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Abstract. The primary sources and atmospheric chemistryl Introduction

of Cy-Cs alkanes were incorporated into the atmospheric

chemistry general circulation model EMAC. Model output Non Methane Hydrocarbons (NMHC) play an important role

is compared with new observations from the NOAA/ESRL in tropospheric chemistry and ozone formation. They sig-
GMD Cooperative Air Sampling Network. Based on the nificantly influence the hydroxyl radical HOQ=OH+HGO,)
global coverage of the data, two different anthropogenicbudget through many complex reaction cyclesgan 1985
emission datasets fors&Cs alkanes, widely used in the mod- Houweling et al, 1998 Seinfeld and Pandid 997 Atkinson,

elling community, are evaluated. We show that the model2000. For example, NMHC are precursors of the formation
reproduces the main atmospheric features of th€galka- of oxygenated volatile organic compounds (OVOC) such as
nes (e.g., seasonality). While the simulated values for ethanacetone, formaldehyde and acetaldehyde. The seasonal and
and propane are within a 20% range of the measurementspatial distribution of NMHC is determined by:

larger deviations are found for the other tracers. Accord-

ing to the analysis, an oceanic source of butanes and pen- — emission strengthSingh et al, 2001, 2003 Singh and
tanes larger than the current estimates would be necessary ~Zimmermann1993,

to match the observations at some coastal stations. Finally
the effect of G-Cs alkanes on the concentration of acetone
and acetaldehyde are assessed. Their chemical sources are
largely controlled by the reaction with OH, while the reac-
tions with NQ; and ClI contribute only to a little extent. The
total amount of acetone produced by proparejtane and
i-pentane oxidation is 11.2 Jygr, 4.3 Tg/yr, and 5.8 Tgyr,
respectively. Moreover, 18.1, 3.1, 3.4, 1.4 and 4.3yFepf
acetaldehyde are formed by the oxidation of ethane, propane,

n-butanen-pentane anépentane, respectively. Three-dimensional (3-D) global models, which represent
both transport and chemical processes, allow to study and
predict the spatial distribution and the temporal development
of these speciesfupta et al. 1998 Roelofs and Lelieveld
200Q Poisson et al200Q von Kuhlmann et a).2003h Fol-
berth et al. 200§. Here we compare results of the EMAC
Correspondence toA. Pozzer (ECHAM5/MESSy1 Atmospheric Chemistry) model with
BY

(pozzer@cyi.ac.cy) data based on flask measurements (see Sectllected at

— photochemical reactionsCérdelino and Chameides
1990 Singh et al, 1995 Neeh 2000,

— atmospheric transportRpod 1987 Brunner et al.
2003,

— dilution due to atmospheric mixingRpberts et a).
1985 Parrish et a].2007).
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remote locations across the globe during the years 2005despite the nudging) can be estimated by the differences
2008. The NMHC flask measuremen®o{lmann et al.  of meteorological parameters between the two simulations.
2008 include ethane (&H4), propane (GHg), butane (or  This has already been discussed in a previous stedyzer
n-butane, n-GH1p), isobutane (oi-butane, i-GH1g), pen- etal, 2009, where differences of15% were found between
tane (orn-pentane, n-6Hi2) and isopentane (drpentane, two different simulations for temperature and relative humid-
i-CsH12). ity. It must be stressed, however, that the usage of monthly
In Sect.2 the model is presented: two simulations (E1 and averages drastically decreases the uncertainties arising from
E2), based on two different emission databases for butanethe differences in the meteorology. As estimatedPmzzer
(i.e.n-butane plus-butane) and pentanes (irepentane plus et al. (2009, the differences in the temperature and relative
i-pentane), are described. Then, the observational data sbumidity are below 5% if monthly averages are considered.
(Sect.3) is described, followed by a comparison between It is hence expected to reproduce the meteorology assimi-
model results and observations (Ségt.Finally, we discuss lated by the ECMWEF analysis, allowing a direct compatri-
the contribution of G-Cs alkanes to the atmospheric produc- son of model results with observations. Nevertheless, for the
tion and mixing ratios of the most important OVOC (Sé&gt.  overall representation of the real meteorology, we rely on the
with a focus on the acetone budget. ECMWEF data assimilation, which has been evaluated previ-
ously (see for examplBozzano et al(2004) or Salstein et al.
(2008 for comparisons with surface observations). Follow-
2 Model description and setup ing Bozzano et al(2004), for temperature, pressure and hu-
midity, a low relative difference between ECMWF analysis
EMAC is a combination of the general circulation model data and measurements is observed, while for the wind speed
ECHAMS5 (Roeckner et al.2006 (version 5.3.01) and the a relative difference of up to 100% was determined from the
Modular Earth Submodel System (MESSy, version 1.1,comparison of model output and observations. These un-
Jockel et al, 2005. Descriptions of the model system certainties do not translate directly into uncertainties in the
were published bylockel et al.(2009 and Pozzer et al. simulated alkane mixing ratios, due to the non-linearity of
(2007). Details about the model system can be found atthe system. In addition, errors in estimating different meteo-
http://www.messy-interface.orgrhe setup is based on that rological parameters have different direct/indirect effects on
of the evaluation simulation S1, described Jickel et al.  the simulated chemistry of alkanes. Neverthel&wxzano
(2006. It was modified by adding the emissions of butane et al. (2004 also showed that when long time averages are
and pentane isomers, and their corresponding oxidation patreonsidered (as in this study), the differences are much lower.
ways (see Seck.1and Sect2.2). Therefore an upper threshold fL00% is estimated for the
The simulation period covers the years 2005-2008, plusuncertainty in the simulated alkane concentrations.
two additional months of spin-up time. The initial conditions
are taken from the evaluation simulation S1 of the model.2.1 Chemistry
Dry and wet deposition processes are describedénk-
weg et al.(20063 and Tost et al.(2006), respectively; the  The chemical kinetics within each grid-box was calculated
tracer emissions are describeddsrkweg et al(20068. As  with the submodel MECCASander et al.2005. The set
in the simulation S1, the applied spectral truncation of theof chemical equations solved by the Kinetic PreProcessor
ECHAMS5 base model is T42, corresponding to an horizontal(KPP,Damian et al(2002; Sandu et ali2003; Daescu et al.
resolution of~ 2.8° x 2.8° of the quadratic Gaussian grid. (2003, seehttp://people.cs.vt.eduasandu/Software/Kpp/
The applied vertical resolution is 90 layers, with about 25in this study was essentially the same asJickel et al.
levels in the troposphere. The model setup includes feed¢2009. However, the propane oxidation mechanism (which
backs between chemistry and dynamics via radiation calcuwas already included in the original chemical mechanism)
lations. The model dynamics was weakly nudg@duken  was slightly changed, and new reactions for the butane and
et al, 1996 Jockel et al, 2006 Lelieveld et al, 2007 to- pentane isomers were added.
wards the analysis data of the ECMWF (European Center The complete list of differences from the original chemi-
Medium-range Weather Forecast) operational model (up tacal mechanism used ddckel et al (2006 is presented in the
100 hPa) to realistically represent the tropospheric meteoelectronic supplement (sebttp://www.atmos-chem-phys.
rology of the selected period. This implies that the gen-net/10/4403/2010/acp-10-4403-2010-supplement.ptihe
eral circulation model is following the meteorology (at syn- new reactions are a reduction of the corresponding detailed
optic scale) as assimilated by the ECMWF analysis, whichMaster Chemical Mechanism (MCNbaunders et al2003.
takes advantage of more than 75 million observations in dn order to keep the number of reactions as low as pos-
12 h period (98% of them are from satellites). We refer to sible for 3-D global simulations, the first generation prod-
the ECMWEF {ttp://www.ecmwf.inj for further information.  ucts of the reactions of butanes and pentanes with OH,
The uncertainties connected with the weak nudging (or betNOg3, and Cl were directly substituted with their final degra-
ter, due to the internal variability of the model which remains dation products formaldehyde, acetaldehyde and acetone.
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104 . 1 1
1Y = 1.6927 + 0,33891 = X

This substitution includes the production of corresponding
amounts of a model peroxy radical (RPwhich has generic
properties representing the total number of ;R@®oduced
during the “instantaneous oxidation”. With this approach we
take into account the NG> NO, conversions and the HO

— OH interconversion. It is assumed that the reactions with
OH and NQ have the same product distribution. The ClI
distribution was nudged with monthly average mixing ratios
taken fromKerkweg et al(2008ab, and references therein).
Thus, both alkanes and CI are simulated without the need
of a computationally expensive chemical mechanism. Small
uncertainties in the model simulation have to be attributed to
the reaction rates used in this study. Nevertheless, accord-
ing to the IUPAC (International Union of Pure and Applied
Chemistry) recommendation for butanes and pentanes, the
uncertainties in the reaction rates are on the order of 7%.
Moreover, the chemical mechanism itself does not increase
the uncertainties in the simulation ofi s alkanes, but only
those of their products, due to the simplified degradation re-
actions.

Finally, the OH concentration is very important for a cor-
rect simulation of NMHC.Jockel et al.(2006 performed a
detailed evaluation of the simulated OH abundance. In sum- ] L/
mary, OH compared very well with that of other models of 100 . :
similar complexity. Compared tBpivakovsky et al(2000, 10° 10! 107 10° 10t
the EMAC simulation of OH indicated slightly higher values pentenes
in the lower troposphere and lower values in the upper tropo-

sphere. We refer tdckel et al.(2006 for further details. Fig. 1. i-butane versus butanes (upper figure) apentane ver-
sus pentanes (lower figure) measurements in pmol. The black

line represents the 1 to 1 line, while the red line represent the lin-
ear regression of the data. In the upper left corner the regression
parameters are presented. Note the logarithmic scale of the axes.

ERz
1R2 = 0,9434

i—butane

i—pentane

2.2 Emissions
2.2.1 Anthropogenic emissions

As pointed out byJobson et al(1994 and Poisson et al.
(2000, the seasonal change in the anthropogenic emissionand pentanes is further denoted as “E1”. Based on speciation
of NMHC are thought to be small, due to their relatively con- factors described below, the total emissions are 9 /&iTfpr
stant release from fossil fuel combustion and leakage fromn-butane (70% of all butanes), 4.2 iyg for i-butane (30%
oil and natural gas productioi{ddleton et al, 199Q Blake of all butanes), 4.3 Tgyr for n-pentane (35% of all pentanes)
and Rowland 1995 Friedrich and Obermeied999. The  and 8.0 Tgyr for i-pentane (65% of all pentanes).
most detailed global emission inventory available is EDGAR It must be stressed that the EDGAR database has been crit-
(Olivier et al, 1999 1996 van Aardenne et gl2001), Emis- icized for the inaccuracies in the;Cs alkane emissions. As
sion Database for Global Atmospheric Research, which wagointed out byJacob et al(2002, “...the EDGAR inven-
applied for the evaluation simulations of EMAGQOEkel  tory underestimates considerably the observed atmospheric
etal, 2006. concentration of propane adbutane over Europe, over the

In the evaluation simulation “S1” of the modelockel United States and downwind Asia”. Based on these con-
et al, 2006, the anthropogenic emissions were taken fromsiderations Jacob et al(2002 suggested a different emis-
the EDGAR database (version 3.2 “fast-trackin Aardenne  sion inventory distribution, as described Bgy et al.(2001).
et al, 2005 for the year 2000. In order to keep the simula- From this distributionJacob et al(2002 estimated a total
tions as consistent as possible with the evaluation simulaef 10.15, 4.35, 3.2 and 6.0 Tgr emission ofn-butane,i-
tion S1, the ethane and propane emissions were not changdulitane n-pentane andpentane respectively, with the same
and annual global emissions of 9.2 and 10.5 Tg/yr respecisomer speciacion factors used before. To evaluate which
tively, as reported byPozzer et al(2007), were applied. emissions database describes butanes and pentanes most re-
Furthermore, the total butanes and pentanes emissions fromtistically, an additional simulation (denoted “E2") was per-
EDGARV2.0 were used, i.e. 14.1 Ty and 12.3Tg/yr, re- formed, using the butanes and pentanes emission distribu-
spectively. The simulation with these emissions for butanedions as suggested ey et al.(2001). The total butane
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Table 1. Summary of the emissions used in simulation S1, E1 and E2 (spEgie¥/yr.

simulation  emission type fHg CgHg n-C4Hy19 1-C4H19 n-CgHqp i-CgHqo  higher alkanes

s1 anthropogenic P2 108 - - - - 73.7
biomass burning 28 0.% - - - - 1.1
oceanic 08 o3 - - - - 0.4
E1l anthropogenic 9% 108 9.9 4.F 4.F 8.CF 47.3
biomass burning 28 0.9 - - - - 1.1
oceanic 08 o3 - - - - 0.4
E2 anthropogenic 9% 108 1012 4.3 4.3 8.0% 46.9
biomass burning 28 0. - - - - 1.1
oceanic 08 o3 - - - - 0.4

@ with emissions distribution frorBey et al.(2001);

b based on EDGARV3.2, fast-track 2000;

€ based on EDGARV2.0;

d pased orPlass-milmer et al(1995;

€ based orvan der Werf et al(2004 andAndreae and Merlgf2001) for the year 2000 (see Se@t2.2.

emissions used in simulation E2 is the one estimatedaby 2.2.2 Biomass burning

cob et al(2002. Differently, for pentanes, the total emission

estimated bylacob et al(2002 significantly underestimates Biomass burning is a large source of ethane and propane,

the observed mixing ratios of these tracers in a sensitivitydnd a negligible source of butane and pentane isonders (

simulation (not shown). Hence, the total amount of pentanegireae and MerleR001 Guenther et a|.2000. Blake et al.

used in simulation E2 was scaled to 12.3¥ig the same to- (1993 extrapolated the total emission from biomass burning

tal amount of the EDGARV2.0 database. In conclusion, theof 1.5 Tg/yr for ethane, and 0.6 Tgr for propane Rudolph

total amounts emitted in simulation E2 are 10.35, 4.35, 4.3(1999 suggested instead 6.4 fyg for ethane. The biomass

8.0 Tg/yr for n-butanej-butanen-pentane anitpentane, re- burning contribution was added using the Global Fire Emis-

spectively. The emissions used in simulation S1, E1 and E3ions Database (GFED version\lan der Werf et al.2004

are summarized in Table 1. The two emission sets, althougffor the year 2000 (neglecting interannual variability) scaled

with very similar total emissions of butanes and pentanesWith different emissions factor®\Gdreae and MerleR00Z,

present very different spatial distributions. The differencesvon Kuhimann et a).20033. The total amounts calculated

in a single grid box can be up to a factor of 4, depending onare 2.76 Tgyr and 0.86 Tgyr for ethane and propane, re-

the location. spectively. No biomass burning emission was included for
The Speciacion fractions used fobutane (30%) and- C4-Cs alkanes, due to small contribution to the global bud-

butane (70%), and fdrpentane (65%) and-pentane (35%)  get of these tracers.

are from the calculation oBaito et al.(2000 and Goldan

et al. (2000, respectively. These fractions have been con-

firmed by McLaren et al.(1996, who showed that the ra-

;'0 C.)f n ptentane ;(vlsr:leopt?ne IS O'? (ie. a fractmin 0f66 /?I'h small Kesselmeier and Staydt999 Guenther et a]1995.
or I-pentane an b for n-pentane over pentanes). The Other measurements in rural environmenisbson et aJ.

long-term measurements from the NOAA flask data set also1994 Goldan et al. 1995 show no evidence of biogenic
confirm these speciacion factors. Measurements from th%missions of satura.ted2€C35 NMHC

database are shown in Fifj, with the exception of data

with very high uncertainties, i.e. observations of mixing ra- 2 2 4  Oceanic emissions

tios lower than 1 pmgmol or larger than 1000 pmgaiol.

As shown in Fig.1, the fraction ofi-butane of the butanes Alkanes are also emitted by the oceaR$ass-Milmer et al.

is ~0.33, while the fraction of-pentane of the pentanes is (1995 estimated 1 Tgyr as upper limit for the global emis-

~0.65. These values are in close agreement with the speciaion of G-C,4 alkanes: 0.54 Tgyr of ethane, 0.35 Tfyr

cion factors present in the literature. of propane and 0.11 Tgr of butanes if-butane+butane).
Broadgate et al(1997 extrapolated global oceanic emis-
sions to 0.04 Tgyr for i-butane, 0.17 Tgyr for n-butane,
0.03Tgyr for i-pentane, and 0.06 Jgr for n-pentane.

2.2.3 Biogenic emissions

Biogenic sources of £Cs alkanes appear to be negligibly

Atmos. Chem. Phys., 10, 4408422 2010 www.atmos-chem-phys.net/10/4403/2010/
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While oceanic emissions for ethane and propane were inCalibration Center for Volatile Organic Compound (WCC-
cluded in this study, oceanic emissions of higher alkanesvOC, http://imk-ifu.fzk.de/wcc-vod\.
were neglected due to their small contribution and largely
unknown spatio-temporal distribution.

4 Comparison of the model results with observations
2.2.5 Other sources

In this section only time series from a selected num-
Etiope and Cicciol{2009 proposed a geophysical (volcanic) ber of sites are presented. The complete set of fig-
source of ethane and propane. Based on observations of gages can be found in the electronic supplement of this
emissions from volcanoes, they estimated emissions of 2 tgaper (seéhttp://www.atmos-chem-phys.net/10/4403/2010/
4 Tg/yr for ethane and of 1 to 2.4 Jygr for propane. How-  acp-10-4403-2010-supplement.pdf
ever, since the emission distribution is unknown, it is not yet The seasonal cycle of NMHC exhibits a maximum corre-
feasible to include this source into the model. In addition, re-sponding to the local winter and a minimum corresponding
sults from our simulations do not support a further increaseto the local summer, confirming previous studies3autrois
in the emissions of these species (see below, S&dtst.2). etal.(2003; Lee et al(2006; Swanson et a[2003. In fact,

Hagerman et a[1997 andSharma et al2000 showed that

the seasonal cycle of s alkanes is anti-correlated with
3 Observations the production rate of the main atmospheric oxidant (OH,

seeSpivakovsky et a).200Q Jockel et al, 2009. The flask
The NOAA ESRL GMD (National Oceanic and Atmospheric measurements used in this study confirm this and the model
Administration, Earth System Research Laboratory, Globalis able to reproduce the observed seasonal signal, with high
Monitoring Division, Boulder, CO, USA) cooperative air mixing ratios during winter and low mixing ratios during
sampling network currently includes 59 active surface sam-summer. In addition, due to the small contribution QfGCs
pling stations, where usually one pair of flask samples is col-alkanes to the total OH sink (less thar10%), both simula-
lected every week. This network is the most extensive globations E1 and E2, reproduce the OH mixing ratios simulated
flask sampling network in operation, both in terms of numberin the reference simulation S1, with local instantaneous dif-
of sites and total number of samples collected. NMHC dataferences below-15%. When monthly averages are consid-
are available from approximately 40 of these sampling sta-ered for OH, the maximum differences between simulation
tions (seehttp://www.esrl.noaa.gov/gmy/covering the lat-  S1 and simulation E1 are below5%, while the differences
itudes from 82N (ALT, Alert, Canada) to 89.98S (SPO, between simulation E1 and simulation E2 are belo2%%.
South Pole). However, the measurements collected fronfor ethane and propane, the same sources (emissions), sinks
the stations are not homogeneously distributed in time andOH) and transport (thanks to the nudging) are then applied
some gaps are present in the data. A variable number oih both simulations E1 and E2. Although the results for these
measurements were used to calculate the monthly averagéso tracers are not binary identical in the two simulations,
here. The monthly variability was calculated as the monthlythey show only negligible differences, which are not statisti-
standard deviation of the measurements. As pointed out byally significant. Hence, for ethane and propane, only results
Haas-Laursen and Hartl€997), these flask samples have from the simulation E1 are shown. On contrary, results from
been collected under non-polluted conditions, i.e., for sta-both simulations are presented for butanes and pentanes.
tions close to local sources only certain wind directions were In order to quantify the differences between simulation E1
selected to avoid local contamination. Moreover, most ofand E2 with respect to the observations, we calculated the
the stations are in remote regions, where background condimain statistical quantities and resume them in Taylor dia-
tions are sampled. Itis hence expected that the model resolgrams Taylor, 2001). The diagrams (one for eachyCs
tion used in this study is sufficient to reproduce the chemicalspecies) show at a glance the location (latitude) of the sta-
history of the G-Cs alkanes, while higher resolution simu- tions (color code) and the different simulations (symbol).
lations would be required for studying specific stations, asMoreover, the correlations and biases between the simula-
example in industrialized areas or where sporadic biomassions and observations have been weighted by the geometric
burning emissions are important (see below S&3). mean of model variability (standard deviation from the av-

A detailed description of the flask instrument and a full eraged output values) and measurement variability (monthly

evaluation of the analytical technique was publishedRoll¢ standard deviation of the measurements from their average).
mann et al.2008. An intercomparison with the WMO GAW  For further details of this approach, we referJizkel et al.
(World Meteorological Organization, Global Atmospheric (2006 Appendix D). This weighting preserves the relation-
Watch) station in Hohenpeissenberg, Germany showed thahip between the three statistical quantities visualised in
flask measurements meet the WMO data quality objectivehe Taylor diagram. However, locations with a high vari-
(World Meteorological Organizatior2007). These find-  ability, i.e., where absolute differences are less significant
ings were confirmed during a recent audit by the World since single measurements are less representative, have less
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Fig. 2. Comparison of simulated and observesHg mixing ratios in pmofmol for some selected locations (ordered by latitude). The red

lines and the bars represent the monthly averages and variability (calculated as the monthly standard deviations) of the measurements. Th
simulated monthly averages are indicated by the black lines and the corresponding simulated monthly variability (calculated as the monthly
standard deviations of the simulated mixing ratios) by the dashed lines. The three letters at the center of each plot denote the station code
(seehttp://www.esrl.noaa.gov/gmd/ccgg/flask.htniMlote the different scales of the vertical axes.

weight. Values which are more representative for the aver- | |
age conditions are weighted stronger, thus suppressing spe- gq
cific episodes that cannot be expected to be reproduced by
the model.

Generally, there is a much better agreement between the 40
model simulations and the observations in the Northern

Hemisphere (NH) extratropics than in the Southern Hemi- N N A
sphere (SH) extratropics, and the deviation from the obser- N Zz 'ﬁ "*
vations is largest in the tropics. ‘l“:‘:':"w"
—40 FtYan
4.1 Ethane, GHg Jr—‘lq (R
§ an H lmaw

.dﬂ

2 [}
In Fig. 2 a comparison of the observations and the model —80 i
simulation is shown for a number of locations. Notice
that the seasonal cycle is correctly reproduced, although the 2005 2006 2007 2008
model simulates a too low mixing ratio of ethane during
the Northern Hemisphere (NH) winter (e.g., Alert, Canada, Fig- 3. Seasonal cycle and latitudinal distribution of ethangHg).
ALT, and Barrow, Alaska, BRW). On the other hand, the The colour code denotes the mixing ratios in pynedl, calcu-
NH summer mixing ratios are reproduced correctly within lated as a zonal average of the measurements availat_)le in the
the model/observation monthly variability (calculated as the NOAA/ESRL GMD dataset. The superimposed contour lines de-
monthly standard deviation of the observations). In thenOte the zonal averages of the model results.
Southern Hemisphere (SH) the results are more difficult to
interpret. Although the southern extratropics seem to be well
simulated (see CRZ, Crozet Island, France), for polar sites
(for example HBA, Halley Station, Antarctica) the model
tends to simulate higher mixing ratios than observed. Fig.
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shows the latitudinal gradients and the seasonal cycle from Overall, for many stations, simulation E2 better represents

observations and as calculated by the model. The model ithe observed mixing ratios than E1 (see Fj. Although

able to reproduce the latitudinal mixing ratio changes, in-a reasonable agreement of simulation E2 with the observa-

cluding the strong north-south gradient during all seasons. tions is achieved at Midway Island (MID), and Cape Ku-
mukahi (KUM), two typical marine boundary layer (MBL)

4.2 Propane, GHg background stations, the model underestimates the observed
mixing ratios in the NH summer at these locations. This

. : indicates that a nearby source ebutane may be present,
As also shown in a previous analysitogzer et a) 2007, the hence that oceanic emissions potentially play a significant

model simulation reproduces the main features observed forr le. In the SH. both model simulations seem to underes-
propane. The amplltude_and phase of the 5|m_ulated Seas0Na ate n-butane mixing ratios, with almost a total depletion
cycle also agree well with this new observational data Set'during SH summer at remote locations, which is not observed
As shown in Fig.4, the seasonal cycle is well reproduced ’

at the NH background sites (ALT and BRW). Moreover, in the flask data. While both model setups simulate values

. . below 1 pmofmol (~0.5-0.6 pmolmol) during SH summer
Fig. 5 shows that not only the seasonal cycle is correctly re_(December January and February), the observations indicate
produced, but also the latitudinal gradient. Generally, the ’ Y Y),

model simulations agree well with the observations in thew10 pmojmol. This difference suggests localizadutane

NH (where most of the emissions are located). However, atem|SS|ons from the ocean. Additional high precision mea-

. surements of this tracer are needed to assess the role of the
some locations (for example MHD, Mace Head, Ireland andocean in these remote areas
LEF, Park Falls, USA) the model slightly overestimates the '
observed mixing ratios of propane. In addition, in the SH the . .
simulated mixing ratios seem to be somewhat higher than the4'4 i-butane, i-CaH1o
observations, especially during the SH winter (June, July andA different picture arises for-butane. for which it is dif-
August) in remote regions, and during summer (January an?icult o clegrl tablish which si ’I i d th
February) in the SH extratropics. Clearly, these findings do rly establish which simula 'r?n r(_ef?ro ucesf €
not support a further increase of the emissions compared tgbserved mixing rat|qs bett'er, due Fo the di ergnt perior-
the data used here. mance o_f the model_ S|mulat|on_s gt dlffe_rent locations. Gen-
erally (Fig. 8), the simulated mixing ratios from E1 are at
the high end of the observed range for stations in the NH
4.3 n-butane, n-G4H1o (normalised standard deviation systematically larger than 1)
while the simulated mixing ratios from E2 are at the low
As mentioned in Secd, E1 and E2 reproduce the observed end of the observed range for the same locations (hormalised
phase of the seasonal cyclemebutane (Fig6 and Fig.7). standard deviation systematically lower than 1). This can
As observed bylake et al.(2003 during the TOPSE cam- also be clearly seen in the time plot series in Bigsee, for
paign and also shown by the modektbutane is removed example, ALT, and CBA). As fon-butane, in the SH both
quite rapidly at the onset of summer in all regions, and itis re-model simulations underestimate the observed mixing ratios
duced to low levels (almost depleted (single digit pynadl (see Fig.9, HBA). Please note that these measurements are
levels) by late spring, except at the highest latitudes. Exam<¢lose to the NMHC instrumental detection limit, causing an
ples are (Fig7) ALT and BRW, where the simulated mix- increase of the analytical uncertainty in these data. Simu-
ing ratios (both in simulation E1 and E2) decrease fromlation E1 does not underestimatdutane in the USA and
~300-400 pmgimol in April to ~1-2 pmo)Jmol in June  Europe, in contrast to the results obtained Jacob et al.
and remain at this level during the NH summer (July and(2002. On the contrary, for the USA stations (see Fyg.
August). The ability of the model to reproduce the observedLEF), E1 shows a slight overestimation or (see BidJTA)
seasonal cycle is also confirmed in Fégwhere a high cor- a good agreement with the observations, whereas simulation
relation is found between the simulations and the observaE2 is too high. For Europe, both simulations E1 and E2 over-
tions for stations located between°40 and 90 N. In gen-  estimate the observed mixing ratios (see BigOchsenkopf
eral, simulation E1 (based on anthropogenic emissions takestation, OXK, Germany), where the discrepancy is largest for
from the EDGAv2.0 database) produces higher mixing ra-E2. It must be stressed that both simulations predict a large
tios at almost all locations in the NH compared to simulation variability at Ochsenkopf station. The coarse grid resolution
E2, as shown in Fig6, where the normalised standard de- hence prevents us from deciding which emission database is
viations of model results from simulation E1 present valuesbest in reproducing European or USA emissions. It is ac-
larger than 1. The opposite is the case in the SH, with lowertually expected that simulation E2 reproduces observations
mixing ratios in E1 than in E2. Simulation E1 seems to sys-in the USA better than simulation E1, becauseBley et al.
tematically overestimate the winter maximum in the NH (see(2001) emissions database was calculated based on USA data
Fig. 7, ALT and CBA, Cold Bay, USA, and many others) (seeWang et al.1998. However, this is not always the case;
while simulation E2 is closer to the observed mixing ratios. in particular, at Park Falls (LEF), simulation E2 is better than
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‘ ‘ Antarctica) simulation E2 reproduces the first year of obser-
i vations (2005) better than E1.
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B
e B

B

4.5 n-pentane, n-GH1z

As for i-butane, also for this tracer it is difficult to establish
clearly which simulation better represents the observations,
as both agree well with the observed values at the remote
locations in the NH. The comparison between simulation re-
sults and observations (Fi$0) shows a poor agreement at
stations located in the tropics and in the SH. In the NH, at lo-
cations north of 60N, the centered pattern root mean square
(RMS) difference is similar for both simulations, whereas at
locations between 20 and 3N simulation E1 is slightly bet-
ter than simulation E2. This can also be seen (seelRiy.
at BRW, where simulation E1 reproduces very well the ob-
Fig. 5. Seasonal cycle and latitudinal distribution of propane served mixing ratios, while in contrast at Storhofdi, Iceland
(CsHg). The colour code denotes the mixing ratios in pmedl,  (JCE), the results from simulation E2 are in better agree-
calculated as a zonal average of the measurements available in th&ent with the measurements. The simulated mixing ratios
NOAA/ESRL GMD dataset. The superimposed contour lines de- 56 |ower than observed throughout all seasons in the tropics
note the zonal averages of the model results. and in the SH (Figl1, BKT, Bukit Kototabang, Indonesia,
and HBA, Antarctica) in both simulations E1 and E2. How-
ever, as mentioned earlier, in SH remote regions the mixing
simulation E1. In contrast, at Wendower (UTA) simulation ratios are close to the instrumental detection limits and the
E1l is better than E2. For the SH, due to the low mixing ra- instrumental error is relatively large. Nevertheless, a bias be-
tios of i-butane (close to instrumental detection limit) and tween the model results and the observations is evident; the
the high variability of the observations, it is difficult to draw short lifetime of n-GH12 (shorter than the interhemispheric
a firm conclusion. However, at Halley Bay Station (HBA, exchange time), indicates that the emissions are generally
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Fig. 6. Taylor diagram comparing monthly averages of gz from the model simulations with the surface observations from the NOAA
ESRL GMD network. The colour code denotes the geographic latitude. The symbol denote the model results: circle from simulation E1,
square from simulation E2.
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underestimated in the SH. This is corroborated by similar re-oceanic emissions can play a more significant role also for
sults fori-pentane (see also Sedt6). butanes and pentanes, at least at some coastal locations.

4.6 i-pentane, i-GH
P G612 5 Contributions to the atmospheric budget of some

In contrast ton-pentane, north of 60N, the mixing ratios ovoc

from simulation E2 present a better agreement (i.e. lower

centered pattern RMS difference) with the observations thar'T:’ -1 Acetone formation

simulation E1 (see Fid.2). At these latitudes, the amplitude Acetone (CHCOCHs), due to its photolysis, plays an im-
of the seasonal cycle is overestimated by at least 60% in Simf)ortant role in the upper tropospheric K®udget Gingh
ulation E1 (visible from the normalised standard deviations),et al. 1995 McKeen et al, 1997 Miller and Brasseur

whereas it is within 40% in simulation E2. The overesti- 1995 Wennberg et al1998 Jaegk et al, 200 although re-
mation of the simulated mixing ratios from simulation E1 .o+ <t dies have considerably reducé@lttz etal, 2004).

with respect to the observations in the NH remote regionsy;qeqver, this trace gas is essential to correctly describe the
can be_al_so Seen in th? time series plots (sge]E,gALT), ozone enhancement in flight corridoirighl et al, 200Q
where it is highest during the NH winter, with a dlﬁerence Folkins and Chatfield?000. Oxidation of propane and<

of a factor of 2. On the other hand, the model (both SiMU-c_ isoalkanes $ingh et al. 1994 has been estimated to
lation E1 and E2) tends to underestimate the mixing ratiosbe ~20-30% of the total sources of acetordadob et aJ.

of i-CsHy2 in the NH subtropics and in the SH (see FI§, 5405 singh et al, 2004. It must be however stressed that
MID and KUM). This systematic underestimation of the 0b- y, o6 i stjll no agreement on the acetone budget. Recent
served mixing ratios for the SH stations is again confirmed gy, ies in fact, have modified significantly the estimated
Fig. 13. As mentioned in Sectl.5, this points to a partially 5, rceg/sinks, Following recent studies, it is now widely

wrong distribution of the emissions in the model, which are thought that acetone has a net sink in the oc&ngh et al.
located almost exclusively in the NH, notably in the industri- (2004, Marandino et al(2005, and Taddei et al(2009).
alised regions. The lack of emissions from the ocean in the budget, however,

is partially compensated by two other terms in the acetone
4.7 Global G-Cs alkanes budgets P y P y

budget:
Following the analyses performed in Sees—4.6, a global — reduced photolysis, following the studiesBlitz et al.
inventory of G-Cs alkane emissions is shown in Table 2. (2004 andArnold et al.(2009.

Anthropogenic emissions are the most important sources in
the budget of these tracers, ranging freii5% (for ethane)
to ~98% (for butanes and pentanes) of the total emissions.
For butanes and pentanes, the dataset presenteglehy
et al.(200) (with an increased total emissions for pentanes)
gives the best results with the EMAC model, and is recom-
mended for future studies of these tracers. For ethane and
propane, the model simulation with the EDGARV3.2 fast- The transport and chemical production of acetone were
track database gives satisfactory results. explicitly calculated with EMAC. Since E2 better repro-
Biomass burning is the second important source for ethaneluces the observations, we used the results of this simula-
and propane, i.e~22% and~7% of the total sources, re- tion to quantify the acetone production. Globally, the total
spectively. As shown bidelmig et al.(2008, biomass burn-  production of acetone from£Cs alkanes is 21.3 Tfyr in
ing effects on G-Cs alkanes is generally sporadic. Hence, E2. The propane decomposition, with a yield of 0.73, pro-
the monthly average values of the observational dataset useglices~11.2 Tg/yr of acetone, which is higher than the to-
here generally masked the biomass burning signal that couléal production of acetone from4aCs isoalkanes oxidation,
be observed. In addition the coarse model resolution and theamely 10.1 Tgyr. In fact,i-butane oxidation produces 4.3
low estimated value limit the possibilities to further evalu- Tg/yr acetone, while 5.8 Tfyr of acetone are produced by
ate this type of emission. These values could hence not bépentane oxidation. This is the same for both simulations,
confirmed by our study and are reported as suggested in thiecause total emissions are equal. Despite the fact that both
literature. simulations produce very similar amounts of acetone, the
Oceanic emissions play a small role in the budget forproduction is distributed quite differently in the two simu-
ethane and propane. The theoretical magnitude of oceanikations.
emission for G-Cs is comparable to the one of biomass burn-  As shown in Fig14, simulation E1 indicates a pronounced
ing, and hence too weak to be clearly distinguished in the ob-acetone production over the middle East and Persian Gulf,
servational dataset. Nevertheless, our analysis suggests thabrthern Europe and western USA, compared to simulation

— increased biogenic emissions. As pointed ouSirygh
et al.(2004 see also references therein), new measure-
ments suggest higher biogenic emissions than the one
proposed bylacob et al(2002 (33 Tg/yr). Based on
the modeling study oPotter et al(2003, the biogenic
emissions should be in the range of 50-170 Tg/yr.
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Table 2. Global source estimates 0b&s alkanes based on the present EMAC simulations (ispecies/yr).

CoHg CgHg n-C4Hyg i-C4Hyp n-CsHyp  i-CsHip

anthropogenic 9 1089 1018 433 4.3 8.0%
biomass burning 28 0.9 0.4 0.0M 0.1d 0.0¢
oceanic 05 oF - - - -
total 12.5 11.7 10.3 4.4 4.4 8.1

@ simulation E2, with emissions distribution froBey et al.(200J);

b pased on EDGARV3.2, fast-track 2000;

€ based orPlass-Dilmer et al (1995;

d estimates based dran der Werf et al(2004 andAndreae and Merlg2007) for the year 2000 (see Seét2.9.

‘ ‘ ‘ ‘ ‘ ‘ causes a slight difference in the acetone production. Because
| the E2 results reprodudebutane and-pentane better, we

80°N —

] o use this model simulation for the comparison with the eval-
o uation simulation S1 (see Se@). The S1 analysis did not
N o account for G-Cs alkanes and their subsequent atmospheric

03 reactions. This allows us to evaluate the effect of higher alka-
o1 nes on acetone.

- The resulting increase of the acetone mixing ratios is ev-
) jZ:j ident, especially in the NH. As shown in Fi@5, the ace-
o tone mixing ratio increased at the surface between 100 and
| o 300 pmofmol in NH remote areas, with the highest val-
o ues reached in locations downwind of polluted regions (for
S : ‘ : : : : - example over the Pacific and Atlantic Ocean). The rela-
foorw o oo tive effect in polluted regions is smaller (maximum increase

~30%) due to the strong anthropogenic emission of acetone.
Fig. 14. Difference between the simulated annual average SurfaC‘However, the contributions from the alkanes oxidation are
mixing rgtios of CHHCOCH; from simulation E1 and the simula- significant (up to 1 nmgimol). The strongest production re-
tion E2, in nmofmol (E1-E2). gions are located over polluted regions such as the eastern

USA, the Mediterranean area and the China-Japan region.

Here the maximum effect of £2Cs alkanes on acetone is
E2. On the other hand, simulation E2 indicates a stronge@chieved, with an increase o6fL nmol/mol. The mixing ra-
production of acetone in the eastern USA, China, and in thdio of acetone in the SH is practically not affected by chem-
SH. In both model simulations, GIOCHs is produced al-  ical formation from iso-alkanes, with the exception of a few
most solely by the reaction of the iso-alkanes with OH; thelocations in South America, simply because they are mainly
contributions of the reactions with Cl and N@re negligible, emitted in the NH. This, combined with their short lifetime
being less than 0.5% of the total. Our result partially con- (shorter than the interhemispheric exchange time), confine
firms the conclusion ofacob et al(2009, who calculated  the iso-alkanes to decompose and produce acetone only in
an acetone production of 14 Tyr, 4.0 Tg/yr and 2.6 Tgyr ~ the NH.
from propanej-butane and-pentane, respectively. The dif- To confirm the improvements in the acetone budget ob-
ferent acetone production compared to the studyaifob  tained by including the £Cs alkanes, the model simu-
et al. (2002 (present for propane ariehentane decomposi- lation was compared with field data reported Bynmons
tion) arise from the different emissions and/or the acetoneet al. (2000. In Fig. 16, we show only campaigns per-
yield. For instanceJacob et al(2002 used an acetone formed in the NH where the differences between simula-
yield of 0.53 fromi-pentane (from the reaction with OH). tions E2 and S1 are largest. We refer Rozzer et al.
In our study an acetone yield 6f0.90 fromi-pentane was (2007 and the electronic supplement for the complete
obtained. In addition thépentane emissions are substan- comparison (seattp://www.atmos-chem-phys.net/10/4403/
tially different, being 6.0 and 8.0 Tgr in the study oflacob ~ 2010/acp-10-4403-2010-supplement)pdfhe inclusion of
et al. (2002, and our study, respectively. For propane, thethe G-Cs alkanes chemistry substantially increases the mix-
acetone yield is very similar (0.72) to the one obtained hereing ratios of acetone in the North Pacific region (PEM-
(0.73), but a difference in the emissions (13.5vs. 11 /4f)g  Tropics-B and PEM-West-B). In these cases, the increase
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is ~50% compared to a simulation withoui-Cs alkanes. ool WNAY |
The simulated mixing ratios thus agree much better with = | 11\ 2l
the measurements. Especially below 5km altitude, the sim- ;| 3\ 9]
ulated vertical profiles are closer to the observations, and IR AN 2
improved compared to simulation S1. In a polluted region — 20{ ! |i |=5 4
(TRACE-P, Fig.16) downwind of China, the inclusion of 1
C4-Cs compou_nds re_SUIts in a remarkable improvement of o0 o 400, 81:";3, " 1200, 1600. "0, 400. 800, 1200. 1600, 2000, 2400.
the acetone simulation. The underestimation of the free- pmol/mo! pmol/mel
L. R L. PEM—West—B,0C-8, Japan TRACE-P,DC8, Japan
troposphere mixing ratios seems to support the revision of 13976 7 [507F, 29, 7 S0

130.°E — 150.°E ,20°N — 40°N
12.0

the acetone quantum yield, as propose@litg et al. (2004).
Arnold et al.(2005, in fact, calculated an average increase
of ~60-80% of acetone in the upper troposphere. It must be 1
stressed, however, that in two cases the comparison between 2°1
the model results from simulation E2 and field campaigns de- 60:
teriorates compared to the evaluation simulation S1. These = |
are presented in Fid.6 (bottom). Both cases are located in vo
Japan, where the model, after the inclusion gf@ oxida- |
tion pathways in the chemistry scheme, simulates mixing ra-
tios that are higher than the observations. This could be due
to a too strong source of4&Cs alkanes in the region in simu- e s 03
lation E2, or alternatively, an overestimation/underestimation

. 400. 800. 1200. 1600. 2000. 2400.
pmol/mol

pmol/mol
of direct acetone emissions/depositions.

100 &

2.0

52 Acetaldehyde formation Fig. 16. Vertical profiles of CHHCOCH;z (in pmol/mol) for some

selected campaigns frolBmmons et al(2000. Asterisks and

. . boxes represent the average and the variability (with respect to
Acetaldehydg (CECHO) is also formed during Fhe chem- space and time) of the measurements in the region, respectively.
ical degradation of &Cs alkanes. This tracer is a short- The simulated average is indicated by the solid line and the cor-
lived compound, with an average lifetime of several hoursresponding simulated variability (calculated as standard deviation
(Tyndall et al, 1995 2002. It is an important precursor of with respectto time and space) by the dashed lines. The numbers of

PAN (peroxyacetyl nitrate), being a reservoir species 0fNO measurements are listed near the right axes. The red lines represent
(seeSingh et al, 1985 Moxim et al, 1996. Oxidation of

the simulation S1, the blue lines E2. The PEM-Tropics-B, PEM-
alkanes is responsible for 15-19% of the total acetalde- West-B, SONEX and TRACE-P campaign took place in March—
hyde emissionsSingh et al. 2004, or ~20-27% based on April (1999), FebrL_Jary—March (199_4), October—November (1997)
a more recent estimaté{llet et al, 2010. In this study, ~2nd February-April (2001), respectively.
using the EMAC model, the calculated global production
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of acetaldehyde from £C5 alkanes is 30.8 Tgyr. In both simulation E2,-butane and-pentane degradation produces
simulations E1 and E2, 18.1 g and 3.1Tgyr of ac- ~4.3 and~5.8 Tg/yr of acetone, respectively. At the same
etaldehyde are formed by the oxidation of ethaneH§) time, the formation of acetaldehyde was also calculated,
and propane (gHg), respectively. In addition, 3.4 Tgr, resulting in a production rate of 3.4 Ty, 1.4 Tg/yr and

1.4 Tg/yr and 4.8 Tgyr of acetaldehyde result from the ox- 4.8 Tg/yr from the oxidation ofn-butane,n-pentane and-
idation of n-butane (n-GH1g), n-pentane (n-eHi2) andi- pentane, respectively. The role of N@nd Cl radicals in the
pentane (i-GH1»), respectively. These amounts are almostdegradation of gCs isoalkanes and the formation of ace-
exclusively produced by the reaction with OH; in fact, the tone and acetaldehyde is negligible, contributing less than
reaction of G-Cs alkanes with N@ produces only 0.1% of 1% to the total chemical production.

the total acetaldehyde.
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