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Abstract. The atmospheric chemistry general circulation dressed. This topic is well known and a plethora of case
model EMAC (ECHAMS5/MESSy atmospheric chemistry) is studies show the importance of a correct vertical distribution
used to investigate the effect of height dependent emissionsf biomass burning plume emissions for a realistic represen-
on tropospheric chemistry. In a sensitivity simulation, an- tation of tracers and aerosolsrémm et al,200Q Jost et al.
thropogenic and biomass burning emissions are released 2004 Fromm et al. 2005 Luderer et al.2006. For global

the lowest model layer. The resulting tracer distributions arechemistry models, a simple and computationally affordable
compared to those of a former simulation applying heightmethod is to arbitrarily distribute the emissions throughout
dependent emissions. Although the differences between ththe tropospheric column (e.Gook et al, 2007 Pfister et al.

two simulations in the free troposphere are small (less tharf005 Matichuk et al, 2007 Generoso et §l2007) Recently,
5%), large differences are present in polluted regions at thenore sophisticated approaches have been used, with an on-
surface, in particular for NQ(more than 100%), CO (up to line calculation of injection heights based on thermodynam-
30%) and non-methane hydrocarbons (up to 30%), whereags calculationsKreitas et al.2006 Hodzic et al, 2007).

for OH the differences at the same locations are somewhat ynlike the role of biomass burning plume emissions,

lower (15%). Global ozone formation is virtually unaffected the importance of the vertical distribution of anthropogenic
by the choice of the vertical distribution of emissions. Nev- emissions for a correct tracer representation in g|0ba| mod_
ertheless, local ozone changes can be up to 30%. Model res|s js still unclear. For these kind of emissions, only a few
SultS of bOth Simulations are further Compared to Observa'studies or measurements Of emission he|ghts exist c(eee
tions from field campaigns and to data from measuremeniyeij et al, 2006 Pregger and Friedric009 and references
stations. therein). Hence, three-dimensional models have to rely on
simple assumptions on the height dependency of the anthro-
pogenic emissions. Furthermore, also in the emission mod-
els, information on the vertical distribution has only very re-
cently and/or only partly been implementdetigdrich et al.

Emission data are essential for a realistic simulation of theZOOQ. Pregger and Friedrigf2009 showed that this is a ma-

chemistry in chemistry climate models. Accurate emission/2' 1SSu€ I regionaljurban models. Moreover, they showed

data require an appropriate spatial and temporal resolutior]t.hat th? d'Str.'bUt'on .Of the emissions into dlfferent. model
Although the spatial resolution is generally confined in a ayers s parUcngrIy important for large sources, which also
two-dimensional representation, the vertical distribution of play a major role in global models.

the emissions is also an information which needs to be ad- !N this study two different simulations, one with emissions

in the lowest model layer and one with a height dependent

emission distribution are compared. After a description of
Correspondence toA. Pozzer the model setup, resulting differences in the distribution of
BY (pozzer@cyi.ac.cy) the carbon monoxide (CO) and non-methane hydrocarbons
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(NMHC), the reactive nitrogen family, (N&GNO+NOy, 600 and 800 m above ground). In fact, some anthropogenic
NOy=NO+NGO+HNO3+PAN, peroxyacetylnitrate), the hy- activities can emit pollutants effectively at high altitudes. As
droxyl radical (OH) and ozone () are analysed. Finally, example, it is generally well established that in the process
results from the two simulations are compared to aircraft andof power generation (from solid, liquid and gaseous fuels) or
station measurements. It is shown that the choice of the verduring the combustion processes in the manufacturing indus-
tical distribution of the emissions into different model layers try, the emission temperature causes an updraft of the plume.
is essential for a correct representation of the chemistry irThis has also been confirmed by the measuremerfseagf-
the planetary boundary layer in polluted regions. ger and Friedrict§2009.
The chosen vertical distribution of the emissions is
partly based on experiences from the EMEP modem(
2 Model description and setup itroulopoulou and ApSiman1999 Simpson et a).2003,
applied after the analysis of some stack data from East-
The ECHAM5/MESSy atmospheric chemistry (EMAC) ern Europe. These vertically distributed emissions are
model is a combination of the general circulation model hased on the “effective” emissions, i.e. the effective ele-
ECHAMS (Roeckner et al. 2006 version 5.3.01) and vation where the emissions take part. The detailed verti-
the Modular Earth Submodel Systedbgkel et al, 2005  c¢a) distribution by emission class is listed in the electronic

MESSy; version 1.1). The description and evaluation of sypplementtttp://www.atmos-chem-phys.net/9/9417/2009/
the model system has been publishdickel et al, 2006. acp-9-9417-2009-supplement.pdf

More details about the model system can also be found at |t must be mentioned that the EMAC model is a hydro-
http://www.messy-interface.orgrhere a comprehensive de- static model with a hybrid pressure coordinate system. This

scription of the model is provided. implies that the levels are not constant with respect to the
The results evaluated here are based on data from the refreometric altitude and the number of levels within the first
erence simulation S1, as describedJogkel et al.(200§. 800 m depends on the location and time. On average, the ap-

The simulation period covers almost 8 years from Januaryplied vertical resolution has 5 to 6 levels between ground and
1998 to October 2005. Dry and wet deposition processe®00 m altitude.
have been extensively described Kgrkweg et al.(20063 The aircraft emissions are based dBchmitt and
andTost et al.(2009, respectively. The emission procedure Brunner (1997. Hence, no aircraft emissions were
has been explained Hgerkweg et al.(2006h. The chem-  ysed from the EDGAR database, and a constant fac-
istry is calculated with the MECCA submod&4dnder etal.  tor of zero for the EDGAR F57 emission class (air
2009. The applied spectral resolution of the ECHAMS base transport), has been used, in order to avoid dou-
model is T42, corresponding to a horizontal resolution of theple counting (sedttp://www.atmos-chem-phys.net/9/9417/
quadratic Gaussian grid of approximatel32<2.8°. The  2009/acp-9-9417-2009-supplement)pdf
applied vertical resolution consists of 90 levels (up to about Bjogenic emissions, which are not on-line calculated (ex-
80km) of which about 25 are located in the troposphere.  cept for NQ), are prescribed at the surface (lowest model
The PBL is calculated in the model based on the work ofjayer) for all species and do not have any vertical distribution.
Holtslag et al.(1990. The calculation is performed inter- NOy produced by lighting is distributed on different verti-
actively following the approach dfroen and Mahr{1986, cal levels, based on the parametrizationPofce and Rind
using the Richardson number, the horizontal velocity compo+1992).
nents, the buoyancy parameters and the virtual temperature. The biomass burning contribution was added using the
SeeHoltslag and Boville(1993 Sect. 3) for a detailed and Global Fire Emissions Database (GFED versioian der
complete description of this method. Werf et al, 2009 for the year 2000. No interannual vari-
The model setup includes feedbacks between chemistrybility is present for biomass burning. The debate is ongoing
and dynamics via the radiation calculations. The model dy-about biomass burning emission elevation. In general, the
namics has been weakly nudgelken et al.1996 Jockel  altitude depends on fire activities (flaming/smouldering) and
etal, 2006 Lelieveld et al, 2007) towards the analysis data location (boreal/tropical or others). In this work, biomass
of the ECMWF operational model (up to 100 hPa) in order to burning emissions are located exclusively at 140 m elevation.
represent the realistic meteorology in the troposphere. Thigolarco and Andreag2004 suggested a much higher injec-
allows a direct comparison with observations. For more de-tion for boreal fires, whil&erguson et a(2003 estimated a
tails on the model setup we referdiockel et al(2006. Here,  lower value for smouldering fires. In additidrabonne et al.
we repeat briefly the setup of the emissions. (2007 showed that for the majority of the global biomass
We used the anthropogenic emissions from the EDGARburning activity, the injection occurs in the mixing layer,
databaseMan Aardenne et gl2005 version 3.2 “fast-track”)  and direct injection into the free troposphere is a rare phe-
for the year 2000 as described Bypzzer et al(2007). nomenon. Langmann et al(2009 and references therein)
The emissions were, depending on the emission class anconcluded that most of the fires deposit their emissions in
species, distributed to 6 different heights (45, 140, 240, 400the planetary boundary layer (PBL), and only in a few cases
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Fig. 1. Left: Annual emissions of CO (in/gnz) outside the PBL. Right: Total annual emissions of CO (Amﬁ).

(i.e. under specific fire and meteorological conditions), the Thanks to the applied nudging in both simulation S1 and
emissions are located in the upper troposphere or even in theimulation F1, the meteorological parameters are sufficiently
lower stratosphere. Based on this assumption we used a cosimilar that they are not influencing the results. To support
stant altitude of 140 m for the emissions. This implies thatthis statement, additional tests have been performed, compar-
~67% of the biomass burning emissions are injected withining directly the temperature and the specific humidity (two
the PBL, depending on the meteorological conditions. Withprognostic variables) between the two simulations. First, the
a lower emission height, almost all biomass burning emis-temperature (a nudged quantity) has been compared. For a
sions will be injected into the PBL, while any higher emis- snapshot in time, the relative difference during one simula-
sion height would imply a too strong injection outside the tion year can reach in the troposphere up to 15%, although
PBL. In addition, we performed test simulations (not shown) generally the difference is less than 8%. However, when
with injections at different altitudes and the best results werethe same averaging procedure used for the comparison to the
obtained with emissions concentrated at the chosen altitudeaircraft campaigns (see Sedt2) is applied, the differences

In Table 1 the total emissions are summarised, includ- in temperature between simulation S1 and simulation F1 are
ing their distribution on the six vertical levels. Moreover, less than 0.01%. Further analyses using only monthly aver-
for the reference year 2000 the total amounts emitted aboveages at the surface show slightly larger differences (a max-
the Planetary Boundary Layer (PBL) are listed. As Table imum of 0.4° C, or 0.2% all over the globe). Second, we
shows, around 20% of the total carbon monoxide is directlycompared the simulated specific humidity (a quantity which
emitted into the free troposphere. In Figthe geographical was not nudged). Whereas for a snapshot in time, the rel-
distribution of the CO emissions outside the PBL and the to-ative difference during one simulation year can reach up to
tal emissions of CO is depicted. Strong sources are preserit0—15%, the monthly averages differ by 5% at maximum,
in central Africa, India and partially China and the Amazo- but with general differences ef1%. Finally, for the specific
nian basin, whereas in North America, Europe and Australishumidity averaged over the time and area of the aircraft cam-
emissions outside the PBL are smaller. paigns, the differences in the tropospheric column are even

The effect of vertically distributed emissions on the global smaller, about~0.5%.
distribution of trace species is investigated with an additional Because the meteorology is comparable between simula-
simulation, further denoted as F1. For simulation F1 we ap-tion S1 and simulation F1, the on-line emissions (due to bio-
plied the same executable used in simulation S1, and thgenic processes) and the NONO, produced by lightning
same model setup. As only difference, the namelist of theare similar in both simulations.
offline-emissions submodel (submodel OFFLEK&rkweg For the analysis we focus on the year 2000, which is ex-
et al, 20061 was altered in order to emit the species entirely pected to be represented by the model with the highest con-
in the lowest model layer, i.e. without any height depen- sistency, mainly because the chosen emission database was
dency. This modification applies to NO, COzi, CyHe, compiled for this year. In addition, simulation S1 has al-
CsHeg, C3Hg, C4H10, CH3CHO, CHCOCHz;, CH3COOH, ready been extensively evaluated using the model output of
CH30H, HCHO, HCOOH and MEK. No changes for air- the year 2000Fozzer et a).2007).
craft emissions have been applied between the two simula-
tions. The two simulations, hence, have the same aircraft
emissions at the same spatio/temporal location.
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Table 1. Distribution of total emissions on 6 emission heights as applied in simulation S1(iradegay/year.

emission heightin m emissions outside

trace gas 45 140 240 400 600 goo 'Ot emission the PBL
co 49211 590.76 350 6.17 3.44 092  1096.90 207.31
CoHg 1852 751 009 016 009 0.02 26.39 2.99
CoHe 759 444 013 020 011 0.02 12.49 1.80
CaHe 628 351 004 007 004 001 9.94 1.26
CaHg 948  1.90 018 027 013 0.03 11.99 1.15
CaH10 6509 573 129 192 094 021 75.17 5.99
MEK 605 640 010 017 009 0.02 12.82 2.34
CH3CHO 105 286 001 002 002 0.00 3.96 0.93
CHsCOCH; 4503 274 007 011 006 0.01 48.02 2.52
CHsCOOH  6.86  9.16 003 008 006 0.01 16.20 3.10
CH3OH 68.06 939 009 016 010 0.02 77.82 5.39
HCHO 267 496 004 007 004 0.01 7.79 1.67
HCOOH 761 500 002 004 003 0.01 12.71 1.83
NO2 17.35 1446 135 509 336 1.53 43.14 10.36

ain Tg(N)/year. The total does not include lightning and biogenic sources which are calculated en2ihed~6.8 Tg(N)/year, respec-
tively).

aoon In simulation F1, all emissions are concentrated at the sur-

28 face. The mixing ratios at the surface are therefore larger in
1 G ™ r 28 simulation F1 than in simulation S1, despite the enhanced
40°N o‘%ﬁ’ ; T 22 OH induced by the increased recycling of OH due to the

higher mixing ratio of NQ (see Sects3.2and3.3).

As shown in Fig.2, at the surface the differences in pol-
luted regions (especially where strong biomass burning emis-
sions occur) can be larger than 30%. Also in remote regions,
the mixing ratios of CO in simulation F1 are higher than in
simulation S1. It must be stressed, however, that the dif-
ferences for remote conditions are comparably small, only
about 1-3% on annual average (see Rg. In summary,

‘ : : : : : : at the surface simulation F1 shows a global increase of CO,
100°w 0° 100°E ranging from about 30% in polluted regions to about 3% in
remote regions.

ON DO

40°S .

O—=NUPITOIDO = —— ——

80°S 1

Fig. 2. Annually averaged relative differences (in %) of CO mixing .
ratios between simulation F1 and simulation S1 ((F1-S1)/S1) at the In the_ PBL and the fr_ee tropc_)s_phere_over polluted regions,
surface. The overimposed boxes show the regions where the fieldimulation S1 shows higher mixing ratios for CO (up to 10—
campaigns used in this study took place. 20%). This is restricted, however, to locations where strong
emissions within the PBL are present (Central Africa, East
India, Amazonia). In fact, the comparably long lifetime of
3 The global distribution of selected compounds CO allows a very effective mixing. This, in combination with
the reduced OH abundance in simulation F1, causes higher
mixing ratios of CO at almost all locations. Hence, with the
exception of a few locations, CO is everywhere slightly (1—

Carbon monoxide provides the most important sink for OH 394 higher in the PBL and the free troposphere in simulation
(Lelieveld et al, 2002 Logan et al.1981; Thompson1992. F1 compared to simulation S1.

The CO emissions change from 492/¥gar at the lowest
model level in simulation S1 to 1096 Tgear in simulation
F1 (see Tabld). The differences between simulation S1 and
simulation F1 for CO are also present for the alkanesgi¢C

and GHsg, not shown) and the alkenesd, and GHg, not In the troposphere the reactlv_e nltroge_n Compounds_ play a
shown). key role in the ozone formation and in the recycling of

the hydroxyl radical. While the NQfamily (NO+NQOy)

3.1 Carbon monoxide, CO

3.2 Reactive Nitrogen: NQ, HNO3 and PAN

Atmos. Chem. Phys., 9, 9419432 2009 www.atmos-chem-phys.net/9/9417/2009/
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Table 2. Dry deposition of nitrogen compounds in simulation S1 20
and simulation F1 (in TeN)/year). 100 i 8
- r 14
simulation S1 simulation F1 300 B %
trace gas wet dry wet dry i | 8
deposition  deposition deposition  deposition 500 4 i :i
E—)
NO - 0.40 - 0.82 o i | =o
NO» - 2.93 - 4.69 < =
HNO;3 24.3% 13.48 22.58 13.58 700 4 =
PAN - 0.96 - 0.90 . i P 1 . R
i , . 8 BN e
sum (NG)  24.35 17.77 2253 19.99 900 e P ) ey = i
- : =16
. — 12
@ as nitrate formed from HNQ 1100 55 1 20

80°S

is important for these processes, HN@nd PAN (perox- Fig. 3. Annually and zonally averaged relative differences (in %) of
yacetylnitrate) are reaction products and reservoir speciedVOy mixing ratios between simulation F1 and simulation S1 ((F1-
HNOg represents one of the main sinks of reactive nitrogenSl)/ S1).

through its washout, and PAN represents an important NO
source in remote regions due to its temperature dependent
stability. Changing the vertical distribution of the emissions
by removing the height dependency, drastically increases th

The two model simulations show different characteristics
éor different regions (see Fi@). Compared to simulation S1,

NOy mixing ratios at the surface (lowest model layer), with  — at the surface, simulation F1 shows an increase of NO

about a factor of 2 to 3 higher NOmixing ratios in simu- (more than 100%) in polluted regions and a decrease of

lation F1 compared to simulation S1. This increase is com- NOy in remote regions (3—10%),

pensated by a strong decrease in the PBL above the surface

model layer, where simulation F1 results in 10-20% lower — inthe PBL, simulation F1 shows a decrease of\iDe

mixing ratios than simulation S1. to the absence of emissions in the PBL above the surface
As shown in Table2, the emissions into the lowest model in both, polluted and remote regions,

layer (simulation F1) result in a more efficient dry deposition
of the NG species. For the very reactive NQhe dry de-
position in simulation F1 (5.5 T@l)/year) is almost double
(67% larger) compared to the dry deposition in simulation An overall reduction of the reactive nitrogen species at lo-
S1 (3.3TgN)/year). Although this does not significantly cations away from the sources is apparent in simulation F1
change the global view of the NQlistribution, other com-  compared to simulation S1.
pounds (e.g. @ are influenced by the strong changes in the
dry deposition of NQ. 3.3 OHy

The global burden of PAN, which is thermally unstable, is ) )
reduced in simulation F1 compared to simulation SBge), ~ The HGQ family (OH+HO;) and the NQ family
due to a reduced formation near the surface, where the ten® strongly coupled, mainly through the reaction
perature is higher than higher up in the PBL or free tropo-NO+HO2—>NO2+OH, leading to the recycling of OH
sphere. This decreased burden reduces the transport into r@d (with the photolysis of N§) to the formation of ozone.
mote areas and thereby the production of,N§ thermal Since simulation F1 predicts higher N@nixing ratios at
decomposition of PAN. the surface in polluted regions, the OH mixing ratios are up

As HNO; is mainly formed by the reaction of NQwith to 20-30% higher than in simulation S1. Consistently, the
OH, it follows mainly the behavior of these two tracers (see HO2 mixing ratios are lower by about 30-40%.
OH below, Sect3.3). Over regions with strong NOemis- Due to the lower mixing ratios of NQin simulation F1
sions we see an increase (up to 60%) of HN®the surface in the remote regions (surface, PBL and free troposphere),
in simulation F1 compared to simulation S1, while a decreasdhe recycling of OH is less efficient. In addition, also the
outside the lowest layer is observed. In remote regions, inincreased CO mixing ratios (although small) in simulation
stead, a small decrease in simulation F1 compared to simuldE1 with respect to simulation S1 contribute to decrease the

tion S1 is present, which is also in accordance with thg NO OH mixing ratios in such regions. These processes induce a

compared to simulation S1.

— in the free troposphere, simulation F1 shows a decrease
of NOx and NG, (1-5%).

www.atmos-chem-phys.net/9/9417/2009/ Atmos. Chem. Phys., 9, 94322009
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o

of the vertical distribution of emissions. The stratosphere-
troposphere exchange (STE) of ozone changes only by 3%
between the two simulations (10 figear). This is less than
the inter-annual variability of the STE of ozone simulated by
the model, which is about 25 Jgear Jockel et al, 2006.
Also in the PBL the production and loss terms are similar in
simulation F1 and simulation S1. This implies that the total
2 amount of ozone produced is the same in both simulations,
although the production is localised differently.

-5 On the local scale, however, differences between the two
-7 simulations of up to 30% arise in polluted regions. In simu-
9 lation F1, G production is reduced at the surface in polluted
—10 regions in comparison to simulation S1.

O—-NW>rOO N0 W —

< TR

1100 T
80°S 40°S 0° 40°N 80°N

Fig. 4. Annually and zonally averaged relative differences (in %) 4 Comparison with observations

of OH mixing ratios between simulation F1 and simulation S1 ((F1-

S1)/81). To provide an overview of the model performance for sim-
ulation S1 and simulation F1, a statistical comparison be-
tween observations and model results is presented. Obser-

As shown in Fig.4, the zonal average decrease is over-yations are taken from ozone sondes observatibngan

all about 5% and about 10% in the PBL over the northernlggg Thompson et a‘]2003' from a collection of aircraft

subtropics, where the emissions are large. In conclusion, a'measurementf(nmons et a.200Q Zbinden et al. 2006

though with height-independent emissions OH increases lognd from a large number of multi-year surface measurements

cally in polluted regions at the surface, the oxidation capacitycgllected from the literatureSplberg et al. 1996 Lind-

of the atmosphere is globally reduced. skog and Moldanca; 1994 Bottenheim and Shephert95
Goldstein et a].1995 Greenberg et 311996 Rudolph and
3.4 Ozone Q Johnen199Q Rudolph et al.1989 Clarkson et a].1997).

An additional global dataset of surface measurements is
Ozone chemistry in the troposphere is highly dependent ofjpe NOAA/ESSL flask sampling networkNovelli et al,
precursor species like NO=NO+NG), CO and NMHCs 1998 which encompasses several years of CO measure-
(Atkinson 2000 Logan 1985 Houweling et al. 1998 Se-  ments. For a quantitative statistical analysis, correlations
infeld and Pandis1997). Although simulation S1 and sim-  petween the model results and the aircraft observations are
ulation F1 show very low differences in the free tropospherecg|cylated with respect to the altitude, while the correlations

and in remote regions, large differences arise over pollutethetween the model results and the surface measurements are
regions at the surface and in the PBL. calculated with respect to time.

At the surface over polluted regions, the ozone mixing ra-
tios are lower in simulation F1 than in simulation S1, despite4.1  Comparison with ozone sondes
the increase in NQconcentrations. This is mainly due to
the increase of N@deposition in simulation F1 compared The model results have been compared to climatologies ob-
to simulation S1, which does not convert tg@ @ simula-  tained from ozone sonde observations. The first dataset used
tion F1, while in simulation S1 the injection at higher alti- is the climatology compiled bizogan(1999. In Fig. 5, the
tude gives enough time for the interconversion. Althoughmeasurement locations of these dataset are shown. While
this gives generally smaller differences (in the range of 5-some ozone sonde observations have been performed in re-
10%), in some very polluted areas (mainly China), this givesmote areas, others have been performed in industrialized ar-
a difference of up to 30%. In remote regions the differenceseas (USA and Europe). However, the climatology presented
of O3z are smallest, where simulation F1 predicts lower mix- by Logan (1999 has only a few levels close to the surface
ing ratios than simulation simulation S&2%), due to the (1000 and 900 hPa). Since simulation S1 and simulation
lower abundance of NQ F1 are very similar in the free troposphere (i.e. with dif-

In Table 3 the ozone production and loss terms are listedferences in tracer mixing ratios generally less than a few per-
for simulation S1 and simulation F1. The results for the cent), we focus only on these two levels of the dataset. Cor-
two simulations are comparable in terms of production andrelations calculated between all available observations from
transport. This implies that the net exchange between tropothis dataset at these pressure levels and model results from
sphere and stratosphere (and likewise between the free tragimulation S1 gives=8% higher correlations than calculated
posphere and the PBL) is hardly influenced by the choicewith model results from simulation FIR¢=0.47 vs. 0.43,

Atmos. Chem. Phys., 9, 9419432 2009 www.atmos-chem-phys.net/9/9417/2009/
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Table 3.

Annual tropospheric ozone budget in Tg for the year 2000.

RO2 comprisét;@, CH3C(0)00, GgH7Os,

CH3CH(02)CHoOH, CH3COCH,0,, C4HgO,, and peroxy radicals resulting from oxidation of MVK, MEK and isoprene.

9423

troposphere planetary boundary layer
simulation S1 simulation F1 simulation S1 simulation F1
NH SH Global NH SH Global NH SH Global NH SH Global
NO+HO» 1887 1248 3135 1854 1242 3096 724 323 1047 704 316 1020
NO+ROy 382 194 576 377 192 569 253 121 374 250 119 369
NO+ CH30 683 456 1139 659 446 1105 275 141 416 265 137 402
Total Production 2952 1898 4850 2890 1880 4770 1252 585 1837 1219 572 1791
O3+OH -310 -219 -529 297 -213 510 -74 40 -114 -69 -38 —-107
O3+HO, -824 557 -1380 -814 -557 -1371 -208 -110 —-318 -203 -108 311
H,0+0L(D) —1422 -1089 -—-2511 -—-1404 -1085 —-2489 —-498 -358 856 —-489 -355 844
Total Losses —2556 —-1865 —4421 -2515 -1855 —-4370 -780 -508 -1288 -761 -501 —-1262
net 396 33 429 375 25 400 472 77 549 458 71 529
dry deposition -507 —-273 -780 488 -268 756 —-507 -—-273 780 —-488 -268 756
change in burden -3 1 -2 2 1 3 1 0 1 1 -1 0
burden 172 150 322 174 151 325 16 9 25 16 8 24
Transpor? 108 241 349 115 244 359 36 196 232 31 196 227

@ net downward; derived from budget closure; accounts also for upward transport.

80°N

40°N

o° —14 2.0 .
-16
-18 1.6 1
720 0
° —-22 -10
40°S o4 1.2 -20
—-26 -30
—-28 08 -40
80°S —-30 50
T T T T T T T -60
100°W 0° 100°E 0.4 -
. . . . -80
Fig. 5. Annually and zonally averaged relative differences (in %) g g S N —— o0
of O3z mixing ratios between simulation F1 and simulation S1 ((F1- 00 04 08 12 18 20 24 28 Latitude
S1)/S1). Black circles denote measurement sites from the LOGAN Normalised Standard Deviation degrees N

(Logan 1999 dataset, red circles from the SHADOZHompson
et al, 2003 dataset. The green circles denote Uccle stations (Bel-Fig. 6.
gium) and Wallop island station (USA).

Normalised Taylor diagram of the comparison between
ozone sonde observations from thegan(1999 dataset and model
results at 900 hPa. Comparison with the model results from simu-
lation S1 and simulation F1 are denoted with squares and circles,

respectively). However, the low correlations refrain us to respectively. The colors denote the latitude of the stations.

draw any conclusion here.

Because of their sparse geographical distribution (see
Fig. 5), some of the stations are at locations with high differ- between the two simulations when compared to the observa-
ences between simulation S1 and simulation F1, while othersions at 900 hPa. At some locations the model results from
are at locations with virtually no differences between the twosimulation S1 agree better with the observations and in oth-
simulations. In Fig6, the Taylor diagramsTaylor, 2007) of ers the model results from simulation F1 agree better with
the comparison between the model simulations and the ozonthe observations. The largest differences (as expected) are
sonde observations is presented. There is no clear differencat locations between 3@nd 60 N. Nevertheless, the results
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Fig. 7. Comparison of simulated and observeg @ixing ratios in nmolmol. The monthly climatology from observations are indicated in
black, while the model results are represented in blue and red lines for simulation S1 and simulation F1, respectively. The corresponding
simulated standard deviations with respect to time are represented by the dashed lines.

are not clearly indicating which simulation is better in repro- has been calculated. Focusing the analysis on the surface
ducing the observations. (~1000hPa), we compare the seasonal cycle of model re-

A further dataset based on ozone sondes used in this confiults and the calculated climatology (see . Although
parison is the one based on the SHADOZ projadtamp- the correlation between the model simulations and the cli-
son et al, 2003, which covers tropical regions (see F§. ~ Matology shows no significant differences (on#%), the
The observations, in fact, are mainly located in the Pacificrésults from simulation S1 agree better with the observa-
Ocean where the differences between simulation S1 and Fions compared to results from simulation F1. In fact (see
are only a few percent. Also the few observations over theFi9. 7), the average bias at Uccle station between simula-
Atlantic ocean are either located in coastal or in open oceadion S1 and the observations¥60% lower 3.6 nmol/mol)
regions. Since there the differences between simulation Sihan the average bias between simulation F1 and the obser-
and F1 at these locations are in the orde~@&-5% only, vations 97_.14 nmol/mol)._ Cohgrently, the average bias_ at
they are not regarded as being significant. In this dataset onlyVallop station between simulation S1 and the observations
one location (namely Irene, South Africa) shows a some-IS ~20% lower ¢17.8 nmol/mol) than the average bias be-
what strong difference at the surface between the two simfween simulation F1 and the observation2(.2 nmol/mol).
ulations. Based on this single station, we obtain1®% bet-
ter correlation between simulation S1 and the observationg.2 Comparison with aircraft measurements
(R2=0.22) than between simulation F1 and the observations
(R?=0.20), based on data below 900 hPa (lowest measureThe field campaigns used in this study are “data composites”
ment levels). However, as for the previous dataset, the lowof different species and are a basis to create observation-
correlation does not allow us to draw any conclusion. Nev-based climatologiesSmmons et a).2000. The measure-
ertheless, the average difference at the lowest level of thenents have been averaged over the entire field campaign re-
measurements between simulation S1 and Irene ozone songgon and organized as vertically gridded data. Hence, in case
(—1.19 nmo}mol) is smaller than the one calculated with the of the comparison with aircraft campaigns, the model results
same observational data but model results from simulatiorhave been averaged over the same region and time of the year
F1 (—1.71 nmo}fmol). of the field campaign, interpolating only the vertical axis to

In order to achieve a clear picture of the different perfor- the observational grid (1 km resolution).
mances of the two simulations a further analysis was per- Although the specific field campaign data is, strictly
formed for two specific sites, whose location was carefully speaking, only representative for the specific year, the aver-
selected: Uccle station (Belgium) and Wallops island stationaging of the measurements over space and time partly solves
(USA) (WOUDC, 2009. Both stations are at locations with the problem of interannual variability, so that these data can
large differences between simulation S1 and simulation Flbe considered as climatology. To confirm that our results are
and, in addition, extensive data for the period 1995-2005 aréndependent on the analysed year, we calculated the correla-
available. From the observations taken at these two location between the model results (for CO angl@ simulation
tions during the 1995-2005 period, a monthly climatology S1) of different years (2000—-2004) with the data-composites
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Table 4. Summary of the correlation coefficient®4) and linear regression analysis of model results versus aircraft observations
(modelan xmeasurement). Bias andb are in pmofmol; bias=model results minus observations.

simulation S1 simulation F1 bias ratio R? ratio
trace gas num. obs. bias m b R? bias m b R?2 (F1/S1) (F1/S1)
CoHg 454 —23.87 0.26 9.97 0.41 -20.39 0.47 445 0.51 0.85 1.24
CoHg 473 —-174.03 0.69 78.69 0.80 -156.7 0.71 82.12 0.80 0.90 1.00
C3Hg 332 —11.50 0.14 0.27 041 -10.36 0.37 —-1.84 0.63 0.90 1.54
C3Hg 472 —18.82 0.92 -5.75 0.77 -13.32 0.94 —454 0.76 0.70 0.99
CH3COCH; 246 -376.85 0.42 —-28.72 0.38 -376.07 0.43 -32.68 0.38 1.00 1.00
CH30H 116 —447.82 0.18 255.18 0.31 —452.41 0.20 248.00 0.30 1.01 0.96
HCHO 213 6.41 0.74 55.79 0.63 7.66 0.80 45.16 0.60 1.19 0.95
H20o 411 3.73 0.63 275.81 0.55 26.83 0.65 289.34 0.55 7.19 1.00
HNO3 416 —13.05 0.53 63.11 0.34 -16.61 0.53 58.34 0.34 1.27 1.00
O3 506 11835 1.78 —28464 0.54 11740 1.8 —29496 0.53 0.99 0.98
(6{0) 456 —8621.8 0.51 36381 0.63 —7170.6 0.53 35868 0.59 0.83 0.93
NO 417 2.3 0.59 7.75 029 -0.61 0.80 4.47 0.30 1.94 1.03

from the field campaigns. The difference in the correlationChina) are shown. The mixing ratios at the surface calcu-
is in the range of a few percent6% and+4% for CO and lated from simulation F1 are larger than those from simu-
Og, respectively), while the difference in the bias is some-lation S1 (a factor of 3 in TRACE-P, China). In contrast,
what higher, but still in the range of a few percert7%6 between 600 m and1.5 km altitude, the opposite is visible,
and £5% for CO and @, respectively). To resume, the in- the mixing ratios from simulation S1 being larger than those
terannual variability cannot be neglected per se. Howeverfrom simulation F1 (see Se@&.2). Moreover, at the surface
thanks to the usage of data composites obtained from longsee Fig.8, TRACE-P, China), simulation S1 is closer to the
aircraft field campaigns, the results obtained are almost indeebserved value, which is the average of 389 measurements
pendent on the selected year. Hence, only the year 2000 frortaken during the campaign period in the region at that level.
simulation S1 and simulation F1 has been used in the comin the free troposphere, however, no substantial differences
parison. Tabld summarises the comparison of model resultsare noticeable between the two simulations.
from simulation S1 and simulation F1 with measurements on
board of aircraft. The majority of the measurements included In Fig. 9, results for CO from both simulations are com-
in this study have been collected in remote regions or down{pared with measurements from the TRACE-A field cam-
wind of polluted regions, where, as shown in Se8t&-3.4,  paign (Talbot et al, 1996. Although this field campaign was
the differences between simulation S1 and simulation F1 argtrongly influenced by biomass burning emissions, the dif-
small or in the range of the measurement variabilities. Inferences between the two simulation in these locations are
fact, no significant differences between the two simulationssimilar to what has been seen for NO in case of locations
are found when they are compared with these aircraft obserwith strong anthropogenic influence. In both cases, despite
vations. In the measurement regions, the vertical distributhe emissions altitude, the free troposphere is almost not in-
tions of these tracers show the same patterns and the SanﬂélenCEd, while at the surface we find significant differences.
magnitude. The correlation between simulation S1 and thel his confirms the low (less than 2%) sensitivity of the trace
observations is overall larger (seeHl; and GHg) or equal ~ gas distributions to the vertical distribution of emissions in
to (CoHs, CaHg, CH3COCHs, HoO,, HNOs, O3 and NO)  remote regions and the free troposphere shown in Sebt.
than the respective correlation calculated between the resulggarticular, the measurements at the surface (see TRACE-A,
of simulation F1 and the observations. E—Brazil) show that simulation S1 better represents COin
. . . . . this region than simulation F1. The Trace-A campaign took
S_mce th_e a_l_rcraft campaigns took maml;_/ place_ In remote, ) ce during the Southern Hemisphere dry season and some
regions, significant differences between IS|muIat|on S1 amflights were influenced by biomass burnirTalbot et al,
simulation Fl. occur only gt a f_ew locations (;ee Fay. 1996. It can be concluded that the vertical distribution of
Only a feyv aircraft campaigns in the dataset include pOI'the emissions (simulation S1) yields more realistic results
luted/partially polluted regions. than the setup with emissions confined to the surface layer
An example is presented in Fi§, where vertical profiles  (simulation F1). This confirms previous findings (SBe-
at a polluted location (left, TOPSE-May, Churchill) and at quety et al.2007, and references therein) that biomass burn-
a location downwind of a polluted region (right, TRACE-P, ing emissions should be vertically distributed, although no
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Fig. 9. As Fig. 8 for CO in nmo}mol, for different regions.

real indication of an ideal vertical emission distribution can been performed and the results are presented inlBigin
be derived from this comparison. addition, the average bias between simulations and observa-

tions forall seasons and for each location is listed in Big.
A further analysis can be performed with the data from

the MOZAIC project Measurement dbZone byAirbusin- These results do not conclusively define which simulation

serviceAircraft). The only published climatology from this is the best in reproducing the observational data. In fact, re-
dataset is the one frobinden et al(2006. Thisseasonal sults from simulation F1 have lower differences to the obser-
climatology consists of ozone vertical profiles at a few placesvations than simulation S1 in Paris and Frankfurt, while sim-
(e.g., Japan region, New York, Paris and Frankfurt). The ob-ulation S1 shows lower differences to the observations than
servational data (and the simulated data) have been restricteximulation F1 in Japan region and New York. In addition,
to altitudes between the surface and 4000 m, to include onlyhe vertical profiles from both model simulations correlate
the tropospheric region where most of the differences besimilarly with the observations. Hence, also this database
tween simulation S1 and simulation F1 are expected. A cordoes not clearly show which simulation is performing better:
relation calculation with respect to time does not give robustas example, for the New York region, results from simula-
results, because the database represents a seasonal climatan S1 correlate better than results from simulation F1 with
ogy. Instead a correlation with respect to the vertical axis haghe summer observations, while, for the winter observations,
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Fig. 11. Seasonal cycle (monthly averages) of HCHO (in
0.0 0.4 08 12 16 nmol/mol) for some selected locations at the surfé@ellferg et al.

Stondord Deviotion 1996. Model: solid line; model standard deviation: dashed line;
measurements: circles. The red and blue lines indicate results from
dc,imulation F1 and simulation S1, respectively.

Fig. 10. Normalised Taylor diagram of the comparison between
MOZAIC observations and model results between the surface an
4000 m. Comparison for summer observations with the model re-

sults from simulation S1 and simulation F1 are denoted with squares i d by th | lation b del and
and circles, respectively. Comparison for winter observations with¢onfirmed by the very low correlation between model an

the model results from simulation S1 and simulation F1 are denoted®Pservations). Hence no real conclusion can be drawn for
with stars and triangles, respectively. The colors denote the locathis specific tracer. In the case of formaldehyde (HCHO),
tion, i.e., Frankfurt in pink, Japan region in green, New York in however, the model is generally representing the observa-
yellow and Paris in red. tions quite accurately, although with a certain overestima-
tion. The differences between simulation S1 and simulation
F1 in bias and correlation for HCHO are due to the different
results from simulation F1 correlate better than results frombehaviour of the two simulations at Zeppelin (see Hig).

simulation S1. At this location, where the correlations of the two simula-
tions with the observations largely differ (the phase of the
4.3 Comparison with station observations seasonal cycle of mixing ratios from simulation F1 and sim-

ulation S1 are different), the low values from simulation F1

A striking different picture arises when simulation S1 and balance the general overestimation obtained at other stations,
simulation F1 are compared to surface observations. As menahen the bias is calculated. Hence, it can be concluded that
tioned in the previous sections (from Segtl to Sect.3.2) the decrease of the bias between observations and simula-
simulation F1 shows higher mixing ratios at the surface intion F1 compared to simulation S1 is an artefact. In addition,
polluted regions than simulation S1, in particular for CO, Fig. 11 (Zeppelin station) shows a better agreement of the
NOy and HQ. In contrast to the aircraft measurements, measurements with the results from simulation S1 than with
the set of observational sites comprise also stations locatethose from simulation F1.
in industrialised regions (e.g., Egbert, Canada) or downwind Peculiar is acetone (GGE€OCHjz), which is mainly emitted
source regions (e.g., Rucava, Latvia), giving the opportunitybiogenically, with only a few percent contribution of anthro-
to evaluate the model at locations where the effect of changpogenic origin Jacob et a.2002 and references therein).
ing the vertical emissions distributions is large. Hence, the acetone mixing ratio shows differences between

As shown in Tableb, results from simulation S1 agree by simulation S1 and simulation F1 mainly due to indirect ef-
far better with the observations than the results from sim-fects, such as local changes in the oxidation capacity and/or
ulation F1. The correlations between the tracer mixing ra-different degradation of acetone precursors.
tios of simulation S1 and the observations are 20-30% larger Here, we only show ethane £§8¢), one of the best sim-
than the respective correlations of simulation F1. Moreover,ulated tracers in the moddP¢zzer et a).2007). In Fig. 12
the bias between simulation S1 and the observations is gersbservations and model results are compared.
erally lower (about 30%) than the respective bias of sim- The average values are comparable between the two sim-
ulation F1, with the exception of acetaldehyde gCHIO) ulations. Differences arise especially during summer, e.g.,
and formaldehyde (HCHO). In the case of acetaldehyde, thén Rorvik, Birkenes, or Egbert, where simulation F1 shows
model poorly represents this tracer ($&zzer et al(2007), larger mixing ratios as simulation S1. Here, results from
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Table 5. Summary of the correlation coefficients and linear regression analysis of model results versus station observations
(modelan (x)measurement). Bias andb are in nmofmol; bias=model results minus observations.

simulation S1 simulation F1 bias ratio R? ratio
trace gas num. obs.  bias m b R? bias m b R?  (F1/S1) (F1/S1)
CoHg 138 020 053 050 040 028 050 0.60 0.30 1.40 0.75
CoHg 150 024 083 054 054 032 077 072 042 1.33 0.77
C3Hg 137 0.01 066 006 050 003 064 082 041 3.00 0.82
C3Hg 150 0.61 1.13 051 042 0.66 1.06 0.62 0.35 1.08 0.83
CH3CHO 77 0.15 020 058 0.08 014 0.15 0.60 0.04 0.94 0.50
CH3COCH; 81 —-0.08 053 046 051 -0.09 054 043 047 1.13 0.92
HCHO 65 —-0.11 047 050 055 -0.08 044 055 0.45 0.72 0.81
Cco? 4224 567 098 650 0.67 9.16 1.00 13.72 0.60 1.61 0.89

@ from NOAA/ESSL flask sampling network (see Se:tl).

simulation F1 are in clear contrast to the observations (seever, large differences occur at the surface in polluted re-
Fig. 12). gions, with differences of more than 100%, depending on
Also for CO the correlation between station measurementghe species.

and simulated mixing ratios is higher for simulation S1 than A comparison of the model results with data from ozone
for simulation F1, yet the difference is smaller than for other sonde, various aircraft field campaigns and surface stations
trace gases. In fact, the correlation between station observarave been used to evaluate the simulations. The compari-
tions and simulation S1 and the correlation between statiorson with 0zone sonde climatologies does not clearly indicate
observations and simulation F1 differ by omit0%, which  which simulation achives the better agreement with observa-
is less than what is observed for other tracers (Where a diﬁertions_ However, C|imato|ogy ad hoc Comp”ed for two spe-
ence 0f~20-25% is present). cific stations shows that model results from simulation S1

As pointed out byHaas-Laursen and Hartlefl997),  have a lower bias with the observations than model results
the flask samples were collected under non-polluted confrom simulation F1.

ditions, i.e. for stations close to local sources only certain The aircraft field campaigns mainly took place in unpol-
wind directions hf}“’e ?feen Sfelﬁ(:tiqﬁto avoid 'F’Cﬁ' gont,gmﬁuted regions, therefore results from both simulations corre-
r?atlon. Hgnc_e, t ee ect of the different vertl.ca IStribU- |5¢e similarly to those observations and no significant differ-
tions of emissions is lower for CO at these locations (see als%nce can be detected. In contrast to this. the correlation of
Sect.3.3). the model results to the surface observations, which include

As shown in Fig 13, results from simulation S1 and sim- 5154 nojluted locations, is significantly (10-30%, depending
ulation F1 hardly differ. It can hence be confirmed that for ., he species) reduced, if the emissions are confined to the

background conditions the different vertical emissions dis-g,face. For alkanes and alkenes. a 20 to 30% percent de-
tributions do not change the simulated surface mixing ratios.rease of the correlation coefficient is calculated, while for

considerably (about 1%, see Sex:1l). CO a decrease of 10% is derived. The lower sensitivity of
CO can be traced back to the used database, since the ob-
servations in the database have been filtered for non-polluted
conditions.

The ECHAM5/MESSy atmospheric chemistry (EMAC) gen- I addition to the improved correlation, also the bias be-
eral circulation model was used to investigate the effect offtween simulated and observed mixing ratios is reduced, if
height dependent emissions on tropospheric chemistry. Twhe emissions are vertically distributed. We conclude that re-
simulations were performed and the results compared. In ongults of an atmospheric chemistry general circulation model
simulation (simulation F1) the anthropogenic and biomassn remote regions are hardly affected by the chosen vertical
burning emissions were confined to the surface layer, whiledistribution of the emissions, whereas the information about
in the second (simulation S1) the anthropogenic emissionéhe vertical distribution of emissions is essential to reproduce
have been distributed vertically to 6 different altitudes, while correctly the chemistry in polluted regions.

biomass burning emissions have been injected at a constant To improve the process of emissions in such models, fur-
altitude. The resulting trace gas distributions of the two sim-ther research is required. A more realistic approach might
ulations do not differ considerably in remote regions and inbe to connect the vertical distribution of emissions consis-
the free troposphere, with differences of less than 5%. How-ently to the simulated meteorological situation (e.g. vertical

5 Conclusions
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Fig. 12. Seasonal cycle (monthly averages) oHg (in nmol/mol) for some selected locations at the surfégelljerg et al.1996. Model:
solid line; model standard deviation: dashed line; measurements: circles. The red and blue lines indicate results from simulation F1 and
simulation S1, respectively. The stations are ordered by latitude.
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Fig. 13. Comparison of simulated and observed (blagkyelli et al, 1998 CO mixing ratios in nmgimol (ordered by latitude). The
simulated average is indicated by the red and blue lines, for simulation F1 and simulation S1 respectively. The corresponding simulated
standard deviations w.r.t. time are represented by the dashed lines.
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