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Abstract. Energy security and climate change concerns havehe 50% model underestimate of observations in the North
led to the promotion of biomass-derived ethanol, an oxy-American boundary layer. Current levels of ethanol mea-
genated volatile organic compound (OVOC), as a substitutesured in remote regions are an order of magnitude larger than
for fossil fuels. Although ethanol is ubiquitous in the tro- those in the model, suggesting a major gap in understanding.
posphere, our knowledge of its current atmospheric budgeStronger constraints on the budget and distribution of ethanol
and distribution is limited. Here, for the first time we use a and OVOCs are a critical step towards assessing the impacts
global chemical transport model in conjunction with atmo- of increasing the use of ethanol as a fuel.

spheric observations to place constraints on the ethanol bud-
get, noting that additional measurements of ethanol (and its

precursors) are still needed to enhance confidence in our esti-

mated budget. Global sources of ethanol in the model includé.  Introduction

5.0 Tgyr! from industrial sources and biofuels, 9.2 Tg¥r

from terrestrial plants;-0.5 Tgyr-! from biomass burning, The use of bio-ethanol (ethanol derived from biomass) is cur-
and 0.05 Tg yr* from atmospheric reactions of the ethyl per- rently being promoted as a renewable fuel that will alleviate
oxy radical (GHs0O2) with itself and with the methyl per- dependence on fossil fuels and combat global warming. Fu-
oxy radical (CHO). The resulting atmospheric lifetime of ture increases in ethanol emissions may impact the oxidizing
ethanol in the model is 2.8 days. Gas-phase oxidation by theapacity and the ozone-forming potential of the atmosphere
hydroxyl radical (OH) is the primary global sink of ethanol in (Singh et al., 2001). High levels of ethanol have been mea-
the model (65%), followed by dry deposition (25%), and wet sured in the boundary layer in urban (ranging from 0.4 to
deposition (10%). Over continental areas, ethanol concen240 ppbv) (Grosjean et al., 1998; Nguyen et al., 2001; Mil-
trations predominantly reflect direct anthropogenic and bio-let et al., 2005), rural (0.04-0.4 ppbv) (Millet et al., 2004,
genic emission sources. Uncertainty in the biogenic ethanoR006], and remote (0.02-0.2 ppbv) (Singh et al., 2001) atmo-
emissions, estimated at a factor of three, may contribute tspheres. While ethanol-gasoline blended fuels have been ad-
vocated for reducing carbon monoxide emissions (Poulopou-
los et al., 2001), their combustion also increases ambient lev-

Correspondence tdv. Naik els of acetaldehyde and peroxyacetyl nitrate (PAN) (Tanner
BY (vaishali.naik@noaa.gov) et al., 1988; Knapp et al., 1998; Jacobson, 2007), both of
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Table 1. Global atmospheric budget of ethanol using MOZART-4. Numbers in parentheses show the percentage contribution of each
source/sink to the total source/sink of ethanol.

BASE SYNEOH Singh et al. (2004)
Sources (Tg yrl)
Industrial 3.2 (21%) 3.2 (7%) 2 (16.6%)
Biofuel 1.8 (12%) 1.8 (4%)
Biogenic 9.2 (63%) 9.2 (21%) 6 (50%)
Biomass Burning 0.47 (3%) 0.47 (1%) 2 (16.6%)
Atmospheric in-situ production  0.06<(l%) 0.06 £1%) 2 (16.6%)
Missing Source 29.3 (66%)
Total Source 14.7 44.0 12.0
Sinks (Tg yr1)
Oxidation by OH 9.6 (65%) 33.5 (77%)
Wet Deposition 1.4 (10%) 5.0 (11%)
Dry Deposition 3.7 (25%) 5.2 (12%)
Total Sink 14.7 44.0
Global Burden (Tg) 0.11 0.68 0.32
Atmospheric Lifetime (days) 2.8 5.7 ~3.5

@ Estimated as total source multiplied by the atmospheric lifetime.

which are toxic and contribute to ozone pollution. Ethanol horizontal resolution of 1®latitudex1.9” longitude with 64
may also act as a precursor to secondary aerosols (Blandeertical levels; the first six months of the simulations are used
and Turpin, 2000). A robust understanding of regional andfor model spin-up and results are analyzed for the final year.
global budgets of ethanol is necessary to evaluate the aiA previous simulation using MOZART-4 with a similar con-
quality and climate impacts of projected future increases infiguration was evaluated with aircraft measurements of ozone
ethanol emissions. and its precursors over the northeastern United States in sum-
A preliminary analysis of the global ethanol sources basedner 2004 during the Intercontinental Chemical Transport Ex-
on aircraft measurements in March—April 2001 over the periment — North America (INTEX-NA) and was found to
North Pacific off the coast of Asia suggests that biogenicresolve boundary layer ventilation as indicated by the model
emissions (calculated as a residual after subtracting otheskill at capturing the observed campaign-mean vertical pro-
sources from the total estimated global ethanol source) aréiles of carbon monoxide, ethane, and other hydrocarbons
the largest contributors to ethanol abundances, followed by{Horowitz et al., 2007).
roughly equal contributions from anthropogenic emissions,
biomass burning, and atmospheric production (Singh et al.p 1 Ethanol sources
2004) (Table 1). In contrast, measurements off the coast of
New England in July—August 2002 suggest that the ethano . .
source is largely anthropogenic with a small biogenic sourcelg the BASEhs!muflfatlon,. WE use the PhOET (Pr_ec_ursgrs of
but no discernible secondary source from atmospheric pro- zone and their Effects in the Troposphere) emission inven-

. : - tory for the year 2000, which includes anthropogenic ethanol
duction (de Gouw et al., 2005). These studies highlight re emissions of 5.0 Tgyr* of which 3.2 Tgyr* come from

gional variations in ethanol sources, making it difficult to . ) ! .
determine the global budget solely from the limited set of g]dgstgafl si)urclesbale 1':.3 Tgy‘r fr(l)m biofuels (bl_or_n_alss-
available observations. Here we apply a global model in an erived fuels) globally (O ier et a., 20.03)' Our initial as-
attempt to synthesize and interpret available observations o?es.s”?e”t c.)f t_he geographical d!str|but|on of these et_hanol
ethanol from several regions around the globe. emissions |nd|cgted thgt.they d'q nOF match the regional
ethanol production statistics provided in the Renewable fu-
els Association Ethanol Industry Outlook (2006). For lack
2 Model and experiments of detailed information on how ethanol emissions were com-
piled by Olivier et al. (2003), we updated the spatial distri-
We simulate the global atmospheric distribution of ethanolbution of these emission estimates by first dividing the world
accounting for its estimated sources and sinks in theinto 10 regions and calculating the mean ethanol production
MOZART-4 chemical transport model (Emmons et al., in each region based on the country-wise ethanol produc-
2010). Meteorological fields are from the NCEP Global tion statistics provided in the Renewable fuels Association
Forecast System (GFS) for July 2003 to December 2004 at &thanol Industry Outlook (2006). We then redistributed the
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Fig. 2. Global biogenic emission factors for ethanol atlatitude
x1° longitude resolution in units of pgn? h—1.
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Fig. 1. Annual average emissions (in units of Pomolecules

cm 2 371) of ethanol from different source&) industrial,(b) bio-

fuels, (c) biogenic, andd) biomass burning. where EF is the vegetation-specific emission factor
(mg m~2h~1) for ethanol,y 7 is the temperature dependence
for ethanol emission, angt 5 is the dependence of the

o . ) . emissions on leaf area index. The emission factors (Fig. 2)
POET emissions for each region on the basis of the regiongj,; ethanol are primarily based on the recommendations of

ethanol production statistics keeping the same global total ag; ,enther et al. (2000) except that emissions from coniferous
in the POET emissions (Fig. 1a and b). tress are based on measurements at the ponderosa pine plan-
Laboratory and field measurements suggest that ethanol igation in the Sierra Nevada Mountains of California (Schade
produced from fermentative processes in trees in responsgnd Goldstein, 2001, 2002). The minimal set of measure-
to a number of environmental stresses including flooding,ments results in emission factors that are highly uncertain,
drought, or high levels of pollutant trace gases (for example estimated at a factor of 3. The temperature dependence for
ozone or sulfur dioxide) (Kimmerer and Kozlowski, 1982; ethanol emissions is given byr=exp[8*( Tair - 303)], where
MacDonald and Kimmerer, 1987). For example, labora-g=0.13 (Schade and Goldstein, 2001) ahg is air tem-
tory measurements show enhanced ethanol emissions frorﬁerature_ The dependence of emissions on leaf area index
flooded trees and grasses over those from non-flooded planig given byy a1 =0.49LAl. /[(1+0.2 -LAI 3)05] (Guenther

(Holzinger et al., 2000). Field measurements conducted irgt al., 2006) where LAl is the monthly mean leaf area in-
the Sierra Nevada Mountains show that hlgh levels of ethanOHex_ The dependence of ethanol emissions on root flood-
are emitted from ponderosa pine trees (Schade and Goldng or plant stress is not considered here. With the availabil-
stein, 2001), with elevated emissions after high ozone deijty of more information, the calculation of biogenic ethanol
position fluxes (Schade and Goldstein, 2002). Measurementsmissions has recently been revised to include the depen-
also show that ambient temperature and moisture strongly ingence on light and root flooding in MEGANv2.1 (Millet et
fluence ethanol emissions from ponderosa pine trees (Schadg. 2010). We calculate monthly mean emissions offline us-
and Goldstein, 2001, 2002). However, since field measureing average emission factors (Fig. 2), leaf area index derived
ments are scarce, it is not clear whether all green plant§rom MODIS satellite measurements for 2003, and hourly
emit ethanol by the same mechanism. Furthermore, lack ofjr temperatures from the model surface level. We then ap-
widespread field measurements makes it difficult to devel0pp|y these in the model to obtain an annual global biogenic
models to estimate biogenic ethanol emissions on a globaource of 9.2 Tg yr! shown in Fig. 1c. We expect the lack of
scale. daily variability in biogenic emissions in the model to lead to
Here, we simulate biogenic ethanol emissions using aroverestimates on cool days and underestimate on warm days.
approach that combines the procedures of Guenther dtHowever, this lack of daily variation is unlikely to account
al. (2000) and Guenther et al. (2006) with observations refor the large model biases discussed in Sect. 3.
ported by Schade and Goldstein (2001, 2002). Our emis- giomass burning ethanol emissions are obtained by ap-
sion estimate is meant to provide a first guess about the magsjying ethanol emission factors relative to carbon monoxide
nitude, spatial distribution, and the potential importance Of(CO) for combustion of different types of biomass (Andreae
biogenic ethanol emissions on a global scale. Emissions arg Merlet, 2001) to CO emissions from the POET inven-
calculated as tory except over North America during summer 2004 where
we use a daily emission inventory (Turquety et al., 2007).
Emissior=EF-yr-Y Al » The emission factors range from 1.7-¢80~4 g/g and the
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resulting global total biomass burning ethanol emission isbased on a compilation of measurements of the gas-liquid
0.5Tgyr ! (Fig. 1d). Significant uncertainties exist in the partition coefficient for ethanol (Warneck, 2006). In the
emission factors of ethanol as they have been extrapolatedbsence of information on the dry deposition velocity of
from those of CO (Andreae and Merlet, 2001). We include ethanol, we assume its deposition velocity is the same as that
in our BASE simulation tracers of ethanol tagged by each offor methyl hydroperoxide (global mean velocity over land of
the four emissions sources (industrial, biofuel, biogenic andd.13 cm s1) and because its water-solubility is similar to
biomass burning). that of methanol, we apply a deposition velocity over oceans
Atmospheric production of ethanol occurs via reactions ofequal to that of methanol (global mean velocity of 0.08 cm
the ethyl peroxy radical (§H505; mainly produced fromox-  s~1) (Jacob et al., 2005). Dry deposition and wet scavenging
idation of ethane by OH) with other organic peroxy radicals account for 25% and 10% of the total global loss, respec-
under relatively low NQ (=NO + NOy) conditions. Previous tively.
work estimated this secondary source of ethanol by scaling
the global atmospheric source of methanol based on the at-
mospheric abundances and lifetimes of methane and ethan8, Results and discussion
precursors to methanol and ethanol, respectively (Singh et
al., 2004). We improve upon this earlier methodology by The BASE simulation yields a global mean ethanol burden
explicitly simulating the atmospheric chemistry of ethanol of 0.1 Tg and a mean atmospheric lifetime of 2.8 days (Ta-
including the self-reaction of £450, (Reaction R1) and ble 1). The annual mean boundary layer (0—2 km) concen-
its reaction with the most abundant organic peroxy radical tration of ethanol in the model over continents is 71 pptv
CH30; (Reaction R2): while that over oceans is 11 pptv. Our estimate of the global
source of ethanol (15 Tgyt) is within the previously es-
timated range (8-17 Tgyt) (Singh et al., 2004). Simi-
CoH502 4 CoH50; (R1) lar to the previous source estimate, biogenic emissions ac-
— 1.6CHsCHO+1.2HO, +0.4C,H50H count for the largest fraction of emissions (63%) in our in-
ventory; however, we estimate a larger contribution from an-
thropogenic sources including biofuels (33%), and smaller
contributions from biomass burning (3%) and atmospheric
CoHs502+4 CH30; (R2) production &1%) (Table 1). High ethanol concentrations
— 0.7CH,0+ 0.8CH3CHO-++ HO, 4 0.3CH;OH (200-1600 pptv) are simulated (Fig. 3) over regions with
+ 0.2C,HsOH large emissions from vegetation (North and South America,
Africa) and from anthropogenic sources (North and South

We use the recommended kinetic data in the literature for*Merica, Europe, Asia). Concentrations typically decrease
(R1) (Sander et al., 2006) and (R2) (Villenave and Lesclaux,PY @ factor of 5-10 from the surface to mid-troposphere, re-
1996) and the ethanol yields are as suggested by Madronicﬂecung the importance of surface sources and the short life-
and Calvert (1990). About 99% of the atmospheric sourcelime of ethanol. The simulated ethanol concentration over
of ethanol in the model is from reaction (R2), which primar- the remote oceans is less than 10 pptv with little vertical gra-
ily occurs in the lower (600 hPa to surface) tropical marine di€nt: _ _ _ _
troposphere. Together, these reactions provide a secondagl Large-scale aircraft campaigns and field experiments con-
ethanol source of 0.056 Tgyt in the model, accounting for ucted over the last decade have contributed to our under-

less than 1% of the total source of ethanol. standing of the atmospheric distribution of OVOCs, includ-
ing ethanol. Typical urban mean ethanol concentrations of
2.2 Ethanol sinks 2-3 ppbv (Pittsburgh and Granite Bay) (Millet et al., 2005)

are 1-2 orders of magnitude higher than the 0.05-0.1 ppb
Atmospheric sinks for ethanol in the model include gas- measured in rural (Chebogue Point and Trinidad Head) (Mil-
phase oxidation by the hydroxyl radical (OH), dry deposi- let et al., 2004, 2006) and remote regions (remote Pacific
tion, and wet scavenging. We apply the OH-oxidation reac-Ocean) (Singh et al., 2001). To assess the degree of con-
tion rate constanit =6.9x 10~12 exp—230/I'] recommended  sistency between atmospheric measurements and our under-
by Sander et al. (2002) with an uncertainty~#0% atatem-  standing of the budget of ethanol, we compare the ethanol
perature of 298 K. Gas phase oxidation accounts for aboutoncentrations from our BASE simulation with aircraft and
65% of the atmospheric loss of ethanol (Table 1). Because o$urface measurements. The details of aircraft campaigns and
its capacity to form strong hydrogen bonds, ethanol is highlysurface observations used in this study are provided in Ta-
soluble in water and can therefore be removed by precipi-ble 2. These ethanol measurements are mainly limited to the
tation. Wet deposition is calculated using the temperatureNorth American region, with the exception of two aircraft
dependent effective Henry’s Law coefficient which is taken campaigns. We focus mostly on large-scale aircraft measure-
to be H=(1.94+ 0.13)x 10? exp[(6274+241.6)(11'-1/298)] ments as our global-scale model is not expected to resolve
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Table 2. Aircraft and surface measurements of ethanol used for comparison with model simulated ethanol concentrations. Mean and standard
deviations of observed ethanol mixing ratios with those simulated in the BASE run are given for comparison.

Study Time Location Mean Observed Mix- BASE (ppbv) Reference
ing Ratio (ppbv)

Aircraft Campaigns

PEM-Tropics B Mar-Apr 1999  South Pacific 0.69.03 0.0%0.02 Singh et al. (2001)
TRACE-P Feb—Apr 2001  North Pacific ~ 0.10.24 0.03:0.03 Singh et al. (2004)
INTEX-NA? Jul-Aug 2004  US, Canada 040.70 0.2@:0.12 Singh et al. (2006)
INTEX-B4 Mar 2006 US, Mexico 0.380.30 0.1@0.07 Singh et al. (2009)
Surface stations
Granite Bay, CA Jul-Sep 2001 us 1:00.91 1.04:0.23 Murphy et al. (2007)
Trinidad Head, CA Apr-May 2002 US 0.10.08 0.2@:0.08 Millet et al. (2004)
Pittsburgh, PA Jan-Feb, 2002 US 14B25 1.61£0.60 Millet et al. (2005)
Jul-Aug 2002 3.022.90 1.25:0.34 Millet et al. (2005)
Chebogue Point, Nova Scotia  Jul-Aug 2004  Canada 400107 0.25:0.09 Millet et al. (2006)
Ship Cruises
NEAQS-2K2 Jul-Aug 2002 North Atlantic  0.23.20 0.47%0.33 de Gouw et al. (2005)
NEAQS-2K4 Jul-Aug 2004 North Atlantic  0.320.43 0.440.33 Warneke et al. (2005)

@ Mean observation from surface to 2 km, averaged on to the model grid.
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Fig. 4. Comparison of simulated ethanol concentrations with ob-
0.01 servations from four aircraft field campaigns (below 2 km; PEM-
554 Tropics B over the South Pacific in March—April 1999, TRACE-P
180 120W 60W 0 60E 120E 180 downwind of Asia over the North Pacific in February—April 2001,

INTEX-NA over the eastern United States in July—August 2004
Fig. 3. Simulated annual mean concentration of ethanol near theand INTEX-B over Mexico City and the Gulf of Mexico in March
surface and at 500 mb. 2006), four site-specific ground measurements (Granite Bay, Cali-
fornia in July—September 2001, Trinidad Head, California in April—
May 2002, Pittsburgh, Pennsylvania in July—August and January—
February 2002, and Chebogue Point, Nova Scotia in July-August
urban airsheds and these provide greater spatial coverag@p04), and two ship-based surface measurements (NEAQS along
sampling downwind of Asia and over the remote southernthe northeastern US coast in July—August 2002 and 2004). Observa-
Pacific in addition to North America. The BASE simula- tions are averaged onto the horizontal model grid with a resolution
tion consistently overestimates the ship measurements ovélf 1.9"x1.9°. Surface model concentrations are used for compar-
the North Atlantic (Fig. 4); our tracers tagged by ethanol 'SO" With ship-based and ground measurements, while model con-
sources indicate that industrial emissions are the primam;:entratlons are averaged vertically below 2 km for comparison with
aircraft measurements.
source of ethanol~70%) off the coast of the northeast-
ern US (Fig. 5), suggesting that surface industrial emissions
in the model are probably too high upwind of the mea-
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mBiomass Burning = Biogenic ico (INTEX-B campaign). This decrease is not uniform as
100 ___mBiofuel mindustrial higher values are observed at altitudes above 5km, particu-
e | larly over Mexico City and the Gulf of Mexico because of
. % strong convective influence (Fast et al. 2007). Mean ethanol
g ;g mixing ratios measured downwind of Asia (TRACE-P mis-
£ s0 sion) also decrease with altitude albeit with a small vertical
g 40 gradient. A small reversed vertical gradient in mean ethanol
= Zg concentrations is observed over the remote south Pacific re-
10 gion (PEM-Tropics B mission) with higher values at alti-
0 tudes above 3 km (0.6-0.1 ppbv) than those near the surface
S SSFET T T F&FF &S (0.05 ppbv). The BASE simulation underestimates observed
é\@ QQ,Q +e‘? @_fb 0@ && &@?} g@@ Qé\“‘ @‘9@ {Jog ethanol at all altitudes over North America and downwind of
& & é\“’ S & N S Asia by more than 50% and this underestimate worsens to
MR §$%Q§° & over 100% over the remote southern Pacific. The BASE sim-
& ulation also underestimates ethanol concentrations measured

at the high alpine site Jungfraujoch (Switzerland) (Legreid et
Fig. 5. RercenF contribution from indiyidual ethanpl sources in thg al., 2008) by over 100% (data not shown). As noted in the
BASE simulation for each observational campaign/site shown 'nprevious section, MOZART-4 adequately resolves boundary
Fig. 4. layer ventilation, therefore, this underestimate is unlikely to

reflect a problem with the model vertical mixing. A pos-

sible explanation of the model underestimate of ethanol in
surement cruise track. The BASE simulation also overesinpe boundary layer (Fig 4) could be a model overestimate of
timates surface ethanol concentrations measured at coastglH radical, however, model OH is somewhat lower than the
sites (Trinidad Head, Chebogue Point) while underestimatgy climatology from Spivakovsky et al. (2000), consistent
ing values measured in areas influenced by urban emissiongith the findings of Emmons et al. (2010). Given the short
except in Pittsburgh during winter. Finally, the simula- |ifetime of ethanol, additional continental emissions fail to
tion consistently underestimates aircraft observations in theyjiminate the strong underestimate over the remote regions.
boundary layer and this relative underestimate worsens movThe |ack of an observed vertical gradient in ethanol concen-
ing from North America to remote oceanic regions (off the trations over the ocean also precludes an oceanic source; re-
coast of Asia and over the South Pacific ocean). One coul@ucing the oceanic sink by decreasing the deposition velocity
interpret the model underestimate of aircraft measurementgyer oceans (0.28 to 0.08 cm/s) does not explain the discrep-
over North America and an overestimate of ship observa-ancy. This inability to simulate high observed mixing ratios
tions along the northeastern US coast (described above) g the free troposphere has been shown to occur for acetalde-
a disparity between the two sets of observations. Howeverhyde in another global chemical transport model (Millet et
it is possible to reconcile these comparisons given the dif-3) 2010), indicating a general inconsistency between the ob-
ferent regional coverage of measurements particularly if dif-servations and our understanding of the budget of short-lived
ferent sources contribute to the observed ethanol concentrgp|atile organic compounds.
tions. The aircraft flight tracks cover a much larger ared (60 Current chemistry-transport models are unable to correctly
to 130 West and 24to 52 North) than the ship tracks (87  simulate the relatively high OVOC concentrations, particu-
to 75° West and 41 to 44 North). The tagged tracers in |arly aldehydes and alcohols, observed over remote oceanic
Fig. 5 indicate that industrial and biogenic sources contributqegions (Singh et al., 2001; Lewis et al., 2005). While mea-
equally to the ethanol concentrations sampled by the aircrafsyrements of OVOCs under clean-air conditions in the re-
in the lower troposphere (below 2km) over North America, mote free troposphere are challenging and could be impacted
while industrial sources are the primary source of ethanolby artifacts (Apel et al., 2003, Northway et al., 2004), it has
measured off the northeastern US coast in agreement witReen hypothesized that a large diffuse source of OVOCs ex-
the findings of de Gouw et al. (2005). ists in remote regions that is presently missing in the models

We compare the mean vertical distribution of ethanol (Singh et al., 2001). A potential source is the presence of

from the BASE simulation with observed values from the other hydrocarbons that can oxidize to form OVOCs (Singh
four aircraft campaigns (Fig. 6). Observations and sim-et al., 2001; Lewis et al., 2005). We conduct an additional
ulated concentrations are averaged in 1km bins onto thdlOZART-4 simulation, SYNEOH, with a uniform source of
horizontal model grid for the ensemble of the data. Ob-10 pptv day! ethanol distributed throughout the troposphere
served mean ethanol concentrations decrease by more thg#9.3 Tgyr 1) in an attempt to constrain the magnitude of
a factor of three near the surface (0.37-0.45 pbbv) to 5 knmsecondary production that would be necessary to match the
(0.05-0.11 ppbv) over the eastern United States (INTEX-NAobservations in remote regions. The total source of ethanol
campaign), and over Mexico City and the Gulf of Mex- in the SYNEOH simulation is three times that in the BASE
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INTEX—=NA NASA INTEX—=B NASA OVOC:s, including propanal (5CHO) and peroxy pro-
12T T T30 ] ] pionic nitrate (PPN), are potential precursors of ethanol in
10 ﬂ: 122_3 the atmosphere. As measured abundances of propanal are ap-
= 187 ] proximately an order of magnitude larger than PPN (Singh et
£ 8Hll, 1457 al., 2004), we use propanal as an example OVOC to estimate
o 5 Lo m _ an additional secondary source of ethanol. Propanal oxidizes
3 . 12? ] to produce the propionyl peroxy radical /d5C0Os), which
= 4 1647 can then react with C§D,, other organic peroxy radicals,
k_ 179 ] ] HO,, or NO depending on the relative concentration of these
2 < 297 2_'“ o 81 7 species. Reaction of ££15CO3 with CH30» produces the
8] crrresrwen rrrramrwes mesd QK e v s v PRI ethyl peroxy radical that can then react to produce ethanol
0.0 0.2 0.4 0.6 08 0.0 0.2 0.4 0.6 0.8 1.0 1.2 (via Reaction R2).
TRACE-P PEM—Tropics B
12 @ T T T 2 [ L g TR CoH5CHO+ OH+ (0O2) — CoHsCO3+H20 (R3)
49 § ——e 591
10-_._ 63 7 10 | o 497
— ——— 33 ] —_— 361
£ 8 337 8fF | 577
< _ 52 ] ] 791 CoH5CO3+ CH307 — 0.7CoH50,+ (R4)
§ 6k 357 OfF 437 0.3C;H5CO0OH+0.7C0O, +0.7HO, + 02 + CH0O
~ 52 j — e 36:
z 4 657 4ff Jo— 497
74 ] 4571
21 . 579 2 \j'_' 32]
o'....\..............'.‘.“.‘.E O_L_Il 3 CoH5CO3+HO2 — 0.71GH5COOOH+ (R5)
0.0 0.1 0.2 0.3 0.4  0.000.050.100.15 0.20 0.29GH5COO0H+0.710; +0.2903
ethanol ppbv ethanol ppbv
BASE CoH5CO3+NO(4+0) — CoH502, +NO2 +COy (R6)
——  STNEOH CoH502+NO — CHsCHO+HO, +NO; (R7)
Fig. 6. Mean simulated and observed vertical profiles of ethanol C,H50, +HO, — CoH50O0H+ O, (R8)

from four aircraft field campaigns (PEM-Tropics B over the South

Pacific in March—April 1999, TRACE-P downwind of Asia over the The ethanol production rate from the above sequence
North Pacific in February—April 2001, INTEX-NA over the eastern of chemical reactions is given by (CoHs0H)=0.2k,
United States in July—August 2004 and INTEX-B over Mexico City [c,H:0,][CH30,]. The GHsOH production from the

and the Gulf of Mexico in March 2006; black, standard deviations <o ¢ o4 ction is two orders of magnitude smaller and there-
in horizontal lines). Observations and modeled values are average?

in 1 km bins onto the horizontal model grid. Note the different x- I_Ore negl!gltl)le. Since Q—|502ha!’1d GH5COs .are short-
axis scales in each panel. ived radicals, we assume their concentrations to be at

steady state. The ethanol production rate is then given by
P(CoHsOH)=0.2 xk3 x fx [C2HsCHOJ[OH], where
simulation, while the burden is increased by a factor of sixf ko[CH305]
(Table 1). Additional ethanol at higher altitudes where the f =
oxidative loss is slow leads to an increased globally averaged kalCH302] + ks[HO2] + kg[NO]
ethanol lifetime (a factor of two higher than that in the BASE 0.7k4[CH305]+ kg[NO]
simulfition). The SYNEOH simulation. does r_10t eliminate Xk2[CH302]+k7[NO]+k8[H02]
the disagreement with the North American ship and ground
measurements but improves the large mismatch with aircraft We obtain the values of rate constahgs k4, ks, andke
measurements, to-al5% bias over the remote southern Pa- from the Master Chemical Mechanisintip://mcm.leeds.ac.
cific, and a—25% bias downwind of Asia (Fig. 4). Likewise, UK/MCM), and k2, k7, and kg from Sander et al. (2006).
the vertical distribution of ethanol in SYNEOH agrees bet- Applying the rate constants at 298K for average atmo-
ter with those observed over the remote southern Pacific angpheric conditions with [ChD,]=[HO,]=1x10® molecules
downwind of Asia (Fig. 6). This could indicate that direct cm—3 and [NO]=2.5<10® molecules cm® leads to an
emission of ethanol is the dominant source of ethanol oveestimated f=0.005. Assuming a mean OH concentra-
populated continental areas, while secondary production i¢ion of 1.0x 10P molecules cm?® (Spivakovsky et al., 2000),
the major source in remote regions where,N©sufficiently =~ mean background tropospheriglisCHO concentration of
low to allow ethanol production. 9.8x 10° molecules cm® (measured off the coast of Asia),
and k3 =1.9x10°11 at 298K, yields an estimated ethanol
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source of up to 0.1 pptv day equivalent to a global source losses of ethanol. Additional direct measurements of bio-
of approximately 0.3 Tgyrl. Additionally, propanal can genic ethanol fluxes from a variety of ecosystems will im-
photolyze and react with N§Xo provide another source of prove confidence in the estimated biogenic source.

ethyl peroxy radical which can then produce ethanol via Re-

action(R2): Acknowledgementsie thank Michael Oppenheimer for helpful
discussions and Erin Czech for providing INTEX-B data. We
CoH5CHO+hy — CyH50,+HO,+CO (R9) are grateful to Hiram Levy and Song-Miao Fan for reviewing an
earlier version of this manuscript. V. Naik was supported by the
CoHsCHO+NO3 — CoH5CO3+HNO3 (R10) Carbon Mitigation Initiative (CMI) of the Princeton Environmental
Institute at Princeton Universityh{tp://cmi.princeton.eduwhich
CoH5CO3+ NO3 — CoH502+NO2 (R11) is sponsored by BP and Ford, and the visiting scientist program in

Atmospheric and Oceanic Sciences at Princeton and NOAA/GFDL.
Including these reactions in the above mechanism adds up
to 0.1 pptvday?! to the ethanol source from propanal. We Edited by: M. Kanakidou
note, however, that our calculation depends on the observed
value of propanal, which is difficult to measure accurately at
low free tropospheric concentrations. References
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