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Abstract. Observations of a comprehensive suite of inor- the chemistry, resulting in longer lifetimes for species that
ganic and organic trace gases, including non-methane hyreact with OH. Ozone and PAN production is minimal in this
drocarbons (NMHCSs), halogenated organics and oxygenatedase. In the case where isoprene is convected andyLNO
volatile organic compounds (OVOCs), obtained from theis present, there is a large effect on the expected ensuing
NASA DC-8 over Canada during the ARCTAS aircraft cam- chemistry: isoprene exerts a dominant impact onyH@d
paign in July 2008 illustrate that convection is important for nitrogen-containing species; the relative contribution from
redistributing both long- and short-lived species throughoutother species to HEQ such as peroxides, is insignificant. The
the troposphere. Convective outflow events were identifiedsoprene reacts quickly, resulting in primary and secondary
by the elevated mixing ratios of organic species in the up-products, including formaldehyde and methyl glyoxal. The
per troposphere relative to background conditions. Severamodel predicts enhanced production of alkyl nitrates (ANs)
dramatic events were observed in which isoprene and its oxand peroxyacyl nitrate compounds (PANs). PANs persist be-
idation products were detected at hundreds of pptv at alti-cause of the cold temperatures of the upper troposphere re-
tudes higher than 8 km. Two events are studied in detail ussulting in a large change in the N@nixing ratios which, in

ing detailed experimental data and the NASA Langley Re-turn, has a large impact on the |@hemistry. Ozone pro-
search Center (LaRC) box model. One event had no light-duction is substantial during the first few hours following the
ning NG, (NO + NO,) associated with it and the other had convection to the UT, resulting in a net gain of approximately
substantial lightning NQ(LNOy > 1 ppbv). When convec- 10 ppbv compared to the modeled scenario in which LIMO

tive storms transport isoprene from the boundary layer topresent but no isoprene is present aloft.

the upper troposphere and no LN@ present, OH is re-

duced due to scavenging by isoprene, which serves to slow
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1 Introduction air into the mid- and upper-troposphere over short timescales
during summertime in the mid-latitudes or throughout the
The upper troposphere (UT) is distinguished from the loweryear in the tropics (Marecal et al., 2006; Aschmann et al.,
troposphere (LT) by low water vapor mixing ratios (10— 2009; Wang and Prinn, 2000).
300 ppmv) and cold temperatures (210-235K). As a result, The vertical tropospheric odd hydrogen budget received
the primary source of HQradicals from OfD) + H,O isone  renewed attention with the advent of instruments capable of
to two orders of magnitude smaller than at low altitudes. Thisdirectly measuring OH and HO(Wennberg et al., 1995;
characteristic allows for increasing competition of otherdHO Brune et al., 1998) and has been the subject of study for a
sources with altitude as the atmosphere gets drier (Wennbengumber of years (Crawford et al., 1999; Olson et al., 2004).
et al., 1998; Jaegle et al., 2001). Peroxides have been idemithough studies have illuminated some of the characteris-
tified as important HQ sources (e.g. Cohan et al., 1999). tics of the UT, there is still an incomplete understanding of its
Studies over the past 15yr have shown oxygenated volatileomposition and chemistry as evidenced by comparisons of
organic compounds (OVOCs) to be ubiquitous in the atmo-measurements with theory which have yielded inconsisten-
sphere, reaching significant mixing ratios throughout the tro-cies from campaign to campaign (Jaegle et al., 1997, 1998;
posphere, even in remote regions (Singh et al., 1995). ThesBrune et al., 1998, 1999; Crawford et al., 1999; Jaegle et al.,
species typically include acetone, methanol, and aldehyde001; Olson et al., 2004; Ren et al., 2008).
which can be transported from the LT to the UT or may be The impact of vertical transport on the photochemistry of
formed within the UT. When present in significant amounts, the UT is intimately tied to the emissions of volatile organic
these species can have an important role in governing theompounds (VOCs) and NO Thirteen hundred teragrams
production and destruction of ozone, a radiatively impor-of reduced carbon compounds are released into the atmo-
tant gas (Wennberg et al., 1998; Shindell et al., 2008) andsphere each year from various biogenic and anthropogenic
may be sources or sinks of OH and KOAIlthough there  sources (Goldstein and Galbally, 2007). Likewise, 40 Tg of
is discussion in the community about the reliability of back- NOy are released globally each year (Martin et al., 2003).
ground tropospheric measurements of some of the short-lived'he fraction of this NQ due to lightning remains uncer-
species such as acetaldehyde (Millet et al., 2010), there is ntain at~2-20 TgNyr! (DeCaria et al., 2005; Schumann
controversy about the presence of methanol and acetone, rednd Huntrieser, 2007), but it is known that large produc-
atively long-lived species, in the UT; a number of studiestion occurs on local scales and from individual storms (Ri-
have observed these species, especially acetone, with diffedley et al., 2004). VOC and NQspecies are distributed
ent technigues and reasonable agreement (Wohlfrom et aland mixed globally according to emission sources, species
1999; Karl et al., 2007). lifetimes and transport pathways. The distribution is highly
The influence of convective transport on kK@recur-  variable and spatially dependent on emission source loca-
sors was first hypothesized by Chatfield and Crutzen (1984)tion and lifetimes for removal from the atmosphere of the
Other experimental and theoretical studies have explored themitted species. This transport occurs through simple ad-
influence of deep convection on the chemical composition ofvection and convection via turbulent mixing at scales that
the UT (Pickering et al., 1992; Ridley et al., 1994; Jaegle etvary from the largest synoptic systems to microscopic mix-
al., 1997; Prather and Jacob, 1997; Cohan et al., 1999; Bartimng within an individual convective event. Complete vertical
et al., 2007; Huntrieser et al., 2011). The PRESTORM cam-mixing in the troposphere is achieved in about one month. In
paign in 1985 provided some of the first observations thatthe absence of rapid convection, longer-lived OVOCs, such
clearly showed convective redistribution of ozoneg)Yni- as methanol and acetone, have a dominant influence on the
tric oxide (NO), carbon monoxide (CO), and to a lesser ex-chemistry of the UT. However, rapid convection by thunder-
tent, non-methane hydrocarbons (NMHCs) in a mid-latitudestorms and pyroconvective storms (Fromm et al., 2000; Jost
storm (Dickerson et al., 1987). Subsequent modeling ancet al., 2004; Martin et al., 2010) can and does occur. This can
analysis (Pickering et al., 1990) found that convective redis-inject shorter-lived H® precursors such as hydrogen perox-
tribution could dramatically increase ozone production in theide (H,Oy), if it is not scrubbed in the convective process,
UT by as much as a factor of four with peak net ozone pro-methyl hydroperoxide (CEDOH) (Snow et al., 2007) and
duction rates of 15 ppbv per day. This increase was showriormaldehyde (CHO) (Colomb et al., 2006; Stickler et al.,
to rely on the transport of both NO and NMHCs (assumed)2006; Fried et al., 2008) to the UT. The July and August
from the boundary layer as well as production of NO from 2004 NASA INTEX-A project results showed that much of
lightning. Thus, transport, production of NO from lightning, the UT region over the US is influenced by convection (Kiley
and scavenging of soluble species were found to be importardnd Fuelberg, 2006; Cooper et al., 2007; Singh et al., 2007;
processes occurring in thunderstorms that affect the chemicailudman et al., 2007; Snow et al., 2007; Bertram et al., 2007,
composition of the troposphere. Enhancement at higher altiFried et al., 2008) during the summer.
tudes, notably of species with relatively short chemical life- A recent modeling study that included a sophisticated
times have been observed as well (Colomb et al., 2006) indideep convection parameterization into an isentropic Chem-
cating that deep convection may redistribute boundary layeical Transport Model (CTM) showed that very short-lived
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species can reach and influence the tropical UT/LS (loweraerosol species. The full payload is documented by Jacob et
stratosphere) (Aschmann et al., 2009). Isoprene, a very shortl. (2010). In this analysis we used the measurements listed
lived species, has a large terrestrial source to the atmospheie Table 1. A number of species were measured by more than
(~500Tgyr!, Guenther et al., 2006). When present at one technique. In each such case, we used our discretion
the surface during a convective event, it and/or its oxida-based on supporting data in selecting the most appropriate
tion products have the potential to be transported to the UTtechnique to be used in the analysis, as discussed below. OH
Another study, using a global three dimensional Lagrangianand HQ were measured both by the NCAR chemical ioniza-
chemistry transport model (Collins et al., 1999), predicted ation mass spectrometers (Mauldin et al., 1999; Cantrell et al.,
large influence from isoprene and its reaction products on th€003; Hornbrook et al., 2011a) and the Pennsylvania State
UT odd hydrogen budget over the tropical continents, wherdaser induced fluorescence (LIF) technique (Faloona et al.,
convection and VOC emissions from vegetation are collo-2004), but we most often use the LIF OH and H@easure-
cated. Few experiments have provided an opportunity to tesinents because during convection events observed at high al-
this model result with direct measurement of these species ititudes, the data coverage from the LIF instrument was more
the UT. In this paper, we present data showing the presence afomplete.
isoprene and its oxidation products in the UT following con- NCAR deployed the Trace Organic Gas Analyzer
vection. We use a Lagrangian implementation of the LangleyTOGA) which uses fast online gas chromatography cou-
box model (Crawford et al., 1999) to evaluate the chemicalpled with mass spectrometry (GC-MS) to analyze a 40-
impact of this transport on UT composition. s integrated sample once every two minutes. This sys-

The 2008 NASA Arctic Research of the Composition of tem is described by Apel et al. (2010) and, specif-
the Troposphere from Aircraft and Satellite (ARCTAS) mis- ically, for the ARCTAS campaign by Hornbrook et
sion was part of the broader International Polar Year (IPY)al. (2011b). Thirty VOCs were continuously measured
collaborative effort POLARCAT (Polar Study using Aircraft, with this technique including NMHC (£ and G alka-
Remote Sensing, Surface Measurements and Models, of Clires, isoprene, benzene, toluene and thga@matic
mate, Chemistry, Aerosols, and Transport). ARCTAS wasand G-aromatic VOCs), oxygenated VOCs (OVOCs;
a multi-platform field campaign involving airborne measure- acetaldehyde (C¥CHO), methanol (CHOH), ethanol
ments from three NASA aircraft (DC-8, P-3B and B-200), a (CoHs0H), acetone (CECOCHs), propanal (GHsCHO),
number of ground-based measurement sites and satellite olmethacrolein  (MACR; CHC(CHs)CHO), methyl vinyl
servations. Coordination with other POLARCAT activities ketone (MVK; CHCHCOCH;), butanal (GH7CHO),
included the NOAA-led Aerosol, Radiation and Cloud Pro- methyl ethyl ketone (MEK; @HsCOCHg) methyl tert-
cesses affecting Arctic Climate (ARCPAC) and the Green-butyl ether (MTBE; C(CH)30OCHz)), halogenated VOCs
land Aerosol and Chemistry Experiment (DLR-GRACE). An including chloromethane (G4€l), bromomethane (C4Br),
overview of the ARCTAS campaign has been published anddichloromethane (CkCly), chloroform (CHC}), tetra-
gives a detailed description of all the measurement platformshloromethane (CG), and acetonitrile (CECN) and
and supporting investigations used during the campaign (Jadimethylsulfide (DMS; CHSCHg).
cob etal., 2010). In addition to TOGA, two other instruments, a proton-

The NASA DC-8 was involved in the three major compo- transfer-reaction mass spectrometer (PTR-MS) and a whole
nents of the ARCTAS campaign: (a) ARCTAS-A, based in air sampler (WAS), measured some of the above VOCs as
Fairbanks, Alaska with research flights in the Arctic regionswell as additional species. In the PTR-MS deployed here,
of Canada, Alaska and Greenland between 1-19 April 2008YOCs are ionized in proton transfer reactions withQH
(b) ARCTAS-CARB, based in Palmdale, California, in co- ions and the product ions are measured with a quadrupole
operation with the Californian Air Resources Board (CARB) mass spectrometer (Lindinger et al., 1998; de Gouw and
with flights over California between 18-26 June 2008, andWarneke, 2007). The product ion mass-to-chargég(ra-
(c) ARCTAS-B (26 June—14 July 2008), based in Alberta, tio is not a unique indicator of the identity of a trace gas so
Canada. The data presented in this paper were obtained dugifferent VOCs with the samm/zcannot be separately mea-
ing the ARCTAS-B experiment and particular emphasis issured (de Gouw et al., 2003). However, the measunéd
placed on the July 04 flight during which significant convec- may be predominantly from one molecule. During ARCTAS,
tion was observed on several occasions. this is believed to be the case fov'zratios that correspond

with the detection of methanoin/z= 33), acetonitrile ifh/z
= 42), acetaldehyden(/z= 45), acetonent/z= 59), benzene

2 Description of measurements and model (m/z=79), and tolueneni/z= 93). In the absence of fires,
m/z= 69 corresponds predominantly to isoprene. When fires
2.1 Measurements are presentm/z 69 also includes contributions from furan

(C4H40) and a number of alkenes. Similar arguments hold
During the ARCTAS campaign the NASA DC-8 aircraft was for m/z= 71 which does not represent a unique species; the
equipped to measure an extensive suite of gas-phase amdajor contributors to this signal are believed to be MACR
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Table 1. Measurements used in this paper.

Species Method Reference

NO, NO,, O3 Chemiluminescence Carroll et al. (1992)

NMHCs, OVOCs, CHCN  GC-M$* Apel et al. (2010)

CO, H,0 TDLASP Sachse et al. (1991); Diskin et al. (2002)
OH, HO, OH, HO, LIF¢ cimsd Faloona et al. (2004); Cantrell et al. (2003)
UV photolytic frequencies  Spectral radiometry  Shetter and Muller (1999)

NMHCs GC-FII¥, GC-MS*  Simpson et al. (2010)

H,0,, CH30OOH cimst Crounse et al. (2006); St. Clair et al. (2010)
H,CO DFGAS Weibring et al. (2010)

m/z=69* m/z=71* PTR-MY Lindinger et al. (1998)

@ Gas Chromatography — Mass Spectrome'?rimnable Diode Laser Absorption Spectroscopy.aser Induced Fluorescenc®Chemical lonization Mass Spectrometf/Gas
Chromatography — Flame lonization Detectibmifference Frequency Generation Absorption SpectrométBroton Transfer Reaction Mass Spectrometry;

* In the absence of ?res, the primary contributor tortiie= 69 ion is isoprenem/z= 71 principally represents the sum of methacrolein and methyl vinyl ketone. See text for further.
discussion.

and MVK. The reported PTR-MS measurement frequency istrations at the same point in time as the measurement are then
approximately once each 5-10 s for most compounds. used as the instantaneous model results. The time base used
Whole air samples (WAS) were collected during the flights for the DSS simulations during ARCTAS is the NASA 60-
through a forward facing non-heated stainless steel inles merge file lgttp://www-air.larc.nasa.gov/cgi-bin/arcstat-c
(1/4") into electropolished stainless steel flasks and pressurFor this model implementation, the minimum set of input
ized to 35 psig with a metal bellows pump (Senior Flexonics,constraints includes observations of, @O, NG;, NMHCs,
MB 602). The WAS were analyzed afterwards in the labo- acetone, methanol, temperature,(H pressure, photoly-
ratory by gas chromatography (GC) on six separate columnsis frequencies; additional optional constraints that may be
using flame ionization detection (FID), MS, and electron cap-used if desired and when available include measurements of
ture detection (ECD). Reported OVOCs included methanol H202, CH3OOH, HNG3, and PAN. For this study, the Lang-
ethanol, acetone, MEK and MVK. There were 168 canisterdey box model was also run in a Lagrangian mode, whereby
available for each flight. The canister sampling frequencyafter model initialization, the constraints are relaxed and the
varied depending on location and altitude, but averaged apmodel predicts the full chemical evolution of radicals and
proximately one integrated sample every four minutes. Thetheir radical precursors. After model initialization, an injec-
sample integration period was often tied to the TOGA inte-tion of selected species may be introduced, so as to follow
gration time for maximum overlap but at higher altitudes the the chemical evolution of a non-equilibrium injection, such
WAS integration time increased because concomitant lowegs during a convective event.
pressures determined the flow rate into the canister collection
system. See Colman et al. (2001) and Simpson et al. (2010)
for more details on WAS. In addition to the TOGA measure- 3 Results and discussion
ments, a subset of the WAS and PTR-MS measurements was

used as input to model simulations described below. The data discussed below encompass all measurements taken
All ARCTAS data are available in a public archivetip: on four ARCTAS-B research flights from 29 June through
[lwww-air.larc.nasa.gov/cgi-bin/arcstat-c 5 July, the combined flight tracks of which are shown in
Fig. 1 with individual flights colored uniquely. Figure 2
2.2 Model shows vertical profiles for several species observed during

this time period. Formaldehyde was measured by the Differ-
Box model simulations were conducted using the NASA ence Frequency Generation Absorption Spectrometer (DF-
Langley time-dependent photochemical box model (Craw-GAS, Weibring et al., 2010), NO and NQvere measured
ford et al., 1999; Olson et al., 2001, 2006). The standardby the NCAR Chemiluminescence instrument (Carroll et al.,
implementation of the model is a diurnal steady state (DSS)1992), and all other observations are from the TOGA mea-
mode, in which the model calculates for each set of measuresurements. These species span a broad reactivity/lifetime
ments the associated self-consistent diurnal profile of radicatange from formaldehyde, a fast-reacting photochemically
and other computed species determined from the constrainabile species 1~ hours), to methanol, a slow-reacting,
of longer-lived precursors to measured concentrations (se®ng-lived speciesi(~ one week). Despite differences in
discussion in Fried et al., 2008). Computed radical concenthe photochemical behavior of these two species, the vertical

Atmos. Chem. Phys., 12, 113315Q 2012 www.atmos-chem-phys.net/12/1135/2012/


http://www-air.larc.nasa.gov/cgi-bin/arcstat-c
http://www-air.larc.nasa.gov/cgi-bin/arcstat-c
http://www-air.larc.nasa.gov/cgi-bin/arcstat-c

E. C. Apel et al.: Deep convection of isoprene 1139

ARCTAS-B DC8 June 29-July 5

f— June 29

b) '

- ‘Sj

/)
5

& £
e W
3 £

y v &0 -

&

Fig. 1. ARCTAS B research flight paths taken by the NASA DC-8 between 29 June and &Jablor-coded by flight date. Event 1 and 2
locations are shown by diamonds. Inset shows the flight track near event 2, color-coded by CO mixinfo)dBiasy back trajectories for
events 1 and 2, respectively.

profiles reveal high mixing ratios at both the surface and high3.1 Estimation of transport lifetime using
altitude, indicating that convection has played an important photochemical age
role in the distribution of these species in the troposphere
over Canada. In the figure, the data are separated into obseGonvective cells are capable of rapidly transferring boundary
vations in biomass burning-influenced air masses, as detetayer air up to high altitudes. The time scale for this process
mined by enhancements in GEIN, HCN and CO, and ob- can vary significantly, depending on a number of physical
servations in air masses not influenced by biomass burningparameters, but updraft velocities ranging from 1 to greater
The criteria used for identifying biomass burning plumes arethan 10 m s are not uncommon, resulting in a timescale of
described by Hornbrook et al. (2011b). It is interesting to hours to minutes for transferring boundary layer air to al-
note the very high mixing ratios of trace gases observed atitudes greater than 10 km. This rapid convection allows for
altitudes over 10 km. the possibility of even the shortest-lived trace species to reach
On 4 July 2008 (ARCTAS research flight 19) the DC-8 the UT. Additionally, screening by large anvil clouds during
encountered several events for which there was strong chenactive convection decreases the ultraviolet actinic light flux,
ical evidence that rapid convection had occurred. We willwhich reduces the OH production and causes lower overall
focus on two of those events and label them event 1 andDH concentrations. Low OH concentrations and short resi-
event 2. Figure 3 shows the time series of isoprene and itglence times of reduced substances in boundary-layer air dur-
oxidation products, MACR and MVK, observed during the ing convection combine to facilitate the transport of highly
entire flight. At times, in the mid- and upper-troposphere, reactive gases to the UT. However, soluble or semi-soluble
these species are present in the 200-600 pptv range. For apecies are subject to washout during the convection process.
encountered in the boundary layer, mixing ratios of theseln principle, the transport time can be estimated by calculat-
species are in the range of 400 pptv to greater than 1 ppbuing the photochemical age of the convected air mass.
The occurrence of events 1 and 2 is indicated by the gray A number of methods have been used to estimate the
regions. photochemical age of an air parcel. One method is to
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1140 E. C. Apel et al.: Deep convection of isoprene

— —=
= 127 = a 12— b [ 12 ) c
) ===
@ 10_%—' L 10_%_‘ L == L
c — B B
g gk - L g B L g -
~ B Canadian BB = =
E 4 Non-BB 6|8k =
. °Tr T e = T ey i
% 4_F_| B 4_#?5—! I == L
= e =
2 24 e ] Lo ¢ T L
= —— L == L ! L
0 T T T T 0 T T T T T 0 T T T T
0 200 400 600 800 0 400 800 1200 00 05 1.0 1.5 20
Isoprene, pptv MVK + MACR, pptv Formaldehyde, ppbv
| 1 1 | | 1 [ I I R I 1 1 1 1 I I
A12_ n H=— d L 12_ ﬁe—i e | 12_ e ==—n |
g = == [ f
£ 10 E\E = 10 EE' ~ 10 E;E -
=
8 gl L 8—".‘ | g = L
E B_HHI L G—EA - 6 == L
- == — ——— —=
B LS I I R L
=] g |
2 =8 187 =
= i | [ e E—— =
<2 '*35—'5 PR | — - 2 = I =
| = L o e=5 L ol e L
0 T T T T T — 0 T T T T T T
0 200 400 600 800 1000 0 400 800 1200 0 2 4 6 8 10 12
Acetaldehyde, pptv NO,, pptv Methanol, ppbv
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and the 10th and 90th percentiles of the recorded data. Data are binned in 1 km increments. Plots in black are not influenced by biomass
burning whereas red plots, which are slightly offset from the black plots for clarity, represent data that have a Canadian biomass burning
signature.

use parent-daughter (reaction product) kinetic relationships. 14
Bertman et al. (1995) and Perring et al. (2010) used bu- E B o
tane/butyl nitrate as the pair. For biogenically influenced air- o it T T T
masses, isoprene and either reaction product MVK or MACR

can be used (e.g. Apel et al., 2002). In either case the systen

of kinetic equations can be solved for time:

B (ka—k)
o-k1

[A] is the parent mixing ratio andA] is the daughter mix-
ing ratio, k1 andky are the rate constants for the respective : : . :
parent and daughter with OH and in the case of butyl nitrate 19000:00 2110000  23:00:00 1:00:00
it also includes the photolysis rate,is the branching ratio utc

and [OH] is the average mixing ratio of OH over the reaction
time for the reaction time being calculated.

This equation holds when (1) no fresh emissiongi are
introduced during the trajectory for which the lifetime is cal-
culated, (2) there are no direct emissions of the daughter re-
action productB, and (3) there are no losses via wet or dry
deposition. Applying this methodology and using the bu- helps illuminate some of the features of these two convec-
tane and butyl nitrate as the parent/daughter we arrive at #éive events. In this region of Canada, boundary layer air is
photochemical age of 50 h for the air parcel sampled dur-usually removed in space and time from any nearby anthro-
ing convective event 1 and 82h for the air parcel sampledpogenic sources. This air, which typically may have an an-
during convective event 2. Similarly, using isoprene/MVK thropogenic OH reactivity component of less tharri,ss
as the parent/daughter we derive respective photochemicgrimarily and most recently influenced by the local boreal
ages of 10 h and 3.5 h for the air sampled in events 1 and 2forest that is rich in biogenic emissions. Thus, the composi-
Clearly there are some problems with applying this method-tion of the anthropogenic component of the boundary layer
ology in this particular case. Discussion of these problemsair prior to convection is aged and the biogenic component
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Fig. 3. Time series plot of altitude, isoprene, and first generation
reaction products methacrolein and methyl vinyl ketone during the
4 July 2008 ARCTAS DC-8 flight. Events 1 and 2 are labeled.
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R Py " 600 010 MACR are the reaction products with branching ratios
AR doom ) Re of approximately 0.32 and 0.23 respectively (Atkinson,
1994). These branching ratios may actually be lower under

N MVK + MACR (TOGA) NO, 40
104 0.4 : MVK + MACR (PTR-MS)

24 —w—Acetonitrile (TOGA)
——AINO,JIA[CO]

600 | 59

[0OIV/I'ONIV

*T oa o0l e bl i e . these relatively low N@Q conditions (e.g. Paulot et al.,
6 L 400 2009). Also, MVK and MACR have significantly higher
o I deposition velocities than isoprene (Karl et al.,, 2010).
1s ol L 200 Mitigating these physical and chemical realities is the fact

that isoprene has a significantly higher reaction rate with
1 ! | - OH  (kon =(1.02+0.09)x 10~ 1%cm® moleculels1

18:43:12 18:50:24 18:57:36 19:04:48 19:12:00 at 295 K, Poppe et a|_, 2007) than MVK
A ' 7 140 010 (kon =(1.7840.08)x 10~ cm® moleculets~1 at 300K,
Chuong and Stevens, 2004) or MACRofj =(3.22 £+
0.10)x 1011 cm® molecule st at 300K, Chuong and

e Stevens, 2004). Thus, in more aged air, removed from
sources and deposition media, the ratio is expected to skew
in favor of the oxidation products over isoprene. High OH
levels can accelerate the redistribution from isoprene to

[NO,], ppbv
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ndd ‘(oo

8
[OOIV/I'ONIV

3 1000
4 ~©- MVK + MACR (TOGA)
6 +1 —@— Isoprene (TOGA)

E 214 3z 2
s 27 & g o2 8 . . . .
e I e 28 reaction products. This pattern of enhanced oxidation prod-
< z &) 1 R +¢ e 3 . . . . .
B 00 % ucts relative to isoprene in convective events was predicted
0:28:48 0:57:36 1:26:24 1:55:12 . . .
Fiight Time, UTC by Collins et al. (1999) based on the fact that the oxidation

products have longer lifetimes. Other features to note in the
Fig. 4. Expanded view time series plot of a number of parametersfigure are the low N@values (10-100 pptv) and pedestrian
for (a) event 1 andb) event 2. See Table 1 for information on the cQO values £200 ppbv). Below, this will be contrasted to
techniques used to make these measurements. The bars representiighective event 2. The acetonitrile mixing ratios indicate
the TOGA isoprene and MVK + MACR measurements indicate thelittle or no fire influence. Figure 1b shows the five-day
integration time for sample collection (40 s). See text for a full back traject for thi i iod showi
description. ack trajectory for this measurement time period showing

exposure to the relatively unpopulated western Canada.

Radar images (not shown) do not indicate the presence of

is much fresher. To first order, the biogenic parent/daughtef Storm nearby so the elevated mixing ratios observed here
relationship gives a better estimation of the “age” or trans-fésult from convection that took place sometime prior to
port lifetime of the convective events, albeit an upper limit D€ing intercepted by the DC-8. _

since some degree of photochemical aging still may have oc- Figure 4b is similar to Fig. 4a, but for convective event
curred prior to the convective transport. Complicating mat-2- Event 2 was a well-structured cumulonimbus (Cb). Dur-
ters, there is substantial biomass burning occurring in thisnd this event, isoprene mixing ratios are as high as 600 pptv
region; biomass burning is known to result in the emissions@nd the sum of MVK and MACR also reach mixing ratios
of substantial amounts of VOCs, including direct emissionsOf 600 pptv at 12km. (Only the TOGA measurements are
of butyl nitrate (Friedli et al., 2001) and isoprene and its ox- Shown here since this air-mass has been influenced by fire
idation products (Karl et al., 2007). In addition, [OH] is not Which complicates the interpretation of the PTR-MS data).
known along the trajectory taken by the measured air parcel NiS IS indicative of a younger air mass, relative to event 1,
and in fact can vary substantially. We will examine this issue©F ©n€ which has aged with a lower average [OH]. Other fea-

further in our discussion of event 2 below. tures to note are the high NQralues and the elevated CO.
The apparent structure seen in the CO,N@JANO,/ACO
3.2 Experimental observations of convective events ratios is due to the pattern flown by the aircraft during this
1and 2 event. The plane flew a downward spiral pattern through the

outflow of the convective event and the structure is the result
Figure 4a shows an expanded time series plot of the conef being in the outflow region, then exiting the outflow and
vective event 1 shown in Fig. 3 and includes several keymeasuring background or near-background air, and then re-
species along with the altitude profile. Both TOGA and entering the outflow. This flight pattern can be seen in the
PTR-MS measurements are shown here. Isoprene is preseimset in Fig. la.
at 200-300 pptv at approximately 9 km. Methyl vinyl ketone A closer look at the NQtrace (Fig. 4b) reveals that prior
and methacrolein are, interestingly, both present at higheto encountering the convected air, the observed mixing ra-
mixing ratios than isoprene~600 pptv). This is usually tios of NO; were quite low (less than 100 pptv). Similarly,
not the case in studies reported in the literature (mostlyNOy mixing ratios continue to fall below 100 pptv upon ex-
ground-based measurements) since isoprene is the emitteting the updraft on the downward spiral. Within the out-
species (in the absence of fire emissions) and MVK andflow, however, the NQis as high as 2 ppbv. The observed
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CO mixing ratios are also elevated by approximately 60— o0
70 ppbv in the convected air compared to the approximate
120-ppbv background air. Observation of th&lO,/ACO S
ratio (red trace) during the ever¢10-50x 10~3) and then
during the boundary level run<@) immediately following 0
descent, where the inflow (or something approximating the
inflow) to the convective event was sampled, reveals that the
large majority of the NQ (>80 %) was from lightning, prin-

cipally in the form of NO. The remainder is the result of
convected boundary layer air that is enhanced in, NiOe

to fire activity. Hornbrook et al. (2011b) show that the bo-

real fires of Canada generally produce relatively little J)NO

likely because these fires tend to be in wetlands with a high
water content in the burning vegetation and are therefore ofFig. 5. Expanded view time series plot for peroxides, Nend

ten in the low temperature smoldering stage. In any case th@ltitude for event 2.

ANOy/ACO ratio is quite constant during this period when

lightning is not present.

The [CO] in and out of the event can yield information of isoprene and MVK) indicated that the air we encountered
on the amount of boundary layer air entrainment if the in-in event 2 was 3.5h old (with many caveats) whereas con-
flow is well characterized. As mentioned above, it is likely vection dynamics suggest that strong updrafts could result
that some reasonable fraction of the inflow to the convectivein significantly shorter convection times. The NASA LaRC
storm was sampled. The acetonitrile trace clearly shows thalpox model was employed in its Langrangian formulation to
the air encountered in the inflow was influenced by burning,help put constraints on this time. The convection event up-
similar to sampled outflow. However, it has not been possibldifts boundary layer air containing species of interest such as
to definitively ascertain the correspondence of the inflow toNOy and isoprene into the UT. The approach taken here is to
the outflow through tracer analysis comparisons. Thus, sincénimic, in a simplified way, this convection event by “inject-
we do not know precisely the inflow conditions we cannot ing” a reasonable estimate of N@1500 pptv) and bound-
provide an accurate estimate of the amount of entrainment. ary layer isoprene (1 ppbv) values into the model and let the

Observed peroxides can help identify if an air mass hasspecies evolve as a function of time after injection. By super-

0:57:36
Flight Time, UTC

1:26:24

been transported via a convective event becaus®;Hs
highly water soluble whereas GBOH is not very solu-
ble (Snow et al., 2007). Figure 5 shows a plot ofC,
CH3OO0H, the ratio of these species, and Nabserved dur-
ing event 2. Elevated NQis primarily LNOy and indi-

imposing the aircraft data that were obtained at the time that
the convected species were intercepted, which was approxi-
mately 18:30local sun time on 4 July, we can compare the
predicted concentration of the species with observations to
better estimate the time from injection. Figure 6a and b show

cates when the plane is sampling convected species. Thie results of this exercise. Figure 6a assumes the 3.5 h upper

H20,/CH30O0H ratio is lower in the vicinity of the convec-

limit for the transport time and shows the predicted (model)

tive system (cloud) compared to being outside of the systenfind measurement (red points) results for a number of species

and KOs is suppressed relative to GAOH when passing in

if the “injection” took place at 15:00local sun time. Fig-

and out of the cloud as evidenced by the anti-correlation beure 6b shows results for “injection” of the boundary layer

tween the HO,/CH3OO0H ratio and NQ. This clearly shows
that wet deposition of b0, has taken place. It is also inter-
esting to note that C§ODOH shows very little enhancement
in the outflow. This point will be discussed further below.

3.3 Modeling of event 2 to put bounds on convective
transport time

values at 17:00 h local sun time, i.e. 1.5 h before the event
was observed. Results in black are for clear sky J-values and
results in blue are for 06 the clear sky J-values. The latter
values are similar in magnitude to the J-values observed near
the top of the updraft. Figure 6a shows that even under the re-
duced J-value scenario (blue trace), which is unlikely for the
span of 3.5h, isoprene would have decayed to lower levels
than the spread of the observations (150-600 pptv) indicate

The focus of this paper is hot on gaining an understandingred points show the range of isoprene and other measured
of the physical processes involved in the convection of theparameters when the plume was intercepted). The modeled
boundary layer air to high altitudes, but it is of interest to useresults depicted in Fig. 6b are more representative of the ob-
modeling results to explore scenarios that help put bounds oserved data. The observed isoprene values are in the range
estimates for the time between “injection” of boundary layer predicted by the model when using clear sky andxOctear
species and detection aloft in the outflow. Recall that the up-sky J-values. The other observed parameters show consis-
per limit derived for the transport time using photochemical tency with this one-hour scenario suggesting that the lifting
age considerations from equation (1) (using the biogenic paiof boundary layer air to the UT via convection (event 2) is
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Fig. 6. LaRC DSS model results following injection of 1 ppbv isoprene and 1.5 ppby iNtO the boundary layer and shows the predicted
(model) and measurement (red points) results for a number of species if the injection took (dad& a0 h local sun time, i.e. 3.5 h before

the event was observed, afy) 17:00 h local sun time, i.e. 1.5 h before the event was observed. For each case, the model was run forward
with clear-sky J-values (black trace) and then with J-values decreased by a factor of 2 (blue trace). See text for further discussion.

more rapid than predicted by photochemical age considerathe CH,O measurements during this period compared to the
tions. Since the chemical and physical environment withinmeasurements before and after this event where the back-
the updraft is very complex and changes rapidly (Barth et al. grounds were oscillating somewhat. The model results of
2007), it is difficult to predict the physical and photochemi- MVK and MACR (panel 3) also follow the measurements
cal parameters that strongly affect the ultimate compositiorreasonably well, with the measurements slightly enhanced
of the outflow. This will be the subject of a paper by Fried relative to the model. In this case, the lower model-predicted
et al. (2012) which will include this particular event in their carbonyls may be due to the lack of direct emissions in the
analysis. model. The relative amounts of the isoprene oxidation prod-
ucts, MVK, MACR, and CHO are better understood by con-

3.4 DSS modeling of event 1 — comparisons of modeled sjgering the processing of these species: Loss 0f@i$

and measured mixing ratios dominated by photolysis (almost 90 %), which is uniform

Fi 7 sh ) f ob . he DSS d,before and during the convection event, giving a lifetime of
igure 7 shows comparisons of observations to the ( Ix2h for CH,O throughout. Loss of MVK and MACR is

l.”nal steady state_) moo!el for_ event 1. The_vertlcal OlalShEz(é:iominated by reaction with OH, which is suppressed within
lines bracket the times in which the respective events wer he high isoprene event, thus increasing the lifetime from

observed. The first panel shows isoprene and aircraft altitudewv2 h outside the isoprene plume to 5-8 h during the high iso-
as a function of time. The OH-isoprene reaction proceedsprene event

principally by the addition of OH to the C=C double bonds

and yields, in addition to MACR and MVK, formaldehyde  Panels 4 and 5 show OH and HOespectively. Simi-
(other products are formed as well but not discussed herelar trends are observed for the data and model but there is
which is a primary product but is also eventually formed a persistent but modest model over-prediction relative to the
several steps down the reaction chain. The measuremen&STHOS data. [OH] is depressed during the event. The model
(blue) compare reasonably well with the model (black) for values are within the uncertainty of the NCAR CIMS mea-
formaldehyde (panel 2), with only a modest increase pre-surements for Hg where data are available. This is interest-
dicted by the model during the event and the model show-ing because a good deal of recent work has focused on dis-
ing slightly lower mixing ratios. As the C¥D backgrounds crepancies of modeled and measuredyH®isoprene-rich
were stable during event 1, we have the most confidence imnd NG-poor environments (excess |@ measurements
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300

anytime but most commonly occur from midday to later in

10 1 — Aitude (km | 1 ‘E_

£s W | 20 & the afternoon.

§ o] ! ; 1% ] The first approach utilized the LaRC box model, run in

< 2] { ; X2 its Lagrangian mode. The model was first initialized to a
18:36:40 185320 19:10:00 19:26:40 background DSS state using measurements obtained from

1000 ‘ "s the non-perturbed UT during the flight on 4 July (N©

800 1 1 CioNdw | | 1 50 pptv, CO =129 ppbv, ©=76 ppbv). After initialization,

g 388 _I 5 33 M 35 | i constraints are relaxed and the model predicts the chemical

200 { *85. i, Tuge Pl N ! S ISR et s evolution of both radical species and their precursors. For
o 18:53:20 19-10:00 16:26:40 the low NQ; background scenario, the Lagrangian model

proceeds with no additional adjustments. For the highy NO

1 background scenario, NGequal to 1500 pptv is introduced
400 {—&— TOGAMACR | . . o .. .

Z 300 | —— TocamvKk | at the beginning of the run as a non-equilibrium injection of

o i | . . ..
Hig M y lightning NCx. A second run for each scenario introduces an
O — . i == = = oo e . . . . . .

S * a0 00 T i additional injection of 1 ppb isoprene at the beginning of the

UTC, s Lagrangian run. Figure 8a shows results for the background
0.5 T——onTHoS) NOy condition; Fig. 8b shows results for the “lightning WO

T T
sosl mre } condition (same as Fig. 8a except N©1500 pptv). In each
802 1 } illustrative case, 1 ppbv of isoprene is “injected” at altitude
o] ‘ (11 km) and the chemical evolution (black trace) is followed

77777 MVK model
500 71— ——  MACR model

18:36 16:53:20 ure. 19:10:00 126:40 for 50 h. Also shown in the figure is the chemical evolution
S . . .
(blue trace) under the same scenarios but without any iso-
40 - +— HO2 ATHO§
30 A |+ HO2 Model | : T prene.
Boo PRI L hj ' Examining the low NQ scenario (Fig. 8a), we see that
10 Pt“hh—!)f when isoprene is injected at 1 ppbv (red trace) and followed

' i for 50 h, it takes approximately 30 h for isoprene to return
18:36:40 18:53:20 19:10:00 19:26:40 . .
uTC, s to near-background levels. A diurnal pattern can be seen in
this plot since little oxidation takes place during the night.
Fig. 7. Time series plots of measurement and LaRC DSS model re-The next panel down shows the model results for the first
sults for event 1. The bars represent the measurement uncertaintiegeneration products MVK, MACR, and the second gener-
ation product, methyl glyoxal (MGLY). MVK and MACR
build up to~100 pptv and still persist 50h later. These
relative to models using standard chemistry) and new mechspecies are longer-lived than isoprene due to their signifi-
anisms of isoprene oxidation involving OH-recycling mech- cantly smaller reaction rate constants with OH compared to
anisms have been invoked to bring the models into betisoprene. MGLY is formed as well but the levels are very
ter agreement with measurements (e.g. Peeters et al., 200@w. MGLY, despite its comparatively low yield from iso-
Archibald et al., 2011). In this case, in which we use stan-prene oxidation, is of interest because it can have a signifi-
dard chemistry, there is not a continuous flux of isoprene intocant impact on the HQbudget as a result of its high photol-
the system so recycling is inherently limited. ysis rate which yields CEC(0O)O0 and HCO radicals. In the
Comparisons of observations to the DSS model for eventabsence of isoprene injection (blue trace), the model shows
2 were deemed not valid because of the rapidly changingrery low mixing ratios of MVK, MACR, and MGLY, since
chemical and physical environment in the updraft, preclud-these products result only from isoprene oxidation. The third

ing a steady-state condition. panel down shows formaldehyde. The pulse of isoprene re-
sults in a modest increase of formaldehyde. The blue trace

3.5 Chemistry following the event — effect on HQ, shows that formaldehyde is present in the absence of iso-
ozone, and nitrogen-containing compounds prene because it results from the oxidation of many VOCs.

There is a significant impact on the OH radical resulting
Recall that event 1 (Fig. 4a) exhibited high values of iso-from scavenging by the high isoprene levels, as shown by
prene &200 pptv) and isoprene oxidation products (MVK the difference between the red and blue traces. This serves to
+ MACR~A500pptv) at altitude but relatively low NO  slow down the chemistry, leading to long lifetimes for MVK,
(=50 pptv). Event 1 occurred at noon local time while event MACR, etc. In this low NQ case (absence of lightning) , the
2 occurred later in the afternoon. For the purpose of this disdittle NO that is available is suppressed following the pulse as
cussion and for a direct comparison of the evolution of thethere is some formation of PANs (not shown) via production
convective events with and without lightning, we consider of RC(O)G, radicals and concomitantly various organic ni-
events occurring at noon since convective events can occurates are produced, partially sequestering the available NO.
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Fig. 8. Langrangian model simulation for the expected chemical evolution for selected key species with (red trace) and without (blue trace)
injection of 1 ppbv isoprene in th@) low NOx (no LNOx) condition andb) the high NG (LNOx) condition.

The ratio of isoprene to MVK + MACR changes over the nisms that under these conditions (with isoprene and other
course of 50 h from being dominated by isoprene (fresh emisfeactants present such as CO, methane and other VOCSs) pro-
sions) to being dominated by the reaction products. Recalbuce net HQ. Because of the increased OH, there is a large
from the actual event 1 that when the air mass was interspike in MACR, MVK, and MGLY as isoprene is rapidly
cepted by the DC-8, the ratio had already switched in favor ofoxidized. However, MVK and MACR lifetimes are also con-
higher mixing ratios of reaction products relative to isoprenesiderably shortened such that over approximately four hours
indicating an aged air-mass. There is little 0zone productiorthese species have mixing ratios close to zero. MGLY is also
from the puff of isoprene in the background Neé@gime and  short-lived but its lifetime is primarily controlled by photoly-
little effect is seen on Hlevels. sis. Similarly, formaldehyde shows a large increase initially,
In contrast to the low N@ scenario, the high NQcase  but persists longer than MVK, MACR, and MGLY princi-
demonstrates different behavior. Similar to Fig. 8a, the redpally because formaldehyde is formed from subsequent re-
trace in Fig. 8b follows the behavior for 50 h of chemical actions of secondary and tertiary products further down the
species of interest, this time with 1 ppbv of LIN@&nd 1 ppbv  isoprene oxidation sequence. The persistence of formalde-
of isoprene “injected” to mimic the high NQightning case.  hyde after 30 to 50 h is the result of ongoing oxidation of
The blue trace shows the chemical behavior of the simulated/OCs other than isoprene as is clear by comparing the red
air mass with LNQ, but in the absence of isoprene. It is with the blue trace. This is consistent with experimental re-
interesting to contrast the behavior of isoprene in Fig. 8bsults from Fried et al. (2008) which showed that the influ-
with the low NG case in Fig. 8a. In the high NOsce- ence of upper tropospheric convection of £LHprecursors
nario, the lifetime of isoprene is reduced dramatically as acan persist as long as 1 week in the presence of L KD
consequence of NGHO, chemistry and oxidation mecha- 1 ppbv. The OH radical is reduced initially due to scavenging
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by isoprene but then, as discussed above, the oxidation chemm0 NO, - PANs
istry ensues yielding increased OH. The OH is elevated dur- ygnnor sool ]
ing the second day as well, principally the result of formalde- "} | w1
hyde (which is still in excess over background levels) pho- "f 2 ]
tolysis. For NO, the scenario with high isoprene shows that soo} | a0 teorenenivtes
it is reduced compared to the zero isoprene scenario. This o 0 ‘
. . . . . . 0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
is because isoprene oxidation results in enhanced formatior Hours Hours
of PAN via production of CHC(O)O, and various nitrates CH.ONG
. . 50,NO,, ppt HNO;, ppt

which effectively sequester the N@t the cold temperatures 1o 1000
of the upper tropospheric outflow. This is discussed further *° E ¢
below. The second panel down on the right in Fig. 8b shows **} i o ;
the isoprene/(MVK + MACR) ratio which in this case ap- :ZZ :Z:/—/—/
proaches zero after a few hours because of isoprene’s shoi o’f o ]
lifetime. The impact on H@is prolonged and coincides with 0 & A2 18 24 30 33 42 48 0 & 2 8 2l 26 a2 e
the decrease in NQrelative to the no isoprene condition as Instantaneoys Net O Prod. Cumulative O, Prod.
discussed above; long-term, differences in NO andg ldfb . PR 5 peb
set, yielding near equivalent rates of ozone production after 40
the first few hours. Formaldehyde has the largest impact on * 1 30
HO, but MGLY initially has a significant impact as well - up o ] 20f 3
to 60 % that of formaldehyde at its maximum which occurs 10} 3
approximately one hour after the pulse if we assume unity o . S 0 -

. . . 0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
yields of HQ, from each of the first generation GH(O)OO Hours Hours

and HCO radicals. However, under the high Néanditions
here, some significant fraction of GB(O)OO will be tied Fig. 9. Langrangian model simulation for the expected chemical
up as PAN, reducing the yield of HGrom MGLY photol- .evolution.for key nitrogen containing.species injection of 1 ppbv
ysis to less than two which, in turn, reduces its impact on'SPPrene in the high NO(LNOx) condition.
HOx.
Figure 9 shows in more detail the chemical evolution of
the nitrogen-containing species and ozone production in th&vere studied in detail, both of which had isoprene and iso-
high NO, (LNOy) scenario. In the presence of isoprene, Prene reaction products associated with them; one had no
NOy is reduced due to the formation of isoprene nitrates andightning NO, and another had substantial lightning N&s-
PANs (The PANs here consist of PAN, PPN, and MPAN), sociated with it. The impact of the convective events on the
and CH0,NO; as the total NQ remains constant. The NO upper tropospheric chemistry was as;es§ed using thg NASA
difference between the two simulations slowly equilibrates -@RC model in the DSS and Lagrangian implementations.
with the production of nitric acid (HNg). There is a sig- When convective storms transport isoprene from the
nificant difference in net ozone production only in the first boundary layer to the UT under low NOconditions
few hours but it is vigorous enough to result in a cumulative (<100 pptv), first generation oxidation products persist for
difference in ozone of 10 ppbv (lower panels). several days owing in part to the scavenging of the OH rad-
When isoprene is present under lightning Nenditions,  ical by isoprene. The overall impact is modest in terms of
it dominates the chemistry in the outflow. No other species,the amounts of PAN, ozone, and formaldehyde that are pro-
including the peroxides, contribute significantly to the radical duced. The measurements and the DSS model agreed well
pool under these conditions. under these relatively high-isoprene, low-N©onditions.
Conversely, when convective storms transport isoprene from
the boundary layer to the UT and lightning N@ present,
4 Conclusions there is a large effect on the expected ensuing chemistry. The
model predicts a dominant impact from isoprene oryta@d
During ARCTAS-B, vertical profiles of a number of species nitrogen-containing species; the relative contribution from
indicated that summertime convection is important in redis-other potential HQ sources such as peroxides is insignifi-
tributing both long-lived and short-lived species throughoutcant. The isoprene is quickly reacted resulting in primary
the troposphere over Canada. A significant number of indi-and secondary products, including formaldehyde and MGLY.
vidual convective outflow events in the UT were identified by The perturbation also results in the enhanced production of
enhanced mixing ratios of organic species relative to backPAN compounds via production of RC(O)@adicals. PANs
ground conditions. Several dramatic events were observed ipersist because of the cold temperatures of the UT, resulting
which isoprene and its oxidation products were detected ain a large change in the NOmixing ratios compared to the
hundreds of pptv at altitudes higher than 8 km. Two eventscase in which no isoprene is convected. During the first few
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hours following the convective event, photolysis of formalde-
hyde and MGLY impacts the HObudget and results in a

change to the OH/H®ratio. Ozone production is substan- Atkinson, R.:

tial in the first few hours as well and results in a net ozone
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tropical upper troposphere and lower stratosphere, Atmos. Chem.
Phys., 9, 9237-92410i:10.5194/acp-9-9237-2002009.
Gas-phase tropospheric chemistry of organic-
compounds, J. Phys. Chem. Ref. Data, R1-&, 1994.

enhancement of approximately 10 ppbv based on our mogBath. M. C., Kim, S. W., Skamarock, W. C., Stuart, A. L.,

eled scenario. While convection of isoprene along with light-

ning NG, emissions are expected to be more prevalent in the
tropics (Aschmann et al., 2009; Marecal et al., 2006), these
events are likely to be fairly common in the US, Canada and

Pickering, K. E., and Ott, L. E.: Simulations of the redistri-
bution of formaldehyde, formic acid, and peroxides in the 10
July 1996 Stratospheric-Tropospheric Experiment: Radiation,
Aerosols, and Ozone Deep Convection Storm, J. Geophsy. Res.,
112, D13310d0i:10.1029/2006jd00804&2007.

other mid-latitude regions during the warm season. Futuregertman, S. B., Roberts, J. M., Parrish, D. D., Buhr, M. P., Goldan,
measurement and modeling studies of this process will be p.D., Kuster, W. C., Fehsenfeld, F. C., Montzka, S. A., and West-
valuable for establishing the regional and global impact on berg, H.: Evolution of alkyl nitrates with air-mass age, J. Geo-

UT chemistry.

phys. Res., 100, 22805-22813, 1995.
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