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Abstract. We apply a full year of continuous atmo- genic acetone emissions due to surface warming are likely to
spheric acetone measurements from the University of Min-provide a significant offset to any future decrease in anthro-
nesota tall tower Trace Gas Observatory (KCMP tall tower; pogenic acetone emissions, particularly during summer.

244 ma.g.l.), with a 05x 0.667 GEOS-Chem nested grid
simulation to develop quantitative new constraints on sea-

sonal acetone sources over North America. Biogenic ace-

tone emissions in the model are computed based on thé Introduction

MEGANV2.1 inventory. An inverse analysis of the tall tower

observations implies a 37 % underestimate of emissions fronf\cetone (CHC(O)CH) is the simplest ketone and one of
broadleaf trees, shrubs, and herbaceous plants, and an off?€ most abundant volatile organic compounds (VOCs) in
setting 40 % overestimate of emissions from needleleaf treefhe® atmosphere, with typical mixing ratios ranging from a
plus secondary production from biogenic precursors. Thefew hundred parts per trillion (pptv) to several parts per bil-
overall result is a small (16%) model underestimate oflion (ppbv) or more (Chatfield et al., 1987; Singh et al.,
the total primary+ secondary biogenic acetone source in 1995; Arnold et al., 1997; Riemer et al., 1998; Goldstein and
North America. Our analysis shows that North American Schade, 2000; Karl et al., 2003; Lewis et al., 2005; Aiello
primary + secondary anthropogenic acetone sources in thénd McLaren, 2009; Gao et al., 2013). It affects atmospheric
model (based on the EPA NEI 2005 inventory) are accu-chemistry as an important source of hydrogen oxide radicals
rate to within approximately 20%. An optimized GEOS- (HOx = OH 4 HOy) in the upper troposphere (Jaegit al.,
Chem simulation incorporating the above findings capturest997, 2001; McKeen et al., 1997; Wennberg et al., 1998;
70 % of the varianceX = 0.83) in the hourly measurements Folkins and Chatfield, 2000; Arnold et al., 2005), and as a
at the KCMP tall tower, with minimal bias. The resulting Precursor of peroxyacetyl nitrate (PAN, GE(O)OONQ),
North American acetone source is 11 Tgaincluding botn ~ Which is a key reservoir for nitrogen oxides (NG NO
primary emissions (5.5Tg&) and secondary production + NO2) (Singh and Hanst, 1981; Singh et al., 1994, 1995;
(5.5Tgal), and with roughly equal contributions from an- Arnold et al., 1997). Estimates of the global acetone source
thropogenic and biogenic sources. The North American aceYary widely (40-200 Tga’; Singh et al., 2000; Potter et al.,
tone source alone is nearly as large as the total continentad003; Singh et al., 2004; Arnold et al., 2005; Folberth et al.,
volatile organic compound (VOC) source from fossil fuel 2006; Elias et al., 2011; Fischer et al., 2012). Here we present
combustion. Using our optimized source estimates as a basét full year of continuous atmospheric acetone measurements
line, we evaluate the sensitivity of atmospheric acetone androm a tall tower observatory in the US Upper Midwest,
peroxyacetyl nitrate (PAN) to shifts in natural and anthro- @hd apply a nested chemical transport model (GEOS-Chem

pogenic acetone sources over North America. Increased bid=TM) in an inverse analysis to develop quantitative new con-
straints on seasonal acetone sources over North America.
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Acetone is emitted by terrestrial vegetation as a by-producbn atmospheric PAN, and the sensitivity of atmospheric ace-
of plant metabolic processes, such as cyanogenesis and adene and PAN to shifts in biogenic and anthropogenic acetone
toacetate decarboxylation (Fall, 2003; Jardine et al., 2010)sources.
and during plant decay (de Gouw et al., 1999; Warneke et
al., 1999). Recent estimates of the resulting biogenic flux
to the atmosphere have ranged between 20 and 194Tga 2 Methods
(Singh et al., 2000, 2004; Jacob et al., 2002; Potter et al.
2003; Arnold et al., 2005; Lathie et al., 2006; Elias et al.,

2011; Fischer et al., 2012; Guenther et al., 2012). The othefe yniversity of Minnesota tall tower Trace Gas Obser-
principal source of atmospheric acetone is thought to be phogayoyy is a 244 m Minnesota Public Radio communications
tochemical oxidation of precursor VOCs, including the pre- o er at Rosemount. MN (KCMP 89.3 FM, 44.639
dominantly anthropogenic 2-methyl alkanes (propane, isobugg 573 W: tower base is 290 m above sea level), located
tane, isopentane) as well as the biogenic 2-methyl-3-buten-228 km south of downtown St. Paul. MN. USA. A detailed

ol (MBO) and monoterpenes (Alvarado et al., 1999; Reissellgescription of the site is given elsewhere (Griffis et al., 2010:
et al., 1999). Other terrestrial sources include biomass burny; et a1. 2011).

iqg (Simpson et al., 2011) and dire_ct anthropogenic emis-  acetone (protonateek /z 59) and a suite of other VOCs
sions (Goldan et al., 1995; Goldstein and Schade, 2000; dincluding methanol, isoprene and its first-generation oxida-

Gouw et al., 2005). Globally, the oceans appear to be both g4, products, acetonitrile, ands@g aromatics) were mea-

gross source and a gross sink for atmospheric acetone (Figy;red at the KCMP tall tower using a PTR-MS (proton trans-
cher et al., 2012); however, the magnitude and variability ofto reaction mass spectrometer, lonicon Analytic GmbH,
the corresponding net flux is quite uncertain (de Reus et aI'Austria) between July 2009 and August 2012. The PTR-MS
2003; Williams et al., 2004; Lewis et al., 2005; Marandino 5 hoysed in a climate-controlled communications building at

etal., 2005; Sinha et al., 2007; Taddei et al., 2009; Fischer &, pase of the tower. A continuous length of perfluoroalkoxy
al., 2012; Read et al., 2012; Sjostedt et al., 2012). Along Wlth(PFA) sampling line (0.95cm I& 1.27 cm OD, Jensen In-

gross oceanic uptake, sinks of atmospheric acetone includgt prodycts, USA) is mounted on the tower, with an inlet
photochemical oxidation by OH, photolysis, and deposition 5,4 injine filter (90 mm PFA filter holder; 30-60 um PTFE
to land (Chatfield et al., 1987, McKeen etal., 1997 Gierczakfiiier membrane, Savillex Corp., USA) installed at 185 m el-
etal.,, 1998; Blitz et al., 2004; Karl et al., 2010). The mean g 4tion. A sampling pump pulls air down from the inlet at
tropospheric lifetime of acetone is estimated to be between_ 15 standard liters per minute (L mid), so that the resi-

14 and 35 days (Jacob et al., 2002; Arnold et al., 2005; Fisyence time for air in the line is approximately 2 min under

cheretal,, 2012). normal sampling conditions. A series of laboratory experi-
The most recent laboratory study of the temperature-anis showed no detectable effect from the long PFA inlet
dependent quantum yields for acetone photolysis (Blitz ejj,e on the measured acetone mixing ratios.

al., 2004) led to a significant change in our understanding A getailed discussion of the measurement approach is pro-
of the atmospheric budget of acetone. Specifically, Blitz et,;jaq by Hu et al. (2011). The PTR-MS is calibrated every
al. (2004) measured the quantum yields to be substantially,g p, (prior to August 2010) or 47 h (subsequently) by dy-
lower than previously reported. Those findings imply an in- hamic dilution of multi-component standards (Apel-Riemer
creased acetone lifetime, and reverse the relative importancg ,ironmental Inc., USA) into a stream of catalytically gen-
of photolysis and OH oxidation as acetone sinks (Fischer e 5teq zero air. The acetone standard was originally filled in
al., 2012). They also modify the importance of acetone aspecemper 2008 (nominal mixing ratio 152.6 ppbv, stated ac-
a precursor of H@and PAN (Arnold et al., 2005), leading  ¢\,racy+59), and recertified in January 2012 (152.9 ppbv).
to less PAN in the Northern Hemisphere (especially in the ynqer most conditions, the2 values for 6-point calibration

upper troposphere), but more PAN in parts of the Southern, ;a5 are- 0.99 for acetone, with the relative standard de-

Hemisphere. viation of residuals< 7 %. The detection limit, defined as

In this work, we employ the GEOS-Chem CTM and one 3, the measurement precision,4s30 pptv for acetone (at
year of continuous acetone measurements from the Univery g g gyell time). Typical sensitivity during calibration is 18

sity of Minr_1esota tall tower Trace Gas Observatory (KCMP ncps ppbv! for a drift tube pressure of 2.2 mbar and a drift
tall tower) in a Bayesian inverse framework to develop newy,e yoitage of 600 V. The overall uncertainty of measure-

top-down constraints on natural and anthropogenic acetongent for acetone, based on quadrature addition of the indi-

sources in North America. The tall tower measurements proyiqya) error sources (flow controllers, standard accuracy, cal-

vide a high-resolution and long-term atmospheric datasefyration fit, standard error of the 30 min average, etc.), aver-

with a regional to continental-scale footprint that is influ- ages approximately 10 % (and in nearly all cases 20 %).
enced by a range of biogenic and anthropogenic sources (Hu

et al., 2011). We then use these updated source estimates to
investigate the impact of North American acetone sources

2.1 Field site and PTR-MS measurements
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2.2 GC-MS/FID measurements (GEOS-5.2.0) assimilated meteorological fields. In this work

we employ a GEOS-Chem nested simulation (Wang et al.,
We also collected a series of cartridge samples at the talP004; Chen et al., 2009; Zhang et al., 2009; van Donkelaar
tower to test the specificity of the PTR-MS measurementset al., 2012) over North America for 2010. The nested do-
for acetone and other compounds. A total of 25 standard sanmain covers 10 to 7N and 140 to 40W (Fig. 1), with
ples and 100 ambient samples were periodically collected be6.5> x 0.667 horizontal resolution and 47 model layers in
tween winter 2010 and summer 2012 for subsequent quantifithe vertical extending up to 0.01 hPa (14 layers are below
cation by gas chromatography with mass selective and flame km altitude). Model transport occurs on a 10 min time step.
ionization detectors (GC-MS/FID) at the Institute of Arctic Boundary layer mixing in GEOS-Chem uses the non-local
and Alpine Research, University of Colorado at Boulder. ~ scheme of Lin and McElroy (2010).

Sample air was first scrubbed for ozone using sodium- GEOS-Chem includes detailed H®IOx-VOC-0zone
thiosulfate coated glass fiber filters (Pollmann et al., 2005).chemistry coupled to aerosols (Bey et al., 2001; Mao et
The air was then dried to a dew pointe25°C by flowing  al., 2010; Fischer et al., 2012). Photolysis frequencies are
it through a Peltier-cooled stainless steel trap. Analytes wereomputed based on the Fast-JX scheme as implemented in
subsequently trapped on dual-bed adsorbent cartridges madgEOS-Chem by Mao et al. (2010), with updated quantum
of glass tubing (0.64cm OR 9.00cm length) and filled yields for acetone photodissociation from Blitz et al. (2004)
with 0.15mg Carboxen 1016 and 0.15mg Carboxen 1000and accounting for the effect of aerosol extinction on photol-
solid adsorbents. The adsorbent tubes were cooled t€ 10 ysis rates (Martin et al., 2003). A one year spin-up for 2009
during sampling using a custom-made autosampler similais used to remove the effects of initial conditions. Lateral
to the one described in Helmig et al. (2004). Cartridges wereboundary conditions for all species at each vertical layer are
stored in a freezer at18°C between sampling and analy- based on 3-hourly output from year-long global simulations
sis. A Perkin Elmer ATD-400 automated desorption unit wascarried out at 4 x 5° resolution (Wang et al., 2004; Chen et
used for thermal desorption, with analytes then pre-focusedl., 2009; Zhang et al., 2009; van Donkelaar et al., 2012).
on a dual-bed microtrap filled with Carboxen 1016 and Car- Biogenic emission of VOCs including acetone and its bio-
boxen 1000 adsorbents. Gas chromatography separation waggnic precursors (monoterpenes and MBO) are computed on-
achieved ona 0.32mm IR 60 m lengthx 1.8 um film thick-  line in GEOS-Chem using MEGANv2.1 (Model of Emis-
ness DB-624 capillary column (Agilent, USA). The column sions of Gases and Aerosols from Nature; Guenther et al.,
flow was split for dual detection by electron impact mass2012). Fluxes are calculated for each model grid square
spectrometry (Agilent MSD 5972, USA), in selected ion as a sum of contributions from four plant functional types
monitoring mode, and by flame ionization detection. Acetone(PFTs: broadleaf trees, needleleaf trees, shrubs, and herba-
was quantified from ite:/z = 43 and 58 mass fragment sig- ceous plants [crop$ grasslands]):
nals. Quantification was achieved after establishing response
curves from analysis of a minimum of 5 calibration samples ., 4 .
that were prepared by dynamic dilution of&500 ppbv stan- E=vy ZS’ Xi>
dard (Apel-Riemer Environmental Inc., USA). =1

All standard intercomparisons between the UMN and CUwhereg; is the canopy emission factor for PETwith frac-
cylinders agreed to within 10% for acetone, with no evi- tional coveragey;. The canopy emission factors)(for ace-
dence of mixing ratio drift in the standard cylinders. Am- tone are 240 pg i? h—1 for broadleaf trees, needleleaf trees,
bient intercomparisons:(= 85) between the PTR-MS and and shrubs, and 80 ugthh~1 for herbaceous plants (Guen-
cartridge+-GC-MS/FID systems showed good agreement forther et al., 2012). The non-dimensional activity facjor
acetone: slope= 1.01 (95 % confidence interval, Cl: 0.92— scales the emissions according to local environmental condi-
1.11), intercept= —0.07 ppbv (95 % CI:—0.21-0.05),R = tions (leaf age, surface temperature, light, leaf area index) ac-
0.92. The fact that the slope and intercept are not signifi-cording to Guenther et al. (2012), assuming a light-dependent
cantly different from 1.0 and 0.0, respectively, confirms that fraction of 0.2 for acetone emissions (i.e., 20 % of the emis-
the PTR-MS acetone measurementsn{@t 59) are robust, sions are influenced by light). The temperature dependence
and that any interference (e.g., propanal) is minor, which isof acetone emissions is simulated using an exponeptial
consistent with conclusions from previous studies (de Gouwcoefficient of 0.10. The MEGANv2.1 acetone emission fac-

1)

et al, 2003; de Gouw and Warneke, 2007). tors and light and temperature dependencies have been estab-
lished based on a limited set of enclosure and above canopy
2.3 GEOS-Chem chemical transport model eddy flux measurements (e.g., Macdonald and Fall, 1993b;

Janson et al., 1999; Baker et al., 2001; Schade and Goldstein,
We use the GEOS-Chem CTM version 9.1.3 to interpret2001; Karl et al., 2002, 2004), and are highly uncertain. Part
the tall tower acetone observations. GEOS-Chénttp(// of our objective here is to apply the KCMP tall tower data to
www.geos-chem.oigs a global Eulerian chemical transport evaluate and better constrain the simulated biogenic acetone
model driven by NASA Goddard Earth Observing System flux.
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s

ey photolysis quantum yields from Blitz et al. (2004). Dry de-

SR position is computed assuming a constant deposition velocity
of 0.1 cm s for ice-free land (Jacob et al., 2002; Fischer et
al., 2012).

__Spring_(MAM) by OH (Sander et al., 2011) and absorption cross sections and

3 Results and analysis

3.1 Acetone abundance in the US Upper Midwest and
its relationship with methanol

Figure 2 shows hourly mean acetone mixing ratios measured
from January 2010 through February 2011 at the KCMP tall
tower. Statistical outliers>0.98 quantile for each month)
have been removed prior to plotting. We also show in Fig. 2
concurrent measurements of methanol. Hu et al. (2011)
showed that atmospheric methanol in this region is predomi-
Fig. 1. Surface acetone mixing ratios over the nested North Amer-nately (nearly 90 %) biogenic during summer, with a mixture
ican domain (10-70N; 140-40 W) in the GEOS-Chem a pri-  of contributing sources (including 40 % from anthropogenic
ori S|mglat|on fgr the year 2010. A sup-domam (132m 140- emissions) during winter.
50°W) is used in the paper for computing North American source o, 541 annyal mean acetone mixing ratio at the KCMP
magnitudes. Measured mixing ratios at the_ KCMP tall tower tall tower is 1.2 ppbv (median 1.0 ppbv), with strong sea-
(44.689 N, 93.073 W) are indicated by the filled circle on the : . ! '
same color scale. sonal changes. As with methanol, the lowest observed ace-
tone mixing ratios occur during winter, with a December—
February mean of 0.6 ppbv (Table 1). Mixing ratios are high-
Photochemical acetone production from oxidation of est during summer, driven by biogenic emissions and en-
biogenic monoterpenes and MBO is computed based omanced photochemical production at that time of year (June—
MEGANvV2.1 emissions of those species (Guenther et al. August mean 2.1 ppbv; Table 1). However, while methanol
2012) and fixed average molar acetone yields (0.12 fomixing ratios peak during early summer (mid-July), the sea-
monoterpenes, 0.60 for MBO), following earlier work (Ja- sonal peak for acetone occurs later in the season (mid-
cob et al., 2002; Fischer et al., 2012). The resulting a prioriAugust). This seasonal offset arises from the differing source
terrestrial North American biogenic acetone source over thecharacteristics for the two compounds. Methanol is thought
domain of Fig. 1 is 4.8 Tg in 2010 (76 % primary, 24 % sec- to be produced in plants mainly as a by-product of pectin
ondary), which is approximately 13 % of the global terrestrial demethylation during plant and leaf growth, leading to peak
biogenic acetone source (Fischer et al., 2012). mixing ratios early in the growing season (MacDonald and
Direct anthropogenic emissions of acetone and its alkand-all, 1993a; Fall and Benson, 1996; Hu et al., 2011; Wells
precursors over North America are derived from the USet al., 2012). While biogenic emissions of acetone clearly
EPA National Emission Inventory for 2005, NEI 2005 (EPA, drive the observed seasonality for this compound as well (as
2005). The total a priori North American anthropogenic ace-shown later in Sect. 3.5), these emissions are thought to be
tone source in the model is then 4.9 T¢g12 % primary,  related to a number of different biological pathways (Mac-
88 % secondary) within the domain of Fig. 1. The total an- donald and Fall, 1993b; Fall, 2003; Jardine et al., 2010), and
thropogenic acetone source is thus similar to the total bio-no clear dependence on leaf age has been observed (Karl et
genic source over the region, and accounts for approximatelal., 2003). Unlike methanol, which has a diffuse secondary
19 % of the global anthropogenic acetone source for 2010source mainly from the oxidation of methane (Jacob et al.,
Biomass burning emissions of acetone and isoalkanes ar2005; Millet et al., 2008), acetone also has a strong photo-
computed based on the monthly GFED3 inventory (Globalchemical source from biogenic and anthropogenic precursor
Fire Emissions Database version 3) (van der Werf et al.VOCs (Goldstein and Schade, 2000; de Gouw et al., 2005).
2010) and measured species : species pyrogenic emission ra-Based on the acetone : methanol correlatién=(0.83,
tios (Andreae and Merlet, 2001), giving a total North Amer- n = 6637 for year-2010), and the fact that methanol is mainly
ican acetone source from fires of 0.1 Tg for 2010. biogenic during summer, we initially tried to estimate the
Acetone sinks (including oxidization by OH, photolysis, importance of biogenic acetone sources at the KCMP tall
and deposition) and bidirectional oceanic exchange are contower using methanol as a biogenic tracer. However, the dis-
puted following Fischer et al. (2012). We use a rate constantinct seasonal trajectories for the two compounds complicate
k = 3.28 x 10~ exp[—200/ T'] for the oxidation of acetone such an analysis. We see in Fig. 3 that the differing source
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Table 1.Seasonal acetone mixing ratios measured atthe KCMP tall  ~
tower.

3

Acetone (ppbv)
2

Statistic Value (ppbv)
Springt mean 1.3 o

median (10th—90th percentiles) 1.2 (0.7-2.0) S
Summef mean 2.1 i

median (10th—-90th percentiles) 2.1 (1.4-2.8) EE
Autumr®  mean 1.1 g

median (10th—90th percentiles) 1.0 (0.5-1.9) ° '

01/01/10  03/01/10 05/01/10 07/01/10 09/01/10 11/01/10 01/01/11 03/01/11

Winte*  mean 0.6

median (10th—90th percentiles) 0.6 (0.4-0.9) Fig. 2. Annual cycle in atmospheric acetone and methanol observed
at the KCMP tall tower from January 2010 through February 2011.
! Spring: March-May? Summer: June-August;Autumn: All data points are 1 h averages. Statistical outlier®(98 quantile
September-NovembefWinter: December-February. for each month) have been removed prior to plotting.

characteristics drive seasonal shifts in the strength of the ace- . ) )
tone : methanol correlation, with the highest correlation oc- We construct the Jacobian matt by perturbing each

curring during spring and autumn, and the lowest during win-mModel source individually (excluding gross ocean emissions)
ter and summer. Also, the measured acetone vs. methan&ly 10 %, rerunning the model, and calculating the resulting
regression slopes are relatively consistent year-round at thehange in acetone mixing ratios at the KCMP tall tower.
KCMP tall tower (0.20-0.31; mean 0.25), suggesting that These sensitivities were derived with respect to eight dis-
while in the annual sum methanol sources are mainly naturaltinct acetone sources within the North American domain of
the effective acetone : methanol ratios for biogenic and anfig- 1: biogenic emissions from broadleaf trees, needleleaf
thropogenic sources are quite similar. This makes it difficult'€€s, shrubs, and herba.cec_Jus plants; secondary prod_uchgn
to effectively segregate acetone sources based on this corrd0m biogenic precursors; primary anthropogenic emissions;
lation. During winter, biogenic emissions are negligible for Sécondary production from anthropogenic precursors; and
both compounds, and the slope at this time can be interpreteBi0mass buming. We also derive the sensitivity with respect
as the mean anthropogenic acetone : methanol emission ratf§ sources outside North America, manifested as the bound-
(95% CI: 0.19-0.23; Fig. 3). This is nearly identical to the &Y conditions for the nested model domain. We verified the
slope during summer (95 % CI: 0.19-0.22; Fig. 3), when bio-assumption of a linear relationship between acetone sources
genic emissions are the predominant source of methanol (HgNd Mixing ratios by comparing the scaled sum of all sen-

et al., 2011) and account for approximately half the acetonésitivities from the perturbed simulations to the baseline to-
abundance (as shown later). tal acetone mixing ratios simulated at the KCMP tall tower

(R =1.00, slope=1.00,n = 8737).
3.2 Inverse analysis We estimate the errors in the prior source terms at 100 %,
and assume they are uncorrelated, so that the resulting a pri-

In this section, we use a Bayesian optimization approach tri error covariance matris, is diagonal. The observational
interpret the KCMP tall tower observations in terms of the in- error covariance matri$s, is constructed by combining the
formation they provide on North American acetone sourcesmeasurement erroSfead and the model errorSyqg), as-
The method derives the optimal set of acetone sources mosiuming they are uncorrelated so ti&t is also diagonal.
consistent with observational constraints (i.e., the tall towenwe estimate the measurement uncertainty at 30 pi %
acetone measurements) and with prior knowledge (i.e., the gSect. 2). The forward model uncertainty includes represen-
priori primary and secondary sources described in Sect. 2.3jation error, transport error, and any error due to other model
by minimizing the cost functiod (x) (Rodgers, 2000): processes that are not included in the state vectbeing

T -1 T o1 optimized (Palmer et al., 2003; Heald et al., 2004). Rep-
J@)=(x—xa) St (x—xa)+ Kx—y)" S5 (Kx—y), () repsentation( error, describing the mismatch betweer)1 mogel
The first term on the right hand side of the equation repre-and observations due to subgrid-scale variability (Palmer et
sents the error-weighted misfit between the sources beingl., 2003), can be assumed to be negligible for this analy-
optimized &) and their initial guess valuexy), while the  sis due to the large footprint of the KCMP tall tower (sam-
second term represents the error-weighted misfit between theling height at 185 ma.g.l.) combined with the high resolu-
predicted Kx) and observedy] acetone mixing ratiosS, tion of the nested model simulation (0.% 0.667). A dom-
and Sy are the a priori and observational error covarianceinant contributor to model transport uncertainty is the sim-
matrices, respectively (Heald et al., 2004). ulated boundary layer depth. Here we assess that error by

www.atmos-chem-phys.net/13/3379/2013/ Atmos. Chem. Phys., 13, 33882 2013
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; ; . ; ; . . , . solving power of the KCMP dataset, based on the fact that
Y = 0.20X +0.28 T 71 v=o21x+04s =l the resulting state vector combinations led to unrealistic and
(R=082,n=1612) - i non-physical solutions.

We instead employ a pseudo-observation analysis to aid
in identifying an appropriate combination of elements to in-
clude in the state vector. A synthetic dataset was created by
reducing all model acetone sources by 50 %, with random
measurement and model noise then applied to the simulated
. mixing ratios (normally distributed with zero mean and stan-
od. ) _ Winter DJF) L J . _ Spring (MAM) | dard deviation equal to 21 % of the simulated value). We then
T y=oz0x+067 - [ °1 v=o3ix+o11 T tested different state vector combinations in the inverse anal-
(R =0.91, n = 16§5) ysis in terms of their ability to return a posteriori scale factors
[ approaching the true value of 0.5. In this way, we selected
a four-element state vector, composed of (1) acetone emis-
sions from broadleaf trees, shrubs, and herbaceous plants
(BT+SH+HB), (2) emissions from needleleaf trees plus sec-
ondary production from biogenic precursors (NBIOG2),

(3) primary and secondary anthropogenic acetone sources

Autumn (soN)| (ANTH), and (4) sources outside North America/long-range

) 1'0 1'5 2'0 transport (BOUNDAR_Y). The corresponding scale fac';ors_in

Methanol (ppbv) the pseudo-observations test for those source combinations
were 0.54, 0.57, 0.50, and 0.37, respectively. Based on this

Fig. 3. Seasonal linear correlation (major axis regression) betweeranalysis, we can expect inversion of the KCMP observations

atmospheric acetone and methanol mixing ratios observed at thep resolve these North American source categories to better

KCMP tall tower in 2010. Red dashed lines show the 95 % confi- than 20 %, with a S||ght|y h|gher error for the boundary con-
dence interval for the best fit line (red solid line). Data points are yjtign.

1h means.

3 4

Acetone (ppbv)
2

.
(L] .t
o]

3 4

Acetone (ppbv)
2

1

Summer (JJA) |

0 5 10 15 20
Methanol (ppbv)

3.3 Optimized North American acetone sources

comparing the GEOS-5.2.0 mixing depths at the KCMP tall Figure 4 shows the a posteriori scale factors for our
tower with nearby radiosonde data (NOAA NCDC Station four North American acetone source categories: ace-
Minneapolis, ID 72649, 44.8N, 93.57 W, approximately  tone emissions from broadleaf tregs shrubs+ herba-
40 km northwest of the KCMP tall tower). We find that the ceous plants (BFSH+HB), emissions from needleleaf
GEOS mixing depths in 2010 are generally consistent withtrees + secondary production from biogenic precursors
the observations to better than 20 % (slep@.90,R = 0.78, (NT+BIOGZ2), primary+ secondary anthropogenic acetone
n = 353). We thus employ a forward model uncertainty of sources (ANTH), and long-range transport associated with
20 %. Later, we examine the degree to which our inversionsources outside North America (BOUNDARY). The results
results depend on the above assumptions used to construichply a 37 % model underestimate (a posteriori scale factor,
S; andSy. SF=1.37; 95% Cl= 1.22-1.52) of acetone emissions from
Our initial analyses employed the above ensemble of ninebroadleaf trees, shrubs, and herbaceous plants, and a 40%
source types as state vector for the inverse calculation. Weverestimate (S 0.60; 95% Cl= 0.45-0.79) of emis-
find, however, that biomass burning has only a minor impactsions from needleleaf trees plus secondary production from
on simulated acetone mixing ratios at the KCMP tall tower biogenic precursors. Confidence intervals are derived as de-
(up to 8 % for specific events in spring, butl % for the rest  scribed later in Sect. 3.4. Overall, this corresponds to a 16 %
of 2010), so we do not attempt to constrain that source. Waunderestimate of the total North American biogenic acetone
also merge needleleaf tree emissions and secondary biogensource (including primary and secondary contributions) in
production into a single acetone source category in the folthe a priori model.
lowing analysis, since the two are highly correlated in the These opposing changes to the prior source estimates for
model R =0.97,n = 6637). We then performed a series of the broadleaf tree- shrub+ herbaceous plant category and
tests to examine how well the remaining seven source typethe needleleaf treg- secondary biogenic production cate-
can be resolved based on the KCMP tall tower observationsgory probably reflect a misrepresentation of the associated
First, we inspected the averaging kernel matrix and the singueanopy emission factors in MEGAN. Errors in land cover
lar value of the prewhitened Jacobian for the system (Palmeor in the MEGAN activity factors that scale emissions ac-
etal., 2003; Heald et al., 2004). However, we found that bothcording to environmental conditions could also be responsi-
methods provided an overly optimistic measure of the re-ble. However, Guenther et al. (2012) found that specification
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We find that the simulated North American anthropogenic

()

o o 8,2 ¥ only daytime acetone source (computed based on EPA's NEI 2005) is ac-
Jﬁrgaﬂ " g onls: nci‘ghttime curate to within the constraints provided by the KCMP tall
Y82 X exclodo epring tower observations (SF 1.11; 95% Cl= 0.94-1.26). The

© —— Susss2..... H.exclude autumn.. =T optimization is not capable of resolving the relative impor-

e H

tance of primary versus secondary anthropogenic sources of
atmospheric acetone, as these are highly correlated (model
R =0.68 at the KCMP tall tower). However, as we show
"""""""""""""""""""" later (Sect. 3.5), the secondary anthropogenic acetone source
in the model predominates over primary emissions, so that
the a posteriori scale factor for the total anthropogenic source
is mainly weighted towards this secondary fraction.

We also infer a 40 % underestimate (SHR..40; 95 % Ck=
1.31-1.54) of the acetone boundary condition for our North
American domain (Fig. 1). This could be due to a number
of upstream acetone source or sink processes, including an
BT+SH+HB NT+BIOG2 ANTH  BOUNDARY underestimate of emissions elsewhere in the world, a mis-

diagnosis of the air-ocean flux, or an underestimate of the
Fig. 4. A posteriori scale factors for North American acetone acetone lifetime. However, given the atmospheric lifetime for
sources computed on the basis of the KCMP tall tower mea-acetone (32 days against photochemical loss and land uptake;
surements: BFSH+HB, broadleaf trees- shrubs+ herbaceous  Fischer et al., 2012), we do not expect our derived constraints
plants; NH-BIOG2, needleleaf trees photochemical production  on North American sources to be particularly sensitive to un-

from biogenic precursors; ANTH, primary secondary anthro-  certainty in model OH or deposition; any such error would
pogenic sources; BOUNDARY, acetone boundary condition/long-

range transport. Also shown is the range of scale factors derivecgnainly manifest as a problem with the boundary conditions
9 port. S 9 . and be corrected by the corresponding scale factor.
from an ensemble of sensitivity calculations (see text). Thin error

bars show 95 % confidence intervals derived from a bootstrap anal- Figure 5 SOhOWS that the res_ultlng optimized simulation
ysis as described in the text. Thick error bars show the a posteriorf@Ptures 70 % of the variance in the 2010 hourly measure-
errors from the inversion analysis. A priori scale factors are one inMents at the KCMP tall tower, with minimal biag & 0.83,

all cases. slope = 1.03). Model: measurement slopes for individual
seasons are all within 20% of unity. However, the winter
comparison reveals two populations (red dots in Fig. 5), with
of emission factors for various land cover types representsnost of the simulated values lower than the observations.
the largest contributor to the overall emission estimate un-This bifurcation is due to the fact that our sampling height
certainty for biogenic VOCs. (185m) is close to the mixing depth in winter. At times, the
Another possible explanation would be errors in the me-GEOS mixing depths are slightly lower than our sampling
teorological fields used to drive GEOS-Chem and MEGAN, height while the actual mixing depths are above it, so that the
but this appears less likely. In our previous work we found model is sampling the free troposphere while the actual mea-
that the GEOS-5 surface air temperatures agree well with therements are within the boundary layer. We examine this
observed values at KCMP tall tower (average bi#9°C,  point in more detail later to see how it affects our inversion
Hu et al., 2011). Likewise, the simulated mixing depths ap-results (Sect. 3.4; Fig. 4).
pear consistent with radiosonde observations (Sect. 3.2). In \We thus estimate the total acetone source from North
addition, any model bias in temperature, light, or other en-america at 10.9 Tg for 2010 (excluding gross oceanic emis-
vironmental parameter would likely affect biogenic emis- sjon; Table 2), which is consistent with the a priori model
sions from all plant types in the same direction (unless thesgyrce (9.7Tg) to within uncertainty. Including both pri-
bias happened to be correlated with the PFT distributionS)mary (30 TgC biogenic; 04 TgC anthropogenic) and sec-
whereas we find an increase for one source category Velpndary (0.4 TgC biogenic; 3.0 TgC anthropogenic) contribu-
sus a decrease for the other. However, because of the wayons, the continental acetone source is then nearly as large as
source Categories are combined in the state VeCtor, we Cannme sum of all direct fossil fuel VOC emissions from North
rule out the possibility of an underestimate of direct acetoneamerica (6.8 TgC versus 9.2 TgC). Annually, we find that
emission across all PFTs, combined with an overestimate Oairect biogenic emissions (44 %) and Secondary production
secondary biogenic production. from anthropogenic precursors (44 %) are the predominant
North American acetone sources in the optimized simulation,
followed by secondary production from biogenic precursors
(6 %), primary anthropogenic emissions (6 %), and a minor
biomass burning source:(1 %).

Scale Factor
1.0

0.5

0.0
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Table 2.North Americart acetone sources (Tg—é): A priori forward model sources and a posteriori sources optimized based on the KCMP
tall tower measurements. 95 % confidence intervals for the optimized posteriori sources are provided in parentheses.

Biogeni& Anthropogenié  Biomass NA Total Cost Function
burning Reductioh
A priori 4.8 4.9 0.06 9.7 -
Aposteriori 5.5 (4.7-65) 5.4(45-60) 0.6 10.9 (9.2-12.5) 1.37

1 North America is defined here as the domain from 13 toN@nd 140 to 50 W. 2 Including both primary emissions and
secondary photochemical productidriTotal North American acetone source, excluding ocean exchAnigsal / ffinal-

A 2 A A ) A 3.5 Source apportionment for acetone in the US Upper

%1 v=1.03x+0.04 /I Midwest
> (R =0.83;,n,= 7442) . . ) o
-g_ <4 K Our optimized (a posteriori) acetone simulation is able to
2 capture much of the observed variability in acetone mixing
i} ratios at the KCMP tall tower throughout the year, and we
c N i .
o ™1 {\ B therefore apply it to interpret the tall tower observations in
e . 3, terms of the seasonal importance of different acetone sources
T N K for this region.
° On a yearly basis, North American biogenic sources,
© DUE- Sl')‘_’;’se North American anthropogenic sources, and long-range
g ~ 1 MAM: 1.13 [ transport (i.e., from outside the North American domain of
) * JUA: 1.16 Fig. 1) make similar contributions to acetone levels in the
o - N US Upper Midwest (32 %, 32 %, 36 %, respectively), though

T T T T T T with differing seasonality. Figure 6 (top panel) shows that

0 1 2 3 4 5 the weekly mean acetone contribution from long-range trans-
Observed acetone (ppbv) port is approximately 0.5ppbv year-round, with no major

seasonal variation. North American anthropogenic sources,

GEOS-Chem simulation compared to observations at the KCMPprEdomm?mtlz Second?ry in-ongin, aLe ofbcomparl]rabl_e |r(;1_-
tall tower in 2010, colored by season. Data points are 1 h mean Valportance in the an_nua .mean (0.4 pP V), but W't_ episodic
ues. enhancements during winter and spring. The relatively weak

seasonality seen for the secondary anthropogenic and long-
range transport contributions likely reflects a compensation
3.4 Uncertainty analysis between an increased photochemical production rate in the
summer and a longer acetone lifetime in the winter.
We carried out a series of sensitivity tests to quantify the un- The pottom panel of Fig. 6 shows that, during win-
certainty in our acetone source estimates. These included vagar acetone in the US Upper Midwest arises mainly from
ious modifications to the error covariance matri§gandSyg sources outside North America (50%) and from anthro-
(halving and doublinga, Smod, aNdSmeas SettingSmeasto & pogenic sources within North America (45%). Biogenic
fixed value of 10 % or 0), along with a series of test inversionsggrces become important starting in April, and exceed the
designed to assess the impact of model transport uncertainty;m of anthropogenic sources plus long-range transport from
(using only daytime data; only nighttime data; and exclud—May through the middle of September. During summer,
ing each season). Finally, we applied a bootstrap analysis tRorth American anthropogenic sources (20%) and long-
resample £ 1000 times) our hourly observations for each of range transport (19 %) play relatively modest roles; biogenic
the above sensitivity analyses in order to obtain confidenceygrces predominate (47 % primary; 14 % secondary; Fig. 6).
intervals for the resulting a posteriori scale factors. The finaIAmong biogenic sources, crop and grassland emissions are
uncertainties for the a posteriori estimates are taken as the Spost important, accounting for a third of the total biogenic
95 % probability range across all sensitivity inversions, andgcetone at the KCMP tall tower during the growing season,
are shown in Fig. 4. followed by secondary biogenic production (24 %), emis-
sions from needleleaf trees (16 %), broadleaf trees (14 %),
and shrubs (13 %). As we see in Fig. 6, the strong observed
seasonality in atmospheric acetone is mainly driven by the
changing importance of biogenic emissions.

Fig. 5. Atmospheric acetone mixing ratios from the optimized
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] | | +35% BIOG. —35% ANTH.
long-range transport primary biogenic = s 7

primary anthropogenic secondary biogenic [ ok ’\} ‘?éu
secondary anthropogenic observed SV

700hPa

ACET

Surface

Acetone (ppbv)
00 05 10 15 20 25

700hPa

PAN

Surface

20 40 60 80

Fraction of Acetone (%)

0

Jan Mar May 23% Sep Nov Fig. 7. Sensitivity of atmospheric acetone and PAN to biogenic
and anthropogenic source changes in North America during Au-
. . . . __gust. Shown are the percent changes due to a 35 % increase in pri-
Fig. 6. Top panel: stack plot of the seasonal acetone mixing ratios : .
X . o ) . mary+ secondary biogenic acetone source8% % BIOG), a 35 %
from various sources in the optimized GEOS-Chem simulation at : . .
decrease in primary- secondary anthropogenic sources3b %

thg KCMP tall tower. Also shqwn are the observ_ed acgtone mlxmgANTH), and the combined effect of the two (COMBO). Note dif-
ratios at the tall tower (black line). Bottom panel: fractional contri- .
fering color bars for acetone and PAN.

bution of these sources to the total modeled acetone abundance In
the optimized simulation.

sources from North America are reduced by the same frac-
3.6 Sensitivity of acetone and PAN to shifts in North tion (—35% ANTH; again including both primary and sec-
American acetone sources ondary components). A final sensitivity simulation examines
the combined effect of the biogenig¢-85 % BIOG) and an-
Acetone_ photolysis is a significant source of PAN, eSpeCia”ythropogenic £35% ANTH) perturbations (COMBO). For
in the mid- and upper troposphere (Singh et al., 1994): all scenarios, the acetone sources outside North America are
CH3C(O)CHz + hv 4 20, — CH3C(0)0, 4+ CH30,  (3)  unchanged. ,

Figure 7 shows the August changes to atmospheric acetone
and PAN in the mid-troposphere and at the surface resulting
from these source perturbations. For thg5 % ANTH sce-
Acetone sources thus affect the partitioning and long-rangenario, atmospheric acetone decreases by up to 9 % at 700 hPa
transport of atmospheric reactive nitrogen. However, the up-and 20 % at the surface. This leads to a modest shift in the
dated quantum vyields for acetone photodissociation lead t@artitioning of reactive nitrogen, with PAN decreasing by up
lower predicted photolysis rates throughout the troposphereto 4 %. On the other hand, the increased biogenic source in
and especially in the cold upper troposphere (Blitz et al.,the +35 % BIOG scenario leads to an atmospheric acetone
2004; Arnold et al., 2005). In this section, we examine theincrease of up to 16 % at 700 hPa and 30 % at the surface,
sensitivity of atmospheric PAN to changes in North Ameri- along with a PAN increase of up to 7 %. For the COMBO
can acetone sources, using our optimized acetone budget asenario, the biogenic flux increase thus more than offsets
a baseline. the 35% decrease to the anthropogenic source. The net ef-

To assess this sensitivity, we carry out a perturbationfect during August is a widespread acetone increase in sur-
analysis in which North American (primary secondary) face air and at 700 hPa (up to 29% and 11 %, respectively)
acetone biogenic sources are increased by 359506 over North America (Fig. 7), with a small net PAN increase
BIOG). This is similar, for example, to the acetone emis- of up to 3 %.
sion increase expected for &G surface warming based The top and middle panels of Fig. 8 show the seasonal-
on the MEGANV2.1 temperature dependence of emissionsty of these simulated changes in acetone and PAN mixing
(B =0.10; Guenther et al., 2012). We also carry out a sec-ratios at 700 hPa over North America. For the COMBO sce-
ond perturbation analysis in which anthropogenic acetonenario, we see acetone and PAN increases from May through

CH3C(0)O2 + NO2 + M = CH3C(0)O2NO7 + M. (4)
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October, and decreases during the colder months. The larges
net change occurring during summer is relatively small (a

few pptv), but positive. Any future decrease in anthropogenic

acetone emissions is thus likely to be significantly offset by

increased biogenic acetone emissions due to surface warm
ing. Such warming would also affect other parameters, such
as the PAN lifetime: these perturbation analyses thus repre-
sent the partial derivatives of atmospheric acetone and PAN
with respect to biogenic and anthropogenic acetone source
changes within North America.

Finally, we derive the PAN fraction at 700 hPa over North
America resulting from domestic acetone sources (bottom
panel in Fig. 8), based on the scaled response to the per
turbations above. During summer, North American acetone
sources contribute only up to 6% of the total PAN abun-
dance at 700 hPa formed over this region (biogenic: 4 %; an-
thropogenic: 2%). During winter, North American acetone
sources (mainly anthropogenic) account for less than 2 % of
the PAN abundance in this part of the free troposphere.

+35% BIOG. [

- 35% ANTH.
comBoO

40 80

0

A Acetone (pptv)

3 -80

2

1

0

A PAN (pptv)

-1

g -2

NA biogenic acetone
MNA anthropogenic acetone

8

4

2

0

Fraction of PAN (%)

Jan Mar May Jul Sep Nov
2010

4 Conclusions Fig. 8. Simulated change (pptv) in seasonal acetone (top panel) and

] PAN (middle panel) mixing ratios at 700 hPa for the sensitivity runs
We developed new constraints on natural and anthropogenighown in Fig. 7. The bottom panel shows the fractional contribution

acetone sources over North America based on inverse modbf biogenic and anthropogenic acetone sources in North America to
eling of a full year (January 2010-February 2011) of contin-the simulated PAN abundance. Values shown represent an average
uous atmospheric acetone measurements from the Universityver continental North America.
of Minnesota tall tower Trace Gas Observatory (KCMP tall
tower). We then used this information to evaluate the sensi- L .
tivity of atmospheric acetone and peroxyacetyl nitrate (PAN)©Verestimating needleleaf tree emissiensecondary pro-
with respect to changes in North American biogenic and anduction from biogenic precursors by 40 %. The overall result
thropogenic acetone sources is a small (16 %) model underestimate of the total primary
Acetone mixing ratios measured at the KCMP tall tower S€condary biogenic acetone source over North America. Es-
ranged from 0.1ppbv to 4.1 ppbv, with an annual mean c)ft|mated North American primary secondary anthropogenic
1.2 ppbv (median 1.0 ppbv); mixing ratios were in general acetone Sources, computed in the qugl based on EPAS
lower during winter, and higher in summer. Atmospheric ace-NE! 2005 inventory, are accurate to within approximately
tone at the KCMP tall tower is well correlated with methanol 20 %. An 0pt|m|zed GEOS-Chem 5|mulathn Incorporating
(R = 0.83 for the full yearn — 6637), consistent with obser- "€ above findings captured 70 % of the varianke=(0.83)
vations elsewhere (Goldan et al., 1995; Riemer et al. 1998in the hourly measurements at the KCMP tall tower over the
Salisbury et al., 2003; Singh et al. 2004: Schade and Golgiu!l year. The resulting North American acetone source is
" ’ ") 1 l . . .
stein, 2006). However, due to the different mechanisms driv-10-9 T9@ ", with roughly equal contributions from anthro-
ing plant emissions of these two compounds, the seasond]C9eNic and biogenic sources. The acetone source alone is
peak for acetone occurs roughly one month later than that fofnen comparable_\ tox(75 %) the total dl_rect VOC source
methanol (mid-August versus mid-July). This degrades thel®M North American fossil fuel combustion. _
correlation between the two compounds during summer. We Ve find during winter that acetone in the US Upper Mid-
found the acetone : methanol slope to be relatively consisten{’€St arises mainly from sources outside North America
through all seasons (between 0.20 and 0.31) at the tall towef>0 %), with primary (15%) and secondary (29 %) anthro-
implying similar acetone : methanol ratios for both biogenic PO9€NIC SOUTCeES within North A_\menga also important. Dur-
and anthropogenic sources. ing summer, North American biogenic sources predominate
We applied the KCMP tall tower observations in a (47 % primary; 14 % secondary), with anthrqpogemc sources
Bayesian optimization approach to develop new top-down(20 %) and long-range transport (19 %) playing more modest
acetone source estimates for North America. We found thaf®!€s- On a yearly basis, domestic biogenic, domestic anthro-
the a priori model (GEOS-Chem, driven by the MEGANv2.1 pogenic and transported acetone sources are of similar im-
biogenic inventory) underestimates acetone emissions fronfOrtance, but with differing seasonality.
broadleaf trees- shrubs+ herbaceous plants by 37 %, while
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We then applied our optimized source estimates to gauge Geophys. Res. Lett., 31, L0611d9i:10.1029/2003GL018793
the sensitivity of the atmospheric acetone and PAN abun- 2004.
dance over North America to shifts in biogenic and an- Chatfield, R. B., Gardner, E. P., and Calvert, J. G.: Sources and sinks
thropogenic acetone sources. A 35% increase to modeled of acetone in the troposphere: Behavior of reactive hydrocarbons
primary + secondary biogenic acetone sources over North and @ stable product, J. Geophys. Res., 92, 4208-4216, 1987.
America (which is a conservative estimate of the warming- "€ D-» Wang, Y., McElroy, M. B., He, K., Yantosca, R. M., and

. . Le Sager, P.: Regional CO pollution and export in China simu-
driven emission enhancement to be expected over the 21th . by the high-resolution nested-grid GEOS-Chem model, At-

century) increases model acetone and PAN mixing ratios by o< chem. Phys., 9, 3825-388@j:10.5194/acp-9-3825-2009
up to 29 % and 7 %, respectively. This increase would more 5509

than offset a comparable relative decreas8g %) inthe an-  de Gouw, J. A. and Warneke, C.: Measurements of volatile organic

thropogenic acetone source due to future emission controls. compounds in the earth’s atmosphere using proton-transfer-
reaction mass spectrometry, Mass Spectrom. Rev., 26, 223-257,
doi:10.1002/mas.20112007.
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