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The photochemistry of acetone in the upper troposphere:

A source of odd-hydrogen radicals

S.A. McKeen,!? T. Gierczak,!"23 J.B. Burkholder,!2 P.O. Wennberg,4 T.F. Hanisco,?
E.R. Keim,!2 R.-S. Gao,!"2 S.C. Liu,!® A R. Ravishankara,'® and D.W. Fahey,!

Abstract. This paper summarizes measured photodissociation
quantum yields for acetone in the 290-320 nm wavelength re-
gion for pressures and temperatures characteristic of the upper
troposphere. Calculations combine this laboratory data with
trace gas concentrations obtained during the NASA and NOAA
sponsored Stratospheric Tracers of Atmospheric Transport
(STRAT) field campaign, in which measurements of OH, HO,,
odd-nitrogen, and other compounds were collected over Hawaii,
and west of California during fall and winter of 1995/1996. OH
and HO, concentrations within 2 to 5 km layers just below the
tropopauseare ~50% larger than expected from O,, CH 4, and H,0
chemistry alone. Although not measured during STRAT, acetone
is inferred from CO measurements and acetone-CO correlations
from a previous field study. These inferred acetone levels are a
significant source of odd-hydrogen radicals that can explaina
large part of the discrepancy in the upper troposphere. For lower
altitudes, the inferred acetone makes a negligible contribution to
HO, (HO+HO,), but influences NO, partitioning. A major frac-
tion of HO, production by acetone is through CH,O formation,
and the HO, discrepancy canalso be explained by CH,0O levels in
the 20 to 50 pptv range, regardless of the source.

Introduction

The possible importance of acetone to upper tropospheric
chemistry has been a subject of inquiry for more than a decade
[Singh and Hanst,1981; Chatfield et al., 1987]. Although the
earliest reports were in the 20 to 250 pptv range [Knop and Ar-
nold, 1987], more recent measurements have consistently found
background levels in the 300-500 pptv range with correlative
evidence for anthropogenic sources, biomass burning, and direct
biogenic emissions[Singhet al., 1995; Arnoldetal., 1997]. The
sinks for atmospheric acetone are photolysis in the upper tropo-
sphere, reaction with OH in the lower troposphere and surface de-
position [Kanakidouetal., 1991]. Yet the budget of acetoneis far
from being understood. Measurements of photolysis cross-sec-
tions [e.g. Hynes etal., 1992] and pressure dependent quantum
yields [Emrich and Warneck, 1988] imply that the acetone pho-
tolysishas a significant effect on tropospheric photochemistry as
asource of peroxy and alkoxy radicals, and also through the par-
titioning of odd-nitrogen (NO, ) between reactive (NO, NO,)
and nonreactive (PAN, HNOy) species [Singhetal., 1995]. Thus,
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acetone could play an important role in background O, forma-
tion, particularly in the upper troposphere where water vapor is
typically quite low [Wennbergetal., 1997].

Odd-hydrogen production from acetone photolysis begins
with methyl peroxy and acetyl peroxy radical formation:

CH,COCH; + hv +20, — CH30, +CH;C(0)0,. (1)

In the upper troposphere, NO is usually high enough for nearly
all CH;C(0)O, to be converted to CH;0,, which forms HO,
through reaction with NO. An alternate photolysis channel re-
sulting in 2 methyl radicals and CO has also been observed, but
the effect of this channel on peroxy radical production is identi-
cal to (1), and is not expected to be important since its energy
threshold corresponds to ~300 nm. Previous work by Emrich
and Warneck [1988] has shown an inverse pressure dependence
of the CH;C(0)O, formation quantum yield due to an excited
triplet state that is quenched by air. Our measurements, using
pulsed laser photolysis, eliminates possible interferences that
may have occurred in the CH,C(0)0, yield determinations us-
ing NO, addition to monitor PAN formation from the NO, +
CH;C(0)0, reaction in the Emrich and Warneck experiments.
Further, the quantity of interest is the quantum yield for dissocia-
tion of acetone and not just the formation of the acetyl radical.

The possible role of acetone is analyzed within the context of
measurements collected during the STRAT campaign. The plat-
form for these measurements was the ER-2 aircraft, and the instru-
ment package is basically the same as in previous ER-2 field ex-
periments [Fahey et al., 1995]. OH and HO, measurements for
STRAT are reviewedin Wennberget al. [1997], where upper tro-
pospheric HO, was consistently higher than levels expected from
measured CH 4, CO, H,O and O;. The acetone quantum yields
and cross sections are incorporated into detailed calculations,
and its influence on NO_ partitioning and HO, examined. Al-
though the calculations are limited by steady-state assumptions,
they still provide limits on the influence of acetone and indicate
the extent of coupling between HO, and NOy chemistry.

Rate of photochemical removal of acetone

Details of the UV absorption cross section and quantum yield
measurements of acetone are described in Gierczak et al. [1997)].
Acetone UV absorption spectra were measured ina2m absorption
cell between 215 and 350 nm over theT range 235 to 298K using
a diode array spectrometer. Absorption cross sections (o) were de-
termined using absolute pressure measurements, and their T-de-
pendence parameterized. The measuredo are withinafew percent
of those reported by Hynes et al. [1992] between 300-340 nm and
298-261K, the A andT range of overlap.

Acetone photolysis quantum yields () were measured at 298
K using pulsed laser photolysis at 248, 266, 282, 285, 292, 301.5,
308, 321 and 337 nm ina Pyrex cell with 1 to 760 Torr of synthet-
ic airas the buffer gas. Acetone loss was measured by gas chro-
matographic analysis. The 308 nm ¢ was also measured at 274,
254 and 195K, and found to vary only slightly overthis range.
The two parameters for the Stern-Volmer relationship between ¢
and air density were determined for A>292 nm. Reasonable first
order and log-linear fits to the parameters with A were found, with
the suggested parameterization for ¢ given in Figure 1.
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Figure 1. Diurnally averaged photolysis dissociation rate
constant and lifetime for acetone for October 27, 30°N: (a) o and
¢ from this study, (b) o from Hynesetal. [1992](model A)and ¢
from this study, (c) o from this study and ¢ from Emrich and
Warneck [1988]. The analytical expression for ¢ is from this
study, where pis air density (molec.-cm™), Ais wavelength (nm).

Clear sky photolysis rate calculations are performed similar to
a previous study [McKeenet al., 1997]. The fit parameters for 1/¢
and o are included for all A between 295 and 345 nm. Although
the slopes of 1/¢ are typically about 20% greater than those of
Emrich and Warneck [1988], Figure 1 shows that the resulting ¢
at low pressures are not significantly different. At 16 km, the
Emrich and Warneck ¢ result in rate constants ~8% higher than
those based on this study, while at 9 km the difference is ~18%.
Witha 15% uncertainty assigned to ¢ anda 10% uncertainty in o,
the two studies essentially agree within the uncertainties. Below
5 km, the photolysis rate constants using ¢s from this study are
~30% less than those based on Emrich and Warneck [1988].
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The global average of acetone’s photolytic loss requires a
source of 10 Tg(Carbon)/yr for every 100 pptv of acetone uni-
formly mixed between 0 and 17 km. Additional loss by OH reac-
tions and surface deposition adds 40-60% [Kanakidou et al.,
1991; Singhet al., 1995], so thata background tropospheric ace-
tone level of 300 pptvrequires sources totaling atleast ~40Tg C
fyr. Direct anthropogenic emissions and formation from the oxi-
dation of propane, Cg and C alkanes and alkenes can only ac-
count for roughly half of this source[Singhetal., 1995]. Onlya
small fraction of the 1150 Tg C/yr biogenic emission source
[Guentheret al.,1995] would be necessary to balance the differ-
ence, and acetone has been observed to contribute substantially
to non-methane carbon over temperate forests [e.g., Goldanetal.,
1995]. Given its potential importance, information regarding
acetone’s distribution and sourcesare valuable areas for research.

STRAT Observations and Model Calculations

Data from several tropospheric legs during STRAT were col-
lected during flights near Ames, California, and Barber’s Point,
Hawaii, between October of 1995 and February of 1996. These
level flight legs lasted 15 to 30 min., and were designed to study
clear sky atmospheric composition below the tropopause. Table
1 lists the averages of several species for 13 legs determined tobe
in the troposphere, based on the altitude relative to the height of
the minimum observed temperature. The influence of the strato-
sphere is evident in legs having high O;, low CO, and low H,0
(legs4, 8 and 11, 13-16.5 km). Legs with little stratospheric in-
fluence are noted by relatively low O, high CO, and high H,O
(legs 5,9, 12 and 13, 10.5-12 km). Measurements of OH, HO,,
and the NO/NO, ratio are used to compare with the model results.

A photochemical box model previously used to analyze clean
air photochemistry [McKeen et al., 1997] was applied to the con-
ditionsof STRAT. Rates, c,and ¢ are from JPL-1994[ DeMore et
al., 1994] with two revisions: the J(O'D)¢ parameterization of
Michelsen et al. [1994] and the T-dependent (250-298K) & for
PAN [Talukdaret al., 1995]are used. ForT <250K no extrapola-
tion ofthe PAN o are made, and 250K o areused. Relatively low
levels of C,H ¢, and sometimes C;Hg, either detected or inferred
from CO measurements, are included in the calculations; but do
not significantly influence the model results. Calculated NO,

Table 1. Averages of Species and Variables Measured During Level Flight Legs of the 1995-1996 Winter STRAT Campaign

Variable Legl Leg2 Leg3 Leg4 Leg5 Leg6 Leg7 Leg8 Leg9 LeglO Legll Legl2 Legl3
Date (1995-1996) Oct. 26 Oct. 26 Oct. 26 Oct. 26 Nov.7 Nov.7 Nov.7 Nov.7 Jan.29 Jan.29 Jan.29 Feb.2 Feb.2
Altitude (km) 12.5 13.1 14.9 16.7 112 13.1 14.9 16.1 11.9 12,5 13.1 10.6 11.2
Latitude (°) 37. 37. 37. 37. 21. 21. 21. 21. 37. 37. 37. 37. 37.
Zenith Angle (°) 577 540 521 51.8° 385 389 411 447 726 683  64. 574 542
Pressure (mb) 179.8 163.2 123. 924 2179 1634 1231 1014 1977 179.6 1630 2394 218.
Temperature (°K) 2154 2119 2044 2009 2222 2I1. 2018 1994 2094 2079 2104 2167 2l4.
O3 (ppbv) 60.9  73. 77.1 2425 664 917 1146 1886 679 109.7 269.1 566 674
H,0 (ppmv) 103 9.1 5.9 49 268 127 72 59 374 129 58 744 575
CO (ppbv) 733 741 749 355 82 86.1 677 44.1 878 623 427 931 81.
NO (pptv) 128.8 1459 2134 2626 1229 2084 1927 2058 1086 1001 82.1 353 834
NO, (pptv) 399.1 4613 4862 8583 4742 7447 6008 7223 4363 5773 1036. 1657 2977
HO; (pptv) 309 3.09 271 136 408 3.15 231 1.60 278 1.98 185 692  4.67
OH (pptv) 0355 0401 0498 486 0368 0425 0447 0442 0233 0228 0.183 0.214 0.349
Overhead 0,2 235.8 2447 2441 2346 3028 297.1 2883 291.6 300. 300. 300. 367. 365.2
Surface Areab 1.65 246 2.02 193 240 557 492 270 250 250 250 1.78 270
--Model quantities--

Acetone (pptv)° 321, 3022 2367 2655 3585 379.8 169. 7748 1303. 4740 2654 1976. 1256.
HNO3/NO¢ 0.607 0611 0513 0635 0673 065 0565 0585 0556 0.664 0.782 0.347 0.580
PAN/NO,¢ 0.082 0.073 0.045 0006 0.084 0.064 0039 002 0218 0.113 008 0495 0.224
CH,0 (pptv)© 18.9 17.5 14.1 584 259 216 113 764 259 133 939 346 285
CH,0 (pptv)d 30.1 287 242 7.1 376 362 18.1 10.8 526 246 165 626  64.1

Observed CH, values between 1.71 and 1.76 ppmv are also included in the analysis. H, is assumed to be .5 ppmv.

aQverhead ozone in Dobson units. The legs on January 29, 1996 are assumed to have 300 Dobsons based on the last half of the flight.

bAerosol surface area is in pm2-cm-3. Values for legs on January 29, 1996 are based on the averages from all other legs.

cAcetone, PAN, HNOf, and CH,0 are mode] derived for the case when acetone is adjusted so that model HO, exactly matches observed HO,.
u

4CH,0 is the fixed va

e necessary such that model HO, exactly matches observed HO,. Acetone is set to zero for this case.
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Figure 2. Correlation between acetone and CO during PEM-

West(B) for all samples taken above 9 km. Dashed lines are +100
pptv about the linear least squares regression (solid line).

100

and 03—>01D photolysis rates compare well (within 10-15%)
with measurements made during STRAT. The heterogeneous loss
of N,O; onto aerosolsurfaces is included in the base calculations
asasource of HNO; using the observed surfacearea and a reactive
uptake coefficientof 0.1.

The model results represent quasi-steady-state conditions, and
all of the observed variables in Table | arcused as input. The NO,
(NO+NO,),CO, 0,,CH,, and other hydrocarbons are held con-
stant. All others are calculated ina diurnally varying time-de-
pendent mode until the diurnal averagereaches a steady state. Itis

16 With N»Os aerosol conversion

HOx (calc.)/HOy (obsrv.)

NOy (calc.)/NOy (obsrv.)

Figure 3a. Model/observed HO, ratio versus model/observed
NO, ratio. Symbols with no line correspond to zero acetone.
Syrﬁ/bols with lines have acetone specified by the acetone-CO
regression of Figure 2, and lines correspond to the 100 pptv
acetone envelope. Squares denote legs witha strong stratospheric
signal (O; > 100 ppbv); triangles denote legs with strong mid-
tropospheric signal (H,0 > 25 ppmv); circles denote flights with
neithera marked stratospheric nor mid-troposphere signal. N,O;
to HNO; aerosol conversionis included
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Figure 3b. Same as in Figure 3a, except N,O conversion to
HNOj, by aerosol is not included in the calculations.

questionable whether the condition ofsteady state applies to the
averaged airmasses sampled by the ER-2, since interconversion
times between NO _, HNO; and PAN are on the order of a month.

We can only consider the steady state assumption as a theoretical
reference point in the comparison with the observations. Indeed,
the comparisons for some low-altitude legs are best explained by
non-steady-state conditions. The choice of constraining odd-ni-
trogen using observed NO rather than NO, does not significant-
ly influence the calculated value of NO Oy. Wennberg et al.
[1997] show that the observed OH/HO, ratio is explained very
well by the fast reactions of OH with CO, CH, and O, to form
HO, and the return of OH by the HO,-NO reaction. The choice
of fixing NO and predicting NOy is designed to keep model OH
/HO, ratios consistent with observations.

Acetone was not measured during STRAT, but included in the
calculations by taking advantage of correlations between ace-
tone and CO from the NASA-sponsored Pacific Exploratory Mis-
sion, Phase B (PEM-West(B)). These measurements were collected
in the western Pacific between February and March of 1994
[Singhetal., 1995; 1997]. Figure 2 shows upper tropospheric ac-
etone versus CO for PEM-West(B). Nearly all acetone values fall
within £100 pptv of the linear regression line. CO from STRAT
is combined with the regression in Figure 2 to define acetone for
the calculations. The good correlation shown in Figure 2 is relat-
edto the tight inverse correlations between CO and O 5, andace-
tone and O, observed in PEM-West(B) [Singh et al., 1997],
which are explained in terms of bulk compositional differences
between the stratosphere and troposphere. By inference thisis al-
so the reason for the acetone-CO correlation. The regression slope
may depend on season and location since tropospheric sources
may not be coincident.

Model Results and Conclusions

Figure 3a shows predicted/observed ratios of HO, and NO
when the CO-acetone correlation and the +100 pptv envelope of
Figure 2 are included in the calculations. Without additional
radicalsources, all calculations below 16.5 km underpredict HO,
by 25% to 60%, well outside the uncertainty limits of the mea-
surements [ Wennberget al., 1997]. Except for the three low-alti-
tude legs 9, 12, and 13, the addition of expected acetone levels
causes HO, to straddle or fall within 12% of the observations.
Within the uncertainties of the CO correlation, acetone appears to
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be a significant source of upper-tropospheric HO ,, and provides
the amount of HO, necessary to explain the difference between
observed HO, and calculations based only on 0;,H,0 andCH,.

The abscissa of Figure 3a measures the model’s ability to pre-
dict NO/NOy ratios. Many of the low-altitude legs overpredict
NO, with no acetone, and increase NO _, further with its addition.
However, NO , for the higher-altitude}iegs are within 20% of the
observations. "Model NO, is sensitive to assumptions influenc-
ing HNO,-NO, partitioning, as illustrated by the differences in
Figures 3a and 3b. Figure 3bis similar to Figure 3a, except N,O,
aerosol conversion to HNO; is absent. Flight legs with strong
stratospheric characteristics underpredict NO, without N,O¢
conversion, similar to previous stratospheric results[ Faheyetal.,
1993]. NO, predictions for flight legs at lower altitudes in Fig-
ure 3b show much better agreement, suggesting that the model
would match the observations if the reactive uptake coefficient
for conversion of N,O5 was much less than0.1. This could be the
case if sulfate in the tropospheric aerosol were neutralized, say to
ammonium sulfate, which has a factor of 10 smaller N,0 uptake
coefficient compared to sulfuric acid droplets for low relative hu-
midities [Hu and Abbat, 1997]. Previous explanations of high
NO,/NO, ratios have invoked a missing HNO, to NO, conver-
sionprocess [e.g. Chatfield, 1994]. Episodic processes such as
NO, injection by lightning or convection, or removal of HNO,
by clouds could also explain the NO, discrepancies in Figure 3a.
The slopes of the traces in Figures 3a,bshow the coupling between
odd-hydrogen and odd-nitrogen with acetone additions. Thisis
largely due to the conversion of NO, to HNO, by OH. There-
duced slopes for the low altitude legs are the result of a decreased
HO, sensitivity to acetone from higher H,O levels, andincreases
of PAN relative to NO, from lower PAN photolysisrates.

The last fourrows of Table 1 illustrate the NO, partitioning
and radical chemistry when HO, sources are adjusted to force cal-
culated HO, to the observations. Ifacetone is the forcing agent,
PAN/NO_ ratios are still reasonably low for all but the lowest alti-
tudes, and in good agreement with previous PAN/NOy measure-
ments between 7 and 12 km over the Pacific[Singhet al., 1996].
For the four legs with PAN/NO, ratios >0.1, the acetone needed is
greater than indicated by the CO-acetone relationship. However,
the PAN/NO, ratios for T < 230K are sensitive to the treatment of
PAN absorpgion o. If the T-dependence within Talukdar et al.
[1995]is extrapolated to 200K, PAN increases ~50%.

In general, the acetone levels expected from the CO measure-
ments account for a majority of the missing HO, when [H,0] <
25 to 30 ppmv. Sources other than acetone are required to ex-
plain observed HO, at lower altitudes [Jaeglé et al., thisissue].
The last tworows in Table 1 compare the CH,O from acetone ad-
ditionsto the case where only CH,0 is adjusted to force HO, to
observed levels. The CH,O formed from acetone accounts for
50% to 85% of the source necessary to match the HO, observa-
tions, yet these levelsare quite low compared to the sensitivity of
existing measurement techniques. In order to understand upper
tropospheric HO, sources, acetone and accurate CH,O measure-
ments should be made in conjunction with HO,.
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