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Abstract 22 

Acetone is one of the most abundant carbonyl compounds in the atmosphere and it plays 23 

an important role in atmospheric chemistry.  The role of the ocean in the global atmospheric 24 

acetone budget is highly uncertain, with past studies reaching opposite conclusions as to whether 25 

the ocean is a source or sink.  Here we use a global 3-D chemical transport model (GEOS-Chem) 26 

simulation of atmospheric acetone to evaluate the role of air-sea exchange in the global budget.   27 

Inclusion of updated (slower) photolysis loss in the model means that a large net ocean source is 28 

not needed to explain observed acetone in marine air.  We find that a simulation with a fixed 29 

seawater acetone concentration of 15 nM based on observations can reproduce the observed 30 

global patterns of atmospheric concentrations and air-sea fluxes.  The Northern Hemisphere 31 

oceans are a net sink for acetone while the tropical oceans are a net source.  On a global scale the 32 

ocean is in near-equilibrium with the atmosphere.  Prescribing an ocean concentration of acetone 33 

as a boundary condition in the model assumes that ocean concentrations are controlled by 34 

internal production and loss, rather than by air-sea exchange.  An implication is that the ocean 35 

plays a major role in controlling atmospheric acetone.  This hypothesis needs to be tested by 36 

better quantification of oceanic acetone sources and sinks.   37 

  38 
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1. Introduction 39 

Acetone is the most abundant carbonyl compound in the atmosphere after formaldehyde.  40 

In the upper troposphere, acetone photolysis is an important source of OH, the main atmospheric 41 

oxidant.  Acetone also affects the budget of nitrogen oxides by serving as a precursor for 42 

peroxyacetyl nitrate (PAN), with complex implications for tropospheric ozone [Singh et al., 43 

1995].  Acetone is directly emitted by vegetation, biomass burning, and industry, and is also 44 

produced in the atmosphere by oxidation of biogenic and anthropogenic volatile organic 45 

compounds (VOCs).  It is lost through oxidation by OH, photolysis, and surface uptake (Table 46 

1).   47 

A major uncertainty in the budget of atmospheric acetone is the role of the ocean.  48 

Photochemical and biological processes in the ocean both produce and consume acetone 49 

[Nemecek-Marshall et al., 1995; Sinha et al., 2007; Zhou and Mopper, 1997].  Atmospheric 50 

acetone concentrations over the remote oceans are in the range 200 – 500 pptv [Singh et al., 51 

2000], only a factor 3 - 4 lower than over continental source regions.  To account for this weak 52 

gradient in the face of a relatively short (~15 days) atmospheric lifetime, Jacob et al. [2002] 53 

hypothesized a large oceanic emission of acetone in simulations with the GEOS-Chem global 54 

chemical transport model (CTM).  Since then, measurements of the quantum yield for acetone 55 

photolysis have led to upward revision of the atmospheric lifetime for acetone [Blitz et al., 2004].  56 

In addition, field observations have shown that the ocean can be a either a source or a sink of 57 

acetone [Marandino et al., 2005; Sinha et al., 2007; Taddei et al., 2009; Williams et al., 2004].  58 

Here we use GEOS-Chem to integrate these new experimental data into an improved 59 

understanding of the role of the ocean in the global budget of atmospheric acetone. 60 

2. Methods 61 
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We use the GEOS-Chem global 3-D CTM driven by NASA/GEOS-5 assimilated 62 

meteorological data (version 9.01.01, www.geos-chem.org) to simulate the global atmospheric 63 

distribution of acetone.  The GEOS-5 fields have 0.5
o 
× 0.67

o
 horizontal resolution, 47 levels in 64 

the vertical, and 3 – 6 hour temporal resolution.  We degrade horizontal resolution to 2° × 2.5° 65 

for input into GEOS-Chem.  We use a 1-year simulation for 2006, with a 1-year spin-up to 66 

remove the effect of initial conditions.   67 

 Sources of acetone include direct emissions from biogenic, anthropogenic, and biomass 68 

burning sources, as well as the atmospheric oxidation of organic precursors (Table 1).  The 69 

ensemble of sources is described by Jacob et al. [2002] and updates are described below.  We 70 

use the RETRO (Reanalysis of the TROpospheric chemical composition) emission inventory for 71 

anthropogenic emissions of acetone and of the isoalkane precursors [van het Bolscher et al., 72 

2008].  The RETRO emission inventory is for 2000, and we scale it to 2006 with activity factors 73 

from van Donkelaar et al. [2008].  We use 2006 GFED2 monthly biomass burning emissions for 74 

acetone and the isoalkanes [van der Werf et al., 2009].  Terrestrial biogenic emissions of acetone 75 

from metabolism and decay are calculated locally using the Model of Emissions of Gases and 76 

Aerosols from Nature (MEGAN v2.0) [Guenther et al., 2006].  Acetone production from the 77 

atmospheric oxidation of biogenic monoterpenes and 2-methyl-3-buten-2-ol is calculated using 78 

emissions from MEGAN and acetone yields from Jacob et al. [2002].   79 

Losses for acetone in the model include oxidation by OH, photolysis, and deposition.  80 

Exchange with the ocean is discussed below.  We use a rate constant  k = 1.33 × 10
-13

 + 3.28 × 81 

10
-11

exp[-2000/T] cm
3
 molecule

-1
 s

-1
 for the oxidation of acetone by OH [Sander et al., 2011].  82 

Photolysis of acetone is computed using absorption cross sections and pressure-dependent 83 

quantum yields from Blitz et al. [2004], and local actinic fluxes from the Fast-JX radiative 84 



5 
 

transfer scheme [Wild et al., 2000] as implemented in GEOS-Chem by Mao et al. [2010].  We 85 

assume a dry deposition velocity of 0.1 cm s
-1

 for ice-free land as in Jacob et al. [2002]. 86 

There is evidence that the ocean  mixed layer is a large acetone reservoir, containing ~5 87 

times the atmospheric burden [Williams et al., 2004].  We compile in Table 2 literature values 88 

for observed surface seawater concentrations and air-sea fluxes.  The processes controlling 89 

acetone concentrations in seawater are uncertain.  Production can take place by photo-90 

degradation of dissolved organic matter [Zhou and Mopper, 1997] and directly by phytoplankton 91 

and bacteria [Nemecek-Marshall et al., 1995].  Loss can take place by photo-degradation or 92 

biotic consumption [Mopper and Stahovec, 1986; Nemecek-Marshall et al., 1995].  Two recent 93 

field campaigns support a biologically mediated acetone source in seawater.  Sinha et al. [2007] 94 

measured the air-sea flux of acetone while also monitoring phytoplankton.  They found 95 

systematic upward fluxes in the presence of both strong daylight and biological activity.  Taddei 96 

et al. [2009] also observed upward acetone fluxes in phytoplankton bloom areas in the South 97 

Atlantic.   98 

For implementation in GEOS-Chem we assume a fixed seawater acetone concentration of 99 

15 nM, based on the data in Table 2.  The data do not show evident seasonal or spatial patterns. 100 

By setting a fixed seawater concentration we assume implicitly that acetone in the ocean is 101 

controlled by internal sources and sinks, rather than exchange with the atmosphere.  There is 102 

some support for this argument based on analogy with methanol.  Williams et al. [2004] reported 103 

a sharper vertical gradient for acetone than methanol in the ocean mixed layer, implying a shorter 104 

lifetime for acetone.  Heikes et al. [2002] estimated an ocean mixed lifetime for methanol of 3 105 

days against bacterial uptake, and Williams et al. [2004] estimated an ocean mixed layer burden 106 

of 15.9 Tg for acetone.  Assuming an upper limit of 3 days for the acetone lifetime in the ocean 107 
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mixed layer, a minimum source of 2000 Tg a
-1

 would be needed to sustain the ocean mixed layer 108 

burden.  This is much larger than the atmospheric source of acetone (Table 1), and thus the 109 

acetone concentration in the ocean is likely internally controlled.  110 

We calculate air-sea fluxes of acetone locally in GEOS-Chem on the basis of a seawater 111 

concentration of 15 nM by applying the two-film model of Liss and Slater [1974], with liquid 112 

and gas-phase transfer velocities following Nightingale et al. [2000] and Johnson [2010] 113 

respectively.  The Henry’s law equilibrium constant for acetone is 27 M atm
-1

[Benkelberg et al., 114 

1995].  Equilibrium with a seawater concentration of 15 nM implies atmospheric acetone mixing 115 

ratios of 220 pptv and 550 pptv at 283 K and 298 K respectively.  Observed acetone mixing 116 

ratios in the marine boundary layer are typically in that range [Singh et al., 2000], so the ocean 117 

can be either a net source or sink for acetone depending on the local atmospheric concentration 118 

and surface temperature.   119 

3. Global Atmospheric Distribution of Acetone  120 

Figure 1 shows the simulated acetone mixing ratios in three altitude ranges and for two 121 

seasons.  Mean observations from aircraft missions, ship cruises, and surface sites are overlaid as 122 

circles.  The observations are generally for years other than 2006 but we expect that interannual 123 

variability is small relative to other aspects of variability.  Figure 2 presents the simulated annual 124 

mean acetone air-sea acetone fluxes.  The ocean parameterization produces a weak global sink of 125 

2 Tg a
-1

, but the net flux varies geographically and seasonally.  The ocean is a net sink at 126 

northern latitudes but a net source between 20°N and 40°S.  At high southern latitudes the 127 

atmosphere and ocean are near equilibrium during summer and the ocean is a weak sink during 128 

winter. Comparison with observed fluxes is discussed below.  129 
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The atmospheric simulation shows no systematic bias compared to the observations in Figure 130 

1 and provides in general a good representation of observed latitudinal and seasonal variability as 131 

well as land-ocean gradients.  It performs similarly to the simulation of Jacob et al. [2002], 132 

which used Bayesian optimization to match observations.  A major difference is that we do not 133 

need to invoke a large global ocean source in order to explain the observations in marine air.  134 

This is because our mean atmospheric lifetime of acetone against chemical sinks (photolysis and 135 

reaction with OH) is 39 days, compared to 19 days in Jacob et al. [2002], reflecting the lower 136 

photolysis quantum yields from Blitz et al. [2004].  Thus we have more transport of continental 137 

acetone to the oceans.  The tropical oceans remain a net source of acetone in our simulation, 138 

which is consistent with the limited data of Table 2 [Williams et al., 2004] and can account for 139 

the relatively high acetone concentrations observed over the tropical Pacific [Singh et al., 2001].  140 

Unlike at northern mid-latitudes, aircraft vertical profiles over the tropical oceans do not show 141 

depletion of acetone in the marine boundary layer relative to the free troposphere above [Singh et 142 

al., 2001]. 143 

 Figure 2 shows the strongest ocean sink downwind of the Northern Hemisphere continents 144 

where high atmospheric acetone concentrations are coupled with strong wind speeds and cold 145 

temperatures.  We explain in this manner the observed acetone depletion in the marine boundary 146 

layer relative to the free troposphere over the North Pacific [Singh et al., 2003] and data over the 147 

Northwest Atlantic showing the ocean to be a sink for acetone in continental outflow [Mao et al., 148 

2006].  Based on acetone / CO ratios from the INDOEX and MINOS field campaigns, de Reus et 149 

al. [2003] speculated that that the ocean serves a sink for acetone in polluted regions and a 150 

source in clean air masses.  Our global results are consistent with this view.  Marandino et al. 151 

[2005] find a stronger ocean sink than the model over the northwest Pacific (Figure 2) but their 152 
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atmospheric acetone observations were very high (averaging 1.05 ppbv) and apparently 153 

anomalous relative to the other data in Figure 1. 154 

The lowest tropospheric concentrations simulated by the model are over the Southern 155 

Ocean, reflecting the remoteness from sources and the cold ocean temperatures.  There the mean 156 

concentration is 0.2 ppbv and the ocean is a weak net sink.  These results are consistent with 157 

cruise data in the Southern Ocean between South Africa and Chile [Taddei et al., 2009]. 158 

4.  Atmospheric Budget  159 

Table 1 summarizes our global atmospheric budget of acetone and compares it to 160 

previous estimates.  We separate the ocean source and sink terms since we view them as 161 

independent.  We find a global source of acetone of 146 Tg a
-1

 including 80 Tg a
-1

 from the 162 

oceans, 33 Tg a
-1

 from the terrestrial biosphere, and 26 Tg a
-1

 from the atmospheric oxidation of 163 

isoalkanes.  We calculate a mean tropospheric lifetime of 14 days with ocean uptake contributing 164 

56 % of the sink; reaction with OH, photolysis, and land uptake contribute 23 %, 13 %, and 8 % 165 

of the sink respectively.    166 

The updated acetone photolysis rates triple the tropospheric lifetime of acetone against 167 

photolysis relative to Jacob et al. [2002] and reverse the relative importance of oxidation versus 168 

photolysis.  We estimate an atmospheric burden of 5.6 Tg, which is larger than the estimate by 169 

Jacob et al. [2002] (3.8 Tg), because our weaker photolysis sink increases the burden in the 170 

upper troposphere.  This is consistent with observations, as shown in Figure 1.  Arnold et al. 171 

[2005] previously found with the TOMCAT CTM that the updated (slower) photolysis loss 172 

increases the acetone tropospheric burden by 50%. 173 

Separation of the ocean source and sink in our budget suggests that the ocean exerts a 174 

major control on the abundance of atmospheric acetone.  We find that on a global scale the 175 
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atmosphere is in near equilibrium with the ocean (the net ocean sink of 2 Tg a
-1

, corresponding to 176 

an ocean saturation ratio of 0.98, is within the uncertainty of the other source and sink terms).   177 

However there are coherent regions where the ocean is either a net sink or a net source, 178 

depending on the atmospheric acetone concentration and temperature.  Marandino et al. [2005] 179 

proposed that the ocean is a large global net sink based on extrapolation of their measurements in 180 

the North Pacific Ocean, but as pointed out above their measurements were taken under 181 

conditions of anomalously high acetone concentrations in surface air.  The other flux 182 

measurements in Table 2 do not support this extrapolation.  Better quantification of the sources 183 

and sinks of acetone in the oceans, including seasonal and geographical variability, is critical to 184 

improve our understanding of the budget of atmospheric acetone.  185 

Acknowledgments:  This work was supported by the NASA Atmospheric Composition 186 

Modeling and Analysis Program. Support for Emily V. Fischer was provided by the NOAA 187 
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Corporation for Atmospheric Research, and by a Harvard University Center for the Environment 189 

Postdoctoral Fellowship.  190 
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Tables 192 

Table 1:  Global atmospheric acetone budget 193 

 This Work 
Jacob et al. 

[2002] 

Other 

Estimates
a
 

Inventory, Tg 5.6 3.8 3.8 – 7.2 

Sources, Tg a
-1

    

Emissions    

     Anthropogenic 0.73
b
 1.1 ±  0.5  1.1 - 2 

     Open biomass burning 2.8 4.5 ± 1.6 2.4 – 9 

     Terrestrial Biosphere 32 35 ± 10 20 – 172 

Atmospheric Production    

     Oxidation of isoalkanes (mainly anthropogenic) 26
c
 21 ± 5 16 – 28 

     Oxidation of biogenic VOCs 5 7 ± 3 7 

Sinks, Tg a
-1

    

     Oxidation by OH 33 27 18 - 27 

     Photolysis 19 46 9 - 22 

     Land uptake 12 9 9 - 19 

Net Ocean exchange, Tg a
-1 d

 -2 13 ± 6 -62 – 2.5 

     Gross source 80 NA NA 

     Gross sink 82 NA NA 

 194 

a
 Arnold et al. [2005], Singh et al. [2003, 2004], Potter et al. [2003], Marandino et al. [2006], 195 

Sinha et al. [2007], Pozzer et al. [2010], Elias et al. [2011].   196 

b 
Including biofuel use.   197 

c
 Including 22 Tg a

-1
 from propane and 4 Tg a

-1
 from the higher alkanes.   198 

d 
Positive values indicate upward fluxes.   199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 
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Table 2:  Measurements of acetone concentrations in surface seawater and air-sea fluxes
a
.  207 

Period Location Concentration

(nM) 

Flux
b
 

(ng m
-2

 s
-1

) 

Reference 

Mar 1989 Bahamas 3 – 15
c
 -2.8 – 1.0*

c
 Zhou and Mopper [1997] 

Oct – Nov 2002 Tropical Atlantic 17.6 ± 8.1 7.8* Williams et al. [2004] 

May -Jul 2004 W. Pacific (mid-latitude) 13.6 ± 3.0 -10.2
 d
, -7.4* Marandino et al. [2005] 

May -Jul 2004 W. Pacific (equatorial) 13.9 ± 11.7 -2.6
d
, 1.1* Marandino et al. [2005] 

Jun – Jul 2004 North Atlantic < 9.6 ----- Hudson et al. [2007] 

May – Jun 2005 Norwegian fjord ----- 0.21 Sinha et al. [2007] 

Jan – Feb 2007 S. Atlantic (bloom) ----- 0.67 Taddei et al. [2009] 

Jan  2007 S. Atlantic (non-bloom) ----- ~ -1.0 – 0.2
e
 Taddei et al. [2009] 

Jul – Aug 2008 Northwest Pacific 19.0 ± 4.4 ----- Kameyama et al. [2010] 
a
 Values are means ± standard deviation unless otherwise noted. 208 

b
 Fluxes were either directly measured by eddy covariance or mesocoms, or were inferred from 209 

the measured saturation ratios. The latter are indicated by asterisks. Positive fluxes are upward. 210 

c
 Ranges of concentrations and inferred fluxes.  The authors reported a flux of 15.7 ng m

-2
 s

-1 211 

based on an acetone concentration of 55 nM in the surface micro-layer.  We repeated their flux 212 

calculations using their measured seawater concentrations.  213 

d 
The authors reported a discrepancy between the fluxes measured by eddy covariance and 214 

inferred from saturation ratios. Both are shown here.  All measured fluxes were downward, but 215 

the range of saturation ratios (0.35 - 6.5), implied both upward and downward fluxes. 216 

e
 Taddei et al. [2009] report “near zero, negative or highly variable low acetone fluxes” in non-217 

bloom conditions.  They do not report a mean value for non-bloom conditions, thus a range is 218 

given here based on DOY 28 – 30 in their Figure 4. 219 

 220 

 221 

 222 

 223 

 224 

 225 
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Figures 226 

 227 

Figure 1:  Simulated and observed global distribution of atmospheric acetone for two seasons 228 

and three altitude bins.  Simulated mixing ratios are for 2006 and are shown as solid contours.  229 

Filled circles are mean observations in different years from aircraft missions, ship cruises and 230 

surface sites [de Gouw et al., 2001; de Gouw et al., 2006; Hornbrook et al., 2011; Jacob et al., 231 

1996; Lelieveld et al., 2002; Lewis et al., 2005; Mao et al., 2006; Marandino et al., 2005; 232 

Murphy et al., 2010; Singh et al., 2000; Singh et al., 2009; Singh et al., 2001; Singh et al., 1994; 233 

Singh et al., 2004; Warneke and de Gouw, 2001; Williams et al., 2004].  Data for aircraft 234 

missions have been averaged over regionally coherent regions as in Jacob et al. [2002] with the 235 

addition of more recent missions. Data from ship cruises are primarily the averages reported in 236 
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the literature. Circles are placed at the mean latitude and longitude of the observations.  237 

Auxiliary Table 1 gives details of the observations.  Auxiliary Figures 1 and 2 show comparisons 238 

with the aircraft vertical profiles.    239 

  240 
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 241 

Figure 2.  Simulated annual mean air-sea fluxes of acetone for 2006, and mean observed air-sea 242 

fluxes (Table 2, Column 3).  Positive values indicate a net flux from the sea to the air.  243 

Marandino et al. [2005] report a discrepancy between the flux calculated from the saturation 244 

ratio and that measured by eddy covariance.  Both are shown here over the western Pacific, with 245 

the measured fluxes plotted to the west of the calculated fluxes.  There is seasonal variation to 246 

the net air-sea fluxes, and Auxiliary Figure 3 presents the fluxes for January and July. 247 

 248 

 249 

 250 

 251 

 252 

 253 

 254 
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Auxiliary Materials 255 

Auxiliary Table 1:  Observations of acetone compared to model output in Figure 1.  Region 256 

numbers for aircraft data refer to Auxiliary Figure 1. 257 

 Time Period Map 

Region(s) 

Source 

Aircraft Missions 

TRACE-P, Western Pacific Mar– Apr 2001 1 - 4 Singh et al. [2004] 
INTEX-B, Eastern Pacific  Mar – May 2006 5 Singh et al. [2009] 
IMPEX North Western U.S. Mar – May 2006 6 T. Karl 
MILAGRO, Mexico  Mar – May 2006 7 Singh et al.   [2009] 
INTEX-NA, Eastern U.S.

a
  Jul – Aug 2004 8 - 9 de Gouw et al. [2006] 

SONEX, North Atlantic Oct – Nov 1997 10,25 Singh et al. [2000] 
Able-3B, Eastern Canada July – Aug 1990 11 Singh et al. [1994] 
ARCPAC, N. American Arctic  Apr – Jul 2008 12 J. de Gouw, C. Warneke 
ARCTAS, N. American Arctic  Apr – Jul 2008 13 Hornbrook et al. [2010] 
AMMA, West Africa Jul – Aug 2006 16 Murphy et al. [2010] 
Trace-A (TA), South Atlantic Sept – Oct 1992 15 - 19 Jacob et al. [1996] 
PEM-Tropics B (PEMTB) Mar – Apr 1999 20 - 24 Singh et al. [2001] 
INDOEX, Indian Ocean Feb – Mar 1999 26 de Gouw et al. [2001] 
MINOS, Mediterranean Aug 2001 27 Lelieveld et al. [2002] 

Ship Cruises    
Tropical Atlantic Oct – Nov 2002  Williams et al. [2004] 
Western Pacific May – Jul 2004  Marandino et al. [2005] 
OOMPH, South Atlantic

b
 Jan – Mar 2007  Taddei et al. [2009] 

Pelagai, Indian Ocean April 2000  Warneke and de Gouw [2001] 

Marine Layer Surface Sites    
Appledore Island Jul – Aug 2004  Mao et al.  [2006] 
Mace Head Jul – Sept 2002  Lewis et al. [2005] 

 258 

a
  Aircraft observations have been filtered to exclude biomass burning plumes, as diagnosed by 259 

HCN > 500 pptv, since the model does not have the resolution to capture those plumes and they 260 

would otherwise bias the mean.  261 

b 
 Data from two legs of the OOMPH campaign are shown separately in Figure 1. The mean 262 

value is plotted for the first leg of the cruise from South Africa to Chile.  The second leg of the 263 

plume, from Chile to South Africa, traversed more southern latitudes. The median is plotted for 264 
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the second leg of the cruise, where the median (147 pptv) was much different than the mean (883 265 

pptv), which is biased by a few very acetone high mixing ratios.  266 

  267 
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 268 

Auxiliary Figure 1:  Map with boxes surrounding coherent regions used to average the aircraft 269 

observations shown in Auxiliary Figure 2.   270 



18 
 

 271 

Auxiliary Figure 2.  Comparison of simulated and observed vertical profiles of acetone 272 

concentrations from recent aircraft missions. The INTEX-NA data has been filtered to remove 273 

the largest biomass burning plumes using flight logs and HCN observations > 500 pptv. 274 

 275 
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 276 

Auxiliary Figure 3.  Simulated annual mean air-sea fluxes of acetone for January and July 2006.  277 

Positive values indicate a net flux from the sea to the air.  278 

 279 

 280 

281 
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