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Abstract. We construct a global atmospheric budget for

acetaldehyde using a 3-D model of atmospheric chemistry

(GEOS-Chem), and use an ensemble of observations to eval-

uate present understanding of its sources and sinks. Hydro-

carbon oxidation provides the largest acetaldehyde source in

the model (128 Tg a−1, a factor of 4 greater than the previ-

ous estimate), with alkanes, alkenes, and ethanol the main

precursors. There is also a minor source from isoprene oxi-

dation. We use an updated chemical mechanism for GEOS-

Chem, and photochemical acetaldehyde yields are consis-

tent with the Master Chemical Mechanism. We present a

new approach to quantifying the acetaldehyde air-sea flux

based on the global distribution of light absorption due to col-

ored dissolved organic matter (CDOM) derived from satellite

ocean color observations. The resulting net ocean emission

is 57 Tg a−1, the second largest global source of acetalde-

hyde. A key uncertainty is the acetaldehyde turnover time

in the ocean mixed layer, with quantitative model evalua-

tion over the ocean complicated by known measurement ar-

tifacts in clean air. Simulated concentrations in surface air

over the ocean generally agree well with aircraft measure-

ments, though the model tends to overestimate the vertical

gradient. PAN:NOx ratios are well-simulated in the ma-

rine boundary layer, providing some support for the modeled

ocean source. We introduce the Model of Emissions of Gases
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(dbm@umn.edu)

and Aerosols from Nature (MEGANv2.1) for acetaldehyde

and ethanol and use it to quantify their net flux from liv-

ing terrestrial plants. Including emissions from decaying

plants the total direct acetaldehyde source from the land bio-

sphere is 23 Tg a−1. Other terrestrial acetaldehyde sources

include biomass burning (3 Tg a−1) and anthropogenic emis-

sions (2 Tg a−1). Simulated concentrations in the continental

boundary layer are generally unbiased and capture the spatial

gradients seen in observations over North America, Europe,

and tropical South America. However, the model underes-

timates acetaldehyde levels in urban outflow, suggesting a

missing source in polluted air. Ubiquitous high measured

concentrations in the free troposphere are not captured by the

model, and based on present understanding are not consistent

with concurrent measurements of PAN and NOx: we find no

compelling evidence for a widespread missing acetaldehyde

source in the free troposphere. We estimate the current US

source of ethanol and acetaldehyde (primary + secondary) at

1.3 Tg a−1 and 7.8 Tg a−1, approximately 60% and 480% of

the corresponding increases expected for a national transition

from gasoline to ethanol fuel.

1 Introduction and background

Acetaldehyde (CH3CHO) plays an important role in the at-

mosphere as a source of ozone (O3), peroxyacetyl nitrate

(PAN) (Roberts, 1990) and HOx radicals (Singh et al., 1995),
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and is classified as a hazardous air pollutant by the US EPA

(EPA, 1994). Sources of atmospheric acetaldehyde, which

include photochemical production as well as direct anthro-

pogenic and natural emissions, are poorly understood (Singh

et al., 2004). Here we present the first focused 3-D model

analysis of the global acetaldehyde budget, and interpret re-

cent aircraft and surface measurements in terms of their im-

plications for current understanding of acetaldehyde sources

and sinks.

The largest source of atmospheric acetaldehyde is thought

to be photochemical degradation of volatile organic com-

pounds (VOCs) such as >C1 alkanes and >C2 alkenes

(Atkinson et al., 2006). We also examine here to what extent

oxidation of isoprene (C5H8) and ethanol (C2H5OH) con-

tributes to the acetaldehyde budget. Ethanol is of particu-

lar interest as a renewable alternative to fossil fuel. Since

ethanol combustion emissions consist largely of unburned

ethanol itself (Black, 1991; Jacobson, 2007) which is sub-

sequently oxidized to acetaldehyde, quantifying existing ac-

etaldehyde sources is key for predicting air quality outcomes

of increased ethanol fuel use (Hill et al., 2006, 2009; Jacob-

son, 2007). Later we will gauge the projected acetaldehyde

increase for a US transition to ethanol fuel in relation to its

current sources.

In addition to photochemical production, acetaldehyde is

emitted directly to the atmosphere by terrestrial plants, as a

result of fermentation reactions leading to ethanol produc-

tion in leaves and roots (Kreuzwieser et al., 1999; Fall, 2003;

Cojocariu et al., 2004; Jardine et al., 2008; Rottenberger et

al., 2008; Winters et al., 2009). Within leaves, acetaldehyde

can also be enzymatically oxidized to acetate and metaboli-

cally consumed (Fall, 2003), and as a result exchange with

the atmosphere is bi-directional, with the net flux determined

by temperature and light levels, by the ambient acetaldehyde

concentration, and by stomatal conductance (Kesselmeier,

2001; Schade and Goldstein, 2001; Jardine et al., 2008; Win-

ters et al., 2009). It will be shown in this study that bio-

genic emissions are the dominant direct terrestrial source of

atmospheric acetaldehyde, but are small relative to secondary

photochemical production.

Direct emissions of acetaldehyde also occur during urban

and industrial activities, mainly as a by-product of combus-

tion (EPA, 2007; Ban-Weiss et al., 2008; Zavala et al., 2009),

and from its production and use as a chemical intermediate

(EPA, 1994). Other direct sources of atmospheric acetalde-

hyde include biomass and biofuel burning (Holzinger et al.,

1999; Zhang and Smith, 1999; Andreae and Merlet, 2001;

Christian et al., 2003; Greenberg et al., 2006; Karl et al.,

2007; Yokelson et al., 2008) and decaying plant matter (Kirs-

tine et al., 1998; de Gouw et al., 1999; Warneke et al., 1999;

Schade and Goldstein, 2001; Karl et al., 2005b).

Acetaldehyde is produced in surface waters from photo-

degradation of colored dissolved organic matter (Kieber et

al., 1990; Zhou and Mopper, 1997), and subsequently emit-

ted to the atmosphere (Singh et al., 2003; Sinha et al., 2007;

Colomb et al., 2009). Singh et al. (2001, 2004) suggested that

high acetaldehyde concentrations measured over the Pacific

during the TRACE-P and PEM-Tropics B aircraft missions

might be explained by a large ocean source. However, the

likelihood of this is unclear, since the TRACE-P and PEM-

Tropics B measurements above the marine boundary layer

(MBL) appear inconsistent with concurrent measurements of

PAN and NOx (NOx≡NO + NO2) (Staudt et al., 2003; Singh

et al., 2004), and it is suspected that acetaldehyde can be

produced artificially on Teflon inlet tubing (Northway et al.,

2004). As a result, it is not known whether oceanic emissions

are an important source of atmospheric acetaldehyde, or even

whether the global ocean is a net source or sink. Here we

present new constraints on this problem using satellite data,

and infer that the ocean is a significant net source of atmo-

spheric acetaldehyde.

The principal sink of atmospheric acetaldehyde appears to

be reaction with OH, giving an atmospheric lifetime on the

order of one day (Atkinson et al., 2006). Other sinks include

photolysis (Sander et al., 2006) and wet and dry deposition

(Warneke et al., 2002; Karl et al., 2004; Custer and Schade,

2007).

In this paper we use a 3-D chemical transport model

(GEOS-Chem CTM) to develop the first detailed global bud-

get for atmospheric acetaldehyde, and use atmospheric ob-

servations to test the model representation of sources and

sinks. Detailed studies of acetaldehyde measurement arti-

facts by Northway et al. (2004) and Apel et al. (2003), and a

large-scale blind intercomparison study by Apel et al. (2008),

concluded that measurement artifacts for this compound gen-

erally manifest as a background problem most significant in

clean background air. For that reason, we focus our compar-

isons mainly on the continental boundary layer and continen-

tal outflow, where measured concentrations are elevated and

correlate well with other continental tracers. We also eval-

uate the model-measurement comparisons in terms of con-

sistency with other chemical measurements (PAN, NOx) and

current mechanistic understanding.

2 Model description

2.1 Framework

We use the GEOS-Chem global 3-D CTM to simulate the

atmospheric distribution of acetaldehyde and related tracers

for 2004 (Bey et al., 2001; Millet et al., 2009). GEOS-Chem

(version 8, http://www.geos-chem.org) uses GEOS-5 assim-

ilated meteorological data from the NASA Goddard Earth

Observing System including winds, convective mass fluxes,

mixing depths, temperature, precipitation, and surface prop-

erties. The data have 6-h temporal resolution (3-h for sur-

face variables and mixing depths), 0.5◦×0.667◦ horizontal

resolution, and 72 vertical layers. For computational ex-

pediency we degrade the horizontal resolution to 2◦×2.5◦

Atmos. Chem. Phys., 10, 3405–3425, 2010 www.atmos-chem-phys.net/10/3405/2010/
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Fig. 1. Annual average sources and sinks of acetaldehyde in GEOS-Chem. Shown are photochemical production, biogenic emis-

sions from live and decaying plants, anthropogenic emissions (urban/industrial + biofuel), biomass burning emissions, photochemical loss

(OH + photolysis), and deposition. Net ocean exchange is shown separately in Fig. 6.

and the vertical resolution to 47 vertical layers, of which 14

are below 2 km altitude. Results are shown following a 1-

year spinup to remove the effects of initial conditions. The

model includes detailed ozone-NOx-VOC chemistry coupled

to aerosols, with 120 species simulated explicitly.

The standard GEOS-Chem simulation only includes pho-

tochemical sources and sinks for acetaldehyde. For this

work, the model has been modified to include direct conti-

nental and marine emissions, wet and dry deposition, and

air-sea exchange of acetaldehyde. Global distributions of the

annual average sources and sinks for atmospheric acetalde-

hyde are shown in Figs. 1 and 6 and discussed in detail in the

following sections.

Due to its importance as an acetaldehyde precursor, we

have also expanded the GEOS-Chem model to include at-

mospheric ethanol. The ethanol simulation includes emis-

sions from living terrestrial plants (global flux 17 Tg a−1)

calculated using MEGANv2.1 (see below), as well as an-

thropogenic (2 Tg a−1), plant decay (6 Tg a−1) and biomass

burning (0.07 Tg a−1) emissions calculated as described be-

low for acetaldehyde. There is also a small photochemical

source (0.3 Tg a−1) of ethanol from permutation reactions of

organic peroxy radicals (Madronich and Calvert, 1990; Tyn-

dall et al., 2001). Sinks of atmospheric ethanol include reac-

tion with OH (77%) and wet/dry deposition (23%), leading to

an overall atmospheric lifetime of 3.7 days. Figure 2 shows

the global distribution of the modeled ethanol sources and

sinks.

Initial GEOS-Chem simulations revealed excessive ac-

etaldehyde production from isoprene oxidation, with simu-

lated yields 3–6× higher than the Master Chemical Mech-

anism version 3.1 (MCMv3.1; Bloss et al., 2005). As

part of this work we have made extensive updates to the

GEOS-Chem chemical mechanism according to the most re-

cent available recommendations (e.g., Atkinson et al., 2006;

Sander et al., 2006). These updates have now been incorpo-

rated into the standard GEOS-Chem model beginning with

version 8.02.01.

www.atmos-chem-phys.net/10/3405/2010/ Atmos. Chem. Phys., 10, 3405–3425, 2010
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Fig. 2. Annual average sources and sinks of ethanol in GEOS-Chem. Shown are photochemical production, biogenic emissions from live

and decaying plants, anthropogenic emissions (urban/industrial + biofuel), biomass burning emissions, photochemical loss, and deposition.

2.2 Photochemical production of acetaldehyde

Figure 1 shows the total photochemical production of ac-

etaldehyde for a full-chemistry, global GEOS-Chem simu-

lation, which totals 128 Tg a−1 and is the dominant source

term in the overall budget. In this section we use the box

model framework described by Emmerson and Evans (2009)

to evaluate the GEOS-Chem acetaldehyde production yields

for individual precursors in relation to those from MCMv3.1,

and estimate the importance of each for global acetaldehyde

production. Later we will evaluate the photochemical pro-

duction of acetaldehyde in GEOS-Chem against aircraft and

surface measurements.

Figure 3 and Table 1 show cumulative acetaldehyde yields

for the most important precursors, calculated using GEOS-

Chem (updated for this work as described in Sect. 2.1) and

MCMv3.1. The box-model runs are initiated at 00:00 lo-

cal time for midlatitude summertime conditions with 1 ppb

of the precursor VOC, 40 ppb O3, 100 ppb CO, 1.7 ppm

methane, 2% H2O (v/v), and either 0.1 or 1 ppb of NOx

(taken to represent low and high NOx regimes). For these

box-model runs, NOx and ozone are maintained at their ini-

tial concentrations while the precursor VOC is allowed to

decay over ten diel cycles (only the first two days are shown

in Fig. 3). For each precursor class below, we provide an es-

timated range for the total contribution to acetaldehyde pro-

duction based on the product (global emissions) × (GEOS-

Chem box-model acetaldehyde yield) (Fig. 4).

2.2.1 Alkanes and alkenes

Acetaldehyde is generally produced from the photooxida-

tion of >C1 alkanes and >C2 alkenes (Altshuller, 1991a,

b). Figure 3 shows molar yields from the three most abun-

dant atmospheric alkanes (ethane, propane, and n-butane)

plus propene. As we see, yields computed with GEOS-Chem

are in general agreement with MCMv3.1. Computed 10-day

molar yields for these alkanes are listed in Table 1 and range

from 23–107% depending on the VOC and on NOx level,

with calculated yields higher in all cases at high NOx. For

ethane and propane, the 10-day GEOS-Chem and MCMv3.1

yields agree to within 15%. GEOS-Chem uses a lumped

Atmos. Chem. Phys., 10, 3405–3425, 2010 www.atmos-chem-phys.net/10/3405/2010/
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Fig. 3. Cumulative molar yield of acetaldehyde from the oxida-

tion of VOCs. Yields are computed using the GEOS-Chem (red)

and MCMv3.1 (black) chemical mechanisms, for 1 ppb NOx (solid

lines) and 0.1 ppb NOx (dashed lines).

species to represent ≥C4 alkanes, which has acetaldehyde

yields within 25% of those for n-butane in MCMv3.1.

GEOS-Chem also uses a lumped species to represent ≥C3

alkenes other than isoprene; in this case the GEOS-Chem

yields fall between the corresponding MCMv3.1 values for

propene and 1-butene.

Figure 4 shows the estimated contribution of alkanes and

alkenes to global acetaldehyde production, calculated based

on their total emissions and their high-NOx and low-NOx

yields from the box-model simulations. We estimate that

emissions of alkanes and alkenes, excluding isoprene, result

in 77–96 Tg a−1 of secondary acetaldehyde production (the

range reflects the differing yields at high and low-NOx).

2.2.2 Isoprene

Production of acetaldehyde during isoprene oxidation oc-

curs from photolysis of methyl vinyl ketone (MVK) (Atkin-

son et al., 2006) and ozonolysis of isoprene (Paulson et al.,

1992; Grosjean et al., 1993; Taraborrelli et al., 2009). Both

routes involve the production of propene, which then de-

grades to acetaldehyde. GEOS-Chem and MCMv3.1 also

include a minor acetaldehyde source from ozonolysis of

MVK, with a molar yield of 4% (GEOS-Chem) and 10%

Table 1. Molar Yields of Acetaldehyde for its Dominant

Precursorsa.

Species 1 ppb NOx 0.1 ppb NOx

GEOS-Chem MCMv3.1 GEOS-Chem MCMv3.1

Ethane 0.78 0.81 0.48 0.52

Propane 0.30 0.26 0.23 0.24

n-Butane – 0.98 – 0.69

ALK4b 1.07 – 0.91 –

Propene – 0.82 – 0.58

PRPEc 0.85 – 0.83 –

1-Butene – 0.99 – 0.97

Isoprene 0.019 0.047 0.025 0.043

Ethanol 0.95 0.89 0.95 0.89

a 10-day yields calculated using GEOS-Chem and MCMv3.1 box-model runs as de-

scribed in Sect. 2.
b GEOS-Chem lumped species for ≥C4 alkanes.
c GEOS-Chem lumped species for ≥C3 alkenes.

Fig. 4. Contribution of VOC precursors to global acetaldehyde pro-

duction calculated using the GEOS-Chem high-NOx and low-NOx

10-day yields.

(MCMv3.1). The initial product of this reaction is a primary

ozonide which decomposes to methylglyoxal + [CH2OO]∗

or to formaldehyde + [CH3C(O)CHOO]∗ (Atkinson et al.,

2006). Acetaldehyde production then occurs through

degradation of the [CH3C(O)CHOO]∗ biradical. Gros-

jean et al. (1993) found an average methylglyoxal yield

of 87% for the MVK + O3 reaction, which, given that

[CH3C(O)CHOO]∗ will also produce some methylglyoxal

(∼24%; Bloss et al., 2005), implies a ∼17% yield for

the formaldehyde + [CH3C(O)CHOO]∗ pathway. Assuming

[CH3C(O)CHOO]∗ decomposes to acetaldehyde with 20%

efficiency (Bloss et al., 2005), this then implies an overall

acetaldehyde yield from MVK + O3 of 3.4% - similar to the

4% used in GEOS-Chem.

In all the above cases acetaldehyde is produced as a

second- or higher-generation oxidation product of isoprene.

Figure 3 shows that the resulting molar yield is small,

but owing to the large global isoprene flux it results in a

non-negligible source of atmospheric acetaldehyde. The

www.atmos-chem-phys.net/10/3405/2010/ Atmos. Chem. Phys., 10, 3405–3425, 2010
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10-day acetaldehyde yields computed using GEOS-Chem

are 1.9% (high-NOx) and 2.5% (low-NOx), compared to

4.7% and 4.3% for MCMv3.1 (Table 1). For comparison,

Lee et al. (2006) measured a 1.9 ± 0.3% acetaldehyde yield

from isoprene oxidation under high-NOx conditions, in good

agreement with GEOS-Chem. Using the Mainz Isoprene

Mechanism 2 (MIM2) in a 3-D atmospheric model, Tarabor-

relli et al. (2009) estimate a global, annual average acetalde-

hyde yield from isoprene oxidation of 2%, also consistent

with the GEOS-Chem box-model values.

Figure 4 shows the total amount of acetaldehyde pro-

duced from isoprene oxidation, estimated as the product of

global isoprene emissions and the GEOS-Chem box-model

acetaldehyde yields: 6 Tg a−1 based on the high-NOx yield

and 8 Tg a−1 based on the low-NOx yield.

2.2.3 Ethanol

Ethanol oxidation produces acetaldehyde nearly quantita-

tively: 10-day molar yields are 95% for GEOS-Chem and

89% for MCMv3.1, and are not sensitive to NOx (Ta-

ble 1). As shown in Fig. 4, we estimate that global emis-

sions of ethanol, which are predominantly biogenic, result in

23 Tg a−1 of secondary acetaldehyde production. In Sect. 5

we will evaluate these sources in relation to that predicted

from increased use of ethanol fuel in the US.

2.3 Terrestrial sources of acetaldehyde

2.3.1 Biogenic emissions and MEGANv2.1 model

description

Acetaldehyde production in plants appears to be mainly due

to alcoholic fermentation in leaves and roots, with emis-

sions representing a “leak in the pipe” between endpoints

of ethanol production and acetate consumption (Kesselmeier,

2001; Schnitzler et al., 2002; Rottenberger et al., 2004; Karl

et al., 2005a; Filella et al., 2009; Winters et al., 2009).

Acetaldehyde emissions are strongly temperature and light-

dependent, and can be stimulated by light-dark transitions,

leading to speculation that sunflecks in the lower canopy

could lead to high emission rates (Karl et al., 2002; Fall,

2003). However, subsequent work has concluded that sun-

flecks do not significantly enhance emission rates in the field

(Grabmer et al., 2006), and in fact that leaf emission capac-

ity increases strongly with light and temperature, so the sunlit

upper canopy tends to act as a net acetaldehyde source and

the lower shaded leaves as a net sink (Karl et al., 2004; Jar-

dine et al., 2008).

Acetaldehyde emission from plants is enhanced by anoxic

conditions, for example in roots when the soil is flooded or in

other tissues subjected to stress (Kimmerer and Kozlowski,

1982; Kimmerer and Macdonald, 1987; Kreuzwieser et al.,

2004; Cojocariu et al., 2005; Rottenberger et al., 2008).

However, emissions also occur as a part of normal (non-

stressed) plant functioning, perhaps due to oxidation of

ethanol generally present in the xylem, or to fermentation

within the leaf itself (Schade and Goldstein, 2001; Karl et

al., 2003; Cojocariu et al., 2004; Jardine et al., 2008; Winters

et al., 2009). Kimmerer and Kozlowski (1982) measured en-

hanced emissions from drought-stressed plants, but this did

not occur until well past the wilting point and was associated

with physical lesions and plant damage. Other work has not

shown a clear influence of drought conditions on acetalde-

hyde emissions (Schade and Goldstein, 2002; Filella et al.,

2009).

Here, we introduce the MEGANv2.1 algorithms for es-

timating acetaldehyde (and ethanol) emissions from terres-

trial plants. Specific parameter values and a description of

the datasets used to derive them are given in the Supplemen-

tal Information. Below we will use MEGANv2.1 in GEOS-

Chem to compute global biogenic emissions of acetaldehyde,

ethanol, and other VOCs, and as a base-case for evaluation.

MEGANv2.1 computes VOC emissions as a function of tem-

perature, photosynthetically active radiation (PAR), leaf area

index (LAI), and leaf age for plant functional types (PFTs):

broadleaf trees, fineleaf trees, shrubs, crops, and grasses.

Emissions from a GEOS-Chem grid cell are computed as:

E = γ

5∑

i=1

εiχi, (1)

where the sum is over the five PFTs with fractional

coverage χ i and local canopy emission factor εi un-

der standard environmental conditions (Guenther et al.,

2006). Figure S1 (http://www.atmos-chem-phys.net/10/

3405/2010/acp-10-3405-2010-supplement.pdf) shows the

global MEGANv2.1 emission factor distribution for ac-

etaldehyde and ethanol. The effect of variability in temper-

ature, PAR, LAI, soil moisture and leaf age on emissions is

accounted for by the emission activity factor γ , defined in

terms of a set of non-dimensional activity factors:

γ = γT γLAI γSM γage [(1−LDF)+(LDF) γP ], (2)

where the individual activity factors are each equal to one

under standard conditions (Guenther et al., 1999, 2006). The

parameter LDF reflects the light-dependent fraction of emis-

sions. For non-isoprene VOCs, MEGANv2.1 models the

temperature response as

γT = exp[β(T −303)], (3)

with β defining the temperature sensitivity for a particular

compound. For isoprene, γ T is computed as a function both

of the current temperature and the average temperature over

the previous 10 days following Guenther et al. (2006). The

LAI activity factor γ LAI accounts for the bidirectional flux

of acetaldehyde and ethanol, with net emission from sunlit

leaves and net uptake from shaded leaves:

γLAI = 0.5 ·LAI (for LAI ≤ 2) (4a)

Atmos. Chem. Phys., 10, 3405–3425, 2010 www.atmos-chem-phys.net/10/3405/2010/

http://www.atmos-chem-phys.net/10/3405/2010/acp-10-3405-2010-supplement.pdf
http://www.atmos-chem-phys.net/10/3405/2010/acp-10-3405-2010-supplement.pdf


D. B. Millet et al.: Global atmospheric budget of acetaldehyde 3411

γLAI = 1−0.0625 (LAI−2) (for 2 < LAI ≤ 6) (4b)

γLAI = 0.75 (for LAI > 6) (4c)

The PAR activity factor γ P (as well as γ LAI for other com-

pounds) is calculated using the PCEEA algorithm described

by Guenther et al. (2006). In the case of isoprene, we explic-

itly consider the effect of leaf age on emissions following

Guenther et al. (2006). There is conflicting evidence regard-

ing a leaf age dependence for acetaldehyde emissions (Karl

et al., 2005a; Rottenberger et al., 2005), and a lack of infor-

mation for ethanol, and so we do not include a leaf age effect

in either case.

The soil moisture activity factor γ SM accounts for the ef-

fect of root flooding on acetaldehyde and ethanol emissions.

While the functional form of the soil moisture-emission de-

pendence is uncertain (Rottenberger et al., 2008), we make

a first attempt to account for flooding-induced enhance-

ments using the GEOS-5 root zone soil saturation param-

eter (GMAO, 2008), which is the ratio of the volumetric

soil moisture to the soil porosity. We set γ SM equal to

one for root zone saturation ratios below 0.9, increasing lin-

early to 3 for a saturation ratio of 1 (Holzinger et al., 2000;

Kreuzwieser et al., 2000; Rottenberger et al., 2008). Ac-

counting for the effect of soil moisture in this way increases

the modeled annual source from living plants by 10% glob-

ally, though local enhancements can reach 100% or more.

We drive MEGANv2.1 in GEOS-Chem with GEOS-5 as-

similated surface air temperature and direct and diffuse PAR,

and with monthly mean LAI values based on MODIS Collec-

tion 5 satellite data (Yang et al., 2006). We obtain the aver-

age LAI for vegetated areas by dividing the grid-cell average

LAI by the fractional vegetation coverage. Fractional cover-

age χ i for each PFT and vegetation-specific emission factors

εi are based on the MEGAN land cover data (PFT v2.1, EFs

v2.1). In our previous work we showed that the MEGAN

land cover gives predicted North American isoprene fluxes

that are spatially well-correlated with space-borne formalde-

hyde measurements (Millet et al., 2008a), providing some

confidence in the reliability of this product.

Acetaldehyde is also emitted from dead and decaying plant

matter, with measured emissions ranging from 3–80×10−6

on a mass basis relative to plant dry weight (de Gouw et

al., 2000; Karl et al., 2001a, b, 2005b; Warneke et al.,

2002). Here we apply a value of 40×10−6 to global fields

of heterotrophic respiration from the CASA 2 model (Ran-

derson, 1997), following earlier work for methanol (Jacob

et al., 2005; Millet et al., 2008b), which yields a global ac-

etaldehyde source of 6 Tg a−1. Combined with the living

plant emissions (17 Tg a−1), the total modeled acetaldehyde

source from terrestrial vegetation is then 23 Tg a−1, as shown

in Fig. 1.

2.3.2 Anthropogenic emissions

We estimate direct anthropogenic emissions (excluding bio-

fuel and biomass burning) of acetaldehyde and ethanol in

GEOS-Chem based on the POET inventory (Olivier et al.,

2003; Granier, 2005). POET provides unspeciated emission

estimates for >C1 aldehydes and alcohols, and we assume

here that acetaldehyde and ethanol account for 75% of these

respective categories (EPA, 2007). Global emissions from

biofuel use are estimated using the gridded climatological

CO emission inventory from Yevich and Logan (2003) and

recommended species emission ratios relative to CO from

Andreae and Merlet (2001) and Andreae (unpublished data,

2006).

Global anthropogenic emissions for other compounds are

as described by Bey et al. (2001) for VOCs and NOx and

Duncan et al. (2007) for CO, except as follows. Emissions

for the US are based on the US EPA inventory for 1999 (NEI-

99), accounting for recent CO and NOx reductions (Hudman

et al., 2007; Hudman et al., 2008). US ethane and propane

emissions are scaled up by a factor of 3.5 from the NEI-

99 based on the work of Xiao et al. (2008) and Warneke

et al. (2007). Emissions for Asia and Europe are based on

Zhang et al. (2009) and EMEP (Vestreng and Klein, 2002),

respectively. Emissions of CO and NOx for northern Mex-

ico and for Canada are from BRAVO (Kuhns et al., 2005)

and the Environment Canada inventory (http://www.ec.gc.

ca/inrp-npri/) for 2005. In all cases emissions are scaled to

the simulation year using national statistics for liquid fuel

CO2 emissions. Global biofuel emissions are computed in

the same way as for acetaldehyde and ethanol.

The resulting flux-weighted mean acetaldehyde:CO di-

rect anthropogenic emission ratio over the US and Mex-

ico is 3×10−3 mole/mole, consistent with values of 1–

4×10−3 mole/mole derived from atmospheric measurements

during the NEAQS-2K2, ITCT-2K4, and MILAGRO field

campaigns (de Gouw et al., 2005; Warneke et al., 2007; de

Gouw et al., 2009). Figure 1 shows the global distribution of

the modeled anthropogenic acetaldehyde source, which to-

tals 2 Tg a1.

2.3.3 Biomass burning

Biomass burning emissions are estimated based on a global

CO emission inventory with monthly resolution from the

Global Fire Emissions Database version 2 (GFEDv2) (Ran-

derson et al., 2006; van der Werf et al., 2006), with emis-

sion factors relative to CO from Andreae and Merlet (2001)

and Andreae (unpublished data, 2006). These emission fac-

tors range from 7.9–9.2× 10−3 g/g, and the resulting global

source of acetaldehyde is 3 Tg a−1 (Fig. 1).
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2.4 Air-sea exchange

Acetaldehyde is produced in natural waters through pho-

todegradation of colored dissolved organic matter (CDOM).

Kieber et al. (1990) carried out experiments exposing a range

of natural waters to sunlight, and found a strong correla-

tion (R2 = 0.98) between the acetaldehyde production rate

and absorbance at 300 nm, reflecting the CDOM content of

the water sample. The yield of 90·acdom[300]·d , in units of

nM/(W·h·m−2) with acdom[300] the absorption coefficient of

the water (m−1) and d the path length (m), appeared consis-

tent across coastal, open ocean, and freshwater samples, and

for natural water samples as well as those with added hu-

mic extracts. Here we present a new approach to quantifying

the global air-sea acetaldehyde flux using this measured pro-

duction rate and oceanic CDOM fields derived from satellite

data.

We derive global oceanic CDOM absorption at 300 nm,

acdom[300], from monthly fields of colored dissolved and de-

trital organic matter (CDM). CDM includes both detrital par-

ticulate and dissolved organic matter absorption; these are

typically combined in satellite ocean color retrievals as the

two factors cannot be differentiated on the basis of their ab-

sorption spectra alone (e.g., Maritorena et al., 2002). How-

ever, detrital particulate absorption is a minor contributor to

CDM (Siegel et al., 2002). Values of CDM are obtained from

satellite observations of water-leaving radiance spectra from

the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) mis-

sion using the Garver-Siegel-Maritorena (GSM) ocean color

model (Maritorena et al., 2002; Siegel et al., 2002, 2005).

CDM is defined in the GSM model as the absorption coeffi-

cient due to colored dissolved and detrital organic matter at

443 nm. Global comparisons of the satellite-retrieved CDM

observations with contemporaneous field observations are

generally good (R2 = 0.62, slope = 1.146, N = 112; (Siegel et

al., 2005)).

Values of acdom[300] are estimated using a linear regres-

sion between field observations of the CDOM absorption

coefficient at 325 nm (acdom[325]) throughout the Pacific

Ocean and concurrent satellite retrievals of CDM (Swan et

al., 2009), or:

acdom[325] = 6.373 ·CDM+0.004, (5)

with R2 = 0.72. We then apply an exponential model for

CDOM spectral changes to derive acdom[300]:

acdom[λ] = acdom[325] ·exp[−S(λ−325)], (6)

where the spectral slope S = 0.0240 nm−1 is the global mean

value for a large ensemble of near-surface observations (data

from Nelson et al., 2007 and Swan et al., 2009).

We use a global climatology of ocean mixed layer (OML)

depth (Montegut et al., 2004) and assume CDOM to be well-

mixed vertically through the OML, since the timescale for its

destruction is long relative to that for OML mixing (Nelson et

al., 1998; Nelson et al., 2007). Attenuation of UV light with

depth through the OML is mainly a function of the CDOM

content (Siegel et al., 2002; Zepp, 2002). We model the verti-

cal attenuation of downwelling irradiance at 300 nm through

an analysis of global field observations of spectral light at-

tenuation (Kd [λ], in units of m−1) and the water-leaving ra-

diance spectrum, obtained from the NASA SeaBASS bio-

optical data archive (http://seabass.gsfc.nasa.gov). The field-

observed water-leaving radiance spectra are used to retrieve

in situ values of CDM using the GSM model, and an empir-

ical model derived to predict Kd [λ] at 320, 340, and 412 nm

given only CDM. Applied at 300 nm, this model can be ex-

pressed as:

Kd [300] =Kw[300] (7a)

+(w0 ·CDM+w1 ·CDM2)exp[−SS(300−443)]

SS = s0 +s1 ·CDM+s2 ·CDM2. (7b)

The fit coefficients are s0 = 0.0124 nm−1,

s1 = −0.0772 m nm−1, s2 = 0.5993 m2 nm−1, w0 = 2.0896,

w1 = −8.3816 m, and Kw[300] = 0.0405 m−1, and this model

captures >90% of the total variance in Kd [λ] observations at

320, 340, and 412 nm (R2 = 0.906, slope = 1.057, N = 1126).

The e-folding depths for 300 nm light calculated in this

way generally range from 0.5 to 22 m depending on CDOM

content.

We then compute the in-situ acetaldehyde photoproduc-

tion rate as a function of depth in the OML for each GEOS-

Chem grid square using the local values of acdom[300], the

incident near-UV solar radiation, and Kd [300]. Figure 5

shows global acetaldehyde photoproduction rates derived in

this way, averaged over the OML and by season. We see

the highest oceanic production rates near coastlines and in

biologically active regions, corresponding to areas with high

CDOM content and seasonal solar irradiance.

The steady-state OML acetaldehyde abundance is the

product of the local production rate and the acetaldehyde

turnover time. Measured turnover times for acetaldehyde in

the near-surface ocean range from τ = 0.3–12 h (Mopper and

Kieber, 1991; Zhou and Mopper, 1997). Here we use τ = 0.5

h as a conservative assumption still broadly consistent with

available observational constraints. The turnover time for ac-

etaldehyde in the OML (and its variability) is one of the main

sources of uncertainty in this calculation, along with the fact

that the CDOM-dependent photoproduction yield is based on

just one dataset (albeit an extensive one). Despite these un-

certainties, the approach is a step forward as the first means to

estimate the global sea-to-air acetaldehyde flux that is based

on the actual processes driving its production in the ocean.

The steady-state OML acetaldehyde concentrations we cal-

culate are mostly in the range 1.3–20 nM (0.1–0.9 quantiles),

consistent with the range of observed values (1.3–37 nM;

Mopper and Kieber, 1991; Zhou and Mopper, 1997).

Atmos. Chem. Phys., 10, 3405–3425, 2010 www.atmos-chem-phys.net/10/3405/2010/
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Fig. 5. Acetaldehyde photoproduction in the ocean mixed layer averaged by season. Photoproduction rates are estimated from colored

dissolved organic matter absorption fields derived from SeaWiFS satellite observations as described in the text.

Fig. 6. Net simulated air-sea acetaldehyde flux averaged by season. Red colors indicate a net source of atmospheric acetaldehyde, blue colors

a net sink.

We compute the flux of acetaldehyde across the air-sea in-

terface using a standard two-layer model as described in the

Supplemental Information. Figure 6 shows the net simulated

air-sea acetaldehyde flux averaged by season. Exchange with

the atmosphere is bi-directional, but the global net flux in the

model is from sea to air and totals 57 Tg a−1. The spatial dis-

tribution of the net exchange in Fig. 6 mainly reflects that of

the OML photoproduction rate, modulated by the gross air-

to-sea acetaldehyde flux, with strongest gross ocean uptake

downwind of continents (where atmospheric concentrations

are elevated) and over cool waters (with higher solubility).

www.atmos-chem-phys.net/10/3405/2010/ Atmos. Chem. Phys., 10, 3405–3425, 2010
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The net ocean source of acetaldehyde in the model of

57 Tg a−1 globally is larger than the source from terrestrial

plants (23 Tg a−1) but less than half of that from atmospheric

VOC oxidation (128 Tg a−1). Singh et al. (2004) estimated

a much larger oceanic source of acetaldehyde (125 Tg a−1)

on the basis of atmospheric measurements over the western

Pacific. Our estimate of the net ocean source may be conser-

vative due to the short assumed lifetime for acetaldehyde in

the OML and the assumption that acetaldehyde is well-mixed

throughout the OML. In Sect. 4 we will evaluate our ocean

source estimate in terms of model consistency with aircraft

measurements of acetaldehyde and related chemical tracers

(PAN, NOx), and discuss the sensitivity of our results to as-

sumptions in the air-sea flux calculation.

2.5 Acetaldehyde sinks

The dominant sink of atmospheric acetaldehyde in the model

is oxidation by OH, with a global lifetime of τ = 0.9 d due to

OH. Figure 1 shows the distribution of the modeled photo-

chemical sink (including a small contribution from photoly-

sis with τ = 8 d), which is highest over the continental source

regions. There are also minor losses due to dry (τ = 60 d) and

wet (τ = 600 d) deposition (Fig. 1).

3 Simulated acetaldehyde distribution and global

source and sink magnitudes

Table 2 summarizes the global magnitudes for the mod-

eled acetaldehyde sources and sinks. The total source of

213 Tg a−1 from photochemical production (60%) and direct

emissions from the surface ocean (27%), the terrestrial bio-

sphere (11%), biomass burning (1.6%), and anthropogenic

sources (<1%) is balanced by sinks due to gas-phase oxida-

tion by OH (88%), photolysis (11%), and wet + dry deposi-

tion (<2%). The global atmospheric burden of acetaldehyde

in the model is 0.5 Tg and the atmospheric lifetime is 0.8 d.

Figure 7 shows the modeled global distribution of atmo-

spheric acetaldehyde as an annual average, in the boundary

layer (considered for this discussion to be P>800 hPa) and

in the mid-troposphere (400<P<600 hPa). We see annual

mean concentrations reaching 1 ppb or more in the continen-

tal boundary layer where acetaldehyde and precursor emis-

sions are large. The highest mixing ratios in the model oc-

cur over tropical South America and Africa, due to high

biogenic emissions of acetaldehyde and precursor alkenes.

Regions with enhanced concentrations tend to be localized

near sources due to acetaldehyde’s short atmospheric life-

time. Over the ocean, boundary layer concentrations are

generally 20–200 ppt with higher levels in continental out-

flow and in a few locations where the modeled ocean source

is strong (e.g., off the Peruvian and Argentinean coasts). In

the mid-troposphere, simulated mixing ratios are generally

Table 2. Global Budget of Atmospheric Acetaldehyde.

Singh et al. (2004)b This Work

Sources (Tg a−1)

Atmospheric production 35 128

Net ocean emission 125 57

Terrestrial plant growth + decay 35 23

Biomass burning 10 3

Anthropogenic emissiona <1 2

Total Sources 205 213

Sinks (Tg a−1)

Gas-phase oxidation by OH 188

Photolysis 22

Dry + wet deposition 3

Total Sinks 213

Atmospheric Inventory (Tg) 0.5

Atmospheric Lifetime (days) 1 0.8

a Includes biofuel burning.
b Singh et al. (2004) list slightly different values in the text and in their global source

table; values here are from the text.

Fig. 7. Simulated global distribution of acetaldehyde mixing ratios

(annual average) in the middle and lower troposphere.

Atmos. Chem. Phys., 10, 3405–3425, 2010 www.atmos-chem-phys.net/10/3405/2010/
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Table 3. Aircraft and Surface Measurements of Acetaldehyde used for Model Evaluation.

Experiment Timeframe Location Longitude Latitude Method and Referencea

Aircraft Missions

PEM-Tropics B Feb–Mar 1999 Pacific 148.7◦ E–84.2◦ W 36.2◦ S–35.0◦ N In-situ GC (Singh et al., 2001)

ITCT-2K2 Apr–May 2002 US 130.2◦ W–82.3◦ W 27.7◦ N–48.1◦ N PTR-MS (de Gouw and Warneke, 2007)

ITCT-2K4 Jul–Aug 2004 US 85.3◦ W–59.3◦ W 27.9◦ N–53.4◦ N PTR-MS (de Gouw and Warneke, 2007)

INTEX-A Jul–Aug 2004 US, Canada 139.5◦ W–36.2◦ W 27.5◦ N–53.0◦ N In-situ GC (Singh et al., 2001)

MILAGRO (C130) Mar 2006 Mexico 105.2◦ W–88.7◦ W 16.6◦ N–39.9◦ N In-situ GC (Apel et al., 2003)

MILAGRO (DC8) Mar 2006 US, Mexico 122.0◦ W–86.2◦ W 14.1◦ N–39.9◦ N In-situ GC (Singh et al., 2001)

INTEX-B (C130) Apr–May 2006 US 141.0◦ W–104.9◦ W 35.5◦ N–53.1◦ N In-situ GC (Apel et al., 2003)

INTEX-B (DC8) Apr–May 2006 Pacific 175.4◦ E–97.4◦ W 19.0◦ N–62.1◦ N In-situ GC (Singh et al., 2001)

TEXAQS-II Sep–Oct 2006 US 99.6◦ W–82.5◦ W 27.5◦ N–34.2◦ N PTR-MS (de Gouw and Warneke, 2007)

GABRIEL Oct 2005 Surinam 58.9◦ W–51.0◦ W 3.5◦ N–6.0◦ N PTR-MS (Eerdekens et al., 2009)

TROFFEE Sep 2004 Brazil 60.3◦ W–47.7◦ W 2.6◦ S–22.8◦ S PTR-MS (Karl et al., 2007)

Surface Sites

Brownsberg Oct 2005 Surinam 55.2◦ W 4.9◦ N PTR-MS (Eerdekens et al., 2009)

Hohenpeissenberg Jul 2004 Germany 11.0◦ E 47.8◦ N PTR-MS (Bartenbach et al., 2007)

Hyytiälä Jul–Aug 2006–2007 Finland 24.3◦ E 61.9◦ N PTR-MS (Lappalainen et al., 2009)

Lille Valby Jul 1995 Denmark 12.6◦ E 55.7◦ N DNPH (Christensen et al., 2000)

Black Forest Sep 1992 Germany 7.9◦ E 47.9◦ N DNPH (Slemr et al., 1996)

EMEP (8 sites) Jul–Aug 1992–1995 Europe 7.1◦ E–21.2◦ E 42.1◦ N–78.9◦ N DNPH (Solberg et al., 1996)

aGC = gas chromatography; PTR-MS = proton-transfer reaction mass spectrometry; DNPH = 2,4-dinitrophenylhydrazine.

5–50 ppt (annual average), with higher values over tropical

South America, Africa and Indonesia.

4 Model simulation of atmospheric observations

In this section we use measured acetaldehyde concentrations

and tracer-tracer correlations from an ensemble of worldwide

airborne and surface datasets to evaluate the GEOS-Chem

simulation, and interpret the model-measurement compar-

isons in terms of acetaldehyde source and sink processes. We

compare model output for 2004 to observations from multi-

ple years under the assumption that interannual variability

is small compared to other sources of model error (a 3-year

sensitivity run showed maximum interannual differences of

<10% for all acetaldehyde sources in the model). Table 3

gives the details of the airborne and surface acetaldehyde

measurements used here.

4.1 Continental boundary layer

Figure 8 compares simulated boundary layer (P>800 hPa)

concentrations over Europe during July-August and over

tropical South America during September-October to sur-

face and airborne measurements collected during those

times (Slemr et al., 1996; Solberg et al., 1996; Christensen

et al., 2000; Bartenbach et al., 2007; Karl et al., 2007;

Eerdekens et al., 2009; Lappalainen et al., 2009). The model

captures the large-scale features and gradients seen in the

measurements, which include remote, rural, polluted, and

forested sites and span 94◦ of latitude. There does not ap-

pear to be a persistent bias in the model relative to these

continental boundary-layer datasets. The model is biased

low relative to the two Italian datasets, which are affected

by local anthropogenic sources. As we will see, this model-

measurement discrepancy is also present over polluted areas

in North America.

There have been a number of recent aircraft campaigns

over North America, allowing a more detailed model eval-

uation for that region. Figure 9 shows boundary layer

acetaldehyde measurements during ITCT-2K2 (Parrish et

al., 2004), ITCT-2K4 (Fehsenfeld et al., 2006), INTEX-A

(Singh et al., 2006), INTEX-B (Singh et al., 2009), MI-

LAGRO (Molina et al., 2010), and TEXAQS-II (Parrish

et al., 2009) mapped onto the model grid, compared to

model results sampled along the flight tracks at the time

of measurement. Biomass burning plumes (diagnosed by

CH3CN>225 ppt or HCN >500 ppt) and fresh pollution

plumes (NO2>4 ppb or NOx:NOy>0.4) have been removed

prior to gridding since they are not captured at the 2◦×2.5◦

model resolution.

Observed concentrations in Fig. 9 are similar to those sim-

ulated by GEOS-Chem, except over and downwind of pol-

luted regions (US Northeast, Mexico City, southern Califor-

nia) where a low model bias is evident. The discrepancy is

unlikely to reflect an underestimate of direct urban/industrial

emissions: this acetaldehyde source is small in the model

(<2% of secondary production), and well-constrained by ob-

served emission ratios relative to CO as discussed earlier.

The problem appears specific to polluted areas, which ar-

gues against a sink (i.e., OH) overestimate as the main ex-

planation. Also, the fact that the predominant sources as

well as sinks of acetaldehyde are photochemical weakens

the sensitivity to model OH. The measurement artifacts men-

tioned in Sect. 1 have been shown to be most significant in

www.atmos-chem-phys.net/10/3405/2010/ Atmos. Chem. Phys., 10, 3405–3425, 2010
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Fig. 8. Acetaldehyde in the boundary layer (P>800 hPa) over Eu-

rope and South America. Top: simulated concentrations over Eu-

rope in July–August are compared to an ensemble of surface mea-

surements during those months (Slemr et al., 1996; Solberg et al.,

1996; Christensen et al., 2000; Bartenbach et al., 2007; Lappalainen

et al., 2009). Bottom: simulated concentrations over South Amer-

ica during September-October are compared to aircraft and surface

measurements from the GABRIEL (Eerdekens et al., 2009) and

TROFFEE (Karl et al., 2007) campaigns.

Fig. 9. Acetaldehyde in the boundary layer (P>800 hPa) over

North America. Simulated concentrations are compared to mea-

surements from an ensemble of aircraft campaigns, with the obser-

vations mapped on the 2◦×2.5◦ model grid and the model sampled

at the same time and day of year as the measurements. The eastern

North America data (INTEX-A, ITCT-2K4) are for July–August,

and the western data (ITCT-2K2, INTEX-B) are for April–May.

Data over the Gulf Coast and Mexico are for March (MILAGRO)

and September-October (TEXAQS-II).

clean background air, and so this does not seem a tenable ex-

planation either. The low model bias over polluted regions

could be due to an emission underestimate for anthropogenic

VOCs that are precursors of acetaldehyde, or to insufficient

acetaldehyde production during the photochemical oxidation

of those VOCs.

Xiao et al. (2008) and Warneke et al. (2007) have shown

that the US NEI-99 inventory tends to underestimate ethane

and propane emissions. We have adjusted the modeled emis-

sions accordingly (Sect. 2.3.2), but emissions of other VOCs

may also be underestimated. Also, Sommariva et al. (2008)

carried out a detailed investigation of oxygenated VOC pro-

duction in urban plumes using MCMv3.1 and ITCT-2K4

aircraft measurements. With precursor concentrations con-

strained by measurements, they found that MCMv3.1 under-

predicted the photochemical production of acetaldehyde by

50% or more during the first 1-2 days of processing. It ap-

pears that current models are missing an important fraction

of the acetaldehyde source in urban air.

4.2 Vertical profiles

Figure 10 shows measured acetaldehyde profiles (black) over

the North American continent and over the ocean compared

to modeled profiles from GEOS-Chem (red). As above, fresh

pollution and biomass burning plumes have been filtered out,

and the model sampled along the aircraft flight tracks at the

time and day of measurement. For the marine profiles, pol-

luted air (CO>150 ppb) has been removed to better isolate

the effect of air-sea exchange.

Over land (Fig. 10 panels A–D), we see elevated concen-

trations near the surface and a strong decrease with altitude,

due to the surface source for acetaldehyde and its precursors

combined with its short atmospheric lifetime. In the conti-

nental boundary layer, the model underestimate in polluted

air is again apparent (e.g., near Houston during TEXAQSII

and over the US Northeast during ITCT-2K4), but simulated

concentrations agree well with measurements from the more

geographically extensive INTEX-A campaign.

Over the ocean (Fig. 10 panels E–I) we generally see lower

acetaldehyde concentrations and little vertical gradient. In

the MBL, the model is biased low relative to ITCT-2K4 air-

craft data (off the coast of the US Northeast), but is generally

in the same range as observations from the other campaigns.

The lack of persistent model bias in surface air over the ocean

provides some support for our estimate of the oceanic ac-

etaldehyde source. On the other hand, the modeled vertical

gradient over the ocean is steeper than observed for several

of the campaigns (the two are similar for the DC8 measure-

ments during INTEX-B). The known measurement artifacts

for acetaldehyde in clean air (Northway et al., 2004; Apel et

al., 2008) make it difficult to directly test the modeled ocean

source of acetaldehyde; we return to this point later.

The observed free tropospheric concentrations are much

higher than the model for all marine and continental profiles

Atmos. Chem. Phys., 10, 3405–3425, 2010 www.atmos-chem-phys.net/10/3405/2010/
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Fig. 10. Vertical profiles of acetaldehyde mixing ratio over the

North American continent (A–D) and over the ocean (E–I). Air-

craft measurements are shown in black with the error bars indicat-

ing twice the standard error around the mean for each altitude bin.

Red lines show the GEOS-Chem simulated profiles with the model

sampled at the same time and day of year as the observations. Note

the differing x-axis scales for the land and ocean profiles. See text

for details.

in Fig. 10. This problem was noted previously over the Pa-

cific and North America (Staudt et al., 2003; Singh et al.,

2004; Kwan et al., 2006), but those earlier comparisons were

based on a less thorough description of acetaldehyde sources

and chemistry than presented in this paper. We see here that

the issue persists with the improved simulation, and points to

Fig. 11. Vertical profiles of PAN:NOx ratio over the North Ameri-

can continent (A–D) and over the ocean (E–I). Colors as in Fig. 10.

See text for details.

a general discrepancy between the high measured acetalde-

hyde concentrations in the free troposphere and present un-

derstanding of its sources and atmospheric lifetime.

In the following section we evaluate the acetaldehyde sim-

ulation indirectly in terms of consistency with measured

PAN and NOx. Hudman et al. (2007) found the vertical

concentration profiles for NOx and PAN to be individually

well-simulated by GEOS-Chem compared to INTEX-A and

ITCT-2K4 measurements, after accounting for recent North

American emission reductions and a more realistic lightning
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source. We focus here on PAN:NOx ratio comparisons in the

free troposphere and over the ocean, where the low acetalde-

hyde levels (and possible measurement artifacts) make direct

comparison of simulated and observed acetaldehyde concen-

trations more uncertain.

4.3 PAN:NOx ratio

Since acetaldehyde, PAN, and NOx are related by well-

defined chemistry, measured PAN and NOx concentrations

provide an additional constraint with which to test the model.

Any severe model bias for acetaldehyde should also manifest

as a corresponding bias in the simulated PAN:NOx ratio.

Figure 11 compares vertical profiles of measured and

simulated PAN:NOx ratios for the same aircraft campaigns

shown in Fig. 10. The methods used to measure these

species have been previously published and are summarized

by Raper et al. (2001) for PEM-TB, Singh et al. (2006) for

INTEX-A, Fehsenfeld et al. (2006) for ITCT-2K4, Singh et

al. (2009) for INTEX-B (DC8 aircraft), Parrish et al. (2009)

for TEXAQS-II, and by Slusher et al. (2004) and Weinheimer

et al. (1993) for INTEX-B (C130 aircraft). In all cases fresh

pollution and biomass burning plumes have been filtered out

as above.

In contrast to the persistent and severe model underesti-

mate of acetaldehyde concentrations relative to the free tro-

pospheric measurements, we see that the PAN:NOx ratio is

relatively well-simulated. There are cases where the mea-

sured ratio is higher than the model in the free troposphere

(e.g., C130 data from INTEX-B), which would be consis-

tent with a model underestimate of acetaldehyde. However,

taken together, the PAN:NOx comparisons provide no cor-

roboration for a large-scale missing source of acetaldehyde

in the free troposphere. A model sensitivity run in which we

imposed a minimum acetaldehyde concentration of 100 ppt

throughout the troposphere (an approximate lower bound

based on the average profiles in Fig. 10) resulted in unre-

alistically high simulated PAN:NOx ratios: up to 5× higher

than observed.

In surface air over the ocean, the modeled PAN:NOx ratios

agree well with the measurements (Fig. 11). We estimated

the ocean acetaldehyde source using a conservative assump-

tion for its OML lifetime based on available data (Mopper

and Kieber, 1991; Zhou and Mopper, 1997), leading to a

computed net ocean source of 57 Tg a−1. A longer assumed

OML lifetime would result in a larger ocean source in the

model, which would agree better with the previous estimate

of 125 Tg a−1 (Singh et al., 2004). However, a sensitivity run

with 125 Tg a−1 net oceanic emission produced PAN:NOx

vertical gradients over the ocean less steep than observed,

an overestimate of atmospheric acetaldehyde in the marine

boundary layer compared to most of the airborne datasets,

and higher acetaldehyde concentrations in the surface ocean

than seems tenable based on the range of observations (Mop-

per and Kieber, 1991; Zhou and Mopper, 1997). We con-

clude that the balance of evidence argues against a signifi-

cantly larger ocean source than used here.

5 Role of ethanol as acetaldehyde source

Ethanol is receiving attention as a renewable fuel with the

potential to reduce our reliance on fossil fuels and mitigate

global warming. Analyses to date indicate that a transition

to ethanol fuels could cause significant air quality penalties

or benefits, depending on how the ethanol is produced (Hill

et al., 2006; Jacobson, 2007; Hill et al., 2009): in mone-

tary terms, health impacts may outweigh greenhouse gas im-

pacts. A study by Jacobson (2007) predicts that a switch

to E85 ethanol fuel (85% ethanol fuel, 15% gasoline) in the

US would increase air pollution-related mortality, hospital-

ization, and asthma relative to 100% gasoline. Projected air

quality impacts of ethanol fuel use are closely tied to the as-

sociated increase in acetaldehyde levels, from direct emis-

sions and from photochemical oxidation of unburned ethanol

(65–75% of organic gas emissions from E85 automobiles

consist of unburned ethanol itself; Black, 1991; Jacobson,

2007).

Actual air pollution impacts of ethanol use will depend on

the ethanol and acetaldehyde increases relative to their exist-

ing sources. We have provided here the first detailed assess-

ment of existing sources for these compounds, totaling 25

and 213 Tg a−1 globally. Jacobson (2007) estimates that con-

verting the entire US vehicle fleet to E85 would increase ac-

etaldehyde emissions by 0.14 Tg a−1 and ethanol emissions

by 2.1 Tg a−1 (considering tailpipe emissions only). These

two compounds made up 76% by mass of the total projected

non-methane VOC emission increase, and 80% of the in-

crease for potential acetaldehyde precursors (excluding C1

compounds, unreactive compounds, and ethene). Account-

ing for a 95% acetaldehyde yield from ethanol oxidation and

a 23% depositional sink for ethanol (see above) this trans-

lates to an approximate total acetaldehyde source increase of

1.6 Tg a−1 for the US.

By comparison, we estimate the current US ethanol source

at 1.3 Tg a−1, including 74% from biogenic emissions. We

estimate the current US acetaldehyde source at 7.8 Tg a−1,

including direct emissions and secondary production but ex-

cluding the ocean source. Here we consider only photo-

chemical production occurring over the US; a conservative

assumption since VOC oxidation continues as air moves off-

shore. We conclude that the projected increase in ethanol

emissions for a US transition to E85 is comparable to the ex-

isting US ethanol source (2.1 versus 1.3 Tg a−1), and that the

associated acetaldehyde source increase is equivalent to only

21% of the current US acetaldehyde source. Studies inves-

tigating how ethanol fuel use will affect air quality need to

adequately account for these existing sources.
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6 Key uncertainties and outstanding issues

In this section we examine the main sources of uncertainty in

the model evaluation and identify observational needs for re-

fining the acetaldehyde source and sink estimates presented

here. The acetaldehyde lifetime in the OML is a key param-

eter for estimating the ocean source. Published estimates im-

ply values between 0.3–12 h, but with no information on how

it might vary in space and time (Mopper and Kieber, 1991;

Zhou and Mopper, 1997). As a result, our computed ocean

source carries significant uncertainty. Atmospheric measure-

ments of acetaldehyde and PAN:NOx provide some support

for our estimate of the sea-to-air flux and bounds on its mag-

nitude, but additional measurements of acetaldehyde and its

turnover rates in the OML as well as air-sea flux would be

valuable constraints.

Another area of uncertainty is the source rate of precur-

sor VOCs. Bottom-up uncertainties in VOC emissions can

be large (Xiao et al., 2008). Also, for simple precursors

such as ethane and propene the time-dependent acetaldehyde

yield is well known, but uncertainties are higher for more

complex compounds including isoprene. Measurements of

acetaldehyde itself provide an integrating constraint on the

product of precursor emissions and acetaldehyde yield. We

have shown here that our acetaldehyde simulation captures

the large-scale patterns and gradients in surface air observa-

tions, but is biased low in polluted air. In contrast, there was

no model bias evident for formaldehyde concentrations rela-

tive to aircraft measurements over the eastern US (Millet et

al., 2006).

Biogenic emissions from terrestrial plants do not represent

a dominant term in the overall acetaldehyde budget, but the

bottom-up uncertainty in this source is probably at least 50%

based on the range of observed canopy-scale emission rates

(see Supplemental Information). Simulated acetaldehyde

concentrations over the US Southeast and over the Amazon

are generally similar to available aircraft and surface mea-

surements, which lends support to the MEGANv2.1 emis-

sions. Ethanol measurements are much sparser and more are

needed to better constrain its present-day budget and impor-

tance as an acetaldehyde source. More information is also

needed to better parameterize the effect of soil moisture on

emissions for both compounds.

Other potential sources of error in the acetaldehyde simu-

lation include boundary layer venting and model OH. Pre-

vious work with GEOS-Chem argues against a persistent

model bias in the former (Millet et al., 2006; Xiao et al.,

2007; Hudman et al., 2008). The error in mean OH is esti-

mated at ±10% for GEOS-Chem (Xiao et al., 2008), and in

any case acetaldehyde is buffered to a degree since it is both

produced and destroyed photochemically.

7 Conclusions

We used a global 3-D chemical transport model (GEOS-

Chem) together with an ensemble of surface, airborne, and

satellite observations to carry out the first detailed analy-

sis of the global acetaldehyde budget. We carried out ex-

tensive updates to the GEOS-Chem chemical mechanism to

more accurately represent the production of acetaldehyde

from VOC oxidation, and the resulting chemical yields of

acetaldehyde are in general agreement with those from the

Master Chemical Mechanism (MCMv3.1). The dominant

global acetaldehyde source in the model is photochemical

(128 Tg a−1), most importantly from oxidation of alkanes,

alkenes, ethanol, and isoprene. This is a factor of 4 larger

than the previous estimate (30 Tg a−1; Singh et al., 2004);

the present work uses a more comprehensive and up-to-date

treatment of precursor emissions and their oxidation path-

ways.

Monthly distributions of colored dissolved organic matter

(CDOM) in the world’s oceans derived from satellite ocean

color observations allow us to estimate the oceanic source

of acetaldehyde, based on published yields of acetaldehyde

from CDOM photodegradation (Kieber et al., 1990). This

is an important step forward as the first calculation of the

acetaldehyde sea-to-air flux that is tied to actual produc-

tion rates in the ocean mixed layer (OML) as constrained

by observations. The resulting net global sea-to-air flux is

57 Tg a−1, the second largest source term in the model but

a factor of two smaller than the atmospheric source from

VOC oxidation. It is also a factor of two smaller than the

previous estimate of Singh et al. (2004), which was based

on atmospheric measurements over the Pacific Ocean. Our

representation of the ocean source yields predicted acetalde-

hyde concentrations over the ocean surface that are simi-

lar to aircraft measurements; however, the modeled vertical

gradient over the ocean is too steep relative to the observa-

tions in several cases. Quantitative evaluation of the mod-

eled ocean source against atmospheric acetaldehyde obser-

vations is complicated by known measurement artifacts in

clean air. Simulated PAN:NOx ratios agree well with ob-

servations over the ocean which provides some support for

the modeled ocean source; however, more measurements are

needed to reduce its uncertainty.

Terrestrial sources of acetaldehyde in the model include

23 Tg a−1 from vegetation and 3 Tg a−1 from biomass burn-

ing. Direct anthropogenic emissions (including biofuel) are

well-constrained by measured emission ratios relative to CO

and amount to 2 Tg a−1 globally, 1% of the total source. Re-

action with OH is the main acetaldehyde sink, accounting for

88% of the total loss in the model. With photolysis (11%) and

wet + dry deposition (<2%), the overall atmospheric lifetime

for acetaldehyde in the model is 0.8 days.

Simulated acetaldehyde mixing ratios generally agree well

with aircraft and surface measurements in the continental

boundary layer, capturing broad patterns of concentration
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and variability over North America, Europe, and the Ama-

zon. There is no evidence of a persistent bias that would sug-

gest a significant error in the primary and secondary terres-

trial sources in the model. An exception is the low bias com-

pared to aircraft measurements in polluted air, which must be

due to an underestimate of anthropogenic hydrocarbon emis-

sions or of the associated acetaldehyde yield. Current models

appear to be missing an important fraction of the acetalde-

hyde source in polluted air.

We see a severe model-measurement discrepancy in the

free troposphere. For all of the aircraft campaigns exam-

ined here, the observed acetaldehyde levels are substantially

higher than predicted by GEOS-Chem. The average free

tropospheric bias ranges from a factor of 2–30, depending

on location and altitude. On the other hand, we find that

the corresponding PAN:NOx ratios are well-simulated by the

model. This is an apparent contradiction based on present un-

derstanding of acetaldehyde and PAN chemistry, since such

elevated acetaldehyde concentrations should also manifest as

high PAN:NOx ratios compared to the model. We conclude

that there is no strong evidence for a large missing acetalde-

hyde source in the free troposphere.

Our work lays the groundwork for an improved assess-

ment of the potential effects of ethanol fuel on air quality,

since in the atmosphere ethanol is oxidized to acetaldehyde

nearly quantitatively. We find that current US acetaldehyde

sources (7.8 Tg a−1) are nearly 5× greater than the increase

predicted for a full vehicle fleet transition to ethanol fuel

(1.6 Tg a−1; Jacobson, 2007). Current ethanol sources are

less well constrained but appear to be predominantly bio-

genic. We estimate current US emission at 1.3 Tg a−1, com-

pared to an expected increase of 2.1 Tg a−1 for a transition to

ethanol fuel.
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