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Abstract until a decade ago, acetone was assumed to be a dominant HO, source in the dry extra-tropical
upper troposphere (ex-UT). New photodissociation quantum yields of acetone and the lack of representative
data from the ex-UT challenged that assumption. Regular mass spectrometric observations onboard the Civil
Aircraft for the Regular Investigation of the atmosphere Based on an Instrument Container (CARIBIC) passenger
aircraft deliver the first representative distribution of acetone in the UT/LMS (UT/lowermost stratosphere). Based
on diverse CARIBIC trace gas data and non-observed parameters taken from the model ECHAM5/MESSy for
Atmospheric Chemistry, we quantify the HO, source in the UT/LMS from (photo)oxidation of acetone. The
findings are contrasted to HO, production from ozone photolysis, overall the dominant tropospheric HO,
source. It is shown that HO, production from acetone (photo)oxidation reaches up to 95% of the HO, source
from ozone photolysis in autumn in the UT and on average ~61% in summer. That is, acetone is a significant
source of HO, in the UT/LMS.

1. Introduction

HO, radicals (HO,=OH +HO,) govern the chemical lifetime of basically all organic species and many
other crucial trace gases such as CH,; and CO and thus largely control the oxidative capacity of the
troposphere [e.g., Prinn, 2003]. The main primary source of OH near ground and in the mid-troposphere
is reaction of O'D (formed via photolysis of ozone (03)) with water (H,0), in the following denoted as
05-HO, source [Folkins and Chatfield, 2000; Jaeglé et al., 2000; Monks, 2005]. This source becomes less
dominant in the UT/lowermost stratosphere (LMS) due to the rapid decrease of H,O with altitude,
whereas other HO, precursors like formaldehyde (CH,0), methyl hydroperoxide (CH;OOH), or acetone
(CH3C(O)CHs) are gaining importance [Folkins and Chatfield, 2000].

Acetone photolysis was first suggested in a pioneering study by Singh et al. [1995] to be an important HO,
source in the mid-latitude UT. This hypothesis was confirmed by subsequent studies [Arnold et al., 1997;
Jaeglé et al.,, 1997; Wennberg et al., 1998; Miiller and Brasseur, 1999; Folkins and Chatfield, 2000; Jaeglé et al., 2001].
However, the picture began to alter with the laboratory measurements of new temperature-dependent
photolysis quantum yields (QYs) of acetone by Blitz et al. [2004]. As shown by Arnold et al. [2004, 2005], the
reduced QYs result in acetone photolysis rates which are a factor of 3-10 smaller in the upper troposphere,
compared to previously recommended photolysis rates based on QYs from Gierczak et al. [1998].

The reduced QYs obtained by Blitz et al. [2004] at long wavelengths and low temperatures, presently also
recommended by expert panels [Atkinson et al., 2006; Sander et al,, 2011], have recently been substantiated by
Nddasdi et al. [2007] and Khamaganov and Crowley [2013], confirming that the importance of acetone as HO,
precursor was indeed overestimated in the past.

A further crucial shortcoming in quantifying the role of acetone was the lack of representative data from
the UT/LMS. This deficit can now largely be ameliorated by the CARIBIC (Civil Aircraft for the Regular
Investigation of the atmosphere Based on an Instrument Container) project which delivers the largest in
situ data set of acetone from the UT/LMS on a nearly world-wide scale [Sprung and Zahn, 2010].
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The objective of this paper is to quantify the HO, source from (photo)oxidation (i.e., photolysis and reaction
with OH) of acetone in the UT/LMS and compare it to the O3-HO, source. As a basis, we used representative
tropopause-referenced distributions of acetone, O3, water vapor, and NO (which controls the yield of HO,
from acetone degradation) as measured onboard CARIBIC. Parameters not accessible via the CARIBIC project,
i.e., photolysis rates, the OH and HO, field, and the temperature field, were taken from the global chemistry
model EMAC (ECHAMS5/MESSy for Atmospheric Chemistry) [Jéckel et al., 2006]. In a sensitivity study, we
investigated the uncertainty of our findings, and it will be demonstrated that besides the photolysis rates of
acetone and ozone, the acetone distribution is the most sensitive input parameter.

2, Experimental

In CARIBIC, a modified airfreight container equipped with 15 instruments for measurement of altogether
~100 trace gases and aerosol parameters is deployed onboard a passenger aircraft (Lufthansa, Airbus 340-600)
during a sequence of two to six flights per month [Brenninkmeijer et al., 2007]. The data analyzed here were
collected at 9-12 km altitude (300-200 hPa), at 35°N-60°N and 124°W-142°E from 2005 to 2014. Among the most
frequent flight destinations were Guangzhou (China), Caracas (Venezuela), Manila (Philippines), Chennai (India),
and Vancouver (Canada) (overview available at http://www.caribic.de/2005/Flight_Scheduling.html). The
systematic and long-term nature of the CARIBIC data enables, e.g., the inference of seasonal variations. Moreover,
the data cover a large part of the globe and altogether provide fairly representative distributions of trace species
in the UT/LMS. For acetone, data from 185 flights were considered here, for Os and H,O ~318 and for NO 177
flights. The smaller number for acetone and NO is because of occasional technical problems. Onboard CARIBIC,
acetone is measured by a proton-transfer-reaction mass spectrometer which is a considerably modified version
of a commercial instrument from lonicon (Innsbruck, Austria); see Brenninkmeijer et al. [2007] and Sprung

and Zahn [2010]. Protonated acetone is detected at 59 amu. Isobaric propanal has a much smaller lifetime
compared to acetone (~9 h vs. ~5 weeks), has a weaker source, and can thus be neglected in the UT/LMS
[Warneke et al., 2003]. The computed proton affinity of likewise isobaric glyoxal (C;H,0,) is too low to be
effectively ionized by proton transfer from H;O" [Wréblewski et al., 2007].

Ozone was measured by two instruments, an accurate UV-photometer and a fast chemiluminescence
instrument [Zahn et al., 2012]. Water vapor was measured by a photo-acoustic laser spectrometer and a
commercial frost point hygrometer. The measurement of NO is based on the chemiluminescence of
excited NO, molecules formed by reaction of NO with O3 [Ziereis et al., 2000; Stratmann, 2013]. NO was
measured only during daylight.

Figure 1 shows the seasonal variation of acetone, O3, H,O vapor, and NO relative to the tropopause (TP) at
mid-latitudes (35°N-60°N). The distance relative to the TP, AZ1p(O3), was derived from measured ozone

and the well-documented gradient of O3 in the LMS from O sondes as described in Sprung and Zahn [2010].
AZ1p(03) is an in situ measured and mixing-based altitude relative to the thermal TP and is far more accurate
than the often used model-based tropopause height retrieved by, e.g., the ECMWF model. All four species
(acetone, O3, H,0, NO) show strong vertical gradients in the UT/LMS and considerable seasonal variations.
The most prominent features are the well-known descent of ozone-rich stratospheric air in spring within the
downward branch of the Brewer-Dobson circulation and the considerable buildup of acetone and water
vapor in the summertime UT and its propagation into the LMS. The CARIBIC acetone data set was recently
contrasted to results from the LMDz-INCA global chemistry climate model in respect to spatial distribution,
temporal variability, and representativeness [Elias et al., 2011]. The summer maximum of acetone in the UT
can qualitatively be explained by the (i) then peaking emission of precursor species and chemical turnover
rates which together lead to maximum photochemical production of acetone, and (ii) by the enhanced
lofting of polluted (acetone- and H,0-rich) near-surface air due to convection.

Mixing ratios of NO at the TP are higher between spring and autumn (~180 pptv) compared to winter
(~100 pptv) because of (i) stronger photolysis of NO precursors (e.g., N,O and HNOs), (ii) stronger convective
transport of polluted air into the UT, (iii) more frequent lightning events in the northern hemisphere (NH), and
(iv) the seasonal cycle of NO, (NO, +HNO3 + PAN + HONO + N,O5 + NO3 +...) with enhanced levels in
summer. The NO, winter minimum is not only due to the reduced solar actinic flux but is also associated with
the heterogeneous conversion of reactive nitrogen to HNOs [Gao et al., 1997; Brunner et al., 2001]. NO above
1000 pptv (~0.6% of the data), mainly caused by fresh contrails and lightning, was not taken into account.

NEUMAIER ET AL.

©2014. American Geophysical Union. All Rights Reserved. 3290


http://www.caribic.de/2005/Flight_Scheduling.html

@ AG U Geophysical Research Letters 10.1002/2014GL059480

a) b)
25 25
£ 2 2 £ 2 >
< 15 g X 15 2
S .l ER N 3
o
A g 2% g
N S 4 @ N N
-1 [ -1
JFMAMJJASOND JFMAMJJASOND
month month
c) d)
E 2 S g 2 160
< 15 £ X 15 2
= o - 80 2
) 1 [=% 0 1 o
e os ~ e os ~
S ) e 9 o
NGO L N 0 =
<« -0.5 < -05 20
-1 n - 10
JFMAMJJASOND JFMAMJJASOND
month month

Figure 1. Seasonal variation of (a) acetone, (b) ozone, (c) H,0, and (d) NO relative to the thermal TP (AZyp(O3) =0, black
line) for mid-latitudes (35°N-60°N). The data were collected with CARIBIC between May 2005 and January 2014.

3. EMAC Model

Not measured but necessary parameters to infer HO, production rates were taken from the Chemistry Climate
Model EMAC [Jéckel et al., 2006]. This included (a) photolysis rates of acetone, formaldehyde, methyl
hydroperoxide, peracetic acid (CH3C(O)OOH), NO,, and Os, (b) the OH and HO; field, and (c) the temperature field.

EMAC is a combination of the general circulation model ECHAM5 [Roeckner et al., 2006] with a selectable set
of submodels such as the chemistry module MECCA1 [Sander et al., 2005] combined through the Modular
Earth Submodel System MESSy [Jickel et al., 2005]. For this study, we performed an EMAC (Version 1.10)
simulation from 2008 to 2013 with the horizontal resolution T42 (2.8° x 2.8°) at 39 layers, covering the
atmosphere from the surface up to ~80 km (0.01 hPa) and showing a vertical resolution of ~1.3 km at the TP.
We applied the identical submodels as described by Kirner et al. [2011] and nudged the prognostic variables
temperature, vorticity, divergence, and the surface pressure below 1 hPa towards ERA-Interim reanalysis [Dee
et al, 2011] to simulate realistic synoptic conditions.

The simulation included a comprehensive atmospheric chemistry setup with reaction rate coefficients
following the latest JPL recommendations [Sander et al.,, 2011]. For this study, photolysis rates J, averaged
monthly and zonally between 35°N and 60°N were used. As mean daylight (symbolized by °) photolysis rates
Ji%, we applied as a first approximation

o 24
Jo=J¥ . f. = J*. 1
P75 (hours of sunlight), M

where f; accounts for the number of hours of sunlight in the respective month ranging from ~3.0 in
December to ~1.5 in June and July. As HO, production from acetone (photo)oxidation takes place mainly
during daylight, all other parameters (i.e., OH and HO, from EMAC) were also taken as daylight averaged
monthly and zonally means.

The EMAC fields and CARIBIC data were interpolated and binned to the same grid with a vertical resolution of
0.45 km. Diurnally averaged OH and HO, distributions around the TP from EMAC (not shown) exhibit a strong
seasonal variation with the highest concentrations in summer ([OH] ~ 1.1-10%°cm ™3, [HO,] ~2.5- 10" cm ™)
and significantly smaller concentration in winter ([OH] ~2-10°cm ™3, [HO5]~1-10” cm ™), in good
agreement with Spivakovsky et al. [2000]. The corresponding daylight averaged values are higher by a
factor of ~1.5 (June) to ~2.5 (December).
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4, Calculation of HO, Production Rates PHO,(O'D) and PHO,(Ac)

This section outlines the calculation of the HO, production rates from (a) Oz photolysis and
subsequent reaction of O'D with H,O denoted by PHO(O'D) and from (b) photolysis of acetone and
its reaction with OH denoted by PHO,(Ac). The most important input parameters—the distributions of
the precursor gases Os, H,0, and acetone were taken from CARIBIC (Figures 1a-1c), in the following
symbolized by an asterisk. Also, NO, necessary for the calculation of PHO,(Ac) (see section 4.2), was taken from
CARIBIC (Figure 1d).

As NO, is measured by CARIBIC only during night, daylight NO, was calculated from the photostationary-state
equation [Westberg et al., 1971]
_ kno, -[NOJ"-[O5 |

JN02

[NO;] ®))

where ko, is the rate constant for the NO + O3 — NO, + O, reaction and J;,oz is the mean daylight photolysis
rate of NO,.

4.1. HO, Production Rate From Ozone Photolysis

OH formation via photolysis of O; and subsequent reaction of O'D with H,O is given by reaction (3) - (5) [e.g.
Levy, 1971; Logan et al., 1981; Monks, 2005]

0; +hv(2 < 320nm) - 0'D+0,'A; Jo'p 3)
0'D + H,0 — 20H ki (4)
O'D+M 0P+ M ko ks (5)

JO'D)is the photolysis rate of O3 and k; the rate constant for reaction (4) taken from Sander et al. [2011]. Reaction
(5) is the electronic quenching of 0'D due to collisions with N, (k5) or O, (k3) [Sander et al., 2011]. The mean
daylight HO, production rate PHO,(O'D) then is given by

PHO, (01 D) =2 ‘J(O1D)° . [03]* . P [HZO]* I:[I:Z[g}z] + k3[0,]

(6)

J(O'D)° maximizes with ~2.5-107>s™" in summer, while the lowest values of ~5-10"®s~" are found in
winter (not shown). The seasonal variation of PHOX(O1D) relative to the extra-tropical TP (Figure 2a) also
maximizes in summer ~1km below the TP with ~2.7-10*cm3s™" because of maximizing water VMRs
of ~120 ppmv and the then peaking Os; photolysis rate. Conversely, HO, production rates at the TP
bottom out in winter with ~1-10°cm™3s~". The decrease of PHO,(O'D) with altitude is strongly
correlated with the decrease of water. The summer maximum of PHO,(O'D) of ~2.7-10%cm 35" is
in excellent agreement with PHOL(O'D) values given by Colomb et al. [2006] for background air in the

UT (~10km altitude) over Europe in July of 3-10 3 ppts~' (~2.5-10*cm™3s7").
4.2. HO, Production Rate From Acetone Photolysis and Reaction With OH

To calculate HO, production rates from acetone photo(oxidation), we followed the analytical approach by
Folkins and Chatfield [2000]. As the chemical sinks for acetone are (i) photolysis and (ii) oxidation by OH, the
HO, production rate PHO,(Ac) is

PHO,(Ac) = HYp, - J(AC) - [Ac]" + HYop - kox - [OH] - [Ac]* 7)

with kon the rate constant for the reaction of acetone with OH [Sander et al., 2011], acetone [Ac]*
from CARIBIC (Figure 1a) and with HY,, and HYgy the net HO, yields per photolysed or oxidized
acetone molecule, respectively. For the photolysis rate J(AC)’, we used the latest JPL recommended
values based on QYs by Blitz et al. [2004] and Sander et al. [2011] as daylight averaged monthly and

zonally means.
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Figure 2. (a) Seasonal variation of the daylight mean HO,
production rate PHOX(O1D) from ozone photolysis and
subsequent reaction of 0'D with water vapor relative to
the thermal TP (35°N-60°N). (b) Daylight mean seasonal
variation of PHO,(Ac) calculated by using acetone data
from CARIBIC. (c) Ratio PHOX(Ac)/PHOX(O1D).

In accordance with Folkins and Chatfield [2000], by
introducing a combined, average yield HY,,4, which
is the net number of formed HO, molecules per each
photolysed and oxidized acetone molecule,
equation (7) can be expressed as

PHOL(Ac) = HY4yq - [Ac" - (J(Ac)° + Koy - [OH}) @)

The yields HY,,g, HY},, and HYgy are determined by
several reactions being part of the (photo)oxidation
mechanism of acetone, i.e,, reactions of acetone and
its oxidation products with NO,, HO,, and several
photolysis channels [Folkins and Chatfield, 2000].
HY,yg depends on NO (taken from CARIBIC), NO,
(from equation (2)), OH, and HO, (from EMAC) and
on the reaction rate constants and photolysis rates of
the particular reactions.

4.3. Results

As shown in Figure 2b, PHO,(Ac) shows a pronounced
maximum up to ~14,000 ecm™3s7"in summer ~1km
below the TP that can be traced back to (i) high
acetone VMRs (Figure 1), (ii) a high photolysis rate,
and (iii) a higher yield HY,,4 compared to winter
(Figure 3). The average HO, production rate during
summer (JJA) amounts to ~8500 cm~>s~' at the TP.
Colomb et al. [2006] estimated HO, production rates
from photolysis of acetone of 0.7-10 3 ppts™’
(~5900cm3s™") for background air in the UT
over Europe in July which is in reasonable
agreement with our findings.

Figure 2c shows the ratio Riac/01p) = PHO(Ac)/
PHO(O'D) that amounts at the TP to ~0.61 on average
in summer and to ~0.83 in autumn with values up to

~0.95 in September/October and ~1.2 in November. At higher altitudes, the impact of acetone becomes smaller
because of the quickly decreasing acetone VMR, but it is still a noticeable HO, source with Riac/01p) ranging from

~0.16 (MAM) to ~0.44 (SON) 2.5 km above the TP.

As shown by Folkins and Chatfield [2000], HY,,4 increases rapidly from 0.5 at NO, = 5 pptv to 2.6 at NO, = 100 pptv
but increases only slightly above these levels to 2.7 at NO, = 1000 pptv.

AZp(0,)/ km
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Figure 3. Average net HO yield (35°N-60°N) for acetone
photolysis and reaction with OH based on the and HOx
fields from EMAC and on NO from CARIBIC.

Figure 3 shows the seasonal variation of HY,4 based
on the HO fields from EMAC and on the measured
NO (and calculated NO,) from CARIBIC. HY,q
maximizes in spring, the lowest values are found in
winter above the TP. Photolysis of acetone and
oxidation by OH both lead to net production of HO,.
The contribution of the acetone + OH reaction to
PHO,(Ac) amounts to ~25% at most at the TP in
winter. Ratios of Rac/01p) and Riy o1 (neglecting
OH reaction) together with values of HY,,q, HYpy,
and HYoy are summarized in Table 1. As shown by
Winkler et al. [2002], the interaction of acetone

with cirrus ice particles is too weak to result in a
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Table 1. Ratios Riac/o1D) Rz‘,‘{( /01D) (Photolysis only), Average HOy Yield, HY;,4 and HYp, From Acetone Photolysis, and HYo
From Oxidation With OH for Winter (DJF), Spring (MAM), Summer (JJA), and Autumn (SON) at the TP (AZ1p(O3) =0km) and

2.5 km Above the TP
AZ7p(03) RAc/01D) Rixc/010) HYavg HYhy HYon
0km DJF 0.61 0.48 1.93 2.84 0.90
MAM 0.58 0.48 2.20 293 0.98
JJA 0.61 0.51 2.27 295 1.00
SON 0.83 0.67 212 295 1.00
2.5km DJF 0.22 0.19 1.81 2.56 0.66
MAM 0.16 0.14 2.19 2.76 0.82
JJA 0.27 0.24 245 292 0.96
SON 0.44 0.38 2.18 2.77 0.87

significant partition to the ice phase so that the role of acetone as an HO, precursor is not perturbed by the
presence of cirrus clouds.

Figure 4 shows Rac/01p) as a function of H,O from winter to autumn. Using photolysis rates based on the latest
QYs acetone (photo)oxidation can still be considered a significant (Riac/01p) > 0.5) HO source at water VMRs
below ~100 ppmv (in summer/autumn) and reaches values up to ~1.2 between 30 and 50 ppmv in autumn. Our
analysis is in good agreement with Jaeglé et al. [2001] using Gierczak QYs-based photolysis rates, i.e., acetone
degradation becomes a dominant (Riac/o01py > 1) HOy source below ~120 ppmv water vapor (not shown).

5. Sensitivity Study

In a sensitivity study, we verified the uncertainty of our results by varying different input parameters.

5.1. NO From CARIBIC

NO from CARIBIC ranges from 111 £ 100 pptv (DJF) to 188 + 106 pptv (SON) at the TP and between 30 + 42 (DJF)
and 127 £ 75 pptv (JJA) 2.5 km above the TP. In the troposphere, NO is highly variable, and mixing ratios differ
quite strongly dependent on the sampled region, e.g., 257 + 252 pptv in spring over North America or

276 £ 414 pptv in autumn over North Asia [Stratmann, 2013]. The lowest tropospheric mixing ratios during
summer are observed over North America (99 £ 104 pptv) and during winter over the North Atlantic

(54 £ 49 pptv) [Stratmann, 2013].

A comparison of CARIBIC data with data observed during the NOXAR (Nitrogen OXides along Air Routes)
project shows good agreement concerning the seasonal NO cycle over Europe/Asia and over the North
Atlantic with maxima during summer. However, mixing ratios deviate partially strongly, which was to large
part traced back to differences in flight routes [Brunner et al., 2001; Stratmann, 2013].

When considering longitudinal-averaged mixing ratios, deviations between CARIBIC and NOXAR largely

cancel out. For instance typical upper-tropospheric NO, mixing ratios during NOXAR were 100 + 50 pptv
(winter) and 150 £ 100 pptv (summer) with up to
~230 pptv at the TP in summer, while the highest

o . DIF levels were typically located 2-3 km below the TP
) MAM Grewe et al., 2001].
s 10° L AR PRI : | :
T B »..} e o ° : b . SON As a test, we scaled the NO field from CARIBIC (and
=~ @ %t e the derived NO, field) by a factor of 0.5 (scenario 1)
{ ]
% 'f“,’.’ and 2 (scenario 2), respectively, while leaving the
o 3 EMAC HO, fields unchanged. The results (see
z 10" 0 % 100 150 Table 2) stay basically the same: Riac/o1p) changes
at most in winter 2.5 km above the TP by ~—8%
H,0 / ppmv

(scenario 1) and by ~4% (scenario 2). This is

Figure 4. Ratio PHOX(Ac)/PHOX(O1D) versus water vapor from because NO in the NH UTis hlgh enf)ugh so that
CARIBIC for winter (DJF), spring (MAM), summer (JJA), and HYavg changes only slightly with varying NO,.
autumn (SON). Therefore, NO, is not a critical parameter.
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Table 2. Ratio Rac/o1p) and Changes of Riac/o1p) (in %) Upon Scaling the Input Parameters by the Factors Given
in Parentheses

1 2 3 4 5
NO NO OH, HO, J0'D) J(AQ)

AZ7p(05) Riac/01D) (0.5) (o)) (1.3,1.5) (0.7,1.3) (0.8,1.2)
0km DJF 061 —45 23 22 43/-23 —16/16
MAM 058 —4.1 2.1 06 43/-23 —17/17
JA 061 —4.1 2.1 -03 43/-23 17,17
SON 0.83 —34 1.7 1.5 43/-23 —16/16
2.5km DJF 0.22 -83 44 —25 43/-23 —17/17
MAM 0.16 -38 19 -038 43/-23 —18/18
JA 0.27 -35 18 -10 43/-23 —18/18
SON 0.44 -77 40 -30 43/-23 —~18/18

3Scenarios 1-5 (see text).

5.2. EMAC HO, Field

Recently, Regelin et al. [2013] have shown that calculated HO, levels from EMAC in the upper-troposphere
(7-10km) over Europe significantly underestimate observed levels by ~24% (OH) and ~41% (HO,). Upon
scaling the OH/HO, field by factors of 1.3/1.5 (scenario 3), while leaving all other parameters unchanged
(Table 2), Riac/o1p) decreases at most by ~ —3% 2.5 km above the TP in autumn.

5.3. Photolysis Rates

For the photolysis cross sections and quantum yields of ozone, a combined uncertainty of 1.3 is given by
Sander et al. [2011] which will be used here as the uncertainty of the O3 photolysis rate. Scaling O'D) by
factors of 0.7 and 1.3, respectively, leads to changes of ~43% and ~ —23% of Riac/01p) at the TP (scenario 4).
For the photolysis rate of acetone, we assume an uncertainty factor of 1.2, based on the overall error of
10-15% for the parameterization of the QYs given by Blitz et al. [2004] which directly converts into a Riac/
o1p) change of ~+17% at the TP (scenario 5).

All other used photolysis rates affect the result only indirectly by influencing the yield HY,,g. For instance,
scaling J(NO,) by its combined uncertainty of 1.2 leads only to small changes of Riac/01p) by 1-3%. The impact
on Riac/o1p) upon scaling J(CH,0) by its uncertainty factor of 1.4 [Sander et al., 2011] is even less pronounced
with small increases up to ~2%.

In summary, we estimate the total uncertainty of the acetone HO, production rate by using Gaussian error
propagation to ~35% (30% estimated uncertainty being the sum of instrumental uncertainty and the limited
representativeness of the data and 20% uncertainty of the acetone photolysis rates).

6. Summary

The HO, source from acetone degradation PHO,(Ac) due to photolysis and reaction with OH was quantified
and compared with the HO, source from ozone photolysis PHOL(O'D) in the mid-latitude UT/LMS.
Representative distributions of acetone, ozone, water vapor, and NO collected onboard the CARIBIC
passenger aircraft between 2005 and 2014 at 9-12 km at mid-latitudes were considered. Not detected
parameters like photolysis rates and HO, distributions were taken from the global chemistry model EMAC.

Year-around, acetone was found to be an important precursor of HO, around the mid-latitude TP. Typical
summer values of PHOL(Ac) amount to ~ 8500 cm™>-s~" with a maximum of 14,000cm—>-s~" ~ 1 km below
the TP which is on average ~60% of the HO, production rate from ozone photolysis. The strongest impact by
acetone is observed in autumn when PHOL(AC) is up to ~95% of PHO,(O'D), i.e,, when the UT is already quite
dry with H,0 =30 - 50 ppmv but still rich in acetone with on average ~500 pptv. Above the TP, the impact
from acetone decreases due to the quickly decreasing acetone levels and reaches at 2.5 km above the

TP ~44% in autumn.

In a sensitivity study, the uncertainty of our findings was quantified, and the parameters that impact them
most were identified. It was demonstrated that besides the photolysis rates of acetone the acetone
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distribution is the most sensitive input parameter. This is a crucial point, as in the past no representative
distributions of acetone in the UT/LMS have been available. We studied the influence of (i) the CARIBIC

NO distribution which affects the yield of formed HO, species during the degradation of acetone, (ii) of the
OH and HO, fields from EMAC, and (iii) of several photolysis rates. Scaling the CARIBIC NO field by factors of
0.5 and 2, which results in unrealistically low (high) NO levels, changes Rac/01p) by —5-2% at the TP. The
dependence on the OH/HO, is comparable with Riac/01p) changing by ~ 2% in winter upon scaling the OH
and HO, field by a factor of 1.3 and 1.5. Altogether, the sensitivity study in section 5 indicates that the
uncertainty of the inferred acetone-derived HO, production rates in the UT/LMS is ~35%.
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