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[1] We have used a photochemical box model to
investigate the effect of temperature-dependent quantum
yields of acetone on the chemistry in the upper troposphere.
The T-dependent quantum yields produce a photolysis (J)
rate up to factor 3—10 slower than room temperature values.
This reduced J rate significantly reduces the contribution of
acetone to the mid-latitude and tropical UT HO, budgets by
factors of 4 and 2 respectively, when constrained with
location-specific aircraft observations. The calculated
lifetime of acetone in the UT increases from ~75 to
~250 days at mid-latitudes and from ~10 to ~20 days in
the tropics, for the conditions used here. This will
significantly affect studies aimed at balancing the
atmospheric acetone budget. Overall, these new quantum
yields have large implications for our understanding of the
role of acetone in the chemistry of the UT. INDEX TERMS:
0317 Atmospheric Composition and Structure: Chemical kinetic
and photochemical properties; 0322 Atmospheric Composition and
Structure: Constituent sources and sinks; 0360 Atmospheric
Composition and Structure: Transmission and scattering of
radiation. Citation: Arnold, S. R., M. P. Chipperfield, M. A.
Blitz, D. E. Heard, and M. J. Pilling (2004), Photodissociation of
acetone: Atmospheric implications of temperature-dependent
quantum yields, Geophys. Res. Lett., 31, L07110, doi:10.1029/
2003GL019099.

1. Introduction

[2] Recent studies have indicated that acetone may play
an important role in the chemistry of the upper troposphere
(UT). Acetone photolysis can act as a source of HO,,
peroxy and alkoxy radicals which can also change the
partitioning of odd-nitrogen between NO, and reservoir
species such as HONO, and peroxyacetylnitrate (PAN)
[e.g., Singh et al., 1995; Arnold et al., 1997; McKeen et
al., 1997]. However, these studies quantified the effect of
acetone using temperature-independent quantum yields for
acetone photodissociation.

[3] The atmospheric sinks for acetone are photolysis,
reaction with OH and surface deposition. Photolysis occurs
mainly through the initial formation of methyl peroxy and
acetyl peroxy radicals:

CH;COCH; + hv + 20, — CH30, + CH3C(O)02 (1)
Another minor photolysis channel (initially producing 2CHj;

and CO) is possible but its rate is many orders of magnitude
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slower at wavelengths relevant to the UT. Reaction with OH
can be represented by:

CH;COCH;3 + OH + O, — CH3COCH,0, + H,0 (2)

Photolysis of acetone occurs in the wavelength range 290—
320 nm in the troposphere, so the rate of equation (1)
increases with altitude. In contrast reaction (2) is more
efficient in the moist lower troposphere. Moreover, photo-
lysis can lead to a net production of 3.2 HO, molecules,
while reaction with OH leads to a net production of up to
2 HO, molecules [Singh et al., 1995]. Consequently, the
relative importance of the different acetone sinks as a
function of altitude has important implications for tropo-
spheric chemistry.

[4] Recently, Blitz et al. [2004] presented the first mea-
surements to show a temperature dependence for the ace-
tone quantum yields. Their results indicate that at low
temperatures typical of the UT, photolysis of acetone may
be significantly (approximately a factor of 3.5 at summer
mid-latitudes) slower than at room temperature. Clearly this
difference is likely to reduce the calculated impact of
acetone on tropospheric chemistry. In this paper we use a
photochemical box model to compare the impacts of the
new quantum yields (NQY) and the currently recommended
(effectively temperature-independent) quantum yields
(RQY) on UT photochemistry.

2. Photochemical Model and Experiments

[s] We have used the CiTTyCAT 0-D photochemical box
model [Evans et al., 2000], which comprises a detailed gas-
phase tropospheric chemistry, and to which we have added an
acetone photo-oxidation scheme. Photolysis of photo-labile
species in the model is treated using the isotropic two-stream
approach of Hough [1988]. New yields (NQY) are included
using the parameterisation of Blitz et al. [2004], while the
recommended yields (RQY) are taken from Warneck [2001],
as recommended by IUPAC 2002 [Atkinson et al., 2002].
Acetone absorption cross-sections are taken directly from
Gierczak et al. [1998]. The rate constant for the reaction of
acetone with OH is taken from a 2003 update to the [UPAC
2002 recommendation [http://www.iupac-kinetic.ch.cam.
ac.uk/], which has k = 8.8 x 10~ Zexp (—1320/T) + 1.7 x
10~ "exp (420/T). A seasonally averaged cloud field is
included in the photolysis calculations [Hough, 1988].

[6] The impact of the new yields has been investigated in
a series of 3 model experiments (summarised in Table 1).
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Table 1. Prescribed Chemistry and Conditions for UT Model
Experiments
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Table 2. Steady State Day Averages From Box Model Con-
strained by Midlatitude UT Observations (Experiment 1a)

Exp la Exp 1b Exp 2 Exp 3 No Acetone RQY NQY
Constrained Initialised Convective ~ OH/pptv 0.019 0.026 0.021
Description Background Convective Mixing HO»/pptv 0.48 0.70 0.54

. o o o o Acetone loss J/s™' 123 x 1077 1.94 x 107°
Latitude 50°N 0°N 50°N 0°N 1 _g _3 _g
Pressure/hPa 287 230 262 230 lf}ce“’ne }055 /’iz([)%ﬂ/]/il }-g? X 118,7 ?gg X 18,7 ?-83 X }8,7
Temperature/K 222 225 220 226 ropane loss K[OH]/s 01 x 36 x 09 x
H,O/kgkg ! 75 % 1075 94 x 1075 80 x 10°° 625 x 10~5  Acetone lifetime 74 days 254 days
Acetone/pptv 510 250 560 600
NO/pptv 56 58 443 10—-6000
NO,/pptv 30 - 163 -
gé/l/’Pbg’ ;(5) zg ;g ég increased from ~75 days to ~255 days. The reduction in
CH;/)}fpr\rlw 1761 1720 1761 1.700 calculated HO, concentrations suggests that further contri-
PAN/pptv 64 _ 55 _ butions from HO, sources in addition to acetone are
HONOy/pptv 120 - 130 - required for basic NMHC-NO,-HO, chemistry schemes to
HO,NO»/pptv 60 - 63 - reproduce the magnitudes of tropospheric HO, abundances.
gzg(’ggg %0 - ﬁg B [10] For tropical UT conditions, Experiment 1b takes
Csz/pptV 91 _ 110 _ values from a compilation of observations in the North
CsHe/pptv 15 - 14 - and South tropical Pacific [Crawford et al., 1999]. The
H>O,/pptv - - - 50 model was run at an altitude of ~11 km at the Equator.
CH;00H/pptv. =~ — — — 50

These cover situations where the chemistry is constrained
by observations of acetone (and other species) and situa-
tions where the model acetone is free to evolve. More
details of the individual model runs are given in the relevant
Results section. The constrained model experiments were
run over a perpetual 24-hour period until a repeatable
diurnal cycle was reached.

3. Model Results

[7]1 Blitz et al. [2004] presented profiles of photolysis
rates using the recommended and new yields. The temper-
ature-dependent NQY produced J rates a factor ~3—10
slower than the RQY in the cold UT. Here we investigate
the chemical implications of such a large decrease in
acetone photolysis.

3.1. Experiment 1: Constrained Model

[8] To investigate the impact of NQY on a chemical
system typical of the UT, the model was constrained using
observations of UT concentrations for mid-latitude (Exp. 1a)
and tropical (Exp. 1b) conditions. Species were constrained
to their observed concentrations (Table 1) every 5-minute
model time step. NO,, species were constrained every 24hrs
to allow the model to diagnose chemical diurnal cycles over
the course of a day. H,O,, HCHO, HO, and OH were
allowed to run freely in the simulation.

[o] Experiment la uses mid-latitude observations from
the background UT made during the SONEX experiment
[Jaeglé et al., 2000]. The box was situated at ~10 km, at
50°N, on October 28 to coincide with the approximate
location and median time of the observations. Table 2 shows
the results of this experiment. Steady-state HO, concen-
trations calculated by the constrained model are shown as
diurnal mean values. HO, increases due to acetone are
significantly reduced by the slower J rate given by NQY.
OH and HO, increases of approximately 35% and 45% with
the introduction of acetone, are reduced to increases of
about 9% and 11% respectively. The steady state lifetime of
acetone in the mid-latitude background UT is significantly

Results are presented in Table 3. Acetone induced OH and
HO, increases of approximately 40% and 63%, are reduced
to increases of about 22% and 29% respectively, with the
steady-state lifetime of acetone increasing from ~9 to
~21 days. The impact of acetone on HO, is greater than
for the mid-latitude SONEX conditions, due to the dry
tropical UT environment where the O('D) + H,O primary
source is smaller. The NQY J rate therefore plays a
significant role in reducing steady-state HO, concentrations
under these conditions, despite a smaller reduction to the J
rate itself than seen at mid-latitudes.

[11] It should be noted that the calculated changes to
lifetimes and chemistry are dependent on the specific
conditions and locations chosen. Nevertheless, the two
contrasting latitudes used illustrate the potential impact of
the NQY on tropospheric chemistry.

3.2. Experiment 2: Free-Running Model

[12] To allow the chemical model to respond to an
increase in acetone above background in the UT, the model
was allowed to run freely after initialisation with observa-
tions of median UT concentrations from air masses with
influence from continental convection intercepted during
the SONEX experiment (see Table 1). This simulates the
evolution of a freshly polluted isolated air parcel having
been injected to the UT in a convective updraught. The box
altitude was set with the median pressure of convectively
influenced observations. Chemistry was allowed to run
freely for 30 perpetual days, simulating an assumed isola-
tion of the air mass in the UT over that period.

Table 3. Steady State Day Averages From Box Model Con-
strained by Tropical UT Observations (Experiment 1b)

No Acetone RQY NQY
OH/pptv 0.069 0.097 0.084
HO,/pptv 1.46 2.38 1.89
Acetone loss J/s™! 122 x 107 481 x 1077
Acetone loss k,[OH)s ™' 684 x 107 9.70 x 107% 834 x 10°%
Propane loss A[OH]/s™' 297 x 1077 422 x 1077 3.63 x 107/
Acetone lifetime 9 days 21 days
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Figure 1. Comparison of chemical responses to the

injection of a convective plume of fresh acetone into the
UT for the recommended acetone quantum yields (RQY,
dotted) and the new acetone quantum yields (NQY, dashed).
A base run without acetone is shown by the solid curves.

[13] Results from this experiment are shown in Figure 1.
The slower production of peroxy radicals given by the
reduced NQY acetone loss rate results in a reduction in
the enhancement to ozone production seen when introduc-
ing acetone to the system. The reduced acetone loss also
produces a slower conversion of NO, to PAN and HONO,,
through reductions in peroxyacetyl and HO, formation. The
result is that NO, concentrations are maintained for longer
in the fresh convective plume. As a consequence, the ozone
production efficiency per molecule of acetone lost increases
with the NQY. Figure 1 demonstrates that integrated ozone
production rates for NQY and RQY are ~0.17 ppbv and
~0.06 ppbv ozone per pptv acetone loss respectively.

[14] Note that this result is affected by the lack of
transport in the model. Conversion of NO, to PAN and
preservation of the PAN that is formed, are facilitated by the
air mass remaining at cold temperatures in the UT. How-
ever, the result highlights a shift in the speciation of NO,,
and ozone production in the UT resulting from the NQY.

3.3. Experiment 3: Convective Outflow Into UT

[15] This model experiment is designed to give a more
realistic treatment of the impact of a convective influx of
freshly polluted air to the UT. We have repeated the box
model experiments of Folkins and Chatfield [2000], using a
model set up without acetone, with acetone and NQY, and
with acetone and RQY. The experiment simulates the
chemical response of the UT to a steady-state replacement
of air in the UT by fresh convective outflow, with varying
concentrations of NO,. Table 1 shows the concentra-
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tions used for the incoming convective air. NO was
varied between 0.01 and 6.0 ppbv. Following Folkins and
Chatfield [2000], the box was situated at a temperature
of 226K at 230 hPa in the tropical UT, and air was
continuously replaced in the box by fresh ‘convective
influx’ on a 15-day timescale. The model was run for each
concentration of incoming NO, and for each acetone
photolysis set-up for 110 perpetual days to allow a steady
state to be reached between chemistry and mixing. Note that
the updated acetone + OH rate constant and the most
recently recommended acetone quantum yields RQY are
different from those used in the original study of Folkins
and Chatfield [2000].

[16] The effect of varying NO, in the incoming convec-
tive air is shown in Figure 2. The fractional increase in HO,
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Figure 2. Comparison of the UT chemical response to
steady-state continuous convective outflow into the UT as a
function of ambient NO, for recommended acetone
quantum yields (RQY, dotted) and the new acetone quantum
yields (NQY, dashed). Solid curves in the left panels show a
baseline run with no acetone included.
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with the introduction of acetone is seen to be greatest at
high NO,, where the photo-oxidation route of acetone is
most efficiently taken to completion [Singh et al., 1995;
Folkins and Chatfield, 2000]. However, the NQY reduce
this maximum increase to approximately +55% OH and
+95% HO, from approximately +85% OH and +170%
HO,. Above 100 pptv of NO,, ozone and HO, are increased
by the addition of acetone and PAN formation is maxi-
mised. These increases are suppressed by NQY, with a
reduction in maximum PAN production of approximately
30%. The maximum increase to ozone production with the
introduction of acetone occurs at around 1 ppbv NO,, where
radical conversion of NO to NO, is most efficient. At high
NO,, where HO, production from acetone is maximised,
increases in ozone production decrease due to enhanced
formation of HONO,. The NQY reduce the maximum
enhancement in ozone from approximately +35% to
+20%, while increases in HONO, are reduced from about
+30% to about +20%. Our range of steady-state acetone
concentrations is increased from 200-230 pptv to 300—
370 pptv when using the new yields. As noted previously,
the NQY mean that the loss of acetone to OH and photolysis
are of a more similar magnitude. This is also evident from
the enhanced reduction in steady-state acetone concentra-
tion at the NO, concentration which maximises OH.

[17] It is interesting to compare the results of this exper-
iment with Experiment 2. The continuous replacement of
fresh NO, in the incoming convective air means that the
production of PAN is not a hindrance to enhanced ozone
production from acetone. However, at very low NO, ozone
production is reduced as loss of NO, to PAN outweighs any
increase in HO, from acetone, as observed by Folkins and
Chatfield [2000].

4. Discussion and Conclusions

[18] The new quantum yields (NQY) for acetone photol-
ysis have been shown to make significant differences to the
chemical perturbations resulting from the introduction of
acetone into the UT at both mid-latitudes and in the tropics.
For the specific conditions used, the steady-state lifetime of
acetone diagnosed from a box model constrained with
observed UT concentrations increases from about 75 to
250 days at mid-latitudes and from 9 to 21 days in the
tropical UT. Increases in background HO, due to acetone
are reduced by a factor of ~4 at mid-latitudes and by a
factor of ~2 in the tropics. The tropical conditions used here
mean that a 30% contribution by acetone to the total OH
concentration is reduced to 18%. At mid-latitudes, the
example constraints used suggest a reduction in the acetone
contribution to OH from 25% to 8%.

[19] With NQY, PAN formation in the model is signifi-
cantly reduced, which has been shown to have implications
for the efficiency of ozone production from acetone in the
UT. These results suggest that an isolated injection of
acetone and NO, into the UT may result in less storage of
NO, in the reservoir species PAN, than would have been
suggested by using RQY. Regular replacement of air in the
UT by fresh acetone and NO, allows efficient ozone
production despite more efficient NO, loss to PAN with
RQY, since enough NO, is replenished to maintain ozone
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production. Under such conditions, the enhancement to UT
ozone is reduced by NQY. These issues are likely to have
implications for the large-scale distribution of reactive NO,,
and ozone in the troposphere, and should be examined
further using a 3D chemical transport model.

[20] The large increases in the acetone lifetime have been
deduced under UT conditions, where the NQY show a
maximum departure from RQY [Blitz et al., 2004]. How-
ever, the effects of the NQY are likely to have important
implications for the global troposphere. Longer transport
timescales for acetone in the UT may help reconcile
previously unexplained abundances of acetone in the UT
remote from source regions. Acetone budget studies [e.g.,
Jacob et al., 2002] will need to re-address the source terms
required to balance a greater acetone lifetime. The reduced
HO, yield from acetone in the UT also suggests that
additional HO, sources must be sought in order to balance
UT HO, budgets [e.g., Jaeglé et al., 2000].

[21] Acknowledgments. SRA thanks the UK Natural Environment
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