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[1] We have used the TOMCAT three-dimensional chemical transport model (CTM) to
investigate the impact of recent laboratory measurements of the temperature dependence
of the acetone photolysis quantum yield on global tropospheric chemistry. The new
acetone quantum yields cause a significant decrease in the calculated acetone loss rate in
troposphere. The annual global mean photolysis loss of acetone is reduced by a factor of
�2, making OH oxidation the dominant acetone sink. Photolysis rates decrease by
between �80 and 90% in the cold upper troposphere (UT). The atmospheric lifetime of
acetone increases from 22 to 35 days, with an increase in the global burden from 2.6 to
4.1 Tg. This is maintained through a global source strength of 42.5 Tg/yr, which is
approximately half of that inferred by some previous model studies. Comparisons of
modeled and observed acetone profiles from the remote tropical Pacific demonstrate much
improved agreement with the new quantum yields, with a reduction in the model bias
relative to aircraft observations from �50 to �17%. With the new quantum yields,
modeled peroxyacetylnitrate (PAN) decreases in the UT and throughout the Northern
Hemisphere. PAN increases are modeled in Southern Hemisphere, as the increases in
acetone outweigh the slower rate of peroxyacetyl production. The new quantum yields
reduce the model HOx(=OH + HO2) throughout the troposphere. The locations of largest
changes to HOx and the OH:HO2 ratio, caused by changes in NOx, mean the impact
on model global OH is small (�0.5%). The net effect of using the new quantum yields on
tropospheric ozone is also small; the model predicts a maximum 1% decrease in the
Northern Hemisphere lower troposphere.
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1. Introduction

[2] The ubiquity of oxygenated volatile organic com-
pounds (OVOC) throughout the global troposphere has
been noted in several studies [e.g., Singh et al., 1995,
2001, 2004; Arnold et al., 1997]. The large abundance of
OVOCs has consequences for the oxidizing capacity and
ozone budget of the atmosphere, since their photo-oxida-
tion leads to the efficient formation of radical species
[Carlier et al., 1986]. Such radical formation has been
shown to be an important source of HOx in the upper
troposphere (UT) and can also lead to the sequestration of
NOx into radical nitrate species, such as peroxyacetylni-
trate (PAN, MeCO3NO2) [Singh et al., 1994, 1995; Arnold
et al., 1997; McKeen et al., 1997; Müller and Brasseur,
1999; Wennberg et al., 1998; Jaeglé et al., 2000]. These

species are effectively nitrogen reservoirs, acting as an
efficient mechanism for the transport of reactive nitrogen
to remote regions of the troposphere [Singh and Hanst,
1981].
[3] Acetone is one of the most abundant of the OVOCs,

with free tropospheric concentrations ranging between 0.2
and more than 2 ppbv [Singh et al., 1995, 2001, 2004;
Arnold et al., 1997; Traub et al., 2003]. Studies of the large-
scale acetone distribution in the troposphere have, to date,
shown difficulty in reconciling observed large concentra-
tions with its known sources and sinks [Jacob et al., 2002;
Singh et al., 2004]. As a result, large uncertainties remain
regarding the role of the ocean as a regional source or sink
for acetone, as well as uncertainties regarding the magni-
tudes of natural, biomass, and anthropogenic emissions
[Jacob et al., 2002; Singh et al., 2004].
[4] Recently, first measurements of a temperature depen-

dence of the quantum yield for acetone photodissociation
were found to decrease the acetone photolysis sink by a
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factor of 2.5–10 in the UT [Blitz et al., 2004]. Applying
these new measurements to a photochemical box model
demonstrated a large reduction in the impact of acetone on
HOx and NOy chemistry in the midlatitude and tropical UT
[Arnold et al., 2004]. HOx yields from acetone were reduced
by between a factor of 2 and 4, and the acetone lifetime was
significantly increased.
[5] In this paper we use a three-dimensional (3-D)

chemical transport model to extend the study of Arnold
et al. [2004]. Here we investigate the impact of the new
quantum yields on the calculated photolysis and acetone
distribution over all latitudes and seasons. We compare the
modeled acetone with surface/aircraft data to investigate if
the slower photolysis and longer acetone lifetime improves
model/data agreement. We then investigate the impact of
the changed modeled acetone on other species such as
PAN, NOx, HOx, and ozone. Section 2 describes the
TOMCAT model in some detail. The model results are
presented in section 3.

2. TOMCAT 3-D Model

[6] In this study we have used the TOMCAT three-
dimensional (3-D) off-line chemical transport model
(CTM) [e.g., Chipperfield et al., 1993; Stockwell and
Chipperfield 1999]. The model is forced using winds,
temperature, and humidity from meteorological analyses.
Tracer advection by the resolved winds is performed using
the scheme of Prather [1986]. In the updated version used
here (M. P. Chipperfield, New version of the TOMCAT/
SLIMCAT off-line chemical transport model, submitted to
Quarterly Journal of the Royal Meteorological Society,
2005) subgrid scale transport is performed using the
Tiedtke convection scheme [Tiedtke, 1989; Stockwell and
Chipperfield 1999] and the Holtslag and Boville [1993]
parameterization for turbulent mixing in the boundary layer
following the method of Wang et al. [1999].
[7] In the past, TOMCAT has been used for studies of

both the stratosphere and troposphere with both simple
tracers and detailed chemistry. Studies with detailed tropo-
spheric chemistry, as used here, have been described by,
e.g., Law et al. [1998]. However, certain changes have been
made to the tropospheric chemistry scheme for this study
and so we now give complete details of model species,
reactions, photolysis rate calculations, and emissions, which
are all relevant to the aims of this study.

2.1. Chemical Scheme

[8] Table 1 lists the species now contained in the updated
TOMCAT chemical scheme used here. The model uses 23
advected tracers (species and families). Short-lived species

are not advected and assumed to be in photochemical
steady-state (e.g., OH). The model H2O field is taken from
the analyses used to forced the model. The chemical
reactions are listed in Tables 2–4. Wherever possible
kinetic data is taken from IUPAC (http://www.iupac-kinetic.
ch.cam.ac.uk) and for reactions not contained in this we
use the Leeds Master Chemical Mechanism (MCM). The
exceptions are reactions 41, 56, and 78 which are taken
from Sander et al. [2003]. The chemistry is integrated using
the ASAD scheme [Carver et al., 1997].

2.2. Photolysis Scheme

[9] In previous TOMCAT tropospheric chemistry studies
[e.g., Law et al., 1998; O’Connor et al., 2004] the model
has used precalculated photolysis (J) rates based on the
original code of Hough [1988] used in a 2-D latitude-height
model. Within TOMCAT these photolysis rates were inter-
polated to the local solar time but there was no other
coupling with the local model 3-D fields. This study
requires interactive photolysis rates and therefore we have
again used the code of Hough [1988] but now inserted it
into TOMCAT.
[10] The scheme of Hough [1988] is based on the two-

stream approach which considers the direct and scattered
beam. The scheme considers six orders of isotropic scatter-
ing. A climatological cloud field is specified. The version
used here has 203 wavelength bins from 121 nm to 850 nm.
Within TOMCAT the J rates are calculated at every chem-
ical time step (15 min) using the model profiles of temper-
ature and ozone in the calculation of cross sections,
quantum yields, and solar flux, where appropriate. Where
possible, photochemical data has been updated from Sander
et al. [2003]. The photolysis scheme used here in TOMCAT
is very similar to that used in the box model study of Arnold
et al. [2004].
[11] Overall, the photolysis scheme has not changed

significantly and the model is expected to behave similarly
to the previous validated versions [e.g., Law et al., 1998].
Small differences are expected in photolysis rate values, as
model fields (e.g., T) are now used interactively, and we
have specified fields of surface albedo and clouds and have
updated the photochemical data. Figure 1 shows some
comparisons of CO and ozone profiles from around the
globe to demonstrate the similarity of the old and new
model schemes. The main difference between the two
simulations is that the new photolysis treatment gives a
more oxidizing troposphere, slightly reducing CO and
increasing ozone concentrations. This is also noted in
section 3.5 (below) in the discussion of the global mean
OH and methane lifetime. Southern Hemisphere (SH) CO
concentrations are overestimated. This has been noted in

Table 1. Chemical Species in the CTMa

Category Species

Shorter-lived species Ox(= O3 + O(3P) + O(1D)), H2O2 NOx(= NO + NO2), NO3, N2O5, HNO3, HO2NO2,
HONO MeCO3NO2, EtCO3NO2, MeONO2 HCHO, MeOOH, MeCHO, Me2CO, C2H6,
EtOOH, EtCHO, C3H8, n-PrOOH, i-PrOOH,

Steady-state OH, HO2, MeO2, EtO2, MeCO3, EtCO3, n-PrOO, i-PrOO MeCOCH2OO, MeCOCH2OOH
Source gases CH4, CO
Fixed O2, N2, H2, CO2

Analyses H2O
aMe = CH3, Et = C2H5, Pr = C3H7.
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comparisons of many other models and is attributed to an
overestimate in SH CO sources from the IPCC emissions
[Prather et al., 2001].

2.3. Surface Emissions

[12] Table 5 gives the annual mean fluxes of the surface-
emitted species in the model. These are based on earlier
runs of TOMCAT except for acetone which has been
updated based on IPCC scenarios (D. Stevenson, personal
communication, 2004). The total surface emission flux of
acetone specified in the model is 27 Tg/yr. This is
composed of 20 Tg/yr from natural sources, 5 Tg/yr from
biomass burning (distributed according to van der Werf et
al. [2003]), and 5 Tg/yr from industrial sources (distrib-
uted according to Dentener et al. [2004]). Given large
uncertainties in the role of the ocean as a source and sink
of acetone [Singh et al., 2001; Jacob et al., 2002], we
remove the impact of the ocean terms on the acetone
budget by assuming a net zero acetone atmosphere-ocean
flux. The model acetone source from alkane oxidation is
around 16 Tg/yr, giving a total acetone source of around
43 Tg/yr. Owing to the lack of hydrocarbon complexity in
the model scheme, oxidation of monoterpenes, methylbu-
tanol, and higher iso-alkanes are not included as sources
of acetone.

2.4. Model Experiments

[13] We have performed three 20-month simulations of
TOMCAT to test the effect of the new quantum yields for
acetone photolysis. The runs were initialized on 1 April
2000 and forced using ECMWF operational analyses. The
model resolution was 5.6� � 5.6� horizontally with 31
hybrid s-p levels from the surface to 10 hPa. Run NQY
used the acetone quantum yields from the parameteriza-
tion of Blitz et al. [2004], while run RQY used the
standard yields from Gierczak et al. [1998]. For compar-
ison a final simulation (OLD) was done with the pre-
calculated J rate values used in previously published
TOMCAT studies.
[14] The rate constant for the reaction of acetone with OH

is k = 8.8 � 10�12exp(�1320/T) + 1.7 � 10�14exp(420/T)
(http://www.iupac-kinetic.ch.cam.ac.uk). Dry deposition of
acetone was included in the model over land with a
deposition velocity of 0.1 cm/s [Jacob et al., 2002].
[15] The model output was saved every 3.75 days to

allow precession of the diurnal cycle, avoiding regional bias
in monthly mean fields. After a 6-month spin-up, the output

Table 2. CTM Gas Phase Bimolecular Reactionsa

Reaction Reactants Products

1 HO2 + NO ! OH + NO2

2 HO2 + NO3 ! OH + NO2

3 HO2 + O3 ! OH + O2

4 HO2 + HO2 ! H2O2 + O2

5 HO2 + MeOO ! MeOOH + O2

6 HO2 + EtOO ! EtOOH + O2

7a HO2 + MeCO3 ! MeCO3H + O2

7b HO2 + MeCO3 ! MeCO2H + O3

8 HO2 + n-PrOO ! n-PrOOH
9 HO2 + i-PrOO ! i-PrOOH
10a HO2 + EtCO3 ! EtCO3H + O2

10b HO2 + EtCO3 ! EtCO2H + O3

11 HO2 + MeCOCH2OO ! MeCOCH2OOH + O2

12a MeOO + NO (+ O2) ! HO2+ HCHO + NO2

12b MeOO + NO ! MeONO2

13 MeOO + NO3 ! HO2 + HCHO + NO2

14a MeOO + MeOO ! MeOH + HCHO + O2

14b MeOO + MeOO ! 2HO2 + 2HCHO
15a MeOO + MeCO3 ! HO2 + HCHO + MeOO
15b MeOO + MeCO3 ! MeCO2H + HCHO
16 EtOO + NO ! MeCHO + HO2 + NO2

17 EtOO + NO3 ! MeCHO + HO2 + NO2

18 EtOO + MeCO3 ! MeCHO + HO2 + MeOO
19 MeCO3 + NO (+ O2) ! MeOO + CO2 + NO2

20 MeCO3 + NO3 ! MeOO + CO2 + NO2

21 MeCO3 + n-PrOO ! MeOO + EtCHO + HO2

22 MeCO3 + i-PrOO ! MeOO + Me2CO + HO2

23 n-PrOO + NO ! EtCHO + HO2 + NO2

24 n-PrOO + NO3 ! EtCHO + HO2 + NO2

25 i-PrOO + NO ! Me2CO + HO2 + NO2

26 i-PrOO + NO3 ! Me2CO + HO2 + NO2

27 EtCO3 + NO ! EtOO + CO2 + NO2

28 EtCO3 + NO3 ! EtOO + CO2 + NO2

29 MeCOCH2OO + NO ! MeCO3 + HCHO + NO2

30 MeCOCH2OO + NO3 ! MeCO3 + HCHO + NO2

31 NO + NO3 ! 2NO2

32 NO + O3 ! NO2 + O2

33 NO2 + O(3P) ! NO + O2

34 NO2 + O3 ! NO3 + O2

35 NO3 + HCHO (+ O2) ! HONO2 + HO2 + CO
36 NO3 + MeCHO ! HONO2 + MeCO3

37 NO3 + EtCHO ! HONO2 + EtCO3

38 NO3 + Me2CO ! HONO2 + MeCOCH2OO
39 N2O5 + H2O ! 2HONO2

40 O(3P) + O3 ! 2O2

41a O(1D) + CH4 ! OH + MeOO
41b O(1D) + CH4 ! HCHO + H2

41c O(1D) + CH4 ! HCHO +2HO2

42 O(1D) + H2O ! 2OH
43 O(1D) + N2 ! O(3P) + N2

44 O(1D) + O2 ! O(3P) + O2

45 OH + CH4 ! H2O + MeOO
46 OH + C2H6 ! H2O + EtOO
47a OH + C3H8 ! n-PrOO + H2O
47b OH + C3H8 ! i-PrOO + H2O
48 OH + CO ! HO2 + CO2

49 OH + EtCHO ! H2O + EtCO3

50a OH + EtOOH ! H2O + MeCHO + OH
50b OH + EtOOH ! H2O + EtOO
51 OH + H2 ! H2O + HO2

52 OH + H2O2 ! H2O + HO2

53 OH + HCHO ! H2O + HO2 + CO
54 OH + HO2 ! H2O + O2

55 OH + HO2NO2 ! H2O + NO2

56 OH + HONO2 ! H2O + NO3

57 OH + HONO ! H2O + NO2

58a OH + MeOOH ! H2O + HCHO + OH
58b OH + MeOOH ! H2O + MeOO
59 OH + MeONO2 ! HCHO + NO2 + H2O
60 OH + Me2CO (+ O2) ! H2O + MeCOCH2OO
61 OH + MeCOCH2OOH ! H2O + MeCOCH2OO
62 OH + MeCHO ! H2O + MeCO3

63 OH + NO3 ! HO2 + NO2

Table 2. (continued)

Reaction Reactants Products

64 OH + O3 ! HO2 + O2

65 OH + OH ! H2O + O(3P)
66 OH + MeCO3NO2 ! HCHO + NO2 + H2O
67 OH + EtCO3NO2 ! MeCHO + NO2 + H2O
68 OH + n-PrOOH ! n-PrOO + H2O
69 OH + n-PrOOH ! EtCHO + H2O + OH
70 OH + i-PrOOH ! i-PrOO + H2O
71 OH + i-PrOOH ! Me2CO + OH
aMeCO3H, MeCO2H, EtCO3H, EtCO2H, MeOH - not considered further

by chemistry scheme.
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from months 7–20 was used to create monthly mean fields
of the model tracers.

3. Three-Dimensional Model Results

[16] First, we investigate the direct impact of the new
quantum yields on acetone photolysis. We then examine the
changes to global tropospheric chemistry caused by these
reductions to the acetone J rate.

3.1. Acetone Photolysis

[17] First, we examine the direct effect of the change in
acetone quantum yields on the modeled acetone photolysis
rates. The annual global mean acetone photolysis rate
(Figure 2) reduces by 58%, from 3.93 � 10�7 to 1.64 �
10�7 s�1 on switching from RQY to NQY. The greatest
fractional difference produced is in the winter UT of both
hemispheres, with a reduction of up to �90%. Reductions
to the maximum acetone photolysis rate, in the summer
lower-latitude UT, are on the order of �70%, reducing a
maximum J rate of more than 5.7 � 10�7 s�1 to less than
1.6 � 10�7 s�1. As shown by Blitz et al. [2004], largest
reductions to the photolysis rate are produced in the UT,
where temperatures are lowest. However, in the warmest
regions, near the surface in the tropics, fractional reductions
to the J rate are still greater than 50%.
[18] Reductions to the acetone photolysis rate in the

autumn UT of between 70 and 90% (not shown) are
comparable with those calculated in the box model study
of Arnold et al. [2004], which showed reductions of �85%
and �60% to the J rate in the midlatitude and tropical UT,
respectively.

3.2. Acetone Budget

[19] The zonal mean acetone distribution (Figure 3)
shows largest concentrations at the surface in the Northern
Hemisphere (NH) winter. This is due to the large NH source
strength, coupled to the smallest J loss and OH concen-
trations during winter. Southern Hemisphere (SH) source
strengths are far smaller, and consequently SH zonal-mean
concentrations do not exceed 600 pptv. The largest SH
concentrations occur in JJA near the surface, when loss
through OH and photolysis are slowest. The maximum SH
concentrations occur at lower latitudes where the strongest
SH sources are located (see Figure 4). Acetone distributions
in the tropics indicate efficient vertical transport of larger
surface concentrations to higher altitudes, highlighting the

potential key role of acetone in tropical UT HOx production.
Surface distributions (Figure 4) show strongest sources are
associated with anthropogenic emissions (either directly or
through oxidation of iso-alkanes) in NH midlatitudes and
biomass burning sources in tropical Africa, Asia, and South
America. Maximum surface concentrations of more than
5 ppbv are modeled in these source regions. A strong
contrast is seen between mean surface NH concentrations
between winter and spring (Figure 3) associated with the
longer acetone lifetime in winter which facilitates long-
range transport of relatively high acetone concentrations
(>0.6 ppbv) to all NH latitudes. In contrast, owing to the
smaller SH source strength, SH surface acetone concen-
trations do not exceed 0.5 ppbv at middle/high latitudes.
[20] Owing to the large reduction in acetone photolysis

rates with NQY, zonal mean acetone concentrations are
enhanced globally for all seasons and at all altitudes. Large
fractional increases in SH acetone concentrations are seen,
particularly in summer. The localized nature of SH sources
and large increase to the acetone lifetime mean that acetone
concentrations in remote SH regions are greatly enhanced
by transport. Surface acetone concentrations are greatly
enhanced in the remote SH regions and over the oceans.
[21] Table 6 shows global annual mean acetone budget

terms for the three model runs. As noted in section 3.1,
compared to the old precalculated J rate scheme (OLD), the
RQY simulation produces a more photochemically active
troposphere, increasing the photolysis loss of acetone from
17.0 to 18.2 Tg yr�1. Photolysis, OH loss, and dry depo-
sition account for 43%, 39%, and 17% of the acetone sink,
respectively, in the RQY simulation, with a small (<1%)
contribution from oxidation by NO3. Loss via OH oxidation
relative to photolysis is large compared to the study of
Jacob et al. [2002] and is at the high end of estimates from
Singh et al. [1994]. A larger J loss would require greater
transport of acetone to higher altitudes, where photolysis
loss dominates. The different relative strengths of OH and

Table 3. CTM Gas Phase Termolecular and Thermal Decomposi-

tion Reactions

Reaction Reactants Products

72 HO2 + NO2 + M ! HO2NO2 + M
73 HO2NO2 + M ! HO2 + NO2 + M
74 MeCO3 + NO2 + M ! MeCO3NO2 + M
75 MeCO3NO2 + M ! MeCO3 + NO2 + M
76 N2O5 + M ! NO2 + NO3 + M
77 NO2 + NO3 + M ! N2O5 + M
78 O(3P) + O2 + M ! O3 + M
79 OH + NO + M ! HONO + M
80 OH + NO2 + M ! HONO2 + M
81 OH + OH + M ! H2O2 + M
82 EtCO3 + NO2 + M ! EtCO3NO2 + M
83 EtCO3NO2 + M ! EtCO3 + NO2 + M

Table 4. CTM Photolysis Reactions

Reaction Reactants Products

1 EtOOH + hn (+ O2) ! MeCHO + HO2 + OH
2 H2O2 + hn ! OH + OH
3a HCHO + hn (+ 2O2) ! HO2 + HO2 + CO
3b HCHO + hn ! H2 + CO
4 HO2NO2 + hn ! HO2 + NO2

5 HONO2 + hn ! OH + NO2

6a MeCHO + hn (+2O2) ! MeOO + HO2 + CO
6b MeCHO + hn ! CH4 + CO
7 MeOOH + hn (+ O2) ! HO2 + HCHO + OH
8 N2O5 + hn ! NO3 + NO2

9 NO2 + hn ! NO + O(3P)
10a NO3 + hn ! NO + O2

10b NO3 + hn ! NO2 + O(3P)
11 O2 + hn ! 2O(3P)
12a O3 + hn ! O2 + O(1D)
12b O3 + hn ! O2 + O(3P)
13 MeCO3NO2 + hn ! MeCO3 + NO2

14 HONO + hn ! OH + NO
15 EtCHO + hn (+ 2O2) ! EtOO + HO2 + CO
16 Me2CO + hn (+2O2) ! MeCO3 + MeOO
17 n-PrOOH + hn (+ O2) ! EtCHO + HO2 + OH
18 i-PrOOH + hn (+ O2) ! Me2CO + HO2 + OH
19 MeCOCH2OOH + hn (+ O2) ! MeCO3 + HCHO + OH
20 EtCO3NO2 + hn ! EtCO3 + NO2

21 MeONO2 + hn (+ O2) ! HO2 + HCHO + NO2
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J loss between the studies may be a consequence of
differences in strengths and locations of sources used, or
the different relative strengths of surface sinks. The lack of
a modeled ocean flux term also reduces our global source
and sink terms relative to previous studies. However, it
should be noted that if the J loss rate were a larger fraction
of the total sink than suggested by RQY, any fractional
reduction to the photolysis loss of acetone would produce
an even more significant impact on the global acetone
budget than described here.
[22] The effect of NQY is to reduce photolysis loss of

acetone by a factor of �2, to 9.3 Tg yr�1. This results in a
large increase in the OH sink, to more than 50% of the
annual loss, making this the dominant tropospheric loss
pathway for acetone. Dry deposition also increases to
account for 21% of the loss. This significant reduction
in the J loss decreases the overall loss rate of acetone,
resulting in an increase in its atmospheric lifetime from 22
to 35 days. This leads to an overall increase in acetone
concentrations globally, increasing the atmospheric burden
from 2.6 to 4.1 Tg. This is a similar burden estimate to
that produced by Jacob et al. [2002] (3.8 Tg), however
NQY mean that it can be maintained by approximately
half of the global acetone source strength used in that
study.
[23] Table 7 summarizes the contributions from different

altitude ranges to the total tropospheric photochemical loss
of acetone for RQY and NQY. At altitudes above 500 hPa,
the tropospheric destruction of acetone reduces from
11.2 Tg/yr to 9.1 Tg/yr. This results in a large increase in
OH destruction of acetone from �17 Tg/yr to �24 Tg/yr.

The absolute mass of acetone lost below 750 hPa increases
by more than 2 Tg with NQY compared to RQY. Almost
all of this increase is offset by reduced destruction above
500 hPa. More than 70% of acetone is destroyed in the
tropics, where loss is more efficient due to larger OH
concentrations and actinic flux. Fractional loss in the SH
increases slightly with NQY compared to RQY, mainly at
the expense of decreased fractional loss in the NH extra-
tropical UT due to slower J rates. This small shift toward a
larger fractional destruction in the SH is a result of larger
acetone concentrations persisting in regions where efficient
OH loss can consequently remove more acetone. The OLD
and RQY simulations show very similar losses, except in
the UT where small changes to photolysis rates slightly
increase loss in the RQY simulation.

3.3. Comparisons With Observations

[24] We compare modeled concentrations of acetone with
observations made by both aircraft and surface sites at

Table 5. CTM Surface Emission Fluxes

Species Emissions (Tg/year)

NO2 146
CH4 517
CO 1770
HCHO 14
C2H6 16
MeCHO 0.31
C3H8 16
Me2CO 27

Figure 1. Comparisons of TOMCAT modeled ozone and CO profiles (ppbv) from runs RQY (solid
line) and OLD (dotted line) with aircraft observations from four NASA expeditions (crosses). Locations
of observations are described in Table 3. Horizontal bars show standard deviations on observations.
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various locations. Vertical profile data are composites of
observations made during four NASA expeditions, binned
into altitude ranges [Emmons et al., 2000]. Surface concen-
trations are taken from Solberg et al. [1996]. We also
compare surface concentrations of propane, the sole acetone
precursor in the model. Table 8 summarizes the locations
and times of year of each of the aircraft data sets used. It
should be noted that these comparisons are climatological,
and emissions and meteorology may not be fully appropri-
ate for the particular time of the observations. The obser-
vations are sparse and may not necessarily be representative
of the region and period considered. However, we note that
PEM-Tropics B observations were made in regions remote
from sources and are therefore likely to be more regionally
representative.
[25] Figure 5 shows comparisons of TOMCAT with

profiles of acetone observed at the locations and times
listed in Table 8. Profiles of OLD concentrations are
included to demonstrate the small changes to acetone
introduced by the online photolysis treatment (RQY).
Differences between OLD and RQY are small compared
with the effects of NQY.
[26] Modeled acetone concentrations in the lower tropo-

sphere in the region of North American outflow (Labrador

and U.S. East Coast) are small compared with those
observed during the ABLE-3B experiment. Underestima-
tions of acetone concentrations observed during this mission
are also found in the MOZART [Hauglustaine et al., 1988]
and GEOS-CHEM [Jacob et al., 2002] models. Jacob et al.
[2002] demonstrated that their main acetone source in the
PBL of the Eastern Canada region was oxidation of meth-
ylbutanol and monoterpenes. These sources are not included
in TOMCAT, which may explain the large underestimation
of acetone in the Labrador PBL. Underestimation of acetone
in the free troposphere of the GEOS-CHEM model was
attributed to anomalously high biomass burning sources
during the ABLE-3B mission [Singh et al., 1994]. These
anomalous emissions are also absent from the TOMCAT
simulation. Profiles of acetone concentrations observed in
the Western Pacific during PEM-West B are generally well
reproduced by the RQY model in the free troposphere.
Concentrations in the Japan coast PBL are overestimated by
TOMCAT with both RQY and NQY. Similar overestima-
tions are seen in the MOZART model PBL in this region
[Hauglustaine et al., 1988]. Free tropospheric concentra-
tions are reproduced well with NQY in the China and Japan
coast regions but are overestimated at all altitudes for the
Phillipine Sea region. Jacob et al. [2002] required an

Figure 2. Zonal mean annual average acetone photolysis rates (10�7 s�1) for TOMCAT model runs
RQY and NQY and percentage difference between these runs.

D22305 ARNOLD ET AL.: 3-D MODEL STUDY OF NEW ACETONE PHOTOLYSIS

6 of 14

D22305



increased ocean sink term to reduce acetone concentrations
in the GEOS-CHEM model, in order to reproduce the
PEM-West B observations. Such a sink is not included in
TOMCAT, which may explain the cases of overestimation
in both the PBL and free troposphere with NQY in this
region. The RQY model underestimates observations
made during the TRACE-A campaign at all altitudes.
Hauglustaine et al. [1988] found a similar underestimation
in the UT which they attributed to missing biomass burning
sources in the region. However, the NQY TOMCAT run
provides a much improved match to the observed acetone
concentrations, with a small underestimation remaining in
the UT. This may demonstrate that a large part of the
discrepancy between modeled and simulated acetone con-
centrations in this region may be explained by the longer
acetone lifetime resulting from NQY. Observations from
the PEM-Tropics B expedition provide acetone concen-
trations in some of the most remote regions of the tropical
Pacific. Singh et al. [2001] noted that the ubiquity and
invariability of acetone in these regions cannot be reconciled
with long-range transport from continental sources, given
the accepted acetone lifetime. A large ocean source of
acetone was invoked by Jacob et al. [2002] in order to
reproduce these observations in the GEOS-CHEM model.
This source contributed up to 50% of the modeled acetone
concentrations at Tahiti and Easter Island. However, Figure 5
demonstrates that the increased acetone lifetime resulting
from NQY is capable of explaining the abundances
of acetone in these remote regions without the need for
additional ocean sources.

[27] The general improvement in the model simulation
with NQY is indicated by a reduction in the mean model
bias relative to the aircraft observations from �50% with
RQY to �17% with NQY.
[28] Comparisons of acetone and propane (the sole model

acetone precursor) with observed concentrations are made
for a selection of surface sites covering a range of Northern
Hemisphere latitudes in Figure 6. Observations at Kosetice
(Czech Republic) display a strong seasonal cycle which is
also displayed to varying degrees at several other European
sites. The summer maximum can be attributed to vegetative
emissions and oxidation of monoterpenes [Jacob et al.,
2002]. Monoterpene acetone precursors are not included
in TOMCAT, which may explain the underestimation of
summer concentrations. Similar underestimations are seen
at other European sites (e.g., Birkenes (8E, 58N) and Donon
(48N, 7E) (not shown)). This seems to have less impact at
the Rucava site, however. Winter concentrations are dom-
inated by anthropogenic emissions and iso-alkane oxidation
and are reproduced well at Kosetice. Despite an underesti-
mation in propane during winter at Rucava and Zeppelin,
acetone in winter is overestimated. This may suggest that
anthropogenic emissions are too large or point to the lack of
an ocean sink. Jacob et al. [2002] required such a sink to
reproduce the winter minima at many of the surface sites
and to capture the magnitude of acetone concentrations
throughout the year at the remote Arctic site Zeppelin.
However, summertime acetone at Zeppelin is well captured
by TOMCAT, despite the lack of an ocean sink. We note
that acetone at the Ispra site (46N, 8E) (not shown) is

Figure 3. Zonal mean seasonal mean acetone mixing ratio (ppbv) from the surface to 10 km for DJF,
MAM, JJA, and SON for TOMCAT runs NQY and RQY and the percentage difference between these
runs.
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underestimated throughout the year, and the observations
appear to be nonrepresentative of the region, as suggested
by Solberg et al. [1996] and Jacob et al. [2002]. Acetone
observations at the remote free-tropospheric site Mauna Loa
are sparse; however, the magnitude of the observed
concentrations is captured well by TOMCAT. Spring and
summer concentrations are slightly better reproduced with
NQY, and RQY give a better representation of the winter
observations. The propane comparison for winter at Mauna
Loa suggests that the propane acetone source may be too
large in early winter.

3.4. NOy Partitioning

[29] The peroxyacetyl radical is a product of acetone
photolysis. A change in the acetone J rate is therefore likely
to change the production of PAN and so alter the partition-
ing of nitrogen between the different NOy species. A slower
acetone photolysis rate may significantly reduce the pro-
duction of PAN, particularly in colder regions such as the
UT [Arnold et al., 2004]. It should be noted that the model
simulations do not include isoprene and its derivatives
which are efficient in the formation of PAN. Fractional
changes to PAN and NOx are therefore likely to be some-
what different from those derived here, if isoprene chemis-

try were to be included. Nevertheless, the study provides an
indication of the regional and global effects of reduced
acetone photolysis on its interaction with NOy.
[30] Figure 7a compares zonal mean PAN distributions

using RQY and NQY. PAN concentrations in the NH are
reduced overall, most significantly in the cold tropical UT,
with a maximum reduction of �12%. Maximum seasonal
average PAN values of �200 pptv occur in the springtime
NH at high latitudes. These are reduced by between 10 and
17% with NQY.
[31] In the SH summer and autumn, PAN concentrations

mostly increase with NQY in the extratropics. This suggests

Figure 4. Surface-level annual mean acetone mixing ratio (ppbv) from TOMCAT runs NQY and RQY.
Contour values are 0.1, 0.2, 0.5, 0.8, 1.5, 2.1, and 5 ppbv.

Table 6. Annual Global Mean Acetone Budget Terms for the

Three Photolysis Treatments (OLD, RQY, and NQY)

OLD RQY NQY

tacet/days 26 22 35
Burden/Tg 3.0 2.6 4.1
Photolysis loss/Tg 17.0 18.2 9.3
OH oxidation/Tg 17.1 16.5 23.9
NO3 oxidation/Tg 0.17 0.17 0.23
Dry deposition/Tg 7.9 7.3 8.8
Alkane source/Tg 15.5 15.5 15.5
Emissions/Tg 27.0 27.0 27.0
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larger amounts of PAN production in regions where it
is limited by the abundance of acetone. The increased
acetone lifetime means that acetone concentrations in
regions remote from sources (e.g., much of the extratropical
SH) are larger with NQY allowing enhanced formation of
PAN. This effect is greatest in autumn and winter where the
acetone lifetime is longest and PAN is most thermally
stable. The fractional increases in PAN concentrations
associated with this are up to 15% in these seasons.
However, the actual PAN concentrations are far smaller
than in the NH.
[32] In SH spring, PAN concentrations are mostly re-

duced with NQY. This is due to PAN production being
limited by the suppressed photochemical formation of
peroxyacetyl radicals from acetone, rather than the transport
of acetone to remote regions. This results from the more
efficient springtime photo-oxidation of acetone and the
smaller increase to its lifetime compared to the autumn
and winter months.
[33] Distributions of NOx show corresponding reductions

and increases associated with increased and reduced forma-
tion of PAN, respectively. Zonal mean NH springtime NOx

shows the most notable increase (up to 15%) in the high
latitude UT. The tropical UT shows increases to annual
mean NOx concentrations of �5%. This is significant in
perturbing the OH/HO2 ratio, with consequences for
changes in HOx brought about by NQY.

3.5. HOx and the Tropospheric Oxidizing Capacity

[34] Acetone photo-oxidation has been suggested as an
important source of HOx in the dry UT [Singh et al., 1995;
Arnold et al., 1997;McKeen et al., 1997; Jaeglé et al., 2000].
Using a box model constrained with UT aircraft observa-
tions, Arnold et al. [2004] showed that NQY reduced the

contribution of HOx production from acetone photo-oxida-
tion to the midlatitude and tropical HOx budgets by factors of
4 and 2, respectively. Here, we discuss the impacts of NQY
on the global distributions of HOx over the annual cycle.
[35] Figure 8 shows that decreases to HOx are produced

in both tropospheric hemispheres with NQY. The largest
HOx reductions are in the NH, where acetone concentrations
are dominated by the relatively large NH acetone source
strength and transport to more remote regions is less
important.
[36] The tropical middle/upper troposphere shows a small

increase in OH with NQY, despite an overall decrease in
HOx. This is due to an increase in the OH/HO2 ratio, caused
by increases to NOx (see section 3.4). Such repartitioning
also occurs throughout the NH, where NOx concentrations
are more substantially enhanced, although it does not lead to
an OH increase due to the larger overall decrease in HOx.
[37] Zonal mean concentrations of HOx in the NH winter

reduce by up to �10% in the midlatitude/high-latitude UT.
In this season and region of the troposphere, the acetone
photolysis rate is most significantly reduced by NQY.
Consequently, the acetone HOx yield in this region displays
the most sensitivity to NQY. Fractional reductions to zonal
mean HOx in the tropical regions are up to �4% in the UT
but are far less at lower altitudes, where the reduction to the
acetone J rate is smaller, and the HOx source term is
dominated by ozone photolysis.
[38] The global-scale impact of the changes to HOx

associated with NQY can be assessed as changes to the
global mean concentration of OH, OH½ �, and the tropo-
spheric oxidizing capacity. OH½ � is given here in two forms,
as recommended by Lawrence et al. [2001]. First, we have
calculated the ‘‘air mass-weighted’’ global mean concentra-
tion of OH, OH½ �M. This is the OH number density
weighted by the mass of each model grid cell (Mgc) in the
model troposphere:

OH½ �M ¼
Strop Mgc: OH½ �

� �

StropMgc

: ð1Þ

We define grid cells to be tropospheric where PV 
 2 PVU
and potential temperature is less than 380 K.
[39] Second, we present the global mean OH concentra-

tion weighted by the product of the reaction rate coefficient

Table 7. Total Annual Photochemical Loss of Acetone for

Different Altitude Ranges From the Three Model Runs for the

Troposphere Only (Tg)

OLD RQY NQY

Above 250 hPa 2.8 3.1 2.5
500–250 hPa 8.2 8.2 6.6
750–500 hPa 10.0 10.0 9.6
Below 750 hPa 20.3 20.2 22.4

Table 8. Locations and Dates of Aircraft Data Sets Used to Compare With Vertical Profiles of CO, Ozone, and

Acetone Concentrations From TOMCATa

Region Latitude Longitude Months Mission

Labrador 50�N–55�N 300�E–315�E Jul/Aug ABLE-3B
U.S. East Coast 35�N–45�N 280�E–290�E Jul/Aug ABLE-3B
China Coast 20�N–30�N 115�E–130�E Feb/Mar PEM-West B
Japan 25�N–40�N 135�E–150�E Feb/Mar PEM-West B
Phillipine Sea 5�N–20�N 135�E–150�E Feb/Mar PEM-West B
Brazil, East 15�S–5�S 310�E–320�E Sep/Oct TRACE-A
Africa, South 25�S–5�S 15�E–35�E Sep/Oct TRACE-A
South Atlantic 20�S–0�S 340�E–350�E Sep/Oct TRACE-A
W. Africa Coast 25�S–5�S 0�E–10�E Sep/Oct TRACE-A
Easter Island 40�S–20�S 240�E–260�E Mar/Apr PEM-Tropics B
Fiji 30�S–10�S 170�E–190�E Mar/Apr PEM-Tropics B
Tahiti 20�S–0�S 200�E–230�E Mar/Apr PEM-Tropics B
Christmas Island 0�N–10�N 200�E–220�E Mar/Apr PEM-Tropics B
Hawaii 10�N–30�N 190�E–210�E Mar/Apr PEM-Tropics B

aFor more information on data sets and missions see Jacob et al. [2002] and references therein.
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for OH with methane and the mass of methane in each
tropospheric model grid cell, OH½ �CH4

:

OH½ �CH4
¼

Strop Mgc:k: CH4½ � OH½ �
� �

Strop Mgc:k: CH4½ �
� � ; ð2Þ

where k is the temperature-dependent bimolecular
reaction rate coefficient for reaction of CH4 and OH (k =
1.85 � 10�12exp(�1690/T) (http://www.iupac-kinetic.ch.
cam.ac.uk)). This T-dependence impacts the capacity OH
has for oxidation of gases such as methane through the
troposphere. This quantity is proportional to the inverse of
the global mean methane lifetime, tCH4

:

tCH4
¼

Strop Mgc: CH4½ �
� �

Strop Mgc:k: OH½ � CH4½ �
� � : ð3Þ

[40] Table 9 shows these OH concentrations and tCH4
as

annual means. Our mass-weighted NQY global mean OH
of �1.03 � 106 molec cm�3 is within the range of
recent observational estimates (1.16 � 106 molec cm�3

[Spivakovsky et al., 2000]; 0.94 � 106 molec cm�3 [Prinn
et al., 2001]). The decrease to global mean [OH] introduced
by NQY is on the order of 0.5%, i.e., no change to the
nearest 104 molec cm�3. This represents a relatively small
change to the global annual mean methane lifetime (+0.4%).
The insensitivity of the global oxidizing capacity to NQY

partly reflects that the largest decrease to the acetone HOx

yield occurs in regions which do not contribute a significant
fraction to the global HOx burden (winter high-latitude UT),
with a smaller reduction to the acetone J rate produced in
the tropical UT, where acetone photolysis contributes most
significantly to the global HOx burden. In addition,
increases to NOx concentrations in the tropical UT, brought
about by reduced formation of PAN, result in an increase in
the OH/HO2 ratio, which counteracts decreases in OH
resulting from reduced acetone photolysis.

3.6. Ozone

[41] Arnold et al. [2004] showed that in the isolated UT,
reduced acetone photolysis could result in an overall
increase in ozone production through the maintenance of
higher NOx and acetone concentrations. However, under
conditions of regular replacement of UT air by polluted
NOx-rich air (e.g., in the tropical UT), ozone production was
was shown to reduce due to slower acetone photolysis, as it
became limited by the yield of peroxy radicals from acetone
photo-oxidation.
[42] The tropospheric ozone budget is controlled by input

from the stratosphere, deposition to the surface, and photo-
chemical production/loss. Ozone is photochemically pro-
duced in the troposphere by the photolysis of NO2, formed
by the oxidation of NO by peroxy radicals. Despite the
perturbations to NOx and reduction in efficiency of peroxy
radical production from acetone in run NQY, changes to
ozone are relatively small.

Figure 6. Comparisons of TOMCAT model acetone (top) and propane (bottom) mixing ratios (pptv) for
runs RQY (solid line) and run NQY (dotted line) with those observed (symbols) at European surface sites
and in the free troposphere at Mauna Loa.
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[43] The largest change in ozone is a �1% reduction in
the extratropical lower troposphere in NH winter. UT ozone
concentrations show a small enhancement at all latitudes
and seasons with NQY compared to RQY, likely associated
with the enhancement to NOx concentrations resulting from
reduced PAN formation.
[44] The small magnitude of the changes to global ozone

introduced by NQY partly reflects the small magnitude of
the perturbation caused to the global mean radical budget,
demonstrated by the small change to global mean OH.
Despite significant fractional changes to the NOx concen-
trations in some seasons and locations, changes to ozone
concentrations remain small. This demonstrates the strong
buffering of the global photochemical term of the tropo-
spheric ozone budget.

4. Conclusions

[45] We have used a 3-D chemical transport model to
investigate the global impact of recent laboratory measure-
ments of the temperature dependence of the acetone pho-
tolysis quantum yield [Blitz et al., 2004]. The new quantum
yields (NQY) decrease the global annual mean photolysis
loss of acetone by a factor of �2. In the cold upper
troposphere (UT) the decrease is between �80 and 90%.
The atmospheric lifetime of acetone increases from 22 to
35 days, with an increase in the atmospheric burden from

2.6 to 4.1 Tg, in agreement with that derived by Jacob et al.
[2002]. This is maintained with a global source of�43 Tg/yr
of acetone, which is approximately half the magnitude of
that inferred in the inverse modeling study of Jacob et al.
[2002]. In a note added in proof, Singh et al. [2004]
suggested that an increased acetone lifetime due to NQY
would reduce the acetone source strength needed to repro-
duce observations. This study confirms this; however, the
source we require is substantially lower than previously
suggested. In addition, our source of 43 Tg/yr is in good
agreement with the inventory-based source strength of
56 Tg/yr, derived by Singh et al. [2000]. Oxidation by
OH increases by �40% and becomes the dominant loss
route for acetone. Consequently, 2.3 Tg more acetone is
destroyed in the lower troposphere with NQY, compensated
for by a reduction in the loss of acetone at altitudes above
500 hPa. There are large relative changes in the remote SH
due to long-range transport facilitated by the increased
acetone lifetime.
[46] The general improvement in the model simulation

with NQY is indicated by a reduction in the mean model
bias relative to aircraft observations from �50% with RQY
to �17% with NQY. Comparisons of model and observed
acetone profiles from the remote tropical Pacific demon-
strate much improved agreement with NQY. This provides
an alternative means of reconciling model/observation dis-
crepancies in these regions without the need to invoke a net

Figure 7. As Figure 3 but for PAN (pptv) and NOx (ppbv). Contour values for NOx are 0, 0.02, 0.03,
0.05, 0.1, 0.5, 1, and 2 ppbv.
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ocean source for acetone, as has been suggested in previous
studies [Singh et al., 2001; Jacob et al., 2002]. Our poor
model agreement with the seasonality of acetone concen-
trations at some European surface sites, and an overestima-
tion of acetone over the western Pacific, may suggest a role
for the oceans as a net sink for acetone. However, uncer-
tainties in model sources make a definitive conclusion
difficult.
[47] The changes to the model acetone photolysis have a

significant impact on NOy species, especially PAN. With the
new quantum yields PAN decreases in the cold UT and
throughout the Northern Hemisphere. PAN increases are
modeled in Southern Hemisphere, as the increases in
acetone outweigh the slower rate of peroxyacetyl produc-
tion. NOx increases with NQY in regions of reduced PAN
formation. The tropical UT shows increases to NOx in all
seasons.
[48] The new quantum yields reduce tropospheric

HOx(=OH + HO2) globally. However, the impact on global
model OH is small (�0.5%). This is due to the largest
fractional changes to HOx being in regions which do not
contribute significantly to the global mean OH concentra-
tion, and changes to the OH:HO2 ratio, caused by changes

in NOx. The model shows small increases in OH in the
tropical UT, despite a small overall decrease in HOx due to
this repartitioning.
[49] Ozone concentrations are changed very little with

NQY, despite relatively significant changes in NOx and
NOy. A maximum reduction of less than 1% is modeled in
the extratropical lower troposphere in NH winter. This
reflects the small perturbations to the radical budget brought
about by NQY and the strong buffering of the ozone
photochemical system.
[50] Overall, the new quantum yields have large implica-

tions for our understanding of the global acetone budget.
The global source strength may be up a factor 2 smaller than
that derived from previous modeling studies. The revised

Figure 8. As Figure 3 but for HOx (pptv).

Table 9. Annual Global Means of OH and Corresponding CH4

Lifetime for the Three TOMCAT Runsa

OLD RQY NQY

OH½ �M/106 molec cm�3 0.936 1.030 1.026
OH½ �CH4

/106molec cm�3 1.158 1.298 1.294
tCH4

/years 8.91 7.95 7.98

aSee text for details.
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lifetime may also have reconciled previous model/observa-
tion differences in remote regions such as the tropical
Pacific. This has implications for previous conclusions
regarding the role of oceanic sources in the acetone budgets
of these regions. The significant increase to the acetone
lifetime also means that it can play a role in NOy and HOx

chemistry in regions further from continental sources than
was previously appreciated.
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