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This study reports on the climatological acetone distribution and seasonal variations in the upper tropo-
sphere and lower stratosphere of the northern midlatitudes, derived from observations by the
Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) onboard SCISAT. The ace-
tone profiles retrieved from 5 to ~20 km cover the period from January 2004 to September 2010. The 1¢
statistical fitting errors are typically ~5-20% within the upper troposphere (UT), increasing in the lower
stratosphere (LS) with decreasing acetone. The systematic errors range between 15% and 20%. The largest
UT acetone mixing ratios (~1200 ppt on average in July over Siberia) are observed in summer in the
northern mid- and high latitudes. Mixing ratios are larger over continental regions than over the ocean.
Comparisons with airborne measurements available in the literature point toward a possible underesti-
mation in acetone retrieved from ACE-FTS. The largest differences occur primarily in winter and for the
background values. This underestimation is attributed to the complexity of the spectral region used for
the retrieval. The annual cycle of acetone for the 30-70°N midlatitude band shows a maximum during
summer, reflecting the annual cycle of the primary terrestrial biogenic source of acetone. By comparison
with ACE-FTS, the LMDz-INCA global climate-chemistry model systematically overestimates acetone
mixing ratios lower than 400 ppt. This overestimation is thus generalized for the lower stratosphere,
the Tropics and beyond 70°N for the upper troposphere. In contrast, in the upper troposphere of the
30-70°N region, where the acetone levels are the highest (>450 ppt on average), the model-
observation differences are in the range of the observation uncertainty. However, in this region, the
model fails to capture the annual cycle of acetone, culminating in July. A seasonal cycle can only be
obtained by considering high biogenic emissions but this cycle is shifted toward autumn, likely indicating
an underestimation of the chemical destruction in the northern high latitudes.

© 2016 Published by Elsevier Inc.

1. Introduction

(Civil Aircraft for the Regular Investigation of the atmosphere
Based on an Instrument Container) and the model ECHAMS5/MESSy

Acetone (CH3COCHj3) is one of the most abundant oxygenated
volatile organic compounds (OVOCs) in the troposphere [1,2]. Its
impact on the oxidative capacity of the dry extratropical upper tro-
posphere, as a HOx source, was thought to be one of the most
important until mid-2000s, e.g. [2-6]. Its major contribution in
the upper troposphere (UT) and the lowermost stratosphere
(LMS) has been confirmed, especially in summer and autumn. It
has been recently quantified based on the CARIBIC experiment
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[7], assuming the recently revised acetone photolysis quantum
yield [8,9].

Large uncertainties remain in the acetone budget [10]. The main
sources of acetone are primary terrestrial biogenic and biomass
burning emissions, secondary chemical production, and a small
contribution from the decay of dead plant matter. The ocean is
either a source or a sink depending on microbial activity, light
and temperature [10-12]. Photolysis, oxidation and dry deposition
over land and ocean are the main sinks of acetone [1,10,13]. Many
of the acetone budget studies have been constrained using data
from aircraft field campaigns compiled by Emmons et al. [14].
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However, given the variability of acetone and the scarcity of
campaigns, the dataset is not representative of a complete acetone
climatology. More recently, the availability of the CARIBIC aircraft
measurements has improved our knowledge of the description of
the acetone distribution in the UT/LMS (lowermost stratosphere),
especially in the northern midlatitude band between 35°N and
56°N [7,15]. Space-borne instruments are powerful tools to com-
plement in situ measurements since they provide global distribu-
tions of the atmospheric composition, especially those of VOCs,
e.g. [16-22]. Retrieving acetone from remote-sensing instruments
is very challenging because: (i) acetone absorbs in the infrared in
a particularly dense spectral region, (ii) the acetone absorption
cross-sections are weak and (iii) the concentration of acetone in
the atmosphere is rather low (0.2-3 ppb, e.g. [10]). First retrievals
from infrared spectrometers were performed from balloon-borne
instruments [23] and from the spaceborne ACE-FTS in biomass
burning plumes [19]. The first global distribution has been
retrieved from MIPAS for one month in August 2003 [21].

In this study, we present a recent acetone ACE-FTS research pro-
duct based on ACE processing version 3.0 [24]. The principal objec-
tive of the study is to evaluate the capability of this new ACE-FTS
acetone product to describe the global distribution of acetone in
the UTLS as well as the seasonal variations and the transport occur-
ring in this region. Comparisons with measurements available
from the literature, and in particular CARIBIC observations in the
UTLS [15], are used for this purpose. Comparisons with the state-
of-the-art global chemical transport model LMDz-INCA [25] are
also discussed. The acetone profile retrievals are described and
evaluated in Section 2. The model is described in Section 3. Sec-
tions 4 and 5 discuss the global acetone distribution in the UTLS
and its annual cycle as observed by ACE-FTS and simulated by
LMDz-INCA. Section 6 summarizes the conclusions of the study.

2. ACE-FTS observations
2.1. Retrieval of acetone from ACE-FTS spectra
The ACE-FTS instrument, which covers the spectral region 750-

4400 cm~! with a #25 cm maximum optical path difference, uses
the sun as a light source to record limb transmission through the

Table 1
Summary of the microwindows used in the acetone retrieval.

Earth’s atmosphere during sunrise and sunset (‘solar occultation’).
Transmittance spectra are obtained by ratioing against exoatmo-
spheric ‘high sun’ spectra measured each orbit. These spectra, with
high signal-to-noise ratios, are recorded through long atmospheric
limb paths (~300 km effective length), thus providing a low detec-
tion threshold for trace species. ACE has an excellent vertical reso-
lution of about 2-3 km in the troposphere and can measure up to
30 occultations per day, with each occultation sampling the atmo-
sphere from 150 km down to the cloud tops (or 5km in the
absence of clouds). The locations of ACE occultations are dictated
by the low Earth circular orbit of the SCISAT satellite and the rela-
tive position of the sun. Over the course of a year, the ACE-FTS
records atmospheric spectra over a large portion of the globe [26].

Version 3.0 of the ACE-FTS retrieval software was used for the
acetone volume mixing ratio (VMR) retrievals. Vertical profiles of
trace gases (along with temperature and pressure) are derived
from the recorded transmittance spectra via a nonlinear least
squares global fit to the selected spectral region(s) for all measure-
ments within the altitude range of interest. The microwindow set
consists of 16 microwindow ‘slices’ across the acetone spectral fea-
ture, with a common set of fitted baseline parameters (a baseline
scaling factor and a baseline slope); all microwindows are listed
in Table 1 and an example of fit is given in Fig. 1. An additional four
microwindows are utilized to improve the retrieval of various
interferers; see the footnotes to Table 1. The 16 ‘slices’ lie between
CH; and H,0 lines and were chosen to avoid CH4 line mixing
effects. The atmospheric pressure and temperature profiles, and
the tangent heights of the measurements were taken from the
v3.0 processing of the ACE-FTS data. The abundances of most mole-
cules with absorption features in the microwindow (see Table 2)
were adjusted simultaneously with the acetone VMR, except for
CFC-12, CFC-114, CFC-115, HCFC-22, HFC-125, CBrF;, CFC-13 and
HFC-143a. Contributions from CFC-12 and HCFC-22 were calcu-
lated directly using the v3.0 VMRs, with assumed constant VMR
profiles that did not vary with time for the others. Spectroscopic
line parameters and absorption cross sections for most molecules
were taken from the HITRAN 2004 database [27], with the excep-
tion of CHF; [28] and CBrF; (PNNL; http://nwir.pnl.gov), water
vapor and ozone [29]. The acetone cross-section dataset, recently
included in HITRAN 2012 [30], was obtained from Harrison et al.

Center frequency (cm™') Microwindow width (cm™1)

Lower altitude (km) Upper altitude (km)

1184.65 0.22 7 - 2sin®(latitude®) 22
1189.38 0.28 7 - 2sin?(latitude®) 22
1191.72 0.24 7 - 2sin®(latitude®) 22
1194.50 0.50 7 - 2sin*(latitude®) 22
1204.59 0.70 7 - 2sin?(latitude®) 22
1206.85 0.50 7 - 2sin?(latitude®) 22
1208.25 0.30 7 - 2sin*(latitude®) 22
1214.00 0.40 7 - 2sin®(latitude®) 22
1217.00 0.35 7 - 2sin®(latitude®) 22
1227.85 0.30 7 - 2sin®(latitude®) 22
1231.25 0.70 7 - 2sin?(latitude®) 22
1232.10 0.40 7 - 2sin®(latitude®) 22
1200.40 0.40 8 - 2sin’(latitude®) 22
1222.25 0.30 10 - 2sin?(latitude®) 22
1233.95 0.30 9 - 2sin?(latitude®) 22
1241.53 0.26 9 - 2sin’(latitude®) 22
1937.15% 0.70 8 21
1950.10° 0.35 10 - 2sin?(latitude®) 22
2566.22° 0.26 9 22
2623.87¢ 0.90 8 — 2sin’(latitude®) 22

2 Included to improve results for interferers H,'®0 and H,'70.

" Included to improve results for interferer H,0.

¢ Included to improve results for interferers N'>NO.

9 Included to improve results for interferers HDO, OC'80, and CH,.
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Fig. 1. Top panel: an ACE-FTS transmittance spectrum over the 1184-1242 cm™"' region for occultation ss31921 (recorded on 17 July 2009 over central Russia) at a tangent
height of 8.47 km. The features in red represent the microwindows used in the acetone retrieval. Middle panel: the total observed — calculated residuals for the acetone
retrieval. Bottom panel: Obs/calc ratio (without the inclusion of acetone in the forward model), with the calculated acetone transmittance contribution to the measurement

overlaid.

[31]. The lower altitude limits of the microwindows vary with
latitude, as reflected by the phenomenological expression sin?
(latitude®), due to the saturation of microwindow spectral features.
In total, retrieved acetone VMR profiles from 17,689 occultation
measurements taken between January 2004 and September 2010
were used for this work.

2.2. Error estimates and detection limit

For a single ACE-FTS acetone VMR profile, the 1o statistical
fitting errors are typically ~5-20% within the troposphere, increas-
ing in the lower stratosphere where the VMRs tend to be smaller.
These errors are random in nature and are largely determined by
the measured signal-to-noise ratios of the ACE-FTS spectra, i.e.
measurement noise. For averaged profiles, the random errors are
small (reduced by a factor of 1/\/N, where N is the number of pro-
files averaged) and the systematic errors dominate.

Spectroscopic sources of systematic error predominantly arise
from the acetone absorption cross sections (~5%), with minor con-
tributions from interfering species in the microwindows. Since the
baselines of the ACE-FTS transmittance spectra and the VMRs of
the interferers (Tables 1 and 2) are fitted simultaneously with
the acetone VMR, it is not a trivial exercise to determine how much

these contribute to the overall systematic error of the acetone
retrieval. Due to the dense spectral region used for the acetone
retrieval, the fitting residuals remain above the noise level for
some of the microwindows. However, acetone has a very broad
spectral feature in this region and the remaining residuals do not
have a major impact on the retrieved profile. We then consider that
these contributions to the systematic error are small. Since there
are a large number of interferers, it is assumed that the total con-
tribution is at most ~5%.

In addition to spectroscopic errors, uncertainties in tempera-
ture, pressure, tangent altitude (i.e. pointing) and instrumental line
shape (ILS) all contribute to systematic errors in the retrieved ace-
tone profiles. To estimate the overall systematic error, the retrieval
was performed for small subsets of occultations by perturbing each
of these quantities (b;) in turn by its assumed 1¢ uncertainty (Ab;),
while keeping the others unchanged. The fractional retrieval error,
L, is defined as

_ |VMR(b; + Ab;) — VMR(b;)
17 VMR (b))
Note that for the ACE-FTS retrievals, pressure, temperature and

tangent height are not strictly independent quantities; tangent
heights are determined from hydrostatic equilibrium, and so these

(1)
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Table 2

Summary of the molecules included in the microwindows for the ACE acetone retrieval.

Molecule Lower altitude limit (km) Upper altitude limit (km) Nature of spectroscopic data
CH3COCH3 7 - 2sin?(latitude®) 22 Cross sections
HCFC-142b (CH3CCIF3) 7 - 2sin*(latitude®) 20 Cross sections
CFC-113 (CCl3CF3) 7 - 2sin?(latitude®) 20 Cross sections
CH,4 7 - 2sin?(latitude®) 22 Line parameters
13CH, 7 - 2sin?(latitude®) 22 Line parameters
CHsD 7 - 2sin?(latitude®) 22 Line parameters
N,O0s5 7 - 2sin?(latitude®) 22 Cross sections
HFC-134a (CFH,CF3) 7 - 2sin?(latitude®) 20 Cross sections
H,0 7 - 2sin*(latitude®) 22 Line parameters
H,'%0 7 - 2sin?(latitude®) 21 Line parameters
H,'70 7 - 2sin?(latitude®) 21 Line parameters
HDO 7 - 2sin*(latitude®) 22 Line parameters
0cC'®0 7 - 2sin?(latitude®) 22 Line parameters
o'3ct®o 7 - 2sin?(latitude®) 22 Line parameters
03 7 - 2sin*(latitude®) 22 Line parameters
N,O 7 - 2sin?(latitude®) 22 Line parameters
N'>NO 7 - 2sin?(latitude®) 22 Line parameters
5SNNO 7 - 2sin?(latitude®) 22 Line parameters
N,'80 7 - 2sin?(latitude®) 22 Line parameters
N,'70 7 - 2sin?(latitude®) 22 Line parameters
HNO3 7 - 2sin?(latitude®) 22 Line parameters
H,0, 7 - 2sin?(latitude®) 22 Line parameters
COF, 7 - 2sin?(latitude®) 22 Line parameters
CHF; 7 - 2sin?(latitude®) 20 Pseudo-line parameters

quantities are strongly correlated. For the purposes of this work,
only two of these quantities are altered: temperature is adjusted
by 2K and tangent height by 150 m [16,32]. Additionally, ILS
uncertainty is induced by adjusting the field of view by 5%
[16,32]. A subset of occultations recorded on 29-31 July 2009
between 43.28° and 49.47°N was selected for this analysis. The
fractional value estimates of the systematic uncertainties, and their
symbols, are given in Table 3. Assuming these quantities are uncor-
related, the overall systematic error in the acetone retrieval can be
calculated as

2 2 2 2 2 2
:usystematic = :uspec + :uint + :uT + :uz + :uILS' (2)

The total systematic error contribution to the ACE-FTS acetone
retrieval, based on known sources, is estimated to be ~15%.

Careful investigation of the retrieved acetone VMRs has
revealed an additional source of bias which is particularly evident
at high latitudes (50-90°S and 50-90°N) and manifests as negative
VMRs (peaking at ~-50 ppt) between ~10 and ~15 km. The exact
source of this negative bias is unknown, as is its manifestation at
lower altitudes and latitudes where acetone VMRs are higher,
but the likely explanation is that some of the microwindows are
actually affected by CH,4 line mixing; certainly none of the interfer-
ers with assumed profiles appear to be the source.

Considering the signal-to-noise ratio is around 350:1 in the
acetone spectral region, the detection limit for a single observation
is estimated to be ~100 ppt.

2.3. Dataset preparation

The vertical resolution of the ACE-FTS measurements is largely
limited by the field of view of the instrument, which is 2-3 km in
the UTLS. For that reason, it is more reasonable to consider mean
upper tropospheric (UT) acetone VMRs and mean lower strato-
spheric (LS) acetone VMRs to compensate for an oversampling of
the acetone profile. Except in Fig. 4, in which monthly mean
VMR profiles on a 1-km grid are used, we consider the mean upper
tropospheric acetone VMR, calculated as the average of the VMRs
for altitude levels within 3 km below the tropopause (included),
and the mean lower stratospheric acetone VMR, calculated as the
average for the altitude levels within 3 km above the tropopause

(excluded). We use the dynamical tropopause from the ACE-FTS
Derived Meteorological Products (DMPs) [33] calculated for each
occultation to identify the tropopause height. The results are
mainly presented as mean UT or LS acetone VMRs for grid cells, lat-
itude bands or large-scale regions. Only acetone VMRs larger than
the detection limit of 100 ppt are included in the averages. Fig. 2
displays the number of individual VMRs averaged over the entire
period for grid cells with 20° x 20° latitude and longitude resolu-
tion in the UT and the LS respectively. Due to the orbit of the
ACE-FTS, large variations in the number of averaged VMRs are
observed with latitude. The northern mid- and high latitudes have
a high sampling rate whereas the tropics and the latitudes south of
70°S are much less sampled. The difference between the number of
averaged VMRs between the UT and the LT in the mid and high
latitudes is mainly due to the tropopause height. Its lower altitude
at these latitudes does not allow a full 3 km-range-below-the-
tropopause selection of the UT VMRs because of the lower altitude
limit of the retrieval. In the tropics, it is the contrary: the tropo-
pause is at high altitudes and the 3 km-range-above-the-
tropopause section criterion for the LS average is limited by the
upper altitude limit of the retrieval. Moreover, the acetone VMR
in the LS at these high altitudes VMR are more often smaller than
the 100 ppt-detection limit, reducing the number of averaged
compared to the UT.

In addition, we use the LMDz-INCA model, described in Sec-
tion 3, in order to evaluate the representativeness of the ACE-FTS
observations, considering the limited sampling. We compare the
UT and LS acetone distributions based on the climatological mean
of model simulations for the 2004-2010 period and on the mean of
simulated concentrations interpolated to the measurement points

Table 3
Sources of systematic uncertainty in the ACE-FTS acetone research product, based on
v3.0 processing.

Source Symbol Fractional value
Acetone spectroscopy Hspec 0.05
Spectral interferers Uint 0.05
Temperature Ur 0.05
Altitude i 0.12
ILS s 0.04
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Fig. 2. Number of VMRs averaged per grid cell of 20° x 20° latitude and longitude resolution for the 2004-2010 period.
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Fig. 3. Relative difference (%) between a climatology of acetone distribution based on LMDz-INCA simulation over the 2004-2010 period and the acetone distribution
computed using the same simulation but with simulated concentrations interpolated at the ACE-FTS observation points.

for the same period. The distribution based on interpolated con-
centrations provides a similar picture of the acetone distribution
as the climatology in the extratropical upper troposphere (Fig. 3).
This would suggest that the limited horizontal sampling of ACE-
FTS is not an issue (in the extratropics) and that the distribution
given by ACE-FTS is likely representative of the actual acetone UT
distribution. In the tropics, the limited sampling of ACE-FTS leads
to a strong underestimation of acetone (>30%), especially over
the regions impacted by the biomass burning. ACE-FTS acetone
observations are then not well suitable to evaluate acetone distri-
bution in the tropical band. In the lower stratosphere, significant
differences occur in the tropical latitudinal band and in the high
northern latitudes (Fig. 3). This leads us to focus more on the
northern midlatitudes in the following sections, where ACE-FTS
acetone observations are more reliable according to the sampling
issue. In the following, we will focus preferably on the 30-70°N
latitude band, where the sampling rate is the best and which is
rather uniformly sampled every month. This will allow a good
description of the seasonal cycle (Section 5).

2.4. Northern midlatitude upper tropospheric and lower stratospheric
acetone from ACE-FTS

Fig. 4 provides a plot of the monthly variations of acetone VMRs
in the midlatitude band as retrieved from ACE-FTS between 6 and
18 km. Upper tropospheric acetone ranges from ~180 ppt to
~1100 ppt with a maximum in July. A strong vertical gradient is
observed across the tropopause during summer with stratospheric
acetone ranging from ~130 ppt to ~350 ppt. Note that the mini-
mum mean VMRs derived from ACE-FTS are likely overestimated

due to the detection limit being rather high (100 ppt). However,
this probable overestimation has a lesser effect on the higher ace-
tone levels.

In order to determine whether the retrieved ACE-FTS profiles
provide a realistic picture of the acetone vertical distribution in
the northern midlatitudes, we compare ACE-FTS data with CARIBIC
acetone measurements reported by Sprung and Zahn [15], and
with UTLS observations from aircraft campaigns (TRACE-P, SONEX,
PEM-WEST, STREAM) available in the literature for northern lati-
tudes [14,34,35]. We also consider satellite observations provided
by MIPAS on August 2003 [21]. The different datasets used for
the comparison are reported in Table 4.

Without considering the observation year, a detailed compar-
ison between the different datasets is limited by the differences
in the sampling and subsequent representativity of the ACE-FTS,
aircraft campaigns and CARIBIC.

The top panels of Fig. 5 display the UT and LS monthly varia-
tions of acetone as observed by ACE-FTS in the 30-70°N latitude
band. The 1o-standard deviations are plotted, and represent the
natural acetone variability combined with the spread due to the
observation errors. For comparison, CARIBIC, different aircraft cam-
paign, and MIPAS measurements are plotted. For CARIBIC, we con-
sider the seasonal cycle fitted by [15] as representative of the
observations. In the upper troposphere, the comparison points
toward a possible underestimation of ACE-FTS acetone, all the
others observations being larger. This is particularly the case for
winter months. In the lower stratosphere, it seems to be the con-
trary: ACE-FTS acetone appears to be systematically larger than
the CARIBIC estimates, but it is not the case with the other avail-
able datasets (Fig. 5). In both the UT and the LS, the differences
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30-70N - ACE-FTS
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[ppt]

10 11 12

Fig. 4. Monthly acetone profiles retrieved from ACE-FTS for the 30-70°N latitude band over the 2004-2010 period. The mean tropopause, computed from the DMP
corresponding to each individual occultation, is displayed in black.

Table 4

Aircraft and satellite measurement datasets used for the evaluation of ACE-FTS acetone. Only the datasets corresponding to northern mid and high latitudes are considered.

Name of Observation type/sampling Vertical regions used Comment
observations for comparison
CARIBIC [15] Airborne Tropopause level
106 flights 2 km above the
sampling mainly over continents tropopause
33-56°N
Period 2006-2008
STREAM [34] 3 airborne campaigns Upper troposphere
Nov/Dec 1995 (Amsterdam) Lower stratosphere
March 1997 (Kiruna) (®>30K)
July 1998 (Timmins, Amsterdam)
TRACE-P [35] Airborne campaign Upper troposphere (8- - Unpolluted dataset

PEM-WEST B [14]

SONEX [14]

MIPAS [21]

32-40°N
March/April 2001

Airborne campaign
Japan (25-40°N)
February 1994

Airborne campaign

3 sites: Newfound Land, Ireland, East Atlantic
(35-60°N)

October 1997

Satellite observations
45-90°N band
August 2003

10 km)

Upper troposphere (6-
9 km)

Lower stratosphere
(10 km)

Upper troposphere (9-
12 km)

277 hPa

- Use the tropopause height derived from ACE-FTS to determine
UT and LS

- Use the tropopause height derived from ACE-FTS to determine
UT and LS

- The 3 sites are merged together
- Use the tropopause height derived from ACE-FTS to determine
UT and LS

- Values estimated from Fig. 12 in [21]

between the different datasets remain mainly within the respec-
tive errors of the observations. It is then difficult to firmly conclude
and quantify the possible under- or overestimation of ACE-FTS,
especially as the definition of the UT and the LS as well as the
observation years differ from one dataset to another. The main
conclusion of these comparison is that ACE-FTS provides a reason-
able picture of acetone in the northern midlatitudes, and repro-
duces the main seasonal features depicted by the CARIBIC data,
the best available dataset in terms of sampling. In particular, we

have checked that the vertical gradient across the tropopause is
correctly reproduced by ACE-FTS. Acetone distribution in the
northern midlatitudes provided by ACE-FTS is relevant for climato-
logical analyses.

3. LMDz-INCA chemical transport model and acetone budget

The INteraction between Chemistry and Aerosols (INCA) model,
coupled to the LMDz General Circulation Model (GCM), is used to
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Fig. 5. Seasonal cycle of acetone in the upper troposphere (UT) (left), in the lower stratosphere (LS) (right), for the 30-70°N latitude band as inferred from ACE-FTS (upper)
and LMDz-INCA - reference and HIGH-BIO simulation (lower). The acetone cycles reported by Sprung and Zahn [15] at the tropopause and 2 km above and representative of
the 33-56°N region are displayed in blue. The associated 1o-standard deviations have been taken from Fig. 8 of [15]. Acetone VMRs from the airborne campaigns SONEX
(black squares), PEM-WEST B (green triangles), TRACE-P (magenta star), and STREAM (black open circles), and from MIPAS (cyan diamonds) are displayed on top panels. Note
that the symbols are slightly shifted in time for clarity when necessary. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Table 5
Acetone tropospheric budget computed by the LMDz-INCA model for the reference simulation and the HIGH-BIO simulation.
Simulation Main simulation HIGH-BIO
Global tropospheric burden (Tg) 4.2 6
Primary emissions (Tg/year) 62 (20 from ocean and 40 from vegetation) 98 (20 from ocean and 76 from vegetation)
Chemical production (Tg/year) 22 25
Deposition (Tg/year) 26 39
Chemical destruction (Tg/year) 55 78

simulate the distribution of gaseous reactive species in a 39 level
atmosphere extending from the surface to 4.3 hPa. INCA considers
primary emissions and computes chemical sources and sinks as
well as deposition with a time-step of 30 min. In the simulations
described here, LMDz is coupled with the ORCHIDEE (Organizing
Carbon and Hydrology in Dynamic Ecosystems) dynamic global
vegetation model [36] for soil/atmosphere exchanges of water
and energy [37]. The LMDz general circulation model is nudged
on ERA-interim data for wind fields and sea surface temperatures
(SST). The general functioning of INCA and the basic gas phase
chemistry are presented in Hauglustaine et al. [25] and results with
the full tropospheric gaseous chemical scheme are gathered by

Folberth et al. [38] and Szopa et al. [39]. The oxidative tropospheric
photochemistry is described through 85 chemical species and 264
chemical reactions, including non-methane hydrocarbon oxida-
tion. As described in Hauglustaine et al. [25], the stratospheric
ozone concentrations are relaxed toward the monthly mean 3D
climatologies of Li and Shine [40] at the altitudes having potential
temperatures above 380 K.

The LMDz-INCA model has been run over the 2003-2011 period
with the first year considered as a spin-up. The anthropogenic
emissions used correspond to the year 2010 in the RCP8.5 projec-
tion (Representative Concentration Pathways reaching 8.5 W m~2
in 2100). They include ship and aircraft emissions. This dataset is
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Fig. 6. Global annual distribution of acetone in the upper troposphere (left) and the lower stratosphere (right) observed by ACE-FTS (upper panel), simulated by LMDz-INCA
(middle panel) and the relative difference between ACE-FTS and INCA (lower panel). The distribution is calculated over the 2004-2010 period with a 20° x 20° latitude and
longitude resolution. The modeled distributions are computed from the simulated acetone profiles interpolated at the observation points. Grid boxes with less than 10

observed profiles are not displayed.

described in [41] and can be found at [http://www.iiasa.ac.at/web-
apps/tnt/RcpDb/]. These 0.5° x 0.5° emission datasets consist of
fluxes of methane, carbon monoxide, nitrogen oxides and 23
non-methane explicit or lumped hydrocarbons for ozone precur-
sors. The individual hydrocarbon fluxes are reported on INCA spe-
cies or surrogate species as described in Folberth et al. [38], and
then spatially interpolated to the model resolution (3.75° x 1.9°).

All natural emissions correspond to a single year representative
of present-day levels, except lightning NO,. The lightning NO,
emissions are computed interactively during the simulations
depending on the convective clouds, according to [42], with a ver-
tical distribution based on [43] as described in [44]. The biomass
burning emissions are from the Global Fire Emissions Database
(GFED 4) inventory [45], available at http://www.globalfiredata.
org. An oceanic source of 20 Tg/year is considered in this simula-
tion. The ORCHIDEE vegetation model was used (offline) to calcu-
late biogenic surface fluxes of isoprene, terpenes, acetone and
methanol as well as NO soil emissions as first described by Lathiére
et al. [46] and recently updated by Messina et al. [47]. As the con-
tinental biosphere is the main primary source of acetone in the
atmosphere, we carried out a second simulation, similar to the
one described previously, but considering the previous biogenic
emissions obtained by Lathiére et al. [46] and previously used by

Elias et al. [48]. This second simulation is used to support the
discussion in Section 5 and is called HIGH_BIO (Table 5).

4. Annual distribution in the upper troposphere and lower
stratosphere

Fig. 6 shows the annual global distribution of acetone in the UT
and the LS observed by ACE-FTS and simulated by LMDz-INCA. For
the comparison, the daily-simulated concentrations are interpo-
lated at the observation points of ACE-FTS. The distributions are
calculated over the 2004-2010 period. ACE-FTS observations show
a North-South gradient, with acetone concentrations higher in the
Northern hemisphere as expected [1,10,21]. The acetone VMRs are
usually the largest over land (Fig. 6, Table 6). Siberia, Central Asia
and the Euro-Mediterranean regions present the highest acetone
VMRs (~600-700 ppt). The North Atlantic Ocean, North America
and North Pacific have acetone VMRs of 530-570 ppt. In the trop-
ics, the highest concentrations (~400 ppt) are observed over Africa
and the South Atlantic Ocean. Remind that ACE-FTS acetone might
be poorly representative of the climatology for this region
(Section 2.3). For the other regions, acetone VMRs are ~200 ppt.
In the lower stratosphere, VMRs between 250 and 350 ppt are
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Table 6

Observed and simulated mean annual acetone VMR and associated biases for different regions of the globe, for the upper troposphere.

Regions Lat bound. Lon bound. ACE-FTS mean INCA mean Relative bias of the model
(standard deviation) (standard deviation) comp. with ACE-FTS (%)
North Atlantic Ocean [25; 70] [-60; —10] 568 (362) 422 (116) -15
North America [25; 60] [-120; —60] 538 (340) 473 (120) -12
Euro-Mediterranean [30; 50] [-10; 40] 605 (289) 449 (112) -26
Siberia [50; 70] [40; 160] 673 (533) 571 (101) -15
Central Asia [30; 50] [60; 100] 611 (380) 491 (129) -20
East Asia [20; 50] [100; 150] 490 (270) 485 (136) -1
North Pacific Ocean [30; 50] [140; —120] 560 (332) 481 (140) -14
Tropical band [-30; 30] [-180; 180] 318 (172) 461 (328) +45

observed at latitudes north of 30°N and between 150 and 200 ppt
elsewhere.

Although a north-south gradient is also simulated by LMDz-
INCA, the simulated acetone distribution in the UT does not show
similar patterns to those observed by the ACE-FTS (Fig. 6). The model
simulates very large acetone concentrations for the high northern
latitudes (>70°N) that are not observed by ACE-FTS. Similar behavior
of the model has previously been observed for methanol, which has
similar emission types and chemistry [17], and was attributed to an
insufficient destruction of methanol or an unfaithful representation
of transport. In addition, compared with ACE-FTS observations the
model underestimates acetone midlatitude VMRs. For the upper
troposphere, this underestimation varies depending on the region
but reaches up to 26% for the Euro-Mediterranean region and 20%
in Central Asia whereas it remains within the ACE-FTS uncertainty
interval for Siberia, North America, and North Atlantic Ocean
(Table 4). In the tropics, the model is significantly larger than the
observations. The lack of sampling in this region combined with
the low resolution of the emissions considered in the simulation
contributes to the differences. As already discussed in Section 2.3,
ACE-FTS is not well suited to get insights about the acetone over
the tropical band. In the lower stratosphere, the model tends to
overestimate acetone compared with observations. Elias et al. [48]
when comparing LMDz-INCA outputs with CARIBIC observations
have already pointed out such an overestimation. This smoothing
of the vertical gradient across the tropopause in the model may be
due to the lack of acetone destruction by HO, which is suspected
to be a significant loss process near the tropopause [49].

5. Seasonal cycle in the northern hemisphere

In this section we investigate the seasonal variations of acetone
for the 30-70°N latitude band, where the sampling is the highest.
The midlatitude band (30-70°N) is rather uniformly sampled every
month allowing for a good description of the seasonal cycle.

Fig. 5 displays the midlatitude acetone seasonal cycle in the UT
and the LS, as observed by the ACE-FTS (top panels) and simulated
by LMDz-INCA (bottom panels). The monthly averages are calcu-
lated over the 2004-2010 period. In the upper troposphere, a clear
seasonal cycle is observed with a maximum (~1000 ppt) in July
and a minimum in winter (~190 ppt). This reflects the impact of
the primary biogenic emissions of acetone that reach a maximum
in summer. The width at half maximum of the cycle extends over
6 months from May to October. For comparison, we approximate
the ACE-FTS cycle with a sine function (Fig. 5) and compare it with
the seasonal cycle observed by CARIBIC, as reported at the tropo-
pause by Sprung and Zahn [15]. These CARIBIC values should
provide at least lower limits for the upper tropospheric cycle. As
already mentioned, differences of between 10% and 50% are
observed between CARIBIC and ACE-FTS. The maximum of both
cycles occurs in July: (22 + 4) for the ACE-FTS and (15 * 6) for CARI-
BIC. The width of the CARIBIC cycle is slightly larger from April to
October and shifted to spring, but the amplitude is in good agree-

ment (303 ppt for ACE-FTS, 289 ppt for CARIBIC). A similar fit is
applied to the cycle derived from the model: however the model
fails to reproduce the observed seasonal cycle. Indeed, the model
largely overestimates winter acetone VMRs and does not show
seasonal cycle for this latitude band considering the up-to-date
biogenic emissions. This lack of a seasonal cycle is due to an under-
estimation of seasonal variations of the biogenic emissions in the
model at mid-high latitudes of the northern hemisphere. When
using the biogenic emissions used in Elias et al. [48] a seasonal
cycle is obtained despite a global overestimation of the acetone
concentrations. This modeled cycle is shifted to autumn with a
maximum occurring on 1 October.

In the lower stratosphere, a similar cycle with a maximum in
summer (425 ppt in July) and a minimum in winter (~170 ppt in
January and February) is identified from the observations (Fig. 5).
The LS acetone cycle is in rather good agreement with the cycle
derived from CARIBIC measurements 2 km above the tropopause
[15], apart from in winter and spring. The maximum of both cycles
occurs on (22 + 22) July for ACE-FTS, on (27 + 14) August for CARI-
BIC. The LMDz-INCA model does not exhibit a clear seasonal cycle
for either the reference or HIGH-BIOG simulations. The simulated
LS acetone tends to be overestimated especially during winter
when compared to ACE-FTS and CARIBIC.

Sprung and Zahn [15] reported a temporal shift of about
6 weeks between the maximum in the acetone cycle at the tropo-
pause level and 2 km above, which they interpret as the mean
transport time of acetone across the extratropical tropopause tran-
sition layer. They also noted that this transport time estimate is
affected by large uncertainties. Due to the coarser vertical resolu-
tion of ACE-FTS compared to CARIBIC, it is difficult to explore the
transport time between levels similar to those of CARIBIC. Consid-
ering the UT and LS cycles, presented in Fig. 5, the ACE-FTS data do
not exhibit any similar temporal shift. However, the ACE-FTS LS
acetone data includes measurements at altitudes from the tropo-
pause to 3 km above. If one considers two distinct altitude levels
- one lying close to the tropopause (10.5 km) and one lying mainly
in the stratosphere (14.5km) - a temporal shift of 4 weeks is
found. Due to the large uncertainties in the fit, it is difficult to esti-
mate a reliable transition time for transport between the UT and
the LS.

6. Conclusion

The objective of this study was to (i) present a recent acetone
ACE-FTS research product based on v3.0; (ii) evaluate its capability
to describe the acetone variability occurring in the UTLS region;
and (iii) discuss its main limitations. Two main points have been
addressed:

- ACE-FTS provides a climatological global annual distribution of
acetone in the UT and in the LS with a better sampling for the
northern latitudes. Comparisons with measurements available
in the literature suggest an underestimation of acetone
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retrieved from ACE-FTS. The large differences are mainly associ-
ated with the background values (occurring largely in the
southern latitudes and in the lower stratosphere) and are attrib-
uted to the complexity of the spectral region used for the retrie-
val. The relatively poor sampling of regions such as the tropics
limits the ability of ACE-FTS to provide a complete representa-
tion of acetone in these regions.

- We show that ACE-FTS has the ability to provide reliable sea-
sonal cycles for the northern midlatitudes. Further studies
would be necessary to address the transport time across the
tropopause transition layer for these regions. Combined with
the various species measured by ACE-FTS such as CO, HCN,
and methanol, the acetone retrievals form a meaningful dataset
to complement in situ measurements and document the trans-
port of reactive gases in the UTLS region.

Comparisons with the state-of-the-art LMDz-INCA model allow
us to identify the model weaknesses in reproducing the acetone
distribution in the UTLS. First of all, we show that the model likely
overestimates acetone concentrations when they are lower than
400 ppt. The seasonal cycle of the biogenic emissions, which are
the main primary sources of acetone in the model, is too weak,
especially in the high northern latitudes. Moreover, we show that
the vertical distribution simulated by the model leads to overesti-
mated acetone concentrations in the lowermost stratosphere. An
underestimation of the destruction of acetone might also be an
explanation, particularly in the northern high latitudes. This work
demonstrates that the novel ACE-FTS dataset can be used, in
addition to the existing airborne datasets, to constrain the acetone
budget in the northern hemisphere.
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