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Abstract. The atmospheric-chemistry general circulation trace gases range from seconds to years. Three-dimensional
model ECHAM5/MESSYy1 is evaluated with observations of (3-D) global models which calculate both transport and
different organic ozone precursors. This study continues a&hemistry are required to study and/or predict the distribution
prior analysis which focused primarily on the representationand the temporal development of these species. The evalua-
of atmospheric dynamics and ozone. We use the results dion of such 3-D global models is a necessary task to confirm
the same reference simulation and apply a statistical analthe correct performance of the model, and different evalua-
ysis using data from numerous field campaigns. The resultsion studies focusing on NMHC have been publishétig
serve as a basis for future improvements of the model systenet al, 19983 Hauglustaine et 311998 Poisson et a].200Q
ECHAM5/MESSy1 generally reproduces the spatial distri- Bey et al, 2001, Horowitz et al, 2003 von Kuhimann et a.
bution and the seasonal cycle of carbon monoxide (CO) ven2003h Folberth et al.2006.

well. However, for the background in the Northern Hemi-  Here we evaluate ECHAMS/MESSy1 (further denoted as
sphere we obtain a negative bias (mainly due to an undergs/Mm1) with data from numerous field campaigns and mea-
estimation of emissions from fossil fuel combustion), and surement stations, focusing on CO and NMHCs, notably
in the high latitude Southern Hemisphere a yet unexplainedikanes, alkenes, and a selection of oxygenated compounds.
positive bias. The model results agree well with observa-  aser a brief introduction of the model setup and the ob-
tions of alkanes., whereas severe problems in the simulatioQg ational datasets (Se®), we present an overview of the

of alkenes and isoprene are present. For oxygenated COMgfarence simulation and the ability of the model to repro-
pounds the results are ambiguous: The model results are i§,ce the observations (Sed). A more detailed analyses of
good agreement with observations of formaldehyde, but sysgpecific species (Sectto 7) follows. In the course of our
tematic biases are present for methanol and acetone. Thg,ayses we deduce several hypotheses to explain the dis-
discrepancies between the model results and the Obser"at'o'&?epancies between our model results and the observations.
are explained (partly) by means of sensitivity studies. These hypotheses are subject of sensitivity studies, which we
discuss (SecB) as a basis of our conclusions (Set.

1 Introduction

Ozone chemistry in the troposphere is highly dependent on2 Model and observations
precursor species like NO=NO+NG,), CO, methane and
non-methane hydrocarbons (NMHC). These trace gases n
only play an important role in ozone formation but they also ) o ) i
control hydroxyl radicals HQ (=OH+HO;) through many E5/M1 is a combination of the gene.ral circulation model
complex reaction cyclesAkinson, 200Q Logan 1985 ECHAMS5 (Roeckner et al.2006 (version 5.3.01) a_nd the
Houweling et al. 1998 Seinfeld and Pandj€997. Their ~ Modular Earth Submodel System (MESSy, version 1.1).

reactions are strongly interconnected, and the lifetimes of thd & implementation follows the MESSy standadidkel
et al, 2005. A first description and evaluation of the

Correspondence toA. Pozzer model system has recently been publishdicKel et al,
(pozzer@mpch-mainz.mpg.de) 2006. More details about the model system can be found

g[.l Model description and setup
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at http://www.messy-interface.orgvhere a comprehensive they provide valuable information about the vertical distribu-
description of the model is provided. tion of the analysed trace gases. The surface measurements
The results evaluated here are from the reference simulasonsist of a large number of multi-year surface observations
tion S1, as described byockel et al.(2006. The simula-  collected from the literatureSplberg et al.1996. They, in
tion period covers almost 8 years from January 1998 to Oc-<contrast to the aircraft observations, have limited spatial ex-
tober 2005. For our analysis we are focusing on the yeatension, though they cover an entire (climatological) year and
2000, which is expected to be represented by the model witiare well suited for the analysis of the seasonal cycle. An
the highest consistency, mainly because the chosen emisdditional important global dataset of surface measurements
sion setup of primarily emitted species was compiled foris the NOAA/CMDL flask network lovelli et al, 1998,
this year. We applied the anthropogenic emissions from thevhich encompasses multiple years of CO measurements.
EDGAR database (version 3.2 “fast-track’an Aardenne Both dataset types are important for a meaningful eval-
et al. (2009) for the year 2000 as described Banzeveld uation of the model. The aircraft measurements are com-
et al. (2009. The biogenic emissions of organic species pared only with the year 2000 of the model simulation, sam-
have been compiled followingguenther et al(1999 and  pled in the same area and time period of the observations.
are offline prescribed in the modebénzeveld et 812006 The surface measurements are compared with climatological
with the unique exception of isoprene, for which the emis- monthly averages of the model results, sampled at the low-
sion is calculated on-lineKgerkweg et al. 20069. A ta-  estlevel of the terrain following vertical hybrid-pressure sys-
ble resuming the emissions is presented in the electronigems. The NOAA/CMDL flask measurements are compared
supplement of this papehtfp://www.atmos-chem-phys.net/  with model calculated monthly averages.
7/2527/2007/acp-7-2527-2007-supplemen).pdDry and For a quantitative statistical analysis, correlations between
wet deposition processes have been extensively describafle model results and the aircraft observations are calculated
by Kerkweg et al.(20069 and Tost et al. (20063, re-  \ith respect to the altitude, while the correlations between

spectively, while the emission procedure has been exthe model results and the surface measurements are calcu-
plained by Kerkweg et al.(20060. The chemistry is |ated with respect to time.

calculated with the MECCA submodel bgander et al.
(20095: The chemical mechanism includes not only the
standard Clz-CO-HO-NOy background chemistry but also
the oxidation of non-methane-hydrocarbons (NMHCs) up
to isoprene, (see the electronic supplement Jotkel . ) .
et al, 2006 http://www.atmos-chem-phys.net/6/5067/2006/ To first provide an overview of the overall model perfor-
acp-6-5067-2006-supplement.zipthe same special issue). mance regarding importants(precursors, we statistically
The applied spectral resolution of the ECHAM5 base compare model results and observations of the following
model is T42, corresponding to a horizontal resolution of theSPecies: alkanes and alkenes with up to three carbon atoms,
quadratic Gaussian grid 6f2.8°x2.8°. The applied vertical ~©Xygenated compounds (methanol, acetone, formaldehyde,
resolution is 90 layers (reaching up to 0.01 hPa in the middieAcetaldehyde), hydroperoxide and isoprene. ~Aircraft ob-
of the uppermost layer) of which about 25 are located in theServations are add|t|ona}lly c.ompared to model results for
troposphere. No artificial boundary conditions are assumedn€thane, ozone and nitric acid.
at the tropopause and the same chemical scheme has been _
applied troughout the model atmosphere. The model setug-1 Aircraft measurements
includes feedbacks between chemistry and dynamics via the
radiation calculations. Tablel summarises the comparison of E5/M1 model results
The model dynamics has been nudged in the free tropoWwith aircraft measurements. Figutelepicts the correspond-
sphere Jeuken et a).1996 Jockel et al, 2006 Lelieveld ing Taylor diagram, visualising the quality of the simulation
et al, 2007 towards the analysis data of the ECMWF op- for several tracers in a single diagram. It shows the correla-
erational model (up to 100 hPa) in order to represent the retion coefficient between model results and observatia)s (
alistic meteorology in the troposphere. The nudging is weakPy the angle to the ordinate. The standard deviation of the
enough to not deteriorate the self-consistent model dynammOde| normalised to the standard deviation of the observa-
ics, but still allows a direct comparison of the model resultstions ©model/oobd) is the distance from the origin. The ob-

3 Overview of the results

with observations. servations are therefore located at a correlation of 1 and a
normalised standard deviation of 1. The distance between a a
2.2 Observations point and this “ideal” point is the centered pattern root mean

square. The better a model reproduces the observations, the
For our comparison we applied two types of data sets: aircloser are the resulting points located to this “ideal” point. A
craft and surface measurements. Although the aircraft meadetailed explanation of this diagram has been presented by
surementsEmmons et a).2000 cover only limited periods, Taylor (2007).
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Table 1. Summary of the correlation coefficient®) and linear  Table 2. Correlation coefficients and linear regression analyses be-
regression analyses of model results versus aircraft observationsveen the model results and the aircraft observations, both weighted
(model =m x measurement #). Bias andb are in pmofmol; bias with relative uncertainties (bias = model results minus observa-

= model results minus observations. tions).

trace gas num. obs. bias  m b R? trace gas num. obs. bias biast R2

CoHy 454 —23.87 0.26 9.975 0.409 CoHy 454 ~13.37 —921.3 0.624

CoHg 473 17403 069 78.692 0.799 CoMg 473 076 19657 0.948

C3Hg 332 ~1150 014 0267  0.410 CaHe 332  _4818.76 —78982 0.996

CsH 472 ~18.82 0.92 -5755 0.768

Cf‘|3§(3:OC|'b 246 37685 0.42 —28717 0.385 Cas 472 049 —5521 0985
CH3COCHg 246 —3.46  —648.6 0.767

CH3OH 116 ~ —447.82 0.8 25518 0.313 CHyOH 116 503 79454 0599

CH300H 366  -13.19 071 94598 0.718

HCHO 213 641 074 55786 0.631 CHaO0H 366 0.05 10.72-0.941

H,0, 411 373 063 27581 0.552 HCHO 213 020 3200 0.760

HNO3 416  -1305 053 63.115 0.337 H202 411 0.07 36.977  0.944

O3 506 11835 1.78 —28464 0.544 HNO3 416 —-015 -2812 0.767

PAN 395 141.97 071 188.99  0.268 O3 506 0.14 31412 0.487

co 456  —8621.8 051 36381 0.633 PAN 395 117 205.08  0.999

CHy 334 —1103.6 0.66 588746 0.808 Co 456 —0.10 -2692.2 0.818
CHy 334 —0.74 -11117 0.810

- tracer bi?S | 1: . L
— 53 Ay, pm?/zn;f’giz in units of standard deviation
28 e IR
1 )v( S}B—C%O(ZHz <£3;§:§§:
24 @ RO TRSEAT Appendix D), for a detailed explanation of these calculations.

(1103.6}

s (-se21.s| With this approach, the locations with high variability have

g 207 Hg?ié%; less weight. This allows us to compare values which are

< (s more representative for the average conditions and to elim-
g 6 inate specific episodes that cannot be expected to be repro-
f duced by the model. The results of this recalculation are

212 , shown in Fig.2 and listed in Tabl@.

€

According to this analysis, the discrepancies between
model results and measurements are smaller than the uncer-
tainties, if the absolute value of the weighted bias (i.e., in
units of the normalised standard deviation, Figand Ta-

/ ble 2) for a specific tracer is less than one. A high weighted
B L U U U correlation in combination with a weighted bias lower than

Normalised Standard Deviation one indicates that the model is able to reproduce the ob-

Fig. 1. Taylor diagram of the comparison between aircraft measure served mixing ratios on average. This is not the case for
ments and simulatioB1 The biases are presented in parenthese CoHa, CaHe, CH3COCHs, CHzOH and PAN. GHe and

S i . .
(in pmol/mol). The empty box represents the measurements. CH3OH are not even ShOW”. in Fig; due to thelr. very high
normalised standard deviations they are outside the shown

range. The inability of the model to reproduce the verti-

Correlations and biases have been also calculated using &l distribution of these compounds, as indicated by the rel-
“uncertainties” weight, maintaining the relationship betweentively low correlation with all aircraft measurements in-
the three statistical quantities visualised in the Taylor dia-cluded in the database, requires a more detailed analysis.
gram. The uncertainties weight is calculated as the squard his Will be conducted in Sec8.
root of the sum of “model variability” squared and “mea-
surement variability” squared. The model variability is the 3.2 Surface measurements
standard deviation from the averaged output values, and the
measurement variability is a combination of instrumental er-Figures 34 and Tables3-4 summarise the comparison
rors and standard deviation. We referdtkel et al.(2006 between the model simulation (climatological monthly

0.8 —
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Fig. 2. Taylor diagram of the comparison between aircraft measure-F'g' 3. Taylor diagram of the comparison between station observa-

ments and model results, both weighted with relative uncertaintiesf'?r?sI ar‘:dl mggel r(ransutltst.) -l;(hf blrasesn?rttehpr(rensente? 'rr:] pgtrentheses (in
(Jockel et al, 2006. The biases are listed in parentheses (units ofP ol/mol). The empty box represents the measurements.

standard deviation). The empty box represents the measurements.

Table 4. Correlation coefficients and linear regression analyses be-
Table 3. Summary of the correlation coefficients and linear regres- tWeen the model results and the station observations, both weighted
sion analyses of model results versus station observations (model With relative uncertainties (bias = model results minus observa-
mx measurement #). Bias andb are in nmofmol; bias = model  tions).
results minus observations.

trace gas num. obs. bfs bias R?
trace gas num.obs.  bias m b R?

CoHg 138 2.67 0.342 0.986
CoHg 138 0.20 0.534 0.504 0.396 CoHg 150 —0.22 -0.043 0.996
CyHg 150 0.24 0.828 0.544 0.539 C3Hg 137 —6.18 —-0.149 0.890
C3Hg 137 0.01 0.658 0.060 0.502 C3Hg 150 —-0.17 —-0.031 0.999
C3Hg 150 0.61 1.130 0.508 0.424 CH3CHO 77 0.76 0.080 0.298
CH3CHO 77 0.15 0.197 0.582 0.082 CH3COCH; 81 -1.01 -0.106 0.737
CH3COCH; 81 —0.08 0.528 0.459 0.508 HCHO 65 —0.93 -0.125 0.898
HCHO 65 —0.11 0.470 0.495 0.553 PAN 48 5.2 0.381 0.891
PAN 48 0.34 1.809 0.190 0.538
cot 4224 5.675 0976 6.499 0.672 Lin units of standard deviation

1from NOAA/CMDL flask network (see Sedt)
and/or the variability of the observations. Furthermore, &ig.
shows that the amplitude of the seasonal cycle is underesti-
averages of the 7 years 1998-2004) and the climatology demated for many NMHCs, since the absolute value of the nor-
rived from the station measurements. malised standard deviation is lower than 1. We hence infer
As can be seen in Fi and Table3, the model gener- that the model is able to reproduce (with the exception of
ally overestimates the mixing ratios of these trace gases dhe aforementioned trace gases) the observed magnitude of
the surface, with the exception of acetone (CIDCHs) and  the tracer mixing ratios and the phase of the seasonal cycle,
formaldehyde (HCHO). As further shown in Figand Ta-  though with a generally underestimated amplitude.
ble 4, only the biases of ethene {84), propene (gHg) and Nevertheless, the model underestimates NMHCs in com-
PAN exceed one normalised standard deviation, and conseparison to the aircraft measurements (Tabje mainly in
quently the discrepancy between the model results and théhe upper troposphere.Jockel et al.(200§ showed that
observations cannot be explained by the model variabilitythe global air-mass weighted average OH abundance in the

Atmos. Chem. Phys., 7, 2527255Q 2007 www.atmos-chem-phys.net/7/2527/2007/
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middle and upper troposphere in the simulation is lower than < trocer  _ bias
that calculated bySpivakovsky et al(2000. This implies :
that the oxidation reactions are probably not responsible for _
the underestimation of NMHCs. Rather, there are indications | CHsCHO
that the convection scheme applied in the model does not **7
sufficiently transport these species to the upper tropospheres

=]

(Tost, 2006 Tost et al, 2006H). :

0.2
0
X
a
@
<

A C,H,

2.8 —

2.0 A
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4 Carbon monoxide, CO

Normalised Standard Devi

Carbon monoxide provides the most important sink for OH

(Lelieveld et al, 2002 Logan et al. 1981 Thompson1992). 87

A correct simulation of this tracer is very important for stud-

ies of atmospheric oxidants. The emissions of CO applied °* * ¢

in the present simulation have been describe®Gapzeveld ‘ LA

et al. (2006 and references therein). There are large uncer- *° 7= D;‘ . T T T T

tainties with respect to the amount of CO globally lost by ' ' ‘Normolised Stondord Deviotion '

dry deposition (e.g., 115230 Tg/yr (Sanhueza et 211998, _ _ _ _

5404430 Tg/yr (Moxley and Cape1997), 150 Tg/yr (von Fig. 4. Taylor diagram of the comparison bgtween §tat|0n measure-

Kuhlmann et al.20038). In a recent studyorowitz et al. ments_ and mode_l resu!ts, both weighted Wlth relative uncerta!nt_les.

(2003 estimated the global dry deposition of CO to be only The biases are listed in parentheses (units of standard deviation).
. . . . The empty box represents the measurements.

around 2 Tgyr. Following this study, in our model simula-

tion the dry deposition of CO was switched off. Although

the simulated CO will be influenced by taking into account ] ) )
the process of dry deposition, the effect is potentially signif- 10 P& underestimated (see Féynormalised standard devia-

icant for the budget only in very remote regions. We will ion = 1). Inthe Northern Hemisphere (e.g., Zeppelin, (ZEP)

\

\
|
I

— T T T 1 T T 1 71T 1

investigate this hypothesis further in Se&t. or Alert, Canada, (ALT)) the maximum during winter seems
Thanks to the large dataset of CO observations availabl&® be systematically underestimated.
from the NOAA/CMDL network Novelli et al, 1998, a Looking further at the overall biases of the model simu-

more detailed analysis is possible for CO than for the othedation compared to the observations, some of the discrepan-
studied trace gases. This allows the direct comparison of Fies between model results and observations can be resolved.
years (1998-2004) of monthly averaged model results withFigure7 depicts the relative biases at all NOAA/CMDL sta-
the corresponding observations. It cannot be expected thdtons. Strong positive biases are present mainly in polluted
the model simulation fully reproduces the inter-annual vari-regions where the model resolution is not sufficient to re-
ability due to the prescribed climatological emissions for the Solve the details of the source distributions and the meteorol-
year 2000. Nevertheless, the meteorological inter-annuaPdy. As pointed out biaas-Laursea and Hartl€¥997), the

variability is included through the applied nudging proce- flask samples have been collected under non-polluted con-
dure. ditions, i.e., for stations close to local sources only certain

The correlation between the model results and the obWind directions have been selected to avoid local contami-
servations is generally good (see S&®) with R2=0.67.  hation. The model results are not filtered in the same way,

As evident in Fig.5, where data from selected locations and at the rather low model grid resolution, local sources are
are shown, the phase of the seasonal cycle of CO is welfometimes located in the same grid box as the measurement
reproduced (e.g., Alert, Canada (ALT), or Mace Head, Ire-Station. Therefore, the simulated mixing ratios are poten-
land (MID)). The Taylor diagram in Figé completes the tially higher than the observed. Sampling the simulated data
picture and confirms the high correlation between the modePne grid-box upwind of the polluted locations, the correla-
results and the measurements. The correlation is high at rdion between model results and observations increases drasti-
mote locations (south of 6(8) with R~0.9, indicating that ~ cally and the overestimation by the model almost disappears
the main processes controlling the CO abundance are wefFig.5).
represented by the model. However, at locations between In contrast to polluted regions, the model tends to under-
20° N and 40 N the correlation is lower, because these re- estimate CO compared to observations in remote regions of
gions are strongly influenced by local emissions, includingthe Northern Hemisphere (Fi@). This can probably be at-
industry and biomass burning. Even though the amplitude otributed to underestimated anthropogenic emissions, which
the seasonal cycle is well reproduced by the model at someelatively strongly influence the background mixing ratio in
locations (e.g., Mauna Loa, Hawaii, (MLO)), it overall tends the Northern Hemisphere. In fact, in the present simulation,

www.atmos-chem-phys.net/7/2527/2007/ Atmos. Chem. Phys., 7, 25882007
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Table 5. Budget of different trace gases in the E5/M1 simulation (this work) compared to previous studies.

emission emission dry deposition  dry deposition  wet deposition  wet deposition burden (Tg)
tracer (Tgyr) (Tg/yr) (Tg/yr) (Tg/yr) (Tg/yr) (Tg/yr) annual average
this work literature this work literature this work literature this work
CoHa 26.35  19.55-22.3% - - - - 0.12
CoHg 12.46  11.95-12.28 - - - - 2.51
CsHg 9.92 6.95-9.87 - - - - 0.01
CgHg 11.97  10.18-13.4@ - - - - 0.66
CH3COCH; 47.96 95 24.48 12.98 — - 2.23
80.1¢" 9b
59.64 8.8¢
46.0%
CH3OH 77.74 31 42.16 31.38 - 1% 2.46
240° 55¢
1264
HCHO 7.78 6.97 43.35 45.78 1.74 31.62 1.05
Ho0o - - 142.12 170.7 194.22 244,52 4.07
CcoO see Tabl& see Sect8 - - 375.93

8yon Kuhlmann et al(2003b
bJjacob et al(2002)

€Jacob et al(2005

dHeikes et al(2002

€Arnold et al.(2005

fHorowitz et al.(2003

9Park et al(20043

NFolberth et al(2006

'Jacob et al(2002), only terrestrial

as shown in Tablé, CO emissions from fossil fuel usage are lem for many atmospheric chemistry modelKiley et al.
at the lower end of the range of estimates in the literature. (2003 demonstrated that many models are underestimating
In the Southern Hemisphere the model simulation pro-CO in the western Pacific regioriWang et al.(2004 and
duces higher mixing ratios of CO than observed (Fy.  references therein) performed an inverse modelling analysis
This is particularly evident for locations south of°58. This ~ and calculated that an increase of the CO emissions in East
significant bias is especially visible in Fi§, for Palmer  Asia of around 45% from the a priori estimatgtieets et a.
station, Antarctic (PSA), and Halley Bay, Antarctic (HBA). 2003 is required to match the observations. More recently,
This discrepancy is present in many other modelisuglus-  Streets et al(2006 estimated 116 Tgyr for the year 2000
taine et al. 1998 Wang et al. 1998h Bey et al, 2001, von and 157 Tgyr for the year 2001 of CO emissions from China
Kuhlmann et al. 2003 Horowitz et al, 2003 Park et al, with an uncertainty of 68%.
2004h Folberth et al.2006 and unexplained so far.
The hypothesis of underestimated emissions in polluted
regions (i.e., primarily from fossil fuel usage) is supported by 5 Non-methane hydrocarbons
the analysis of the vertical profiles from the aircraft observa-
tions. Figure8 (TRACE-P, China or PEM-WEST-B, China) Comparison of the simulated non-methane hydrocarbon mix-
shows that CO is clearly underestimated near China, espeng ratios with observations yields a dual picture (see
cially in the planetary boundary layer, where the influence ofSect.3). Some of the simulated trace gases are in particu-
the emissions is largest. This underestimation is also presenarly good agreement with the measurements (e.g., propane
further downwind (PEM-WEST-B, Philippine Sea, TRACE- (CzHg)), while others are largely uncorrelated with measure-
P, Guam), however, it almost disappears in the central Paments (e.g., ethene §84) and propene (¢Heg)). In the case
cific region (TRACE-P, Hawaii). Interestingly, the correct of CzHg, the simulation does not reproduce the observed pro-
representation of carbon monoxide in East Asia is a probiles. The simulated values are completely out of range of the

Atmos. Chem. Phys., 7, 2527255Q 2007 www.atmos-chem-phys.net/7/2527/2007/



A. Pozzer et al.: Organic species simulated with ECHAM5/MESSy1

0

ALT
(82° N, 63° W)

ZEP
(79° N, 12° E)

ST™
(66° N, 2° E)

CBA
(55° N, 163° W)

1998

2000

2002

2004

1998

2000 2002 2004

1998 2000 2002

2004

T
1998 2000 2002 2004

MHD
(53° N, 9.9° W)

LEF
(46° N, 90° W)

v

KZD
(44° N, 76° E)

BSC
(44° N, 29° )

1998

2004

1998

2000 2002 2004

1998 2000 2002

2004

1988 2000 2002 2004

2000 2002
PTA TAP 0 MID KEY
(39° N, 124° W) 600 (37° N, 126° E) (28° N, 177° W) (26° N, 80° W)

MARATY Y

1998

1998

T
1998 2000 2002

T
1998 2000 2002 2004

2000 2002 2004 2000 2002 2004 2004
KUM 280 MLO 280 GMI 280 SEY
(20° N, 155° W) (20° N, 156° W) (13° N, 145° £) 240 (4.7°s, 55° )

1998

2004

1998

T
1998 2000 2002

T
1998 2000 2002 2004

2000 2002 2000 2002 2004 2004
SMO 160 EIC 120 PSA 120 HBA
(14°S, 171° W) (27°°S, 109° W) (65° S, 64° W) (76° S, 28° W)

1998

2000

2002

2004

0

1998

2000 2002 2004

1988 2000 2002

2004

1998 2000 2002 2004

2533

Fig. 5. Comparison of simulated (black) and observed (Makelli et al.(1998) CO mixing ratios in nmgimol (ordered by latitude). The
green lines show the model results sampled from the corresponding grid-boxes upwind (see text).

Table 6. Different estimates of CO emissions in /ig. The total includes also other sources (e.g. biogenic).

Brasseur et a(19989 Beyetal.(200) von Kuhimann et al(20033 Park et al(2004g this work rangé
Fossil fuel 281 388 400 384 281 300-600
Biomass burning 661 522 748 746 702 300-900
Total 1218 1043 1261 1131 1096 656-1730

3from Bates et al(1995
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Fig. 8. Vertical profiles of CO (nmgimol) for some selected cam-
observed values, even including measurement uncertaintiggaigns fromEmmons et al(2000. Asterisks and boxes represent
and variability (see bias in Se®). Moreover, the simulated the average and the standard deviation (w.r.t. space and time) of the
and observed vertical profiles are uncorrelated (seedyjg. Measurements in the region, respectively. The simulated average is

i.e., the model is unable to reproduce the shape of the proi_ndicated by the red line and the corresponding simulated standard
f.ile;é deviation w.r.t. time and space by the dashed lines. On the right side

the number of measurements is listed.

5.1 Alkanes (ethanefEls and propane gHg)

Among all considered NMHCs, the alkanes are best repro- In the case of ethanekR€=0.8), the improvement com-
duced by the model. The overall correlaticR?6-0.75, see  pared tovon Kuhlmann et al(2003h R?=0.75) is mainly
Tablel) indicates a very good agreement between these simdue to different spatial distribution patterns of the emis-
ulated trace gases and the respective observations. Zablesions. For example, the total emission ofHg due to
shows that the model results are well within the range of thebiomass burning in E5/M1Qanzeveld et gl2006 is about
measurements. 0.87 Tg/yr lower than invon Kuhlmann et al(20033, and
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Fig. 9. Vertical profiles of GHg (in pmol/mol) for some selected

campaigns. Symbols and colours as in Fig. Fig. 10. Seasonal cycle (monthly averages) oHg (in nmol/mol)

for some selected locations at the surfaBelberg et al. 1996.
Model: red solid line; model standard deviation: red, dashed line;
the anthropogenic emissions are about 0.73yFdigher. measurements: circles.
Although the total is essentially unchanged, the different dis-
tribution improves the quality of the simulation. However,
the model simulation is at the lower end of the measure-compiled in the EDGAR databaséacob et a).2002 Pois-
ments, especially when compared with the TOPSE campaigson et al.2000. Furthermore, the amplitude of the seasonal
(Fig. 9). The anthropogenic emissions in the model, in fact, cycle is not well reproduced at these locations, with problems
are not sufficient to perfectly match the observed values. Thisnainly in reproducing the maximum in winter. The simu-
is clearly visible when the model results are compared to surfation reproduces biomass burning plumes observed in the
face measurements (Fig0). Ethane is underestimated by TRACE-A campaign (African coast, Fi§). This campaign
the model at the surface in North America (Fraserdale, Lac laook place in the dry season of the Southern Hemisphere
Flamme) mainly due to an underestimation of the emissionsand some flight measurements were influenced by biomass
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Fig. 11. Vertical profiles of GHg (in pmol/mol) for some selected Fig. 12. As Fig. 10, for CoHy
campaigns. Symbols and colours as in Big. T o '

burning. Problems occur in the upper troposphere, where-2 Alkenes (ethene £, and propene §He)

the model underestimates theHg mixing ratio by a fac- _
tor of 2. Pickering et al(1996 report that the convection The alkenes, in contrast to the alkanes, are generally poorly

frequency during this campaign was unusually high, whichreproduced by the model. The simulated mixing ratios are
could explain the disagreement between the model and thesually lower than the measurements (Teble
observations. Ethene (GH4) has a poor correlation, both, with surface

For propane, from Tablekand?2 we infer that the simu-  and aircraft measurements (Tabkand4). This low corre-
lated vertical profiles are in good agreement with the obserdation is due to an overestimation of the mixing ratio at the
vations (Fig.11). This agreement is mainly achieved by the surface (Fig12), where the seasonal cycle is not reproduced
realistic representation of the emissions. As pointed out bywith a peak in the mixing ratio during summer. The vertical
Wang and Zeng2004), an increase of 145% of the emis-  profiles (Fig.13) are mostly high biased (e.g., TOPSE-Mar,
sion inventory used byey et al.(2001) (9.66 Tg/yr) was  Boulder), with the largest differences between model results
required to correctly match the observations, for an emissiorand observations occurring at the surface. In remote regions,
total of 11 Tg/yr. In our simulation the total emission was where the directinfluence of emissions is lower, the model is,
11.97 Tg/yr (see Tables). This amount is still lower than nevertheless, at the lower end of the range of observations,
the suggested values present in literature (e.g46LBg/yr with frequent underestimates (TRACE-A, Brazil Coast and
calculated bylacob et al(2002). South Atlantic).

However, even though the emissions are in the suggested The emissions from oceans appear too high (seeldg.
range, the simulated mixing ratios are at the lower end of thePEM-Tropics-B, Fiji) and a reduction in the model likely im-
measurement range (Fitl and Tablel). proves the simulation of ethene.

Propene is also not very well simulated by the model. The
low correlation (Tablel) indicates a wrong representation
of the vertical profiles. This poor representation cannot be
reconciled with the variability of the model or measurement
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Fig. 13. Vertical profiles of GH4 (in pmol/mol) for some selected  Fig. 14. Vertical profiles of GHg (in pmol/mol) for some selected
campaigns. Symbols and colours as in Big. campaigns. Symbols and colours as in Bg.

uncertainties, since the bias in Taldés much larger than biomass burning sources (Fitj4, TRACE-A, West Africa
one standard deviation. From Fity, the erroneous descrip- Coast). Figurel4 shows that outside the planetary bound-
tion of this trace gas in the model is evident. The very highary layer (PBL), above 2—3 km, the simulated tracer is nearly
mixing ratio in the boundary layer (2—3 times the observeddepleted, in contrast to the observations.
one) in open ocean regions (PEM-TROPICS-A, all locations)  This points to a wrong simulation of the sinks (too fast)
indicates a too strong emission of this tracer from the oceanwhich could explain the low values simulated outside the
In E5/M1 the upper limit of the suggested emission from PBL. This tracer is not subject to either wet (due to its low
Bates et al(1995 has been applied (1.27 Tyr). solubility) nor dry deposition and is only removed by reac-
This overestimation is not so evident in continental re-tions with OH, NQ@, and @, the latter two at least two or-
gions more strongly influenced by anthropogenic (Hig,. ders of magnitude slower than the first. The rate coefficient
PEM-WEST-B, Japan or Fidl.5, I1zaha, Lac la Flamme) or used for the reaction §Hg+OH is taken from the IUPAC
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recommend_atlon of 199%R¢kinson et a_‘l* 1999 and refer_- Fig. 17. Vertical profiles of HO5 (in pmol/mol) for some selected
ences therein). A new recommendation suggests a slightltampaigns. Symbols and colours as in Big.

different dependence of the high pressure channel on tem-

perature Atkinson et al, 2005 Vakhtin et al, 2003 and ref-

erences therein). As shown in FitS, the new reaction coef- 6 Isoprene

ficient is lower than the previously estimated. Although the

difference between the two estimates at high temperature it a test simulation of the first year, the resulting isoprene
not extreme, our results indirectly support the revision of theemission was 580 Tg@r. This is about 80 TgC larger com-
reaction coefficient. This will be discussed further in S8ct.  pared to the offline calculated inventory Buenther et al.
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Donon nmol/mol Zeppelin  nmal/mol

(1995, which formed the basis for the implementation of the (7E,48N) (12€,79N)
online calculations of biogenic NMHC emissions in E5/M1 | | 0604
(Ganzeveld et al2006 Kerkweg et al.20061). A

As shown byHouweling et al(1998, the use of th&uen- ]
ther et al (1995 isoprene inventory of 500 Tg@®r results in 004 |
a significant overestimation of the simulated tropical Plane- 1/
tary Boundary Layer (PBL) mixing ratios. Consequently, a ¢/ /
commonly applied approach in atmospheric chemistry stud- 1
ies, which do not focus on isoprene, is to use a smaller ,, |
global flux. Different values for the isoprene total emissions l
have been previously used: 220 TH€ (Brasseur et al. 0.20 1
1998, 350 TgG'yr (von Kuhlmann et a).2004), 410 TgG'yr ——— ——
(Horowitz et al, 2003 and 460 TgQ@yr (Lathiere et al, Rucava  nmol/mol Kosetice  nmol /mol
2006. Since the main focus of the conducted simulation (21.13E,56.13N) <W5E)49»6N{
with E5/M1 has been the evaluation of the global ozone bur- ,
den and mixing ratios, isoprene fluxes have been scaled to
achieve a reduced global annual emission flux. Since iso-
prene emissions are on-line calculated, they exhibit an inter- |
annual variability, resulting in a global emission between 305 ;|
and 340 TgCl/yr during the 8 years of the simulation.

1.00

0.00 A

/
o904 /
/

0504 "

0.30 1

7 Oxygenated compounds
0.10 A

JFMAMUJJASOND JFMAMUJJASOND
Oxygenated compounds are partly soluble and are influenced
by wet deposition Tost et al, 20063 (e.g. CHOOH), as
well as oxidation by OH, and some of them by photoly-
sis (HCHO, CHCHO, CHOOH and CHCOCH;). Re-
producing the vertical profiles of these tracers is therefore7
challenging, and the identification of the cause of discrepan-
cies between model results and observations is difficult.

Fig. 18. As Fig. 10, for CHzCHO.

.2 Acetaldehyde, C{#CHO

This oxygenated compound is produced from the oxidation
of a variety of hydrocarbond éwis et al, 2005 and it can

7.1 Hydrogen peroxide, #D- produce HQ and PAN precursors.

The analysis shows that the model results agree within

Hydrogen peroxide is produced by the self reaction oHO a factor of two (overestimation) with the observations, al-

and can photolyse to produce OH. Hence it is useful as indi-thr?ugh thef.seazotr:al C{)?le ishn(?]t v;/]ell re;;roduc;a]d (H?'
cator of HQ in the troposphere. This is confirmed by Tablé, which shows that at the surface

the amplitude of the seasonal cycle is correct (if we consider

As shown in Fig17, the vertical profiles of_ KO, are 2~  the uncertainties), but with the wrong pha@®40.298).
sonably well reproduced by the model at different locations Only a few aircraft measurements are available of this

and for different field campaigns. Discrepancies from the ob-,., -« gas. Williams et al. (200)) reported a mixing ratio
servations are difficult to define due to its high variability. In ;, s riname in the boundary layer of about 1.7 nfmubl
fact, from Table2, the correlation (uncertainty weighted cal- ;.4 o g nmaimol in the free troposphere. The model un-
culation) between model results and measurements is Veryjq astimates these mixing ratios by a factor of 10. During
high (R?~0.94), mainly because the observedQ4 shows  yhe pEM.TROPICS-B campaigrSingh et al. 2001) over
a very high variability. the open ocean mixing ratios between 60 and 100 pmol

As shown in Fig17, HoOs is overestimated over Boulder have been measured, about 4 times higher than simulated.
(TOPSE campaign) in the reference simulation. In Big.  Singh et al.(2001) postulate some sources from the ocean
at the same location (Boulder, TOPSE campaign), thigsC  (Zhou and Mopper1997, though more measurements are
is underestimated and further analysis revealed the same feequired to better constrain the abundance of this tracer.
CO. This implies an overestimation of the Kl@dicals in in
the simulationS1and a too strong oxidation capacity of the
atmosphere in this region.
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Fig. 19. Vertical profiles of CHOH (in pmol/mol) for some se-
lected campaigns. Symbols and colours as in &ig.

7.3 Methanol, CHOH

Even though methanol is one of the most abundant organi

A. Pozzer et al.: Organic species simulated with ECHAM5/MESSy1

emissions from the ocean have not been included in our sim-
ulation, though indicated by previous studidadob et a).
2005 Heikes et al.2002.

Compared to other tracers, relatively few observations of
methanol are available (PEM TROPICS-B and TRACE-P
campaigns). As noted in Se@, the correlation between
model results and measurements is very ldq¢=£0.313),
and the vertical profiles are not reproduced by the model
(Figs.2 and19). Wet deposition has not been taken into ac-
count for this tracerTost et al, 20063, however, only small
differences ok5% are expected by accounting for this pro-
cess Heikes et al.2002 Galbally and Kirsting2002 von
Kuhlmann et al. 2003). The simulated total dry deposi-
tion of 42.16 Tgyr is well within the suggested values in
the literature (e.g. 35-210 Tgr (Heikes et al.2002, 11—

43 Tg/yr (Galbally and Kirsting 2002, 32-85Tgyr (Tie

et al, 2003, 37 Tg/yr (von Kuhlmann et aJ.2003h and

55 Tg/yr (Jacob et a).2005). Thus, underestimated emis-
sion fluxes or incomplete description of the chemistry are
more likely responsible for the wrong representation. A to-
tal emission of 77 Tgyr for CH3OH has been used, as sug-
gested by EDGAR (with 60 Tfyr of biogenic emissions).
Note, however, that a recent study tacob et al(2005 rec-
ommends a total emission of 168/kgy with 151 Tg/yr of
biogenic emissions.

7.4 Formaldehyde, HCHO

Although formaldehyde is chemically formed by methanol,
the low production rate from C}OH+OH—-HCHO+HO2
(k~5x10-13cm® molec ! s71) indicates that this reaction is
not essential for a realistic simulation of formaldehyde and
that the wrong representation of methanol is not strongly in-
fluencing HCHO §&tickler et al, 2006. The model, in fact,
predicts the observed mixing ratios of this trace gas very well
(Fig. 20and Sect3).

The simulation is in good agreement with station measure-
ments, and the amplitude of the seasonal cycle is well repro-
duced at the surface (Figdand4), although with a smaller
amplitude than observed. From the comparison with the air-
craft measurements (Fig0and Sect3) we conclude that the
simulation of HCHO satisfactorily reproduces the observa-
tions. Particularly good agreement is obtained for the PEM-
TROPICS-B field campaign, where more than 20 measure-
ments per location are available. A systematic underestima-
tion of the measurements is observed at the surface for the

JOPSE-A campaign, only for the location Thule (F2f).

trace gases in the atmosphere, its global cycle is not welll NS can potentially be explained by the absence of emis-

understood Kleikes et al. 2002 Singh et al. 200Q Jacob
etal, 2005. Itinfluences the upper tropospheric photochem-
istry because of its oxidation to formaldehydra(mer et al.
2003 Singh et al. 2003 Jacob et a).2005. Unfortunately,

sions of HCHO from snowRiedel et al. 2005 and refer-
ences therein). Other modeFried et al, 2003 also simu-

late large disagreements compared to measurements for the
TOPSE-A campaign.

the distribution and magnitude of the sources and sinks are

largely unknown Tie et al, 2003 Singh et al. 2004 Gal-
bally and Kirsting 2002. Due to these high uncertainties,

Atmos. Chem. Phys., 7, 2527255Q 2007

www.atmos-chem-phys.net/7/2527/2007/



A. Pozzer et al.: Organic species simulated with ECHAM5/MESSy1 2541

TOPSE—May,C130, Churchill

= r PEM-Tropics—B.0C8, Tahiti Donon nmo\/mo\ Kosetice nmol/mol
12.0 (2007E = 280F 47N T B5N 200.°E - 230.°E ,20°S - O°N (7E,48N) (15E,49.6N
a 12.0 T T
1 32| 2.60 - L
(¥
10.0 1\ 304|. | | 2.40 A
1\ A
T 7t 2.20 I
I
8.0 \', \‘ 48] 2.00 1
i sol 1.80 1
o
€ 6.0 b 101 76 | 1.60
i
215 64| 1.40
Vi
4.0 o 3L 390 1.20
\
LY 340 370 1.00
t N
\ N
20+ = B 33t 0.80
| ~< N
. RN 106]. al 0.60 A
// \\\\
0.0 T4 0.0 —r 1 0.40 4
0.00 0.20 0.40 0.60 0.80 o. 200. 400. 600. 800. 0.20 A F
nmol/mol pmol/mol JFMAMJJASOND JFMAMJJASOND
PEM—Tropics—B,DC8, Hawail TOPSE—Apr,C130, Thule

190.°E — 210.°E ,10°N - 30°N 250.°E — 300.°E ,65°N — 90°N
FA S i M A S S B F R S i A T i S T B

12.0

"
.00,\“\'\@ Fig. 21. As Fig. 10, for HCHO.
‘ It 31
i o
] ol I lated. Problems in reproducing the seasonal cycle are evident
€ g0l o 2] for only two locations (see Fig2), Zeppelin and Ispra, but
N 2 154 Table 3 shows that acetone has one of the highest correla-
o < st 02 tion coefficients and lowest biases compared to other trac-
@ g “Z ers. However, the annual cycle seems to be underestimated
201 "t * (see Figs3 and4). Folberth et al(2006 suggested biogenic
ol E . '2 ol 34 emissions of 55.93 Tiyr, more than the 42 Tgyr used in
0. 200. 400. 600. B800. 1000. 0.00 0.04 0.08 0.12 0.16 0.20 0.24 th|s Simu|ati0n_
S opst . e As also seen for HCHO, this is not the only species with
(290 - 3007 G5 - 90N, 350 - J00%E 63 - 90N,

12.0

which we have problems at this location, and we cannot rule
out that the Ispra site is unrepresentative for the area of one
model grid-box.

Although acetone is well reproduced at the surface, large
discrepancies with observations are present in the vertical
sl profiles. As shown in Secg, the correlation with the aircraft
7| measurements is lonk€=0.385), and the vertical profile is
not reproduced (bias in Fig@). Large discrepancies with ob-
servations (Fig23) are present in the free troposphere. A

. comparison of simulated acetone with aircraft measurements
o ol . is shown in Fig24, where the colour code indicates the ver-
000 ot 02 03 040 000 oo 02 030 tical distribution of the measurements and the corresponding

model results.

The differences between model results and observations
Fig. 20. Vertical profiles of HCHO for some selected campaigns appears to increase with altitude. The shape of the simulated
(unitin the labels). Symbols and colours as in Eg. vertical profiles suggest a potential misrepresentation of the
photolysis of this tracer. Measurements madeBbiz et al.
(2009 indicate that the quantum yield (and therefore the
photolysis rate) of acetone is lower than previously assumed.
A reduction would increase the mixing ratio of this tracer
and the simulation would then agree better with the observa-
tions. Furthermore, as shown Bynold et al.(2004), this

7.5 Acetone, CHCOCH;

Acetone (CHCOCH;) plays a significant role in the up-
per tropospheric HQ budget due to its photolysisS{ngh
etal, 1995 McKeen et al.1997 Muller and Brasseyl995  new quantum yield may significantly change the contribu-

Wennberg et a].1998 Jaege et al, 2001). Moreover, this  tjon of CH;COCH; to the HG, budget.Arnold et al.(2005

tracer is essential to correctly describe the ozone enhancenowed that the new quantum yield decreases the global loss
ment in flight corridorsBriihl et al, 200Q Folkins and Chat-  of acetone by a factor of2 and by 86-90% in the cold

field, 2000. upper troposphere.
Comparing this simulated tracer with the station observa-

tions, we conclude that at the surface this tracer is well simu-
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Fig. 23. Vertical profiles of CHCOCH; (in pmol/mol) for some

Fig. 22. As Fig. 10, for CH3COCH. selected campaigns. Symbols and colours as in€Fig.

8 Sensitivity studies

) o . To test the hypotheses posed so far, three additional simula-
~The wrong vertical distribution of acetone in our model ,ns have been performed for the year 2000. The first simu-
simulation can also explain the poor correlation of the sim-|4;ion (denoted a$13 is based on the reference simulation

ulated PAN with the aircraft measurements. As for acetoneSl presented byockel et al (2006, with the following mod-
the correlation with surface measurements is high, while th&si-ations: ’

simulated vertical profiles strongly deviate from the observed

profiles. However, it has to be stressed that the PAN mixing 1. Simulation of dry deposition of CO, based on the few
ratios are generally overestimated by the model simulation available measurementS@nrad and Seiled 985 San-
(Table?2), in contrast to acetone, for which the mixing ratio hueza et a).1998. We used a constant soil deposi-
is systematically underestimated by the model. tion velocity of 0.04 cryis limited to regions where the
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Fig. 24. Scatter plot of simulated versus observedsCi®CHg.
The regression line is shown in red, the one-by-one equivalence i
drawn in black.

temperature is higher thafi@ and the relative humidity
is higher than 40% in order to exclude cold tundra and
desert soilsl(awrence et a.1999;

. Increase of the CO fossil fuel emission over China by
45 % according tcKiley et al. (2003; The new to-
tal amount of the CO emission is 1130/kg, with
314 Tg/yr due to fossil fuel usage;

for the reaction
in Sect5.2 (Atkinson

. Changed reaction coefficient
C3Hg+OH as described
et al, 2005;

. Decrease of the oceanic emission oHz as suggested
by Plass-Dilmer et al.(1995;

. Increase of the CEDH biogenic emissions to
151 Tg/yr (Jacob et a).2005;

. Increase of the biogenic emissions of §EOCH; to
55.93 Tg'yr following Folberth et al(2006);

. New photolysis of CHCOCH; as described blitz
et al. (2004, Arnold et al. (2004 and Arnold et al.
(2005.

In two more sensitivity studies, both based $hg we test
the importance of dry deposition. In simulati§ih dry de-
position of CO (point 1 05139 is switched off. In simulation
S1c the simulationSlahas been repeated, with a changed

2543

Table 7. Correlation coefficients and linear regression of the
comparison of the sensitivity simulations with aircraft observations
(model =m x meas ). Bias and b coefficient in pmol/mol. Bias=
model-observations

tracer num. obs. bias m b R2
CyH4(S1a 454 —24.782 0.26 9.31 0.413
C3Hg(S1a 332 —-11.562 0.14 0.18 0.427
CH3COCHz(S1a 246 —211.95 0.57 52.00 0.429
CH3OH(S1a 116 —239.05 0.28 380.84 0.273
CO(S1a 456 —6526.8 0.53 36585 0.660
CO(S1b 456 —4003.1 0.54 37864 0.651
CO(S19 456 —6470.1 0.53 36966 0.656
trocer simulation  bios
S o pmol/mol}
T < A co ST (-8621.8)
S @ Co Sta (-6526.8)
K co Sib  (—4003.1
H co Sic  (—6470.1
A CH;0H St §—447.82§
@ CH;OH  Sla  (-239.05
08 B CHiOH  Slc  (-220.58)
A CH3COCH; ST (—203.36
% @ CH3COCH3S1a 37211.95
O CH3COCH3S1c  (—203.36
A C,H, St gzz.sé
Q CyHy Sla -24.78
— A CiHg S1 (-11.5)
@ CiHg Sta (=11.56)

Normalised Standord Deviation
o
X
|

0.4
Normalised Standard Deviation

Fig. 25. Taylor diagram of the comparison between aircraft mea-
surements and model results. The color code denotes the tracers
and the symbols denote the different sensitivity simulations, respec-
tively. The empty box represents the measurements. The biases are
listed in parentheses (in pmol/mol).

depicted in Fig.25. With the exception of methanol, the
model is performing better than 81, although the improve-
ment is, in general, not substantial.

8.1 Sensitivity studieS1laandS1b

The dry deposition of CO, as implemented3fg results in
a total deposition of 74 Tfyr, which is within the highly un-
certain range of previous estimat®&4oxley and Capé1997)
(540+430 Tg/yr), Sanhueza et a(1998 (115-230 Tgyr),

order of emission and deposition processes in the operatddorowitz et al. (2003 (2 Tg/yr), Folberth et al.(2006
splitting approach. In this special case the dry deposition(135 Tg/yr), and Bergamaschi et al(2000 (301 Tg/yr).

processes were calculated before the tracer emissions.
Table 7 lists the correlation analysis between sensitivity
simulation results and measurements. The same results al

www.atmos-chem-phys.net/7/2527/2007/

The discrepancies between these values cannot be resolved,;
however, the sensitivity of the model to this process is very
lew. In Fig. 26, the relative changes between the sensitivity
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Fig. 26. Relative difference of the annual average CO mixing ratio Fig. 28. Annually integrated dry deposition of CO (simulatiStg

at the surface (in %) between sensitivity simulat®ha(including in g/m2.
dry deposition of CO) and reference simulat®h(without dry de-
position of CO).
(2006 based on the TRACE-P campaign for the year 2000.
KEY e L P Despite this drastic increase of the CO emissions over China,
. (267N B30 55 ©s. 2 the impact on the CO mixing ratios at the surface, over the
1AL » T ocean downwind is small (Fig6).
120 Wy : — Although dry deposition is obviously higher where more
80 ,q,,/ 2 CO is emitted (Fig28), from Table7 we deduce that the im-
10 s pact of this process on CO is marginal. The simulafdry
2000 2000 in fact, does not yield significantly different results compared
2P ALT to Sla Moreover, as seen in Fig9, S1bdoes not show an
Tl genary o (B2 N, 030 improvement of the vertical profiles of CO compared to ob-
A~ 160 ””"*‘\\ servations. Nevertheless, there is strong evidence that the
120 M \ Chinese emissions of CO are underestimated. However, the
w0 g w0 \\,,( amount (and the geographic distribution) of the additional
o " unknown sources are not clearly quantifiable (R2@.

2000 2000 Furthermore, as shown in Tableand Fig.27, the dry de-
position of CO only weakly influences the results, and de-
Fig. 27. Comparison of CO mixing ratios (in nmohol): obser-  C'SaSes the correlation between the model results and the
vations are in red, model results are in black (reference simulatiormeasur_emems' We henc;e con_clude_ that de deposition of
S1) and blue (sensitivity simulatioB13. For the locations Florida ~ CO. @s implemented for simulati@tla is not suited for fu-
(KEY) and Palmer station, Antarctica (PSA), the model results areture studies.
sampled one grid-box upwind (see Séxt. The changed reaction rate forslds slightly improves
the correlation of this simulated trace gas (see Tahle
R?=0.427) with aircraft observations. However, the model
studySlaand the evaluation simulatio® () are shown. For still simulates a strong depletion in the free troposphere (see
the remote regions the decrease in the CO mixing ratio ig=ig. 30), and there is virtually no difference between simu-
very small (a few percent). No significant improvements of lation S1and simulationSlanear the surface. This is due
the simulation with respect to the measurements are obtainetb the low differences between the two different reaction
for remote locations and at the North America stations (segates Atkinson et al, 1999 2005 at high temperature (i.e.
Fig. 27). From Fig.27 we can also see that dry deposition of near the surface). The wrong vertical profile implies that the
CO decreases the ability of the model to reproduce the CGhemical processes related to this tracer are not completely
mixing ratio at high northern latitudes (Zeppelin, (ZEP) and understood; more studies on this tracer (especially on its re-
Alert, (ALT)). action with OH) are required.
In simulationS13a the Chinese emissions of CO (bio-fuel ~ The decrease of the oceanic emissionsgfomarginally
and fossil fuel usage) have been additionally increased fromimproves the correlation at a few locations (see Bij.over
the originally 80.81 Tgyr to 116.9 Tgyr. This is in agree- the ocean and in the marine boundary layer, but overall the
ment with the value of 116 Tiyr calculated byStreets et al.  resulting differences betweeilandSlaare not significant
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all bias is lower inS1a(~239 pmoJmol) than inS1 The
dry deposition of methanol increased from.2%Tg/yr in
Fig. 29. Vertical profiles of CO (in nmgimol) for some selected the reference simulatioB1to 8276 Tg/yr in the sensitivity
campaigns fronEmmons et al(2000. Asterisks and boxes repre- simulationS1a In comparisonJacob et al(2005 calculated
sent the average and the standard deviation (w.r.t. space and tim&s Tg/yr dry deposition of methanol artdeikes et al(2002
of the measurements in the region, respectively. Red is the refergnqTie et al.(2003 suggested the ranges 35-210¥igand
epce simulatiorSl light blue the ;imulatioﬁla anq d.ark blue thg 32-85Tgyr, respectively. In conclusion, we recommend to
simulationS1b _Th_e corresponding standard deviations w.r.t. time apply the increased amount of biogenic methanol emissions
and space are indicted by the dashed lines. (i.e., 151 Tgyr) of the Slasimulation for future studies.
Additionally, the modifications of the model setup for ace-
tone, i.e., the altered photolysis rate calculation, betw&kn
(R?=0.413 forS19. We conclude that the major problem is and S1aimproved the model results w.r.t. the observations.
the high uncertainty of the terrestriabl84 sources. Figure33, for example, clearly shows for the TRACE-P cam-
For methanol, Tabl@ shows a decrease in the correlation paign (Japan) that the results of théasimulation are closer
between model results and observationsShacompared to  to the observations than those of t8& simulation. This
S1 This is due to an increased scatter of the model resultss quantitatively confirmed by the correlation analysis be-
for Slacompared toS1(Fig. 32). Nevertheless, the over- tween the different model results and the observations: for
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CH3OH (both in nmofmol). The red circles represent the results of S1a Symbols as in Fig8
the reference simulatiorg(), the black triangles those of the sensi-

tivity simulation S13.
y 519 Table 9. Annual average dry deposition of different tracers as cal-

culated by the different sensitivity simulations.
Table 8. Summary of the correlation coefficients and linear regres-
sion analyses of model results versus station observations (model =

: X ) tracer Sla Slc difference
mx measurement ). Bias andb are in nmofmol; bias = model T T o
results minus observations. 9/yr  Tg/yr 0
CcO 74. 73.6 -0.5
CH3COCH  bias m b R? CH3OH 8276 7814 55
s1 —0.078 0.528 0.459 0.508 CH3COCHy  31.25 29.82 457

Sla -0.15 0.67 0.526 0.435

additional sensitivity simulationg19 in which we changed

the sensitivity simulatiorS1athe correlation coefficient in-  the order of processes, such that the dry deposition tendency
creased (fronk?=0.385 to R2=0.429) and the overall bias S ca!culated before emission tendencies and chemical ten-
decreased (from-37685 to —21195 pmo)mol) based on  dencies. The model setup is the same aSfa

the reference simulation. However, compared with station AS shown in Tabled, the change in the annually averaged
data, theSlasimulation shows a decrease in the correla-dry deposited tracer mass is 5% at maximum. From this we
tion and an increased bias (see TaB)e This implies that conclude that the systematic error due to the applied operator
the value of~56 Tg/yr suggested byFolberth et al(2006 splitting is small (as for instance compared to uncertainties
for the biogenic emissions is too h|gh Discrepancies bejn emission estimateS) and that the low SenSitiVity mentioned
tween the model results and the observations remain, esp@P0Vve is a robust result.

cially over the oceans and in the upper troposphere @3g.

This is probably related to an oversimplified representation .

of the deposition/emission of acetone from oceans, an issu@ Conclusions

under debateSingh et al. 2001, Jacob et a).2002 Singh

et al, 2003 Marandino et a|.2005. We presented the secor_ld part of the gvalugtion of the
new atmospheric chemistry general circulation model
8.2 Sensitivity studys1c ECHAM5/MESSYy1 focusing on organic compounds, includ-

ing CO, GH4, CyHg, C3Hg, C3Hg, CH3CHO, CHOH,
Because we found a remarkably low sensitivity of CO mixing HCHO, CHsCOCHs, PAN and BO,. We compared the
ratios to the emissions from China (see S8d), we wantto  model results with observational data obtained from aircraft
rule out potential systematic errors connected to the operatotampaigns and from various sampling stations. We ap-
splitting as applied in our model. In the standard E5/M1 setplied regression analyses between the model results and the
up, emission tendencies are calculated before the dry depmbservations and summarised the results in Taylor diagrams
sition tendencies of trace gases. Therefore, we performed afor a quantitative statistical evaluation.

Atmos. Chem. Phys., 7, 2527255Q 2007 www.atmos-chem-phys.net/7/2527/2007/



A. Pozzer et al.: Organic species simulated with ECHAM5/MESSy1 2547

The seasonal cycle of carbon monoxide is well reproduced
by the model, with a very high correlation with observations Edited by: M. Dameris
in remote regions. Some disagreements between the CO sim-
ulation and the NOAA/CMDL surface measurements in pol-
luted areas (which are flagged for “clean air” conditions) can
bg resolveq by sampling the simulated data one grid-box UPAmold, S. R., Chipperfield, M. P., and Blitz, M.: Photodisso-
yvmd. In this cgse the correlat|on- *?etW‘?e” the tWO_ data;ets ciation of acetone: Atmospheric implications of temperature-
increases drastically and the positive bias of the simulation gependent quantum yields, Geophys. Res. Lett., 31, L07110,
almost disappears. doi:10.1029/2003GL019099, 2004.

Our results support the finding éforowitz et al.(2003 Arnold, S. R., Chipperfield, M. P., and Blitz, M.: A three-
that dry deposition of CO has been overestimated in many dimensional model study of the effect of new temperature-
modelling studies so far because the agreement of CO simu- dependent quantum yields for acetone photolysis, Geophys. Res.
lations with observations is best if the dry deposition of CO  Lett., 110, D22305, doi:10.1029/2005JD005998, 2005.
is neglected. However, despite the low sensitivity of local Atkinson, R.: Atmospheric chemistry of VOCs and NOG\tmos.

CO to dry deposition, this process might still represent a sig- Environ., 34, 2063-2101, 2000.
nificant contribution to the global CO budget, as is reflectedtkinson. R., Baulch, D. L., Cox, R. A., Hampson, Jr., R. F., Kerr,

by the relative high uncertainties presented in the literature J. A, Rossi, M. J., and Troe, J.: Summary of evaluated kinetic
y 9 P " and photochemical data for atmospheric chemistry, web version

Although the seasonal cycle of CO is well reproduced, the August 1999 http:/ww.iupac-kinetic.ch.cam.ac. yi999.
model results in the Northern Hemisphere tend to be loweraginson, R., Baulch, D. L., Cox, R. A., Crowley, J. N., Hampson

than the observations. This is presumably due to underesti- 3. R.F., Hynes, R. G., Jenkin, M. E., Kerr, J. A., Rossi, M. J.,

mated CO emissions from fossil fuel combustion in winter.  and Troe, J.: Summary of evaluated kinetic and photochemical
Overall, the model reproduces most of the observations data for atmospheric chemistry, web version March 200:

of alkanes. The simulation of alkenes &, and GHg), Ilwww.iupac-kinetic.ch.cam.ac.ykz005.

however, shows large discrepancies compared to observaates, T. S., Kelly, K. C., Johnson, J. E., and Gammon, R. H.:

tions, which could not be resolved by the conducted sensitiv- Region.al and seasonal variations in the flux of oceanic carbon

ity studies applying reasonable changes in the model setup. Monoxide to the atmosphere, J. Geophys. Res., 100, 23093~

The results strongly indicate that the terrestrial emissions ofB 23101, 1995.

L ergamaschi, P., Hein, R., Heimann, M., and Crutzen, P. J.: Inverse
C2Hj are significant (though largely unknown) and that the modeling of the global CO cycle, 1. Inversion of CO mixing ra-

photochemi_stry of gHg is not yet fully understood. tios, J. Geophys. Res., 105, 1909-1927, 2000.

The quality of the model results for the oxygenated or- Bey, |, Jacob, D. J., Yantosca, R. M., Logan, J. A., Field, B. D.,
ganic compounds is highly dependent on the specific species. Fiore, A. M., Li, Q., Liu, H. Y., Mickley, L. J., and Schultz,
While formaldehyde (HCHO) is very well reproduced, the M. G.: Global modeling of tropospheric chemistry with assim-
correlations to observations of methanol (§tHH), acetalde- ilated meteorology: Model description and evaluation, J. Geo-
hyde (CHCHO) and acetone (4€OCH) are rather low. phys. Res., 106, 23073-23 095, 2001.

The few measurements available for acetaldehyde sugge&itz, M., Heard, D., Pilling, M., Arnold, S. R., and Chipperfield,
that the model emissions should be increased by a factor of M. P.: Pressure and temperature-dependent quantum yields for
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