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Abstract. Isoprene represents the single most important re-1  Introduction
active hydrocarbon for atmospheric chemistry in the tropical

atmosphgre. It p!ays a central 'role in global and regional alypolatile organic compounds (VOCSs) critically influence the
mospheric chemistry and possible climate feedbacks. PhOtoéomposition of the Earth's atmosphere by fueling tropo-

oxidation of primary hydrocarbons (e.g. isoprene) leads toSpheriC chemistry (Atkinson, 2000), and providing con-

the formation of oxygenated VOCs (OVOCs). The evolu- yenqapie oxidation products for organic aerosol formation

tion of these intermediates affects the oxidative capacity Of(Kanakidou et al., 2005). On a global scale the emission

the atmosphere (by reacting with OH) and can contribute tostrength of biogenic VOCs dominates the annual VOC bud-

secondary aerosol forn’]ati.on, a poorly upderstood Proc€Set (~1000-2000 Tgly). A large fraction of this reduced car-
An accurate and quantitative understanding of VOC oxXida-y,, fix enters the atmosphere in form of isoprene, which
tion processes is needed for model simulations of regmna[zould exceed global methane emissions (Guenther et al.,

air (Luality dagd global climate. Based on ﬁTld ?easurgmgntszooes)_ VOCs are emitted from many terrestrial plants at high
conducted during the Amazonian Aerosol Characterization 5ies. in particular in tropical ecoregions, and some species

Experiment (AMAZE-08) we show that the.production of are known to re-emit up to 10% of their assimilated carbon
certain OVOCs (e.g. hydroxyacetone) from isoprene photo-

e L in form of isoprene (Kesselmeier et al., 2002). Isoprene is
oxidation in the lower atmosphere is significantly underpre- 5, nighly reactive and its photochemical evolution there-
dicted by standard chemistry schemes. Recently reporteciiore plays a central role in atmospheric chemistry.
fast secondary production could explain 50% of the observe ) ) ]
discrepancy with the remaining part possibly produced via Detailed chemical schemes are needed in global atmo-
a novel primary production channel, which has been pro-Spherlc chemistry models (e.g. Brasseur. et al., 1998; Bgy
posed theoretically. The observations of OVOCs are alsdt @ 2001, Kuhimann et al., 2003) to simulate the tropi-
used to test a recently proposed Hecycling mechanism cal photo-reacto_r and assess hOW the oxidizing cap_amty of
via degradation of isoprene peroxy radicals. If generalizedN€ rémote tropical atmosphere is modulated by this com-
our observations suggest that prompt photochemical formaPound. Isoprene chemistry schemes (Fan and Zhang, 2004;

tion of OVOCs and other uncertainties in VOC oxidation Carter and Atkinson, 1996; Pinho et al., 2005) are typi-

schemes could result in uncertainties of modelled OH re-Cally condensed so they can be incorporated in global and

activity, potentially explaining a fraction of the missing OH r€gional chemistry models. Most current lumped chemistry

sink over forests which has previously been largely attributed>cn€mes include near explicit representation of the first and
to a missing source of primary biogenic VOCs. second generation oxidation products of isoprene (Emmons

et al., 2009; Taraborelli et al., 2008; Emmerson and Evans,
2009). Some of these schemes have been applied in field
studies conducted in the tropics (e.g. Warneke et al., 2001;

Correspondence toT. Karl Ganzeveld et al., 2008). Recent theoretical and laboratory
BY (tomkarl@ucar.edu) evidence suggested that some of the basic steps of isoprene
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peroxy radical cycling are still poorly understood (Dibble, Isoprene and the sum of MVK and MAC were mea-
2004; Park et al., 2003; Peeters et al., 2009; Paulot et alsured at ion channei®/z69 andm/z71 respectively. The
2009a) and ramifications for HOcycling have been dis- specificity of the PTRMS to monitor isoprene and the sum
cussed (Lelieveld et al., 2008; Hofzumahaus et al., 2009pf MVK+MAC has been demonstrated previously (e.g. de
Paulot et al., 2009a). Here we use field measurements of isdisouw and Warneke, 2007). Hydroxyacetone was moni-
prene and its oxidation products methyl vinyl ketone (MVK), tored on ion channem/z 75 and was identified as a ma-
methacrolein (MAC) and hydroxyacetone to assess their phojor VOC observed by PTRMS in tropical ecosystems in the
tochemical evolution and test existing kinetic schemes at gast (Williams et al., 2001). The detection limits for iso-
remote field site approx. 60 km NNW of Manaus in the cen- prene, MVK+MAC and hydroxyacetone for a 5s integra-
tral Amazon basin during the wet season in 2008. tion time were 10, 5 and 5 pptv respectively. Particular sen-
sitivities corresponded to proton-transfer reaction rate con-
stants of 2e-9, 3e-9 and 3.5e-9%Ymrespectively. PTRMS

2 Methods hydroxyacetone concentration data from earlier field cam-
paigns (Williams et al., 2001; Holzinger et al., 2007; Stroud
2.1 Measurement site et al., 2005) were corrected by the relative difference of the

rate constants between hydroxyacetone and isoprene. Poten-
Measurements were conducted as part of the Amazoniatial interferences om/z75 due to butanol can be excluded as
Aerosol Characterization Experiment (AMAZE-08) from 9 butanol completely dehydrates and is observed exclusively
to 28 February 2008. The site ((85.657 S, 60°12.557 W) on m/z57 under operating conditions used here. Propionic
located in the Reserva Biologica do Cuieiras and managed bycid also dehydrates partially into/z57. Our dataset shows
the Instituto Nacional de Pesquisas da Amazonia (INPA) ancho significant correlation between signals observethab7
the Large-Scale Biosphere-Atmosphere Experiment in Ama-and m/z 75, which is indicative that propionic acid did not
zonia (LBA). The vegetation cover consists of primary trop- contribute tom/z75. The most likely candidate fan/z75
ical rainforest (approx. leaf area index of 5—&m?) with is therefore a compound originating from isoprene oxida-
an average canopy height 80 m surrounding the-40 m tion. We can further exclude other interferences such as di-

measurement tower. ethylether and methyl acetate from GC samples. We con-
clude that the PTRMS mass channgkz 75 was specific for
2.2 VOC measurement and data analysis the measurement of hydroxyacetone in this high isoprene en-

vironment and confirm conclusions drawn from earlier stud-
A Proton-Transfer-Reaction Mass Spectrometer was usegks (Williams et al., 2001).
for gradient measurements of selected VOCs. The instru- GC-MS air samples were collected on carbotrap and tenax
ment is based on soft chemical ionization using protonatectartridges that were stored at approximatel€ Qintil anal-
water ions (HO™). It combines the advantage of online ysis at NCAR Boulder laboratory, except during transit from
analysis while maintaining linearity and low detection lim- Brazil to USA, when they were at ambient temperature for
its (lonicon, Austria) (Lindinger et al. 1998; Hansel et al., approximately 1 day. The cartridges were desorbed ther-
1998). The instrument was operated at 2.3 mbar drift presmally using an NCAR-made system (Greenberg et al., 1994)
sure and 540V drift voltage and calibrated using two mul- and analyzed by gas chromatography with mass spectromet-
ticomponent ppmv VOC standards: VOC standard 1 con-ic detection (Hapsite Smart, Inficon, East Syracuse NY) us-
tained a mixture of methanol, acetonitrile, acetaldehyde,nga 30 mx0.3 mm ID 1 mm film DB-1 column, temperature
acetone, isoprene, methyl vinyl ketone, methyl ethyl ke-programmed from 40 to 20 at 3C per min after an ini-
tone, benzene, toluene, m,o0,p xylenes and camphene; VOal 2 min hold. VOC were quantified with respect to NIST
standard 2 contained a mixture of benzene, toluene, m,o,fraceable standards as described by Greenberg et al. (1994).
xylenes + ethylbenzene, chlorobenzene, trimethylbenzenes, Ozone (Q), and nitric oxide (NO) concentrations were
dichlorobenzenes and trichlorobenzenes. Ultrapure hydroxalso measured via the 6-level sampling manifold. Ozone was
yacetone (SigmaUltra, Sigma Aldrich, CAS 116-09-6, Mil- measured by UV absorbance (2B Technologies, Model 205)
waukee, WI) was injected into the instrument to determiHEevery 10s and then averaged over the entire 5 min sampling
the instrument specific response for this compound. The intime on each level, excluding only the first 15 s to insure ad-
strument sequentially sampled of six independ%’ﬁtinch equate flushing of the connecting gas lines. The ozone ana-
Teflon (PFA) sampling lines mounted at 2, 10.9, 16.7, 23.9,lyzer was compared with laboratory instruments both prior
30.3, and 39.8m on the tower. A valve switching systemto and following the experiment and found to agree with
changed sampling lines every 5min and cycled through thet5% with a detection limit of 2 ppbv. It was zeroed pe-
entire gradient over a 30 min period. Gradients were calcu+iodically by placing an ozone scrubber on the 1.5m in-
lated from the 5min averages. High flow rates through thelet. NO was measured by ozone-induced chemiluminescence
sampling lines resulted in delay times of less than 8-12 s(Ecophysics, Model 88Y) at a sample rate of 1s. Mea-
measured by spiking a VOC pulse at each sampling inlet. surements were averaged over the first 2min of sampling

Atmos. Chem. Phys., 9, 7753#67, 2009 www.atmos-chem-phys.net/9/7753/2009/
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Fig. 1. Integrated flux and concentration profiles through 30 m canopy. Left panel: Integrated flux profiles of Isoptégle XO/K+MAC
(C4HgO) and Hydroxyacetone @EgO»). Right panel: Ozone concentration profile.

on a given level (excluding initial 15s). During the other the standard deviation of the vertical wind speeg)(di-
3min, the air was either passed through a photolytic con-vided by the friction velocity4*). The calculation was per-
verter (Droplet Technology, BLC-100) to convert l@ NO formed using a 184 dispersion matrix. Integration over
or through a molybdenum catalyst which reduces oxidizedall source and sink terms) yielded the canopy scale VOC
nitrogen to NO which was subsequently detected by chemiflux (mg/m?/h). Fluxes were calculated for 30 min intervals.
luminescence. The NO analyzer was zeroed automaticallyf he parameterization & was based on turbulence measure-
every hour by diverting the sample flow through a pre-reactorments inside and above the canopy and calculated using the
and adding a large excess of ozone which consumed the NQar- and near-field approach described by Raupach (1989).
It was calibrated periodically during the campaign by stan-The Lagrangian timescale was parameterized according to
dard addition of a known NO concentration to the 2m inlet. Raupach (1989).

The detection limit was-50 pptv. Laboratory tests indicated

no measurable loss of either ozone, NO orN@thin any of

the PFA inlet lines. Wind velocities at 40 m were measured3 Results and discussion

by a 3-dimensional sonic anemometer (Applied Technolo-

gies, SATI-K) mounted on a boom extending 2m from the 3.1 Biosphere-Atmosphere exchange of isoprene,
tower and sampled at 20 Hz. MVK+MAC and Hydroxyacetone

2.3 VOC gradient fluxes Figure 1 (left _panel) shows the exchangfa of VOCs at 'Fhe
atmosphere-biosphere interface and depicts the mean inte-

grated vertical source/sink distribution of isoprene, MVK,

Ecosystemscale fluxes of VOCs were calculated based oy ac and hydroxyacetone measured by PTR-MS during
concentration gradients throughout the canopy and applyingjaytime (11:00-17:00 local time (LT)). The source/sink dis-
an Inverse Lagrangian Transport Model (Raupach, 1989, Negihtion was inferred from in-canopy concentration mea-

mitz etal., 2000, and Karl etal., 2004). The VOC fluxes were g, rements using an inverse Lagrangian transport model. Av-

computed according t€ —Cies :S - S, whereC is the  erage midday ozone mixing ratios (Fig. 1, right panel) were
VOC concentration{g/m®) vector for each levelC efisthe ~ ~8ppbv decreasing te:3 ppbv near the ground. Isoprene
VOC concentration{g/m°) at reference height (e.g. 14m), was mostly emitted in the upper part of the canopy as ex-
D (m) represents a dispersion matrix asidmg/mf/h/m) pected because of the light environment and the distribu-
the resulting VOC source/sink vectoD can be expressed tion of sun and shade leaves throughout the canopy. The
as a function of Lagrangian timescale (Tl) and profiles of oxidation products MVK, MAC and hydroxyacetone were

www.atmos-chem-phys.net/9/7753/2009/ Atmos. Chem. Phys., 9, 7763-2009
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deposited to the canopy with maximum deposition occurringover the reaction with H@radical estimates (10-20 pptv;
near the top. The calculated source/sink distribution inte-t~300s) according to results from a photochemical box
grated over the entire canopy for these VOCs suggests thahodel based on the Mozart Chemistry Mechanism v4 (Em-
the primary source was located above the forest. The analymons et al., 2009). Consequently peroxy radical reac-
sis shows that primary biological emissions of MVK, MAC tions with NO ¢~30s) led to significant production of
and hydroxyacetone were negligible during this study. the carbonyls methyl vinyl ketone (MVK) and methacrolein
Observed OVOC mixing ratios are determined by the bal-(MAC). For VOCs discussed here Reaction (R1) can there-
ance of their combined loss and production rates. Whilefore be simplified to the following kinetic reaction model,
their production rates are dominated by photochemistry, theiwwhere Y is the branching ratio for each channel.
loss rates are influenced by photochemical destruction, dry

deposition and vertical mixing (such as entrainment of airCsHg + OH V=082 vk (R2a)
from the free troposphere). In order to estimate the relative

importance of these three loss terms we assume a 1000 @5Hg + OH Y=032 MAC (R2b)
deep well-mixed planetary boundary layer (PBL) (Karl et al.,

2007). The lifetime due to dry deposition equals the mixedyac + oH "=%" Hydroxyacetone (R2¢)
layer concentration times the PBL height divided by the de-

position flux (Fig. 1). Taking mixing ratios of 3 and 1.5 ppbv MVK 4+ OH — Products (R2d)

for MVK+MAC and hydroxyacetone, the lifetime due to dry
deposition is on the order of 25 and 22 h respectively. Sim-Uncertainties for yields are typically on the order of 20%
ilarly the influence of entrainment can be estimated. Mix- (Atkinson et al., 1997). While the focus in this section is
ing ratios in the free troposphere (FT) are typically an orderon the observed mixing ratios of isoprene, MVK, MAC and
of magnitude lower (Karl et al., 2007; Kuhn et al., 2007). hydroxyacetone a more detailed representation of the atmo-
The concentration jump of a VOC between the PBL and FTspheric production of OVOCs from isoprene is discussed in
can then be approximated by the mixed layer concentrationSect. 3.3. During daytime the evolution of isoprene chem-
For the measured entrainment velocities obtained during afstry in the PBL is conceptually different than many en-
earlier study (e.g. Karl et al., 2007; 8-10 cm/s) the dilution vironmental chamber experiments in that there is continu-
timescale of vertical mixing is 3—4 h. ous supply of isoprene. As a result the production of com-
These physical loss processes can be compared to th@ounds originating directly from first generation isoprene
chemical destruction rate for a daytime OH densitiy of peroxy radicals is relatively more prominent in the real at-
5e6 molecules/ch (Ganzeveld et al., 2008). The corre- mosphere. For example the ratio of (MVK+MAC)/isoprene
sponding chemical lifetimes for isoprene, MVK+MAC and will approach infinity in batch-mode environmental cham-
hydroxyacetone are 0.5, 2 and 18 h respectively. Since daybers, while there is a steady-state upper limit-&.4 in the
time concentrations of isoprene, MVK, MAC and hydroxy- PBL (assuming yields according to reaction R2 and OH reac-
acetone in the FT are typically much lower than in the PBL tion rate constants of 1e—10 éfs, 1.9e—11 ci¥fs and 3.4e—
the effect of vertical dilution has minimal influence on VOC 11 cni/s for isoprene, MVK and MAC respectively). How-
correlations observed in the PBL, because all VOCs are diever, due to the time-dependent isoprene supply and the
luted at the similar rates. When investigating correlations ofslower OH reactions of the products, steady state conditions
OVOCs (e.g. MVK and MAC) with respect to isoprene, the are rarely reached. During AMAZE-08 a daytime (11:00-
additional sink due to OVOC dry deposition would resultin 17:00LT) ratio of 0.44-0.05 was observed (Fig. 2, left
systematically lower OVOC mixing ratios than would be cal- panel). Similar ratios were observed in previous field studies

culated from photochemical destruction alone. (e.g. Warneke et al., 2001; Kuhn et al., 2007; Eerdekens et
al., 2008; Karl et al., 2007).
3.2 Photochemical production of MVK, MAC and The major source of hydroxyacetone is oxidation of MAC
hydroxyacetone (e.g. Carter and Atkinson, 1996). Figure 2 (right panel)

] S ) ) shows a correlation plot between hydroxyacetone and the
The first steps of the photo oxidation of isoprene via the hy-g,m of the first generation oxidation products MVK and

droxyl radical (OH) can be summarized as: MAC. For a given MVK+MAC to isoprene ratio of 0.44

CeHe + OH =22 CeHaO R1 we calculate a slope of 0.03 between hydroxyacetone and
5Mg + O — L5903 (R1a)  \myk+mAC according to Reaction (R2) (assuming constant
CsHgO3 + NO—>carbonyls (R1b) isoprene emissions). This is10 times smaller than the

observed ratio (0.360.08) and implies that an additional
CsHgO3 + HO,—> peroxides (R1c)  source of hydroxyacetone, which is highly correlated with
the oxidation products MVK and MACR?=0.79) and iso-
Measured NO mixing ratios were sufficiently high (100— prene ®2=0.70), is missing. The high degree of correlation
300 ppty, lifetimer of ~30 s) in the surface layer to dominate suggests that the missing source of hydroxyacetone comes

Atmos. Chem. Phys., 9, 77538#67, 2009 www.atmos-chem-phys.net/9/7753/2009/
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from within the isoprene oxidation chain, but has to be faster2001; Holzinger et al., 2007; Stroud et al., 2005; Spauld-
than the production from MAC, which is thought to be the ing et al., 2003). Concentrations from these datasets, which
major contributor to the secondary formation of hydroxyace-are representative for typical local noontime conditions, were
tone. Other possible chemical sources of hydroxyacetone innormalized by the sum of isoprene, MVK, MAC and hydrox-
clude oxidation of peroxides originating from propene andyacetone in order to quantitatively compare their relative ra-
production from acetone oxidation (e.g. acetonyl peroxy rad-tios. The color coded triangular symbols represent a chem-
icals reacting with methyl peroxy radicals). However, both of ical trajectory along which the relative ratios would evolve
these are expected to be slow due to the low concentrationaccording to Reaction (R2). The color coding indicates pho-
of propene and subsequent peroxides or the need for radicatechemical age (time exposure to OH). Due to a constant sup-
radical reactions in the case of acetone oxidation. Since isoply of isoprene the theoretical trajectory ends at the steady
prene mixing ratios (e.g. up to 8 ppbv) dominate the tropicalstate limit, typically reached after 1olecules cm?® days
environment these processes must compete with the dombf OH exposure for the reaction sequence discussed here.
nant production path via MAC. Although anticipated to be Measured distributions from all field observations, in partic-
small in the wet season of the central Amazon Basin, anular the AMAZE-08 dataset discussed here, show that hy-
other possible source of hydroxyacetone is biomass burninglroxyacetone mixing ratios are significantly higher than what
(Yokelson et al., 2007). We investigated this using acetoni-would be expected from the reaction model described by Re-
trile as specific gas phase marker. Periods of elevated acection (R2) when only production from MAC is assumed.
tonitrile (~10% of the entire dataset) were excluded from the The discrepancy becomes larger for data collected closer to
analysis. A further argument against a significant biomasghe source corresponding to a recent supply of isoprene.
burning source is the good correlation observed between hy- Reconciliation with such fast production of hydroxyace-
droxyacetone and MVK+MAC as well as with isoprene.  tone requires additional production paths from isoprene
In order to check whether the observed ratios between isofe.g. through isoprene alkenoxy radicals). We extended the
prene, MVK+MAC and hydroxyacetone are comparable toset of reactions listed in Reaction (R2) by including direct
previous datasets we have re-analyzed data reported in the liproduction from isoprene plus OH and obtained an optimal
erature. The triangular plot shown in Fig. 3 summarizes find-yield (Yiso) based on a non-linear least square regression
ings from five field campaigns, including the present study,procedure (Seber et al., 1989) of the coupled set of differen-
conducted near isoprene emission sources (Williams et altial reactions (R2). The color coded circles in Fig. 3 depicts

Atmos. Chem. Phys., 9, 77632009
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a curve based on direct production with a fitted Yiso of 8.3 al. (2009) (Table 3, Appendix). Figure 4 shows the results
(£2.2) %, which would be sufficient to explain the observed for these model runs, for the conditions encountered during
distribution of hydroxyacetone in isoprene dominated envi-the AMAZE-08 study (viz. constant isoprene emissions and
ronments. Several studies have proposed primary (Dibble elO mixing ratios of 100 pptv). The top panel in Fig. 4 shows
al., 2004) and fast secondary production of hydroxyacetondhe evolution of the ratio of MVK+MAC to isoprene. Obser-
(Paulot et al., 2009b). Dibble et al. (2004) recently conductedvations during AMAZE-08 (Fig. 2) correspond to a ratio of
a theoretical study on the decomposition of certain isoprené.44, which is shown on the left side of Fig. 4.
— alkenoxy radicals and hypothesized a direct channel which The SRM, Mozart and Paulot mechanisms yield systemati-
would lead to the formation of products typically associatedcally higher ratios than does the Peeters mechanism. In order
with secondary and tertiary chemistry (e.g. hydroxyacetoneo further investigate the reason for this discrepancy we show
and glyoxal). Paulot et al. (2009b) reported very fast produc-the MVK to MAC ratios in the middle panel of Fig. 4. Dur-
tion of hydroxyacetone from isoprene nitrates and hydroxy-ing AMAZE-08, GC-MS measurements suggested a ratio of
carbonyls after initial reaction with OH. 1.344+0.10 which is similar to earlier studies in the Amazon
In order to investigate the sensitivity of the proposed ad-(Kuhn et al., 2007) and comparable to other isoprene domi-
ditional production paths for hydroxyacetone, we comparednated environments (Apel et al., 2002; Stroud et al., 2001).
four reaction mechanisms. We implemented (1) the MozariThe SRM, Mozart und Paulot mechanisms reproduce the ob-
mechanism (Emmons et al., 2009), (2) a recently developederved MVK/MAC ratios well. The mechanism by Peeters
isoprene oxidation scheme proposed by Paulot et al. (2009bkt al. (2009), would predict a ratio e¥10 for an observed
which was extended for low NQconditions (Paulot et al., (MVK+MAC) to isoprene ratio of 0.44 (see red vertical line
2009a), (3) a simple sequential reaction model (SRM) sum-in Fig. 4). Possible reasons for such a large discrepancy are
marized in Table 2 (Appendix), which was extended to in- explored in the next section.
clude fast production of hydroxyacetone, and (4) a novel The modelled and observed hydroxyacetone to
reaction mechanism for isoprene proposed by Peeters dMVK+MAC) ratios are plotted in the lower panel of

Atmos. Chem. Phys., 9, 77538#67, 2009 www.atmos-chem-phys.net/9/7753/2009/
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ratio of 0.44 measured during AMAZE-08, and the dashed black vertical line shows the value of the corresponding photochemical age
obtained by the predictions from three models (Paulot, SRM, Mozart). The vertical red line corresponds to the photochemical age by the
mechanism of Peeters et al. (2009).

Fig. 4. For a given (MVK+MAC) to isoprene ratio of 0.44 al. (2009). The mechanism is summarized in the Table 3 in
(e.g. vertical black line), the modelled hydroxyacetone tothe Appendix.

(MVK+MAQC) ratio obtained from the Paulot mechanism is  Briefly, after initial addition of OH to one of the four unsat-
closest to the observed ratio (e.g. within 50%), which wasurated C-atoms of isoprene@ddition leads to the forma-
used to derive the modelled SRM curve. This suggests thation of three isoprene peroxyradicals, which are considered
fast secondary production of hydroxyactone could explainin thermodynamic equilibrium. The two major adducts (1-
about 50% of the observed hydroxacetone to (MVK+MAC) OH-isoprene and 4-OH-isoprene) account for 90% of the iso-
ratio during AMAZE-08. The remaining 50% could be prene oxidation channels and are considered here. The Z-1-
related to primary production mechanisms similar to thoseOH-4-O0O* and Z-4-OH-1-O0O* peroxyradicals are proposed

proposed by Dibble et al. (2004). to undergo a fast 1,6-H-shift (HOregenerating channels)
that competes with conventional reaction channels through

3.3 Implications for atmospheric chemistry HO2, RO; and NO. Similarly, the 1-OH-2-O0* and 4-OH-3-
OO* peroxyradicals would undergo a 1,5-H-shift (OH regen-

3.3.1 HQ recycling erating channels) competing with reaction viaH80, and

NO. These proposed radicals would then decompose in a sin-

In the last section OVOC ratios were compared to differentgle concerted reaction to generate {{@H, a hydroperox-
photochemical oxidation mechanism. While three of theseymethylbutenal, MVK and MAC. The decomposition rates
oxidation schemes could reproduce the observed MVK andor the 1,6-H-shift reactions are highly dependent on energy
MAC mixing ratios, the mechanism presented by Peeterdarriers and are proposed to be on the order of*1and

et al. (2009) suffered from unrealistically high MVK/MAC 8st. For comparison the reaction rates via the conven-
ratios and underestimated the sum of MVK and MAC rel- tional NO channel would correspond to 0.01-0.03 $or
ative to isoprene_ This mechanism is proposed as a nové}onditions of AMAZE-08. Thus one reason for the differ-
HOy recyc"ng scheme which could potentia”y exp|ain |arge ent MVK, MAC and hydroxyacetone ratios discussed earlier
missing HQ sources in isoprene dominated environmentscan be found in these fast decomposition rates.

reported by Lelieveld et al. (2008) and Hofzumahaus et
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Fig. 5. Analysis of the sensitivity of the OVOCs for increasing photochemical age for the mechanism of Peeters et al. (2009). Top: MVK.
Middle: MAC. Lower: Hydroxyacetone. The sensitivity (dIn(u)/din(p): change of varial{le.g. concentration) vs change of parameter
(e.g. rate constant)) of each OVOC is shown with respect to three specific reaction rates of the mechanism (see Table A3).

Figure 5 shows the sensitivity of MVK, MAC and hydrox- much smaller yields for the (2Z2)-hydroperoxymethylbutenal
yacetone with respect to the 1,5-H-shift, 1,6-H-shift and re-(e.g. <10%) than would be predicted via the 1,6-H shifts
verse reaction rates of the Z-1-OH-4-O0O* and Z-4-OH-1- were needed to explain their observations. One consequence
OO* peroxyradicals. For example, a change in the reversef these independent experimental results is that they suggest
reaction rate (kr (Z-1-OH-4) — green dashed line in uppera lower HQ, recycling efficiency. For the standard mecha-
panel) of 100% leads to a change in the MVK concentra-nism proposed by Peeters et al. (2009) we calculate a HO
tion of 62% in steady state (e.g.le5 molecules crf days).  yield of 0.67 (0.64 H@+0.03 OH) for AMAZE-08 condi-
Similarly, a change of the rate constant of the 1,6-H-shift oftions. When adjusting reaction rates to match the AMAZE-
the Z-1-OH-4 reaction (blue line) by 100% shifts the MVK 08 OVOC observations we calculate an overall,H@Id of
concentration by-59%. By changing the rate of the 1,6- 0.22 (0.10 H@+0.12 OH), corresponding to approximately
H-shift for the Z-4-OH-1-peroxy radical by a factor of 10 33% of the original yield.

(e.g. 0.85! vs 8s1), the MAC concentration would in-

crease by a factor of 5 and the hydroxyacetone concentratioB.3.2 Interpretation of OH reactivity measurements in
would increase between a factor of 8 at low photochemical isoprene dominated environments

age 5e4 molecules cr? days) and 5 at high photochem-

ical age ¢-1e6 molecules c? days), where the production | generalized these findings also have implications for OH
of hydroxyacetone is dominated by secondary production vigeactivity measurements (di Carlo et al., 2004; Sinha et al.,
MAC. 2008) conducted close to isoprene emission sources. OH

Reconciliation of the mechanism of Peeters et al. (2009)is considered the main oxidant in the atmosphere and re-
with our observed OVOC ratios would require that the 1,5-acts with all VOCs. The reaction frequency of a VOC with
H and 1,6-H-shift decomposition reactions be as fast as th®©H is defined as the product of its rate-coefficient times its
conventional reaction channels via NO and the reverse reeoncentration. The sum of all reaction frequencies is the in-
action rates of the Z-1-OH-4-O0* and Z-4-OH-1-OO* per- verse of the OH lifetime and is termed OH reactivity. The
oxyradicals be reduced. The implication is that the thermo-measurement of OH reactivity has been used as a top-down
dynamic stability of these radicals would have to increase.constraint to infer VOC sources in the atmosphere (e.g. di
Independent experimental evidence was recently presente@arlo et al.,, 2004; Sinha et al., 2008). However, since
by Paulot et al. (2009a), who tentatively concluded thatall reactive VOCs are not always measured concurrently,
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T. Karl et al.: Rapid formation of isoprene photo-oxidation products observed in Amazonia 7761

EHCHO I HCHO
o 51| EEMVK VK
ElmAC ElvAC
2l [ Hydroxyacetone [ Hydroxyacetone
[Glycolaldehyde [Glycolaldehyde
151 [ IMethylglyoxal [ IMethylglyoxal
| CIGlyoxal [ IGlyoxal
|| C03-Methyl-Furan | 3-Methy-Furan | ..
1
EmcH.0, I CH;0,
0.5} Il ISOPOCH g Il Methylethylketone
I EPOX _ Il Acetaldehyde

[ N
2.5} IMVK e e d RSP VOO SO
Il MAC ; L

2 || X Hydroxyacetone
[ IGlycolaldehyde
1.5 C_IMethyiglyoxal
[Glyoxal

1 |{ Bl Hydroxyaldehyde |.......
I 1S0POOH

|| I Acetaldehyde

[ IMethylglyoxal
I Hydroxyacetone
Il Ketone S IS

reachvﬂyovoc / reactl\.'ltylSOPRENE
w

Photochemical Age [molec:ules/cm3 days]

Fig. 6. Evolution of the OH reactivity of OVOC oxidation products relative to isoprene as a function of photochemical age calculated for
four photochemical oxidation schemes. Paf@@ Paulot et al., 2009 a and b. Paifk): sequential reaction model (SRM) including the

fast production of OVOCs according to Table A2 (Appendix). The black dashed line shows the total reactivity without fast production of
OVOCs. Pane{c): same for Mozart mechanism. Paig@): RACM mechanism.

photochemical models must be used to estimate contribu1997), which has previously been used to model OH reactiv-
tions of many species to the overall OH reactivity. Rapid ity for studies of missing OH sinks (di Carlo et al., 2004).
formation of isoprene oxidation products could lead to aMost of the reactivity in RACM is lumped into six species:
higher modelled OH reactivity than assumed based on curformaldehyde, methacrolein, OLT (terminal alkenes, such as
rent photo-oxidation mechanisms. This becomes particularlypropene), methylglyoxal, hydroxyacetone and a generic ke-
important when lumped chemical schemes are used (di Carltone.
etal., 2004), which further simplify the chemical degradation ~ As discussed in Sect. 3.1 the influence of mixing is ne-
mechanism of VOCs. glected because OVOC concentrations are assumed to be
In order to test the uncertainty of modelled OH reactiv- small in the FT compared to the PBL during daytime. This
ity, we compare four different oxidation schemes for the simplification results in a systematic overestimation of the
most prominent OVOCs produced from isoprene (Fig. 6). OVOC reactivity, as they are longer-lived than isoprene and
Figure 6a shows the evolution of OVOCs relative to iso- the concentration jump between the FT and the PBL would
prene inferred from the mechanism proposed by Paulot ebe smaller than for isoprene. Previous aircraft measure-
al. (2009a, b). It includes the production of a newly dis- ments have shown that MVK and MAC decrease rapidly
covered class of OVOCs (epoxides: IEPOX). For simplic-in the FT similar to isoprene (Karl et al., 2007; Kuhn et
ity we have excluded the contribution from isoprene nitratesal., 2007). Therefore the influence of vertical entrainment
which contribute less than 2% for conditions encounteredwould likely impact the distribution on timescales longer
during AMAZE-08. Panel b depicts the OVOC evolution than 5-6 h. For example for midday OH concentrations
based on an extensive set of reactions implemented in a kief 5e6 molecules/cfvertical entrainment would mostly in-
netic reaction model (see Tables 1 and 2 Appendix). Thefluence the reactivity distribution for photochemical ages
black dashed line shows the evolution of the OH reactivity greater than 1e6 molecules/¢ays.
of isoprene oxidation products without the fast OVOC pro- For typical conditions during AMAZE-08 the modelled
duction channels. Panel ¢ shows results obtained from th®©H reactivity from photo-oxidation products could account
Mozart mechanism (Emmons et al., 2009). As in panel bfor 20-150% of the measured reactivity relative to iso-
the black dashed line shows the model run without fast proprene depending on the photochemical age. Formaldehyde
duction of OVOCs. Panel d depicts the formation of iso- (HCHO), an important intermediate isoprene oxidation prod-
prene photo-oxidation products based on the Regional Atuct, can account for up to 30% of the OVOC reactivity. To-
mospheric Chemistry Mechanism (RACM) (Stockwell et al., gether the major oxidation products MVK, MAC and HCHO
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typically account for up to 75% of the OVOC reactivity. 4 Conclusion and summary

Adding rapid formation of OVOCs to this scheme could

increase the reactivity of photo-oxidation products relative Our field observations in the wet season of the central Ama-
to isoprene by up to 20% for the kinetic reaction model zon Basin show that the distribution of MVK and MAC
(e.g. dashed line panel b). For the longest photochemiProduced from isoprene oxidation is largely consistent with
cal age considered (5e6 moleculesiodays) the maximum our current understanding of their photochemical production
contribution of the OVOC reactivity relative to isoprene be- routes. Three explicit schemes for MVK and MAC are able
tween the Paulot mechanism (panel a), the sequential read0 reproduce these species reasonably well. However the rel-
tion model (panel b) and the Mozart mechanism (panel c)ative ratios among hydroxyacetone, MVK and MAC suggest
falls between 2 and 2.7. The RACM mechanism would pre-that the production of hydroxyacetone is faster than current
dict a ratio of 1.5. For shorter photochemical ages the rang&hemical photo-oxidation mechanisms can explain. The dis-
of modelled OVOC reactivities relative to isoprene is smaller. crepancy between observations and traditional chemical iso-
For a given (MVK+MAC)/isoprene ratio of 0.44 the contri- Prene degradation schemes could be reconciled by introduc-
butions of the modelled OVOC reactivity ratios relative to ing direct production from isoprene and very fast secondary
isoprene are 0.21, 0.25, 0.27 and 0.30 for the Paulot mechProduction as has recently been proposed theoretically.
anism, the kinetic reaction model, the Mozart mechanism A newly proposed isoprene mechanism that recycles HO
and the RACM mechanism respectively. The four schemeds largely inconsistent with observed OVOC ratios unless the
would then all lie within 4%. The reactivity ratio calculated thermodynamic stability of certain isoprene peroxyradicals
from the sequential reaction model without inclusion of fast was larger than predicted by quantum mechanical calcula-
OVOC production however would be 32% smaller (e.g. 0.17)tions.

than with fast OVOC production (0.25). The total contribu- Our measurements demonstrate the importance of accu-
tion of OVOCs from the RACM model (e.g. without includ- rate representation of OVOCs, which act as an OH sink and
ing the lumped hydrocarbon species OLT) is 0.20 and wouldPrecursors for secondary organic aerosols (SOA). To date
be 5 to 35% smaller compared to the other three mechanism@&nly a few studies (Spaulding et al., 2003; Warneke et al.,
When constraining by photochemical age only, the RACM 2001) have reported field measurements of selected OVOCs
mechanism tends to underpredict the overall reactivity ra-Produced from isoprene chemistry. A more extensive set of
tio relative to the other three schemes. As an example th€VOC observations will be necessary to fully constrain OH
overall reactivity ratio based on RACM would be 20%—-30% reactivity measurements in the future and will help improve
lower Compared to the Mozart mechanism for photochemi_unceftainties associated with modelling OH lifetimes in iso-
cal ages between 5e5 and 1e6 molecule$ftays. Based on Pprene dominated environments.

this analysis it could be as much-a80-50% lower than the
OVOC reactivity from the three other mechanisms if solely
based on an estimation of photochemical age.

The presented analysis suggests that a large fraction of thg sequential reaction model was used to calculate the evolu-
missing VOCs inferred from OH reactivity measurements injon of prominent isoprene photo oxidation products. Table 1

forested environments (e.g. 50%) could be an overestimalgsis compounds included in the present analysis. Due to poor
associated with isoprene oxidation products not accoume@mderstanding of atmospheric oxidation of some OVOCs the

for by lumped photo-chemical oxidation schemes. Givengeqential reaction model was restricted to first, second and
the fact that many OVOCs were typically not measured dur-rq generation products exhibiting OH reaction rate coef-

ing previously reported discrepancies between modelled anggients greater than 1e-128&fm. The selection was also

meas.ured OH reactivity (di Carlo et al., 2004; Sinha et al.,naq64 on the fact that the present analysis is restricted to pho-
2008; Mao et al., 2009) the actual missing OH sink COUIdtochemical ages ok2e6 molecules/chdays, typically en-
be much smaller and perhaps reconciled without the need 1, ntered close to isoprene emission sources. In addition the

invoke large missing sources of unknown primary biogenic e\ q|ytion of OVOCs was calculated using two lumped chem-
VOCs. For modelled OH reactivities constrained by mea-jgiry schemes (Mozart Chem version 4, Pfister et al., 2009;

sured OVOCl/isoprene ratios the relative variation between,j RaCM. Stockwell et al. 1997). The Mozart Chem-

different photochemical oxidation schemes is much smalleriStry scheme is used in a global atmospheric chemistry model

(e.g. 4% for the four oxidation schemes investigated here)ynq jncludes nearly explicit representation of the first and

The slower evolution of OVOC reactivity in the RACM  ge00nd generation oxidation products from isoprene. The

mechanism would then largely be compensated. Regional Atmospheric Chemistry Mechanism (RACM) was
originally developed for regional air quality purposes and ex-
hibits a higher degree of lumping for isoprene products than
the Mozart Chemistry scheme.

Appendix A
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Table Al. VOCs considered for the sequential reaction model.

\Y/ele; Rate Coefficient (295K)  PhotolyS$is
[cmd/s] [1/g
Isoprene (C5H8) 1.0E-£P -
Methylvinylketone (MVK) 1.9E-18P 1.2E-6
Methacrolein (MAC) 3.4E-13P 2.2E-6
Hydroxyacetone (HYAC) 6.0E-£2 <1E-6
Glycolaldehyde (GLYALD) 1.1E-14 4E-6
Methylglyoxal (MeGLYO) 1.7E-1% 1E-4
Glyoxal (GLYO) 1.2E-1% 6E-5
Formaldehyde (HCHO) 1.0E-#1 4E-5"
3-Methylfuran (MF) 9.3E-1% -
CsHgO» (e.g. 4-Hydroxy-2-methylbut-2enal) (HC5) 5.0E811 < 1E-6
Methylethylketone (MEK) 1.3e-12 7E-7
Acetaldehyde (CH3CHO) 1.4E-11 5E-6

@ Carter and Atkinson (1996)

b Gieczak et al. (1997)

€ Dillon et al. (2006) (3 times larger rate constant than in Atkinson et al., 1997)

d Bacher et al. (2001)

€ estimated based on Kwok et al. (1996)

f Atkinson et al. (2997)

9 from Tropospheric Ultraviolet and Visible (TUV) Radiation Modhttp://cprm.acd.ucar.edu/Models/TUV/
h for molecular and radical branch

Table A2. Simplified sequential reaction model used to calculate OH reactivity based on VOCs listed in Table 1 assuming sufficiently
high NO concentrations. Production of CO is not included. Mechanism is based on the Mozart mechanism v4 (Emmons, 2009) including
additions proposed by Paulot et al. (2009b).

Reaction: VOC+OH Products

Isoprene (C5H8) 0.63HCHO+0.32 MVK+0.23 MAC+¥%aHYAC+Y is0a
GLYALD+Y g0 MeGLYO+Yig0a GLYO+Ysop MF+Ysop HC5!

Methylvinylketone (MVK) 0.65 GLYALD+0.3 MeGLYO+0.3HCHO

Methacrolein (MAC) 0.42 HYAC+0.08 MeGLYO+0.50 HCHO

Hydroxyacetone (HYAC) 0.91 MeGLYO+(0.125 Acetic Ac?d)

Glycolaldehyde (GLYALD) 0.2 GLYO+0.8 HCHO

CsHgO» (e.g. 4-Hydroxy-2-methylbut-2enal) (HC5) 0.5 MEK+0.25 GLYALD+0.25 MeGLYO

Methylethylketone CH3CHO

1VYis04=(0.0830.022): Yield based on estimated yields for hydroxyacetong,¥0.45x Yisoa:
2 Further photooxidation of acetic acid is neglected due to slow reaction rate.
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Table A3. Initial radical and peroxyradical reactions according to Peeters et al. (2009). The asterisk (*) symbol indicates ampR or RO
radical. Further reactions of MVK, MAC and hydroxyacetone are treated as a first order reaction with respect to OH according to Table 2.
Only the OH-addition to carbons 1 and 4 in isoprene are considered here correspoinding to 90% of oxidized carbon. This is reflected by the
radical yields after initial OH addition. Reaction constants and rates used for the calculations are listed in the last column. The reaction rates
kf and kr represent the forward and reverse reactions foadlition and elimination and the forward reactions for the 1,6 and 1,5-H-shifts.

Reaction VOC Products de (cmP/s)

0.3 t-1-OH-isoprene*+0.3 ¢c-1-OH-  1.0E*10
isoprene*+0.09 t-4-OH-isoprene*+
0.21 c-4-OH-isoprene*

Isoprene + OH

0, addition/elimination kf (/1012)/kr
(cm®/s)/(s )P
t-1-OH-isoprene*+Q E-1-OH-4-O0O*-isoprene 0.3/15.0
1-OH-2-O0*-isoprene 1.5/7.0
c-1-OH-isoprene*+Q 1-OH-2-0O0*-isoprene 1.5/2.1
Z-1-OH-4-O0*-isoprene 1.4/30.0
t-4-OH-isoprene*+Q E-4-OH-1-O0*-isoprene 0.3/5.0
4-OH-3-0O0*-isoprene 1.5/1.6
c-4-OH-isoprene*+Q 4-OH-3-0O0*-isoprene 1.5/1.9
Z-4-OH-1-0O0*-isoprene 1.0/12.0
RO,+NO kno (cm3/s)e
E-1-OH-4-O0O*-isoprene products 8.0E-12
1-OH-2-O0*-isoprene 0.93MVK 8.0E-12
Z-1-OH-4-O0*-isoprene products 8.0E-12
E-4-OH-1-OO*-isoprene Products 8.0E-12
4-OH-3-0O0*-isoprene 0.93MAC 8.0E-12
Z-4-OH-1-O0*-isoprene 0.5 hydroxyacetone 8.0E-12
RO,+HO, products 8.0E-12
RO»+RO, products 8.0E-12
RO, H-shifts kf (s~1)P
1-OH-2-0O0*-isoprene (1,5-H-shift) OH+HCHO+MVK 4.0E-03
4-OH-3-00*-isoprene (1,5-H-shift) OH+HCHO+MAC 1.1E-02

Z-1-OH-4-O0*-isoprene (1,6-H-shift) H©O+ hydroperoxymethylbutenal 1.0
Z-4-OH-1-0O0*-isoprene (1,6-H-shift)  H&+ hydroperoxymethylbutenal 8.0

@ Carter and Atkinson (1996); Gieczak et al. (1997)
b peeters et al. (2009)
¢ Emmons et al. (2009)
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