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Abstract

Energy security and climate change concerns have led to the promotion of biomass-
derived ethanol, an oxygenated volatile organic compound (OVOC), as a substitute for
fossil fuels. Although ethanol is ubiquitous in the troposphere, our knowledge of its
current atmospheric budget and distribution is limited. Here, for the first time we use a5

global chemical transport model in conjunction with atmospheric observations to place
constraints on the ethanol budget, noting that additional measurements of ethanol (and
its precursors) are still needed to enhance confidence in our estimated budget. Global
sources of ethanol in the model include 5.0 Tg yr−1 from industrial sources and biofuels,
9.2 Tg yr−1 from terrestrial plants, ∼0.5 Tg yr−1 from biomass burning, and 0.05 Tg yr−1

10

from atmospheric reactions of the ethyl peroxide radical (C2H5O2) with itself and with
the methyl peroxide radical (CH3O2). The resulting atmospheric lifetime of ethanol in
the model is 2.8 days. Gas-phase oxidation by hydroxyl radical (OH) is the primary
global sink of ethanol in the model (65%), followed by dry deposition to land (25%),
and wet deposition (10%). Over continental areas, ethanol concentrations predom-15

inantly reflect direct anthropogenic and biogenic emission sources. Uncertainty in
the biogenic ethanol emissions estimated at a factor of three may contribute to the
50% model underestimate of observations in the North American boundary layer. Fur-
thermore, current levels of ethanol measured in remote atmospheres are an order of
magnitude larger than those explained by surface sources or by in-situ atmospheric20

production from observed precursor hydrocarbons in the model, suggesting a major
gap in understanding. Stronger constraints on the budget and distribution of ethanol
and other VOCs are a critical step towards assessing the impacts of increasing use of
ethanol as a fuel.
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1 Introduction

The use of bio-ethanol (ethanol derived from biomass) is currently being promoted
as a renewable fuel that will alleviate dependence on fossil fuels and combat global
warming. Future increases in ethanol emissions may impact the oxidizing capacity
and the ozone-forming potential of the atmosphere (Singh et al., 2001). High levels5

of ethanol have been measured in the boundary layer in urban (ranging from 0.4 to
240 ppbv) (Grosjean et al., 1998; Nguyen et al., 2001; Millet et al., 2005), rural (0.04–
0.4 ppbv) (Millet et al., 2004, 2006), and remote (0.02–0.2 ppbv) (Singh et al., 2001)
atmospheres. While ethanol-gasoline blended fuels have been advocated for reducing
carbon monoxide emissions (Poulopoulos et al., 2001), their combustion also increases10

ambient levels of acetaldehyde and peroxyacetyl nitrate (PAN) (Tanner et al., 1988;
Knapp et al., 1998; Jacobson, 2007), both of which are toxic and contribute to ozone
pollution. Ethanol may also act as a precursor to secondary aerosols (Blando and
Turpin, 2000). A robust understanding of regional and global budgets of ethanol is
necessary to evaluate the air quality and climate impacts of projected future increases15

in ethanol emissions.
A preliminary analysis of the global ethanol sources based on aircraft measurements

in March–April 2001 over the North Pacific off the coast of Asia suggests that bio-
genic emissions (calculated as a residual after subtracting other sources from the total
estimated global ethanol source) are the largest contributors to ethanol abundances,20

followed by equal contributions from anthropogenic emissions, biomass burning, and
atmospheric production (Singh et al., 2004) (Table 1). In contrast, measurements off
the coast of New England in July–August 2002 suggest that the ethanol source is
largely anthropogenic with a small biogenic source but no secondary source from at-
mospheric production (de Gouw et al., 2005). These studies highlight uncertainties25

in our understanding of the contribution of each source of ethanol to its global atmo-
spheric distribution. Here we apply a global model in an attempt to synthesize and
interpret available observations of ethanol from several regions around the globe.
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2 Model and experiments

We simulate the global atmospheric distribution of ethanol accounting for its estimated
sources and sinks in the MOZART-4 chemical transport model (Emmons et al., 2009).
Meteorological fields are from the NCEP Global Forecast System (GFS) for July 2003
to December 2004 at a horizontal resolution of 1.9◦ latitude×1.9◦ longitude with 645

vertical levels; the first six months of the simulations are used for model spin-up and
results are analyzed for the final year. A previous simulation of MOZART-4 with a sim-
ilar configuration was evaluated with aircraft measurements of ozone and its precur-
sors over the Northeastern United States in summer 2004 during the Intercontinental
Chemical Transport Experiment – North America (INTEX-NA) and was found to resolve10

boundary layer ventilation as indicated by the model skill at capturing the observed
campaign-mean vertical profiles of carbon monoxide, ethane, and other hydrocarbons
(Horowitz et al., 2007). In the BASE simulation, we use the POET emission inventory
for the year 2000, which includes anthropogenic ethanol emissions of 5.0 Tg yr−1 of
which 3.2 Tg yr−1 come from industrial sources and 1.8 Tg yr−1 from biofuels (biomass-15

derived fuels used for transportation) globally (Olivier et al., 2003). We updated the
spatial distribution of these emission estimates by first dividing the world into 10 regions
and calculating the mean ethanol production in each region based on the country-wise
ethanol production statistics provided in the Renewable fuels Association Ethanol In-
dustry Outlook (2006). We then scaled the POET emissions for each region with re-20

spect to the regional production assuming that 10% of the ethanol produced is emitted
into the atmosphere (Fig. 1a and 1b). We directly simulate the spatial and temporal
distribution of biogenic emissions as a function of vegetation-specific emission fac-
tors, temperature, and leaf area index, following the approach described by Guenther
et al. (2000, 2006):25

Emission=EF×γT ×γLAI (1)

where EF is the vegetation-specific emission factor (mg m−2 hr−1) for ethanol, γT
is the temperature dependence for ethanol emission, and γLAI is the dependence
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of the emissions on leaf area index (see supplementary information: http://www.
atmos-chem-phys-discuss.net/10/925/2010/acpd-10-925-2010-supplement.pdf). We
calculate monthly mean emissions offline using average emission factors, leaf
area index and hourly air temperatures, and apply them in the model to
obtain an annual global biogenic source of 9.2 Tg yr−1 shown in Fig. 1c.5

This estimate is uncertain by more than a factor of three as the emis-
sion factors are based on measurements in one ecosystem applied glob-
ally (see supplementary information http://www.atmos-chem-phys-discuss.net/10/925/
2010/acpd-10-925-2010-supplement.pdf). Biomass burning emissions of 0.5 Tg yr−1

are also from the POET inventory (Fig. 1d) except over North America during summer10

2004 where we use a daily emission inventory (Turquety et al., 2007). Biomass burning
ethanol emissions in both inventories are obtained by applying ethanol emission ratios
with respect to carbon monoxide for combustion of different types of biomass (Andreae
and Merlet, 2001). We include in our BASE simulation tracers of ethanol tagged by
each of the four emissions sources (industrial, biofuel, biogenic and biomass burning).15

Atmospheric production of ethanol occurs via reactions of the ethyl peroxide radical
(C2H5O2; produced from oxidation of ethane by OH) with other organic peroxy radicals
under relatively low NOx (=NO+NO2) conditions. Previous work estimated this sec-
ondary source of ethanol by scaling the global atmospheric source of methanol based
on the atmospheric abundances and lifetimes of methane and ethane, precursors to20

methanol and ethanol, respectively (Singh et al., 2004). We improve upon this earlier
methodology by explicitly simulating the atmospheric chemistry of ethanol including the
self reaction of C2H5O2 Reaction (R1) and its reaction with the most abundant organic
peroxy radical, methyl peroxide (CH3O2) Reaction (R2):

C2H5O2+C2H5O2 →1.6CH3CHO+1.2HO2+0.4C2H5OH (R1)25

C2H5O2+CH3O2 →0.7CH2O+0.8CH3CHO+HO2+0.3CH3OH+0.2C2H5OH (R2)

We use the recommended kinetic data in the literature for Reactions (R1) (Sander
et al., 2006) and (R2) (Villenave and Lesclaux, 1996) and the ethanol yields are as
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suggested by Madronich and Calvert (1990). About 99% of the atmospheric source of
ethanol in the model is from Reaction (R2), which primarily occurs in the lower (600 hPa
to surface) tropical marine troposphere. Together, these reactions provide a secondary
ethanol source of 0.056 Tg yr−1 in the model, accounting for less than 1% of the total
source of ethanol.5

Atmospheric sinks for ethanol in the model include gas-phase oxidation by the
hydroxyl radical (OH), dry deposition, and wet scavenging. We apply the OH-
oxidation reaction rate constant k=6.9×10−12 exp [−230/T ] recommended by Sander
et al. (2002) with an uncertainty of ∼20% at a temperature of 298 K. Gas phase ox-
idation accounts for about 65% of the atmospheric loss of ethanol (Table 1). Be-10

cause of its capacity to form strong hydrogen bonds, ethanol is highly soluble in wa-
ter and can therefore be removed by precipitation. Wet deposition is calculated us-
ing the temperature-dependent effective Henry’s Law coefficient which is taken to be
H=(1.94±0.13)×102 exp[(6274±241.6)(1/T−1/298)] based on a compilation of mea-
surements of the gas-liquid partition coefficient for ethanol (Warneck, 2006). In the15

absence of information on the dry deposition velocity of ethanol, we assume its depo-
sition velocity is the same as that for methyl hydroperoxide (global mean velocity over
land of 0.13 cm s−1) and because its water-solubility is similar to that of methanol, we
apply a deposition velocity over oceans equal to that of methanol (global mean velocity
of 0.08 cm s−1) (Jacob et al., 2005). Dry deposition and wet scavenging account for20

25%, and 10% of the total global loss, respectively.

3 Results and discussion

The BASE simulation yields a global mean ethanol burden of 0.1 Tg and a mean atmo-
spheric lifetime of 2.8 days (Table 1). The global annual mean boundary layer (0–2 km)
concentration of ethanol in the model is 33 pptv. Our estimate of the global source25

of ethanol (15 Tg yr−1) is within the previously estimated range (8–17 Tg yr−1) (Singh
et al., 2004). Similar to the previous source estimate, biogenic emissions account for
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the largest fraction of emissions (63%) in our inventory; however, we estimate larger
contributions from anthropogenic sources including biofuels (34%), and smaller contri-
butions from biomass burning (3%) and atmospheric production (<1%) (Table 1). High
ethanol concentrations (200–1600 pptv) are simulated (Fig. 2) over regions with high
emissions from vegetation (North and South America, Africa) and from anthropogenic5

sources (North and South America, Europe, Asia). Concentrations typically decrease
by a factor of 5–10 from the surface to mid troposphere, reflecting the importance of
surface sources and the short lifetime of ethanol. The simulated ethanol concentration
over the remote oceans is less than 10 pptv with little vertical gradient.

Large-scale aircraft campaigns and field experiments conducted over the last decade10

have contributed to our understanding of the atmospheric distribution of OVOCs, includ-
ing ethanol. Typical urban mean ethanol concentrations of 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 measured in rural (Chebogue Point and Trinidad Head) (Millet et al., 2004,
2006) and remote regions (remote Pacific Ocean) (Singh et al., 2001). To assess15

the degree of consistency between atmospheric measurements and our understand-
ing of the sources and sinks of ethanol, we compare the ethanol concentrations from
our BASE simulation with mean observed values below 2 km from four aircraft field
campaigns (Singh et al., 2001, 2004, 2006, 2009), two ship-based surface measure-
ment campaigns (de Gouw et al., 2005; Warneke et al., 2005), and four site-specific20

ground measurement stations (Millet et al., 2004, 2005, 2006) (Fig. 3). These ethanol
measurements are mainly limited to the North American region, with the exception
of two aircraft campaigns. We focus mostly on large-scale aircraft measurements as
our global-scale model is not expected to resolve urban airsheds and these provide
greater spatial coverage, sampling downwind of Asia and over the remote southern25

Pacific in addition to North America. The BASE simulation consistently overestimates
the ship measurements; our tracers tagged by ethanol sources indicate that industrial
emissions are the primary source of ethanol (∼70%) off the coast of the Northeastern
US, suggesting that surface industrial emissions in the model are probably too high
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upwind of the measurement cruise track. The BASE simulation also overestimates
surface ethanol concentrations measured at coastal sites (Trinidad Head, Chebogue
Point) while underestimating values measured in areas influenced by urban emissions,
except in Pittsburgh during winter. Finally, the simulation consistently underestimates
aircraft observations in the boundary layer and this underestimate worsens moving5

from North America to remote oceanic regions (off the coast of Asia and over the South
Pacific ocean). The model underestimate of aircraft measurements over North Amer-
ica is not necessarily inconsistent with the overestimate of ship observations along the
Northeastern US coast. The aircraft flight tracks cover a much larger area than the ship
tracks. In contrast to the ship data, the tagged tracers indicate that industrial and bio-10

genic sources contribute equally to the ethanol concentrations sampled by the aircraft
in the lower troposphere (below 2 km) over North America.

We compare the mean vertical distribution of ethanol from the BASE simulation with
observed values from the four aircraft campaigns (Fig. 4). Observations and simulated
concentrations are averaged in 1 km bins onto the horizontal model grid for the ensem-15

ble of the data. Observed mean ethanol concentrations decrease by more than a factor
of three near the surface (0.37–0.45 pbbv) to 5 km (0.05–0.11 ppbv) over the Eastern
United States (INTEX-NA campaign), and over Mexico City and the Gulf of Mexico
(INTEX-B campaign). This decrease is not uniform as higher values are observed at
altitudes above 5 km, particularly over Mexico City and the Gulf of Mexico because of20

strong convective influence. Mean ethanol mixing ratios measured downwind of Asia
(TRACE-P mission) also decrease with altitude albeit with a small vertical gradient.
A small reversed vertical gradient in mean ethanol concentrations is observed over the
remote south Pacific region (PEM-Tropics B mission) with higher values at altitudes
above 3 km (0.6–0.1 ppbv) than those near the surface (0.05 ppbv). The BASE simu-25

lation underestimates observed ethanol at all altitudes over North America and down-
wind of Asia by more than 50% and this underestimate worsens to over 100% over
the remote southern Pacific. The BASE simulation also underestimates ethanol con-
centrations measured at the high alpine site Jungfraujoch (Switzerland) (Legreid et al.,
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2008) by over 100% (data not shown). As noted in the previous section, MOZART-4
adequately resolves boundary layer ventilation, therefore, this underestimate is unique
to ethanol, and is thus unlikely to reflect a problem with the model vertical mixing.
A possible explanation of the model underestimate of ethanol in the boundary layer
could be a model overestimate of OH radical, however, OH is somewhat lower than the5

OH distribution of Spivakovsky et al. (2000), consistent with the findings of Emmons
et al. (2009). Given the short lifetime of ethanol, additional continental emissions fail to
eliminate the strong underestimate over the remote regions. The lack of an observed
vertical gradient in ethanol concentrations over the ocean also precludes an oceanic
source; reducing the oceanic sink by decreasing the deposition velocity over oceans10

(0.28 to 0.08 cm/s) does not explain the discrepancy. This inability to simulate high ob-
served mixing ratios in the free troposphere has been shown to occur for acetaldehyde
in another global chemical transport model (Millet et al., 2009), indicating a general
inconsistency between the observations and our understanding of the budget of short-
lived volatile organic compounds.15

Current chemistry-transport models are unable to correctly simulate the relatively
high OVOC concentrations, particularly aldehydes and alcohols, observed over the re-
mote oceanic regions (Singh et al., 2001; Lewis et al., 2005). While measurements
of OVOCs under clean-air conditions in the remote free troposphere are challenging
and could be impacted by artifacts (Apel et al., 2003; Northway et al., 2004), it has20

been hypothesized that a large diffuse source of OVOCs exists in remote regions that
is presently missing in the models (Singh et al., 2001). A potential source is the pres-
ence of other hydrocarbons that can oxidize to form OVOCs (Singh et al., 2001; Lewis
et al., 2005). We conduct an additional MOZART-4 simulation, SYNEOH, with a uniform
source of 10 pptv d−1 ethanol distributed throughout the troposphere (29.3 Tg yr−1) in25

an attempt to constrain the magnitude of secondary production that would be neces-
sary to match the observations in remote regions. The total source of ethanol in the
SYNEOH simulation is three times that in the BASE simulation, while the burden is
increased by a factor of six. Additional ethanol at higher altitudes where the oxidative
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loss is slow leads to an increased ethanol lifetime (a factor of two higher than that in
the BASE simulation). The SYNEOH simulation does not eliminate the disagreement
with the North American ship and ground measurements but improves the large mis-
match with aircraft measurements, to a −15% bias over the remote southern Pacific,
and a −25% bias downwind of Asia (Fig. 3). Likewise, vertical distribution of ethanol5

in SYNEOH agrees better with those observed over the remote southern Pacific and
downwind of Asia (Fig. 4). This could indicate that direct emission of ethanol is the
dominant source of ethanol over populated continental areas, while secondary produc-
tion is the major source in remote regions where NOx is sufficiently low to allow ethanol
production.10

OVOCs, including propanal (C2H5CHO) and peroxy propionic nitrate (PPN), are po-
tential precursors of ethanol in the atmosphere. As measured abundances of propanal
are approximately an order of magnitude larger than PPN (Singh et al., 2004), we use
propanal as an example OVOC to estimate an additional secondary source of ethanol.
Propanal oxidizes to produce the peroxy propionic radical (C2H5CO3), which can then15

react with CH3O2, other organic peroxy organic radicals, HO2, or NO depending on
the relative concentration of these species (see supplementary information http://www.
atmos-chem-phys-discuss.net/10/925/2010/acpd-10-925-2010-supplement.pdf). Re-
action of C2H5CO3 with CH3O2 produces the ethyl peroxy radical that can then react
to produce ethanol (via R2). Assuming a mean background tropospheric propanal20

concentration of 9.8×108 molecules cm−3 (measured off the coast of Asia by Singh
et al., 2004), we estimate that ethanol source from propanal is roughly 0.1 pptv d−1

or 0.3 Tg yr−1 (see supplementary information http://www.atmos-chem-phys-discuss.
net/10/925/2010/acpd-10-925-2010-supplement.pdf). Including additional sources of
ethanol from propanal photolysis and reaction with NO3 add only a small amount (up25

to 0.1 pptv d−1) to the ethanol source from propanal. Thus, secondary atmospheric
production of ethanol from measured precursor hydrocarbons is unlikely to explain the
ethanol concentrations observed in remote environments. Further research is there-
fore needed to fully explore the sources of atmospheric ethanol including the possibility
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of sources from aqueous-phase chemistry.

4 Conclusions

Ethanol plays an important role in global tropospheric chemistry; oxidation of ethanol
is an important source of acetaldehyde, a highly toxic pollutant and an OVOC for which
the budget remains poorly quantified (Singh et al., 2001, 2004). Better constraints on5

the present-day ethanol budget are essential for evaluating the impacts of future in-
creases in the use of biomass-derived ethanol. We have used available observations
in conjunction with a global CTM to examine the global budget of ethanol. In compar-
ison with the previously estimated range of 8–17 Tg yr−1 (Singh et al., 2004) for the
global source of ethanol, our best estimate is 15.0 Tg yr−1 including 5.0 Tg yr−1 from10

industrial sources and biofuels, 9.2 Tg yr−1 from terrestrial plants, ∼0.5 Tg yr−1 from
biomass burning, and 0.05 Tg yr−1 from atmospheric in-situ production. Our model
yields a global mean atmospheric lifetime for ethanol of 2.8 d, with 65% of the to-
tal loss resulting from gas-phase oxidation by OH, 25% from dry deposition to land,
and 10% from wet deposition. Our analysis suggests that while surface emissions of15

ethanol are important for continental areas, neither surface sources nor atmospheric
production from measured precursor hydrocarbons explain the ethanol concentrations
measured in remote oceanic regions where simulated ethanol concentration is an or-
der of magnitude too low. Further work is needed to understand the large remote
oceanic abundance of ethanol and to better constrain the global ethanol budget and20

distribution. Specifically, better and wider spatial sampling of atmospheric ethanol and
its precursors is needed. Laboratory studies should explore the aqueous-phase pro-
duction of ethanol. Observation-based estimates of the ethanol deposition velocity are
also needed for improved modeling of atmospheric losses of ethanol. Additional direct
measurements of biogenic ethanol fluxes from a variety of ecosystems will improve25

confidence in the estimated biogenic source.
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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 yr−1)
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 0.056 (<1%) 0.056 (<1%) 2 (16.6%)
Missing Source 29.3 (66%)
Total Source 14.7 44.0 12.0
Sinks (Tg yr−1)
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 0.12a

Atmospheric Lifetime (d) 2.8 5.7 ∼3.5

a Estimated as total source multiplied by the atmospheric lifetime.
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Figure 1. Annual average emissions (in units of 10
10

 molecules cm
-2

 s
-1

) of ethanol from different 1 

sources: a) industrial, b) biofuels, c) biogenic, and d) biomass burning. 2 

 3 

4 Fig. 1. Annual average emissions (in units of 1010 molecules cm−2 s−1) of ethanol from different
sources: (a) industrial, (b) biofuels, (c) biogenic, and (d) biomass burning.

942



 20 

Figure. 2. Simulated annual mean concentration of ethanol near the surface and at 500 mb.  1 
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Fig. 2. Simulated annual mean concentration of ethanol near the surface and at 500 mb.
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 21 

Figure. 3. Comparison of simulated ethanol concentrations with observations from four aircraft 1 

field campaigns (below 2 km; PEMT-B over the South Pacific in February-March 1999, 2 

TRACE-P downwind of Asia over the North Pacific in March-April 2001, INTEX-NA over the 3 

eastern United States in July-August 2004 and INTEX-B over Mexico City and the Gulf of 4 

Mexico in March 2006), four site-specific ground measurements (Granite Bay, California in 5 

July-September 2001, Trinidad Head, California in April-May 2002, Pittsburgh, Pennsylvania in 6 

July-August and January-February 2002, and Chebogue Point, Nova Scotia in July-August 7 

2004), and two ship-based surface measurements (NEAQS along the northeastern US coast in 8 

July-August 2002 and 2004). Observations are averaged onto the horizontal model grid with a 9 

resolution of 1.9° x 1.9°. Surface model concentrations are used for comparison with ship-based 10 

and ground measurements, while model concentrations are averaged vertically below 2 km for 11 

comparison with aircraft measurements.  12 
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 23 Fig. 3. Comparison of simulated ethanol concentrations with observations from four aircraft
field campaigns (below 2 km; PEMT-B over the South Pacific in February–March 1999, TRACE-
P downwind of Asia over the North Pacific in March–April 2001, INTEX-NA over the East-
ern United States in July–August 2004 and INTEX-B over Mexico City and the Gulf of Mex-
ico in March 2006), four site-specific ground measurements (Granite Bay, California 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
2004), and two ship-based surface measurements (NEAQS along the Northeastern US coast
in July–August 2002 and 2004). Observations are averaged onto the horizontal model grid with
a resolution of 1.9◦×1.9◦. Surface model concentrations are used for comparison with ship-
based and ground measurements, while model concentrations are averaged vertically below
2 km for comparison with aircraft measurements.
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 22 

Figure. 4. Mean model simulated and observed vertical profile of ethanol from four aircraft field 1 

campaigns (PEMT-B over the South Pacific in February-March 1999, TRACE-P downwind of 2 

Asia over the North Pacific in March-April 2001, INTEX-NA over the eastern United States in 3 

July-August 2004 and INTEX-B over Mexico City and the Gulf of Mexico in March 2006; 4 

black, standard deviations in horizontal lines). Observations and modeled values are averaged in 5 

1 km bins onto the horizontal model grid. Note the different x-axis scales in each panel. 6 

 7 

Fig. 4. Mean model simulated and observed vertical profile of ethanol from four aircraft field
campaigns (PEMT-B over the South Pacific in February–March 1999, TRACE-P downwind of
Asia over the North Pacific in March–April 2001, INTEX-NA over the Eastern United States in
July–August 2004 and INTEX-B over Mexico City and the Gulf of Mexico in March 2006; black,
standard deviations in horizontal lines). Observations and modeled values are averaged in
1 km bins onto the horizontal model grid. Note the different x-axis scales in each panel.
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