into account different emissions. Whereas method (2pinks, and transport between the two boxes. The parameters
is more appropriate for assessing the contribution of emis-are chosen to represent a situation, in which large deviations
sions, since it focuses on the the main ozone production vi&an be expected. Therefore the upper troposphere (300 hPa)
NO, photolysis, but takes not into account that other emis-With a slow chemistry (5 days lifetime for Nwas chosen.
sions of one source may change the ozone productivity. Thi$sources and sinks include temporal variations. The simu-

also implies that the contributions are strictly positive. lation starts from highly non-steady state initial conditions
(for details see appendix). During the first 12 h the rela-

It is important to note that for coupled climate-chemistry tive NO, and NG, contributions converge to values within

simulations method (1) is difficult to perform, because all a 10% band. After that period they differ by 5%, although
greenhouse gases feedback to radiation and therefore metep. y

; o . e sources and sinks differ significantly. The NEntri-
rology. Any change in NQemissions will lead to a change b g 4 N

. d meth hich alters th ; | It d utions can easily be diagnosed (see below Eq. 1) in cou-
In 6zone and methane, which afters the meteoroiogy. Oef)led climate-chemistry simulations. On the other hand, the

pot imply a significant change of the C”T“a‘e' . change_NOX contributions, which determine the ozone production,
in the sequence .Of _weathe_r patterps. This reflects the ChaOtlzgtre only correctly diagnosed by applying a chemical solver
pehawor, which is inhere in the climate Sys‘e”.‘- Thg detec; chemical module) to every emission type, which would be
tion of sma_lll ozohe change_s IS o I_onger possible, since th 00 cost intensive for climate-chemistry simulations. This
natural variability of ozene is superimposed. can be avoided by assuming that the contributions from an
This paper describes a simplified methodology based onndividual NOy source to the NQ contribution is equal to
approach (2), which is efficient enough to be applied forthe NG, contribution. The simple example above (Fig. 1)
climate-chemistry simulations. The methodology and its ap-shows that this approach is justified, since even strong vari-
plication for a climate-chemistry simulation are presented inations (temporal and between the two boxes, see appendix)
Sect. 2. Section 3 concentrates on the analysis of the erroiig emissions, lead to relatively smalt5%) deviations be-

caused by the simplification of the approach. tween the NQ and NG, partitioning (Fig. 1, red vs. green

Atmos. Chem. Phys., 4, 729-736, 2004 www.atmos-chem-phys.org/acp/4/729/



V. Grewe: Ozone diagnostic 731

line and blue vs. magenta line). And even for more extreme
cases (Fig. 2) the differences are below 12%, when varying
the parameter range of the chemical conversion of ldad

the wash-out rates for box 2.

Based heron the following approach is suggested: For
i=1,..,n given emission types, denotg;, x;, andY; the
NOy, NOx and ozone mixing ratios at an arbitrary grid point
caused by emissioB; (in mixing ratio per time); (see also
Table 1)X (=Y X;), x (=Y7x), ¥ (=Y7" ;) are the
mixing ratios of NQ, NOy, and ozone simulated by a model
and Xy, Y;,‘, Y,, Y, the NG, loss, ozone production by NO
ozone production by oxygen photolysis and ozone loss, with
loss and production terms in (mixing ratio per time). 05

The temporal evolution of the NOand ozone mixing g I B

. P . 20 40 60 80 100
ratios caused by the emissianis then given by (trans- Wash-out efficiency in Box 2 [%]

port/advection terms are omitted for simplicity) m — T m
dX; X; 1 \ 1

(2]

O

N

N

[N

Chemical NOx Lifetime [days]

—=EFE —-Xs—, i=1,...,n. (1) 12 10 8 -6 -4 -2 2 4 6 8 10 12

dt X i

Systematic Error [%)]

i _yn® _y ! fori=1,...,nand @ _ , _

dt P x Y Fig. 2. Error analysis for a varying parameter range. The circle

indicates the parameters chosen for Fig. 1.

dYpiy1 Y _¥ Yni1 3)

T
Based on the box model calculation (Fig. 1), the simplifica-3 Error analysis
tion

5 To estimate the error of this methodology the exact ozone
5o_ Li=1...,n 4) contributions from the individual sources have to be known.
_x X o _ Since this is not possible, a second estimate is given: For
is a reasonable approximation and Eq. (2) gives each of the 8 nitrogen sources shown in Fig. 3, a simulation
dy; X; . has been performed with the emissions slightly increased by
o= Y, 5 Yog fori=i...n (5)  5%. The small change has been chosen to minimize non-

. . . . _ linear effects as described above. In these simulations (de-
This analysis technique has been implemented into th%oted in the following withi> , where i indicates the in-

climate-chemistry model E39/C (Hein et al., 2001) and aP-creased emission type) NQz’i’) is increasing and the

plied to a model simulation, which is identical to Grewe et al. Jon ncentrations 7) chan Note that the index
(2001), with the exception that emissions are adapted to th@#one concentra on=( ) changes. Note that the Inde
always represents the diagnostic tracers defined in Egs. (1)

year 2000, ship NQ emissions are included according to MR . i
Corbett et al. (1999) and road traffic emissions are extracte _nd (2), and that the indeéXxindicates values of the simula

o o i
from industry based on Matthes (2003). The diagnostic in- lon, where emissionis increased by 5%. For examplé

creases the number of transported species from 12 to 29. Antger;o,t?r? :ES ;?r':l'ﬂgtirgrt]'ovaf];?z &Zogriids';%zfisr:g;rszrg'ss'on
the CPU time by 35%. YP€J : y

0, i i i ) / -
Figure 3 shows the ozone partitioning for January (otherfi’o/(r)]'e:jn the following only the diagnostics fos=j are men
months give similar results). A comparison to earlier re- )

sls Grove ot . 2001 20023, 2002)shows  reasonal 0,1 200 B nes e il hebores
agreement, e.g. the Northern Hemisphere ozone perturbatio?i

S (_iyl i ;
is in the range of 2.5% for aircraft emissions (see Fig. 2d ins;gl?c)lvéi; Yth)etg th?Oc;i?]n(i)czrg;e;ttrrité%ﬂgtxigr?)r? be derived
Grewe et al., 2002a). The upper troposphere ozone contribu(- 9 PP ' '

tion from lightning is in the range of 60%, estimated by us- > (Ximgir)

ing approach (1), i.e. based on simulations with and withouti y1 _ (iy _ y) model area , (6)
lightning (Fig. 4 from 2002b), whereas here the contribution Y (X — Xi)mair)

amounts to 40% to 50%. The differences may result from model area

non-linear effects discussed above, different background sitwith m,;, the mass in the model grid. The scaling factor is
uations in the base case simulations or from the assumptiofor all emission types between 20 and 23, mirroring the 5%
of the approach. However, the perturbation pattern agreescrease. The quality of the estimate of the “true” ozbrié

well. In the following a detailed error analysis is given. can be tested by comparing the sum of all contributions with

www.atmos-chem-phys.org/acp/4/729/ Atmos. Chem. Phys., 4, 729-736, 2004



732 V. Grewe: Ozone diagnostic

O; contributions - January - [%)]
Lightning Biomass burning Soil emission
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Fig. 3. Contributions of NQ sources to the ozone concentration derived with an online diagnostic for January (%).

the original ozone without any contributions from the strato- can than serve to derive an error estimaig) for the simpler

Y, -y, iyt . i T
spheric ozone production:(YY”ny{%). Ideally, this ~ ©zone diagnostid;:

fraction is 0%, i.e}"'_; ¥Y1=Y—Y,;1. However, because vz —y, ®)
of the non-linearity of the ozone-chemistry maximum devia- ~ ¢ — Yy

tions in the order 0F-40% in the troposphere, 5% above the |t means thatr, gives an estimate on how much the relative
tropopause ane-10% in the lower stratosphere can occur. contriputions given in Fig. 3 can deviate from the estimate of
This underestimate of 0zone contributions in the troposphergne contributions based on the 5% emission increase simula-
and overestimate in the lower-most stratosphere can be conjgs.

pensated for by scaling the individual ozone contributions, so Figure 4 shows the estimated error of the ozone contribu-

that the sum of all leads to 100%: tions (Fig. 3) for January (July shows similar results and are
iy2 Y —Yuna ipl @) therefore not shown). The areas, where the approach of cal-
i iyl culating’ Y2 obvisouly failed are omitted. Three conditions
7 were applied:

l

This estimate$Y? for the ozone contributions from n indi- (1) The contributionéY? get substantially below 0% (con-
vidual NG, emissions, which are derived from n simulations tributions should be strictly positive).

Atmos. Chem. Phys., 4, 729-736, 2004 www.atmos-chem-phys.org/acp/4/729/
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Error Fa - January - [%]
Lightning Biomass burning Soil emission

ressure [hPa]
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Fig. 4. Estimated errof, (%) of the ozone contributions from various ozone sources relative to ozone concentration for January. Addition-
ally (lower right) the RMS of the contributions is given relative to the ozone concentration, as an indicator of the deviations from the ozone
partitioning (%). Shaded areas indicate regions, where the error estimate fails (see text).

(2) The scaling factor in Eq. (7) is more than a factor oftwo  The comparison of the two methodologies shows that the
or less than a factor 6£0.5 (highly non-linear behavior assumption Eqg. (4) does not lead to dramatic differences.
in the ozone chemistry, caused by emission increase). In the mid-troposphere, ozone contributions are higher for

(3) Chemistry is dominated by stratospheric ozone produc—“gqtr.]Ing and Ia|r traffic, and smalle_r Lor .b'om"?‘ss t;fgrnmg,
tion by more than 85% (see Fig. 3). soil, mdu_str_y, and transportatlpn. Lightning, air traffic and

ships emit in a surrounding with smaller N®ackground

On the Southern Hemisphere ozone has a large contributiogalues than the surface emissions in populated areas, which

from tropical lightning NQ. During this long-range trans- could lead to similar non-linear effects. In the case of light-

portlightning NQ is converted to HN@so that a large frac-  ning the calculated contribution of 40% (Fig. 2) in the trop-

tion of lightning NG is removed, but ozone changes are still jcs can be less by 15% (=25%) in the upper troposphere, or
present, which increases the N@ HNOz conversion and  slightly more in the mid troposphere around 45%, when ap-
further reduces the NOconcentration. This non-linear ef- plying the 5% emissions increase diagnostic. In the case of

fect (see also introduction) inhibits a realistic estimate for ajrcraft emissions the maximum contribution is estimated to
the “true ozone”.

www.atmos-chem-phys.org/acp/4/729/ Atmos. Chem. Phys., 4, 729-736, 2004
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Error Fr - January - [%]
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Fig. 5. Estimated erro, (%) of the changes of ozone contributions from various ozone sources caused by a 5% increase in each emission
relative to ozone concentration for January.

be 2.5% (Fig. 3) but can be more by approximately 1%. Infrom this analysis that the 5% increase estimation does not
general the estimated difference between the two approachdsad to significantly better results than the simple methodol-
in the troposphere is less than 3% for most of the emissionsogy, since the non-linear chemistry limits both approaches.
However, clearly the 5% increase approach is also erroneous. A further possibility to evaluate the methodology is to con-
A further decrease of the perturbation would also decreaseentrate on changes in emissions. This avoids all the prob-
the non-linearities of this approach, but increases the numerems with deriving the correct absolute contributions of in-
ical inaccuracy of the contribution calculation, since it is the dividual NGOy sources to the ozone budget. The error of
quotient of small differences. So that the only conclusion,changes in the absolute contributiorsH,) are given by
which can be drawn from this intercomparison is that both e e
approaches are of the same quality and neither approach ipr _ Y —v)—(Yi - Yi)‘ 9)
superior. Y

The deviations of the partitioning (RMS) of the ozone con- Figure 5 shows the errdr,, which is the difference between
tributions calculated by the two approaches is generally lesshe effect in the ozone concentration detected by the compar-
than 1 to 2% (Fig. 4, lower right). Taking into account that ison of the ozone fields of both simulations and the effect in
both approaches have their deficiencies, one can concludihe ozone concentration detected by the new methodology.

Atmos. Chem. Phys., 4, 729-736, 2004 www.atmos-chem-phys.org/acp/4/729/



V. Grewe: Ozone diagnostic
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In principle the difference (error) is in the order of 0.1 to Table 2. Parameters for the box model simulations.

0.3%. In the case of lightning it would mean that an increase

of the lightning emissions in the order of 5% can be detected Volume 6.05 163m3

in the ozone contribution in the order of 0.2%. Therefore Mass 2.77 18kg

both methodologies lead to similar results concerning trends  Time step 30 min

in NOy emissions. And the simple methodology can be used Emission of NQ:

to determine trends in climate-chemistry simulations. Py 16.9ngN 3 every 2.5h
Ps 3.94ngN n3 every 3.5h

Emission of NQ but not NG,
4 Conclusions Pj, j#15 OngN n13
Chemical conversion rates of NO

Multi-decadal climate-chemistry simulations are CPU-time Cq 8.310 7 s71 (lifetime of 5 days)
and memory consuming. Diagnostics, which have to be car- Cs 10.4 107 s~1 (lifetime of 4 days)
ried out simultaneously with the simulation, are requested to T (exchange rate) 5% per timestep 2.8 361

be cheap in CPU-time and memory. One focus is the impor-  Loss rates (wash-out) of N species:

tance of NQ emissions for the ozone budget. In principle Dy ost
two approaches were applied so far (see introduction). How- D2 15% every 13.5
ever, both are too CPU-time consuming for multi-decadal Dg ost
simulations. Here, a method is introduced, which is for prac- De 15% every 11.0

h@8.31Ps 1)

h(10.2 10s™ 1)

tical use in such kind of simulations. The main assumption
is that the contributions from various N@missions to N@
is identical to their contributions to NO(Eqg. 4). In gen-
eral this is not true. Using a two-box model simulation, it is latitudes at 300 hPa:
shown that the deviations are only within 5% in a case, which

highly varying emissions and a slow chemistry, representing'™® — £+ ~ €1¥1 + 7 (¥1 = x5) = D1x1

a more extreme situation. x2 = P2+ C1x1 + T (x2 — x6) — D2x2

Several simulations have been performed to estimate thez = P3 — C1x3 + T'(x3 — x7) — D1x3
error of this assumption on the ozone budget: each NO y, = p; + Cyx3+ T (x4 — xg) — Doxa
source has been increased by 5% to estimate its impact O _ po i Core — T(x1 — x5) — Dex
the ozone partitioning. Caused by the non-linearity of the > > > 1= 'S
ozone chemistry, this turned out to be a difficult task, since*6 = Pe — Csxs — T (x2 — xp) — Dexe
the “true” ozone partitioning could not be calculated accu-x7 = P7 + Csx7 — T (x3 — x7) — Dsx7

rately. However, the best estimate lead to the result thals — pg — C5x7 — T (x4 — xg) — Dgxs.

the method, introduced here, is able to reproduce the indi-

(A1)
(A2)
(A3)
(A4)
(A5)
(A6)
(A7)
(A8)

vidual ozone contributions within approximately 5% uncer- Box 1 is described by indices 1 to 4, box 2 by 5 tox§;
tainty, depending on the source strength. Moreover, the efdescribes N@Q mixing ratios for odd indices and the sum of

fect of the increased emissions were detected with a mucl@ll other nitrogen species for even i
higher accuracy of 0.2%. This makes the method valuablgnore details).

for transient simulations to detect climate change and emis-

sion change signals.

The method is probably not useful for high-resolution and U. Burkhardt for helpful discussion

ndices (see Table 2 for
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models, since there local emissions largely determine th?)erformed at the Deutsches Klimarechenzentrum GmbH (DKRZ).

NOx concentrations at individual grid points. In this case

the coarse resolution of chemistry-climate models (here T30Edited by: F. Dentener
300—-400 km), which is normally a disadvantage in model-

ing, allows for a useful simplification leading to an effi-

cient methodology to derive ozone contributions from var-

ious NQ, sources.

Appendix A: Two-box model
The two-box model is used to illustrate the evolution of the

NOy and NG, mixing ratios in a simple way, using typical
values from a climate-chemistry model (here E39/C) for mid-

www.atmos-chem-phys.org/acp/4/729/ Atmos. Chem
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